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Abstract: Controlling the exhaust gas temperature (EGT) of coal-fired boilers at a reasonable value is
beneficial to ensuring unit efficiency and preventing acid corrosion and fouling of tail heating surfaces
in power plants. To obtain the operation regulation of coupled high-low energy flue gas waste heat
recovery system (CWHRS) under a given EGT, experimental equipment was designed and built.
Experiments were carried out to maintain the exhaust gas temperature under different flue gas flow,
flue gas temperature and air temperature conditions. As the flue gas flows, the flue gas temperatures
and air temperatures increased, and the bypass flue gas flow proportions or the water flows of
the additional economizer were increased to maintain the EGT at about 85 °C. An improved low
temperature economizer (LTE) and front located air heater (FAH) system were put forward. As the
flow of the crossover pipe increased, the EGT and the inlet water temperature of the LTE increased.
As the flow of the circulating loop increased, the EGT and the inlet water temperature of the LTE
decreased. Operation regulations of LTE-FAH system under four cases were given. The operation
regulations of CWHRS and LTE-FAH system can provide references for power plant operation.

Keywords: waste heat recovery; exhaust gas temperature control; operation regulation; flow adjustment

1. Introduction

For coal-fired boilers in power stations, the heat loss of flue gas represents a high proportion of
the total heat loss [1]. With the rising exhaust gas temperature (EGT), more heat is taken away by the
flue gas, resulting in decreased boiler efficiency and increased coal consumption. Moreover, if the
EGT is too high, a large amount of water must be used to cool the flue gas to ensure the wet flue gas
desulfurization (FGD) system runs efficiently [2], which affects the economic operation of the power
plant. Measures to reduce EGT to improve the boiler efficiency and reduce consumption of coal and
water are therefore necessary.

There are numerous methods to recover the waste heat from flue gas and reduce the EGT.
The organic Rankine cycle system can convert the flue gas waste heat to electricity and improve the
unit efficiency [3]. The flue gas waste heat can be recovered by absorption heat pump for district
heating [4,5]. The low—temperature flue gas heat can also be used to dry fuel such as lignite for
utility boilers [6], saving steam consumption for fuel drying [7]. Han et al. [8] studied the off-design
performance of a lignite drying waste heat utilization system. Flue gas waste heat is an effective heat
source for seawater desalination [9]. Generally, the traditional way to reduce the EGT is to add a heat
exchanger at the tail of the flue to heat the turbine condensate or the inlet air of an air preheater (AP).
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The heat exchangers used to heat condensate are called low temperature economizers (LTEs) or low
pressure economizers (LPEs) and called front located air heaters (FAHs) when used to preheat air.
Wang et al. [10,11] analyzed the energy saving effects of LPE applied on coal-fired units. Lu et al. [12]
optimized an FAH system and analyzed its economy. Xu et al. [13] conducted a technical and economic
analysis of four kinds of waste heat use systems. Yang [14] used an equivalent heat drop method
to analyze the waste heat use effect of fluorinated plastic LTEs. A high pressure economizer (HPE)
set behind the AP was used to heat the boiler feed water [15]. In recent years, many flue gas waste
heat deep use technologies have been conceived and applied on some large-scale coal-fired units.
Two-stage AP and LTEs were combined to heat condensate and air [16]. A coupled high-low energy
flue gas waste heat recovery system (CWHRS) has been used in a 1000 MW double-reheat coal-fired
unit [17]. A steam-air FAH on bypass waste heat use system was proposed to heat the inlet air of a
utility boiler [18]. Yan et al. [19] suggested use the flue gas waste heat after wet FGD to preheat air
based on a bypass waste heat use system. Fan et al. [20] put forward a new cascade heat use system to
recover flue gas waste heat and steam heat. The installation of LTEs, HPEs, FAHs and the application of
flue gas waste heat deep use technologies decreased the EGT to below 90 °C and improved the energy
saving effect of the units. Because of the good performance of H-type finned tube heat exchangers and
rectangular finned elliptical tube heat exchangers, the two types of heat exchangers are widely used in
flue gas waste heat use systems [21-25].

