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A wall-hung gas boiler was innovatively proposed and designed in this paper. Wa-
ter-cooling premixed combustion and enhanced condensation heat exchange tech-
nology were adopted in the boiler. The extruded aluminum plate-fin structure was
adopted in the burner and condensing heat exchanger. Experiment and numerical
simulation studies were conducted on the flow, combustion, and heat exchange
characteristics of the boiler. The effect of the fin structure, excess air coefficient,
heat load, and water-cooling temperature on the thermal performance of the boiler
was analyzed. The results showed that reliable ignition, stable combustion, uni-
form flame distribution, and low pollutant emissions can be achieved in the wall-
hung gas boiler. Affected by burning intensity and internal flue gas re-circulation,
when the burner plate-fin gap was 1.63 mm, the flame was the shortest and the
NO, emissions were the lowest. Under this fin condition, ultra-high efficiency and
ultra-low emissions can be achieved in the boiler with a low excess air coeffi-
cient. When the excess air coefficient was 1.3, the NO, emissions were less than
30 mg/m? at the heat load of 4-14 kW, and the thermal efficiency can reach up to
102.8% at the rated load of 14 kW. Within the scope of the experiment, the NO,
emissions changed little with the water-cooling temperature. At the temperature of
333 K, there was still a great NO, emission reduction effect.

Key words: wall-hung boiler, water-cooling premixed combustion,
condensing heat exchange, extruded aluminum

Introduction

Water-cooling premixed combustion is a new gas combustion technology with broad
development prospects. This technology has the advantages of uniform combustion and low
pollutant emissions. Because the low NO, emissions are achieved by cooling the flame root,
the excess air coefficient during combustion is low. The thermal efficiency is thus higher than
that of the usual premixed boiler. Some scholars [1, 2] transformed conventional boilers into
water-cooling premixed boilers. They found that the NO, emissions of the transformed boiler
decreased significantly to about 20 mg/m?, and the excess air coefficient was low. At present,
water-cooling premixed combustion technology is mostly used in industrial boilers but rarely
used in wall-hung boilers.

* Corresponding author, e-mail: shaohs@xjtu.edu.cn
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In addition, the advanced condensing
heat exchanger for wall-hung boilers is mainly
made of cast aluminum-silicon alloy or stain-
less steel. For the cast aluminum-silicon, in
the casting process, the environmental protec-
tion requirements are strict, and the molds are
expensive. For the stainless steel, the heat ex-
change efficiency is low. Extruded aluminum
is a mature technology in China, it has the ad-
vantages of simple production process and low
investment cost. Besides, extruded aluminum
has high heat exchange coefficient and fairly
strong corrosion resistance, as shown in fig. 1.

Figure 1. Corrosion kinetics curves of five
materials under 60 °C natural gas condensate
environment

In this paper, we proposed and designed a
novel wall-hung boiler, in which the burner and
heat exchanger adopted extruded aluminum
plate-fin structure. The boiler can achieve ultra-low emissions at low excess air coefficient.
And the heat exchange is enhanced, so ultra-high efficiency can be achieved. The structure of
the boiler has important practical significance in the application of wall-hung boilers.

Many scholars carried out studies on combustion and heat exchange, which have a
significant guiding role in the design of the gas boiler. Moghaddam et a/. [3] designed a pre-
mixed porous plate burner and found that the addition of the flow distribution plate reduced
the NO, emissions. Yu ef al. [4] found that the larger the burner porosity, the higher the thermal
efficiency and the NO, emissions, and the lower the CO emissions. Hassan et al. [5] found
that the lower the temperature of the inlet mixture, the lower the CO and NO emissions of the
boiler. Lin et al. [6] found that for water-cooling combustion, with the Reynolds number of the
cooling water increased, the NO, emissions decreased, the CO emissions increased, and the
overall efficiency decreased. Wang et al. [7] conducted numerical optimization of a side-wall
burner, and studied the effect of the burner structure on CO and NO, emissions. Aleksandar et
al. [8] established a performance prediction and optimization model on burner geometry and
operating parameter. Many scholars studied the thermal-hydraulic characteristics of the heat
exchanger with different fin structures and got a good heat exchange effect [9-13]. Cai et al.
[14] found that when the exhaust gas temperature of the boiler is 160 °C, the thermal efficiency
decreased by about 0.95% when the excess air coefficient increased by 0.2. Wang et al. [15]
found that when the boiler operated from 30% load to 75% load, the flue gas re-circulation rate
was reduced by 4.9%. When the load continued to increase, the re-circulation rate remain un-
changed. Chen et al. [16] found that the NO, emissions increased with the increase of the boiler
load. With the increase of excess air coefficient, the NO, emissions first increased and then
decreased. The NO, emissions decreased with the increase of flue gas re-circulation rate. Zhu
et al. [17] found that the temperature and NO, emissions do not change monotonically with
excess air coefficient, but decrease monotonically with flue gas re-circulation rate.