However, if the EGT is too low, the wall temperature of the rear heating surface of heat exchangers
and flue may be lower than the dew point of acid vapor in the flue gas. Then, the acid vapor can
condense on the heating surface, and corrode the flue and heat exchangers, which will shorten their
life [26]. The condensed acid vapor also glues the ash in the flue gas, and adheres on the heating
surface, which increases the resistance of flue gas flow and heat transfer, affecting the units’ reliable
and economical operation, so the EGT should be controlled above the dew point of the acid vapor to
prevent acid corrosion and fouling. The acid dew point of flue gas has been studied in the literature,
and many prediction formulas of acid dew point have been put forward [27-31], which indicate the
acid dew point is mainly affected by the sulfur content in coal, the volume fraction of SO3 and water
vapor in flue gas, the partial pressure of SO3, HySO,4 and water vapor in the flue gas, etc. Experiments
showed that the wall temperature range of sulfuric acid corrosion in the heat exchanger tube was
65-71 °C [32], and the wall temperature of the heating surface should be higher than this range to
ensure heat exchangers will work safely. Wei et al. [33] advised that the flue gas temperature should
be higher than 80 °C for safe operation of heat exchangers.

To improve boiler efficiency and prevent acid corrosion and fouling, the EGT should not be too
high or too low, it should be kept within a certain range during the operation of boilers.

In the operation of the flue gas waste heat use systems, with the changes of electricity demand,
coal quality, and ambient temperature, the units work under variable conditions, which will bring
EGT changes and affect the economics and safety of the unit. To determine the operation adjustment
strategy of the waste heat use system and control the EGT within a certain range is thus necessary.
Xiao et al. [34] analyzed the optimum bypass ratio of an improved economizer system under different
loads by actively controlling the EGT. Liu [35] put forward a new operating strategy to improve the
efficiency of a combined cycle gas turbine power plant. Song et al. [36,37] studied the performances of
LTE and depth waste heat use systems under variable operating conditions. However, few literatures
have studied the operation adjustment strategy of waste heat use systems based on EGT control by
experiments. Because the operating conditions of the power station are affected by external conditions
such as load changes, ambient temperature and fuels, it is difficult to obtain the operation adjustment
strategy of waste heat use systems under different operating conditions.

In order to ensure the efficient and safe operation of the CWHRS, in this study, we designed
and built experimental equipment and studied the regulation strategies of CWHRS as the flue gas
temperature, flue gas flow, and the air temperature changed under a given EGT. An improved LTE-FAH
system was proposed and regulation strategies under four cases were also studied in the paper.
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2. Coupled High-Low Energy Flue Gas Waste Heat Recovery System

2.1. Description of CWHRS

The technical process of the CWHRS applied on a 1000 MW double-reheat coal-fired unit is
shown in Figure 1. The high temperature flue gas with high energy grade discharged from the boiler
economizer is divided into two parts, where one part flows into the quad—section rotary AP, while the
other part flows into the bypass flue. The flow percentage of flue gas entering the bypass is generally
not more than 30%, so as not to affect the air temperature rise in the AP. In the quad-section rotary
AP, the flue gas heats the primary air supplied to the coal mill and the secondary air supplied to the
boiler by countercurrent heating. HPE and LPE are equipped in the bypass flue to recover the flue
gas waste heat and reduce the flue gas temperature. The HPE is used to heat the boiler feed water,
and the LPE is used to heat the condensed water. The heated water saves the extraction steam, reduces
the heat loss of the steam turbine, and improves the unit efficiency. The HPE and LPE are collectively
called additional economizer (AE) and are H-type finned tube heat exchangers. The amount of flue
gas entering the bypass can be adjusted by the bypass regulating damper arranged at the bypass inlet.
The two parts of the flue gas converge at the exit of the AP where the flue gas temperature is about
120 °C, and flow into the electrostatic precipitator (ESP). A LTE is arranged at the outlet flue of the
induced draft fan to recover the flue gas waste heat with low energy grade. An FAH is located at the
inlet of AP. A closed liquid medium circulation loop connects LTE and FAH, by which the recovery
heat in LTE is transferred to FAH to preheat the primary air and the secondary air. The LTE and FAH
are rectangular finned elliptical tube heat exchangers. The flue gas flowing out of the LTE enters into
the FGD process.
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Figure 1. Schematic of coupled high-low energy flue gas waste heat use system. AP: Air Preheater;
FAH: Front located Air Heater; LTE: Low Temperature Economizer; LPE: Low Pressure Economizer;
HPE: High Pressure Economizer; FGD: Flue Gas Desulfurization; ESP: Electrostatic Precipitator.