Firstly, a novel condensing wall-hung gas boiler structure was introduced. The wa-
ter-cooling premixed combustion was adopted in the boiler. The burner and condensing heat
exchanger were made of extruded aluminum plate fins. Secondly, the experiment on combus-
tion and heat exchange characteristics was carried out. The results showed that the wall-hung
boiler had significant energy-saving and emission-reduction advantages compared with the
existing wall-hung boilers on the market. Finally, the numerical simulation was conducted on
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the flow and combustion characteristics of the wa- Gas distribution
ter-cooling burner and the furnace. The effect of structure

the structure and operating parameters on the flame
length, internal flue gas re-circulation rate, and flue
gas temperature at the furnace outlet was obtained.

Water cooling
burner

Structure of the wall-hung boiler
Water jacketed

This section introduces the structure of the |~ furnace
condensing wall-hung gas boiler. The design con- d
ditions are the heat load is 14 kW, the excess air
coefficient is 1.3, the inlet and outlet water tem-
peratures in the boiler are 303/323 K, respectively,
and the thermal efficiency is 103%.

Overall structure Condensing heat

. . . exchanger
As shown in fig. 2, the boiler includes a gas ~ Fluegas ’ g

distribution structure, plate-fin water-cooling burn- duct |

er, water-jacketed furnace, plate-fin condensing

heat exchanger, flue gas duct, efc. The natural gas

and air enter the gas distribution structure after be-  Figure 2. The overall structure of

ing mixed by a fan. After the mixed gas is evenly ~ the wall-hung boiler

distributed, it is ejected from the gap of the burner fins. Then the mixture is ignited and burned
in the furnace. After the heat is released in the furnace and condensing heat exchanger, the
flue gas is discharged from the flue gas duct. The cold water first enters the condensing heat
exchanger. After absorbing the vaporization latent heat and a large amount of sensible heat, it
enters the water-cooling burner to cool the flame root. Finally, it enters the furnace to further
absorb the heat. Then it is discharged from the outlet of the furnace water channel, producing
hot water.

Gas distribution structure

The gas distribution structure is shown in fig. 3. The mixed gas enters from the middle
and is distributed to both sides. The distribution of the mixed gas is mainly realized through the
deflector and the orifice plate. The 64 rows and 7 columns of circular nozzle holes are evenly
arranged on the orifice plate. The deflectors are symmetrical on the left and right and avoid the
position of the orifice.

The sizes of the orifice plate are shown in tab. 1. The gas distribution structure has a
great velocity distribution effect and load adaptability. Its resistance is low.

Table 1. Orifice plate sizes

istribution room Parameter Symbol | Value Unit
Orifice diameter d 1.2 [mm]
Orifice plate length a 229.5 [mm)]
Orifice plate width b 22 [mm]
Hole row number Z, 7 1
Hole column number 7, 64 1
Figure 3. Gas distribution Orifice plate thickness e 3 [mm)]
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Burner

As shown in fig. 4, the burner is composed of a pair of small water-cooling plates and
plate fins.

The small water-cooling plate clamps the pair of plate fins by bolting. Their contact
surfaces are evenly filled with thermal grease. The water inside the small water-cooling plate
flows up and down along the S-shaped chan-
nel. The sizes of three pairs of fins are shown in
fig. 5. Their height and slot area are the same.
The three plate-fin gaps are 0.53 mm, 1.63
mm, and 2.65 mm, respectively. The plate-fin
depth is 55 mm. At the rated load of 14 kW,
the mixed gas velocity at the outlet of the gap

Fins

=
= =
Water cooling =
plate

Figure 4. Burner structure is about 2.65 m/s.
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Figure 5. Burner plate fin structure and sizes; (a) Fin 1, (b) Fin 2, and (c) Fin 3

Furnace and heat exchanger

The furnace structure and its basic sizes are shown in fig. 6. The furnace is composed
of four aluminum water cooling plates, upper and lower cover, a fire window, ignition needles,
and other components. The water flows from bottom to top along the S-shaped channel. The
width of the inlet and outlet of the furnace is smaller than that of the section of the furnace.
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Figure 6. Furnace structure (a) and sizes (b)
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As shown in fig. 7, the heat exchanger is centrosymmetric and consists of two oppo-
sitely inserted flue plates and waterside cover plates. There are 32 thin vertical plate fins on the
flue board, which form a vertical gas-flow channel after being inserted into each other. The flue
gas-flows from top to bottom. After the waterside cover plate and the flue plate are assembled,
the S-shaped channel is formed. The water flows from bottom to top. The burner fins and con-
densing heat exchanger are extruded from EN AW-6063 aluminum profiles.
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Figure 7. Condensing heat exchanger structure and sizes; (a) overall structure,
(b) flue board structure, (c) water side cover structure, and (d) flue board sizes

Experiment studies on combustion
and heat exchange of the wall-hung boiler

Experiment system and instrument

To explore the performance of the wall-hung boiler, we conducted an experiment on
combustion and heat exchange. The experiment system and test bench are shown in fig. 8. After
the natural gas and air are mixed and distributed evenly, the mixed gas enters the furnace for
combustion and heat exchange. After further heat exchange in the condensing heat exchanger,
the flue gas is discharged. The cold water enters the condensing heat exchanger, the burner, and
the furnace in turn. The water discharged from the furnace enters the plate heat exchanger and
releases heat to the cooling water, and then returns to the condensing heat exchanger to form an
internal water circulation.

Distribution

A structure
Gas pressure Proportional Flue gas

regulator valve valve

Gas <[]0 Distbution Premixed fan

Gas valve Flow structure .
meter Premixed Proportional valve

fan Burner [4—]
Plate heat E Furnace

exchanger .
Hot water Furnace Condensing
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Burner

Flue
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Figure 8. Experimental system (a) and test bench (b)
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Experimental method and process
Experimental method

During the experiment, we ensured that the natural gas pressure was 2000 £20 Pa,
the laboratory temperature was 293 £5 K, and the water pressure was 100 £50 kPa. The water
cooling temperature refers to the average temperature at the inlet and outlet of the small water
cooling plate. After stable combustion for 10 minutes and the measuring value is stable, we
recorded the results. Three tests were conducted for each working condition and the average
value was taken as the final result. The 12T pipe-line natural gas in China was chosen as the
fuel. The composition and properties of the experimental natural gas are shown in tab. 2.

Table 2. Natural gas composition and properties (288 K, 101.3 kPa)

ittt Methane Ethane Propane Is'obutane n-butane
(CHy) (C,Hy) (CsHy) (i-C4Hip) (n-C4H10)
Content [%] 97.033 2.065 0.453 0.447 0.64
Hieh ‘Ei}l‘jf;ﬁ% 39.8381 VLa‘flVlVec[ill"Jrr‘nﬁf] 35.9260 %ZE‘:;V; 0.5895
Table 3. The type and accuracy of the measuring instruments
Instrument Model Accuracy
Flue gas analyzer Testo330-1 0.1 ppm
Thermocouple K 0.1K
Digital thermometer DT-1310 0.1K
Gas turbine flow meter LWQ-25 +1.5% R
Electromagnetic water flow meter GK-LDE +0.5% R
Temperature and humidity sensor HIOKI 3641 +0.5 K, +5% RH
Electronic scale Bai Jie SF-400 0.lg
Stopwatch PC894 0.01 seconds

The type and accuracy of the measuring instruments used in the experiment are shown
in tab. 3. The excess air coefficient of 1.3, the heat load of 10 kW, and the water-cooling tem-
perature of 318 K were selected as the basic working condition. Single-factor and orthogonal
experiments were carried out to explore the combustion and heat exchange characteristics of
the boiler.

Data processing

According to GB 25034-2020 (gas-fired heating and hot water combi-boiler), the data
processing process is as follows.
The heat load calculation during the experiment:

o 1013+ py | T 28815 4,
EEYET T \/293.15 L, 4, M

where O [kW] is the heat load, ¢, [m* per hour] — the natural gas-flow, H; [MJm~] — the low
calorific value of the fuel, p,, [kPa] — the natural gas pressure, T, and 7, [K] are the tempera-
ture of the air and the natural gas, respectively, d; — the relative density of the dry test gas, and
d, — the relative density of the dry reference gas.
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The excess air coefficient was calculated by the oxygen content of the exhaust. The
conversion method of oxygen content and excess air coefficient:

e 2)
21

where a is the excess air coefficient and w [%] is the volume fraction of oxygen in the exhaust.
The thermal efficiency calculation:

4.186><qvm><,os><(T2 —7])><Tg><101.325
7= 103 gy x Hy x( py + Py — Ps ) X 288.15

A3)

where # [%] is the thermal efficiency of the boiler, g.,, [m?® per hour] — the circulating water
flow, p, [kgm=] — the circulating water density, 7, [K] — the water temperature at the furnace
outlet, 7' [K] — the water temperature at the inlet of the heat exchanger, p, [Pa] — the atmospher-
ic pressure, p, [Pa] — the natural gas pressure, and p, [Pa] — the saturated water vapor pressure
at 7.

The relative errors of the main parameters in the experiment are shown in tab. 4.

Table 4. Experimental error analysis

Physical parameters Relative error [%] Physical quantity Relative error [%]
Water flow [m® per hour] 0.5 Water pressure [MPa] 1
Gas-flow [m’® per hour] 1.5 Gas pressure [MPa] 1
Water temperature [K] 0.1 Oxygen content [%] 0.2
Gas temperature [K] 0.1 Load [kW] 1.8
Exhaust temperature [K] 0.1 Thermal efficiency [%] 1.9

Experimental results and analysis

The experimental prototype ignites reliably and burns stably at 4-14 kW under the
three plate-fin conditions. The flame distribution is uniform and the CO emissions are main-
tained within 0-11.65 mg/m?. Other characteristics are described as follows.

Effect of excess air coefficient on the combustion
and heat exchange characteristics

As shown in fig. 9, the exhaust temperature, thermal efficiency, and NO, emissions
decrease with the increase of excess air coefficient. This is because as the excess air coeffi-
cient increases, the furnace temperature and the heat exchange temperature difference decrease.
When the excess air coefficient is lower than 1.3, the exhaust temperature and the NO, emis-
sions are the lowest, and the thermal efficiency is the highest at Fin 2. This is attributed to the
moderate flue gas re-circulation rate and burning intensity at Fin 2. When the excess air coeffi-
cient is 1.5, the NO, emissions of plate Fin 2 are only 10 mg/m’.

Effect of heat load on the combustion and heat exchange characteristics

As shown in fig. 10, with the heat load increases, the exhaust temperature first de-
creases and then increases, and the thermal efficiency first increases and then decreases. This
is because as the heat load increases, the flue gas temperature at the furnace outlet increases,
and the heat exchange temperature difference in the condensing heat exchanger increases. To
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Figure 9. Effect of excess air coefficient on the combustion and heat exchange characteristics;
(a) exhaust temperature, (b) thermal efficiency, and (¢) NO, emissions
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Figure 10. Effect of heat load on the combustion and heat exchange characteristics;
(a) exhaust temperature, (b) thermal efficiency, and (c) NO, emissions

maintain the water-cooling temperature at 318 K, the circulating water flow rate needs to be
increased, and the heat exchange in the heat exchanger increases. Affected by the flue gas
temperature and heat exchange, the exhaust temperature and thermal efficiency show a trend
of segmental change. And affected by the flame length, flue gas re-circulation, and burning
intensity, the NO, emissions vary with the heat load in three-stages. The NO, emissions are
the lowest at Fin 2. Under the basic working condition of Fin 2, the exhaust temperature is
328.8 K, the thermal efficiency is 102.8%, and the NO, emissions are 24.6 mg/m*. When the
heat load ranges from 4-14 kW, the NO, emissions at Fin 2 are always less than 30 mg/m?.

Effect of water-cooling temperature on the
combustion and heat exchange characteristics

As shown in fig. 11, within the scope of the experiment, as the water-cooling tem-
perature increases, the exhaust temperature increases significantly, the thermal efficiency de-
creases significantly, and the NO, emissions increase slowly. This is because the water cooling
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Figure 11. Effect of water-cooling temperature on the combustion and heat exchange
characteristics; (a) exhaust temperature (b) thermal efficiency, and (c) NO, emissions
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temperature affects the furnace temperature and heat exchange temperature difference. In the
process of the water-cooling temperature changes, the difference between the three fins is small
in exhaust temperature and thermal efficiency. The NO, emissions are the lowest under the Fin
2 condition.

Simulation studies on flow and combustion
characteristics of the wall-hung boiler

Mesh and boundary conditions

We conducted the numerical simulation better explain the experiment conclusion. The
numerical calculation was carried out in FLUENT and the mesh was built in FLUENT meshing.
The unstructured hexahedral mesh of the 1/4 model on the burner and furnace was performed.
The physical model and mesh-independent results are shown in fig. 12. The temperature distri-
bution on the axis of the model was used

to evaluate the mesh independence. It can - ?Zgg:

be seen from fig. 12(b) that the mesh in- g 1600

dependence is great when the grid number € 1400

is 2.42 million. We select the 2.42 million ;‘1 2001

grids to conduct the simulation of the flow ¥ 1000 089 million
and combustion characteristics. The min- 800 — 1.50 million
imum size of the grid is 0.005 mm, the 600 — 5352111122
maximum size is 2 mm, and the number 4007 —J

of the boundary-layer is 20. The parts ) 2001, » = T p
with large curvature and small size areen- Distonc between patlocation el el

crypted. The mesh quality is great and the  Figure 12. Model and mesh independence;
y* is between 30-100. The local mesh is  (a) physics model and (b) mesh independence
shown in fig. 13(a).

The model boundary conditions are set as follows. The standard k-¢ model, stan-
dard wall functions, energy equation, DO radiation model, and species transport model were
selected. The methane-air two-step reaction was selected to obtain the temperature field.
The Thermal NO, and Prompt NO, were turned on obtain the NO, emissions. The solid ma-
terial is EN AW-6063-T6 specified in European standard EN12020-1-2021. The density is
2700 kg/m?3. The specific heat capacity is 900 J/kgK. The thermal conductivity is 201 W/mK.
The solid absorptivity and emissivity were set to 0.8. The flue gas absorption and emissivity
were set to 0.3. The inlet of the mixed gas was set as the velocity inlet of 1.13 m/s at the rated
load. The temperature of the inlet mixed gas was set to 303 K. The inlet hydraulic diameter was

= Experimental value
70 —e— Simulated value

Figure 13. Local
mesh and numerical
model verification;
(a) local mesh and
(b) numerical model
verification

NO, content [mgm™]
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o
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40.15 mm. The inlet mixture composition was set according to the excess air coefficient. The
outlet of the mixed gas was set as the pressure outlet of 0 Pa. The outlet hydraulic diameter
was 163 mm. The waterside wall temperatures of the small water-cooling plate and the furnace
were set. The temperature of the furnace wall was obtained by thermal calculation from the
temperature of the small water-cooling plate. The SIMPLE algorithm and the second-order
upwind style were used. The calculation was considered to have converged when the residual
was less than 1 - 106 and the average temperature as well as the mass fraction of NO in the exit
section were stable.

The simulation results of the NO, content variation at the furnace outlet with the ex-
cess air coefficient at plate Fin 2 were compared with the experimental data. The results of the
comparison are shown in fig. 13(b). It can be seen that within the simulation range, the differ-
ence between the simulated values of the NO, emissions and the experimental values is small.
The simulation method can be considered accurate for the simulation work.

Data processing

In the simulation, the flame length, internal flue gas re-circulation rate, and flue gas
temperature at the furnace outlet were selected to evaluate the flow and combustion character-
istics.

The flame length is determined from the temperature contour on the symmetrical
plane of the furnace’s narrow side. The average value of the maximum contour temperature
under different working conditions was selected as the flame front temperature and the tem-
perature is 1758 K. We took the length of the region where the temperature was higher than
1758 K as the relative length of the flame [18].

The internal flue gas re-circulation rate on a certain section is calculated:

- j pv.dd
( [praa +] pvsz,)

where K, [%] is the flue gas re-circulation rate in a certain section, p [kg/m?] — the density of
flue gas, v. [ms™'] — the velocity of the flue gas in the vertical section direction, A. and A_ [m?]
are the area of the mainstream zone and the backflow zone of the flue gas, respectively.

The section with the largest gas backflow velocity was selected to calculate the re-cir-
culation rate. The furnace outlet temperature refers to the mass-flow average temperature.

Kv=

x100% 4)

Results and discussion

Clear flame profiles can be captured in the simulation results. The furnace tempera-
ture is 800-1300 K. The flue gas-flow rate in the furnace is 0-6 m/s.

Effect of excess air coefficient on flow
and combustion characteristics

As shown in fig.14, the profile of the flame can be clearly seen in the figure, and
the length of the flame gradually becomes thicker and shorter. As shown in fig. 15, the flame
length, internal flue gas re-circulation rate, and flue gas temperature at the furnace outlet de-
crease with the increase of excess air coefficient. This is because as the excess air coefficient
increases, the flow rate of the mixed gas increases, and the stiffness of the flue gas increases. So
the internal flue gas re-circulation rate increases, the burning intensity decreases, and the flue
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Figure 15. Effect of excess air coefficient on flow and combustion characteristics;
(a) flame length, (b) internal flue gas re-circulation rate, and
(c) flue gas temperature at the furnace outlet
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Effect of heat load on flow and combustion characteristics

As shown in fig. 16, the flame length and flue gas temperature at the furnace outlet
increase rapidly with the increase of the heat load. The internal flue gas re-circulation rate
decreases with the increase of the heat load. This is because as the load increases, the heat
release of the chemical reaction increases, resulting in an increase in flame length and the
flue gas temperature. With the increase of the heat load, the amount of the flue gas increases,
the stiffness of mainstream flue gas increases, and the effect of internal flue gas re-circulation
decreases accordingly. In the process of changing with the load, the magnitude relationship of
each parameter under the three fin conditions is the same as that with the change of excess air
coefficient. The flame length at the rated load of plate Fin 2 is 172 mm.
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Figure 16. Effect of heat load on flow and combustion characteristics; (a) flame length,
(b) internal flue gas re-circulation rate, and (c) flue gas temperature at the furnace outlet
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Effect of water-cooling temperature on flow
and combustion characteristics

As shown in fig. 17, within the scope of the simulation, the flame length, the internal
flue gas re-circulation rate, and the flue gas temperature at the furnace outlet increase slowly
with the increase of the water-cooling temperature. This is because as the water-cooling tem-
perature increases, the preheated effect on the mixed gas becomes stronger, the density of the
mixed gas decreases, and the flow rate increases. The flame length, the internal re-circulation
effect, and the temperature of the flue gas increase accordingly. In the process of changing with
water-cooling temperature, the magnitude relationship of each parameter under the three fin
conditions is the same as that with the change of excess air coefficient.
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Figure 17. Effect of water-cooling temperature on flow and combustion characteristics; (a) flame length,
(b) internal flue gas re-circulation rate, and (c) flue gas temperature at the furnace outlet

Conclusions

e Reliable ignition, stable combustion, and uniform flame distribution can be achieved in the
designed extruded aluminum water-cooling premixed condensing wall-hung gas boiler. The
CO emissions during the combustion process are always less than 11.65 mg/m?.

® The flame length and NO, emissions of water-cooling premixed combustion are affected
by the plate fin. When the plate-fin gap is 1.63 mm, the flame is the shortest and the NO,
emissions are the lowest. Under the basic condition of the rated load of 14 kW, excess air
coefficient of 1.3, and water-cooling temperature of 318 K, the flame length is only 172 mm,
the NO, emissions are only 24.6 mg/m?.

e The NO, emissions of the boiler can be significantly reduced by the water-cooling premixed
combustion. At the normal excess air coefficient of 1.5, the NO, emissions can be reduced
to 10 mg/m’.

e Ultra-high efficiency and ultra-low emissions are achieved in the wall-hung boiler with a
low excess air coefficient. Based on the current 30 mg/m? NO, emission standard, the excess
air coefficient of the prototype can be reduced to 1.3 at 4-14 kW load through 318 K wa-
ter-cooling fins. The thermal efficiency can reach up to 102.8% at the rated load of 14 kW.
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