2.2. Analysis of Factors Affecting EGT and the Wall Temperature of Heat Exchange Tubes in the CWHRS

2.2.1. Effect of Flue Gas or Liquid Flow on EGT

In CWHRS, HPE, LPE, and LTE are all countercurrent gas-liquid heat exchangers, where the
flue gas flows outside the heat exchange tubes, and the liquid flows inside the tubes, as shown in
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Figure 2. In the heat exchangers, the basic equations of heat transfer and heat balance can be expressed
as follows:

tg—ty) — (t2g—t
mng,g(tLg o fz,g) =KA ( = fll)tl,g(tz,zlrg Ll) (1)
tg—t
mgcpg(tg = tog) = micyi(tr — ta) 2)

where, mg and m; are gas and liquid flow rate, respectively, in kg/s, ¢y and ¢, are the average specific
heat of gas and liquid, respectively, in k] /(kg-°C), t; ; and t; ; are the inlet and outlet temperature of
gas, respectively, in °C, t; ; and t, ; are the inlet and outlet temperature of liquid, respectively, in °C,
K is the heat transfer coefficient in W/ (kg-°C), A is the heat exchange area in m?.
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Figure 2. Schematic of gas-liquid heat exchanger. mg, m;: Gas and liquid flow rate, respectively.
t14 f2,¢t Inlet and outlet temperature of gas, respectively. t1,, t,;: Inlet and outlet temperature of
liquid, respectively.

According to Equations (1) and (2), Equation (3) can be derived:

In hg—ty KA 1_ MsCrg 6)
by =t MmgCpg mcy,

In Equation (3), f2¢ rises as mg increases or m; decreases with other parameters unchanged. So in
HPE, LPE and LTE, the EGT can be adjusted by changing flue gas flow or liquid flow entering into the
heat exchanger.

2.2.2. Effect of Inlet Liquid Temperature on Wall Temperature of Heat Exchange Tubes

In LTE, the wall temperature of metal tube can be calculated as follows [38]:

_ _ 1/(x1f1)
=11+ (tr = 1) 1/ (a1B1) + 0/ (ABa) + 1/ @)

Equation (4) can be converted into Equation (5):

- - 1/(“1’31> 1/(“1ﬁ1)
tm = £ X (1 1/(a1p1) +5/(/\/32)+1/1x2> X 1/(a1p1) +6/(Ap2) +1/az

©)

where, t, is the wall temperature of the metal tube (°C), {; is the temperature of the liquid flowing in
the metal tube (°C), tfis the flue gas temperature (°C), a; is the heat transfer coefficient on the flue
gas side in W/(m?-°C), B is the ratio of the external surface area to the internal surface area of heat
convection for the heat transfer tube; ¢ is the wall thickness of the heat transfer tube (m), A is the
thermal conductivity coefficient of the heat transfer tube in W/(m?2-°C), B, is the ratio of the external
surface area to the internal heat conduction surface area of the heat transfer tube.
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According to Equation (5), with the rising of t;, t,, increases when #; remains unchanged. That is,
in LTE, when the inlet liquid temperature rises, the wall temperature of heat exchanger tubes increases
while the inlet flue gas temperature remains unchanged.

3. Improved LTE-FAH System

A traditional LTE-FAH system is described in Figure 3. The system can transfer the heat from
the flue gas side to the air side. According to Equation (3), the EGT can be adjusted by changing
the circulating medium flow of the closed circuit liquid loop. In order to control the EGT and the
inlet liquid temperature of LTE more effectively and prevent low temperature corrosion on the rear
heated surface, the LTE-FAH system was improved and is shown in Figure 4. The crossover pipe and
crossover pipe valve (CPV) were added between the inlet and outlet pipe of the closed circuit liquid
loop and the pump was replaced by a variable frequency pump (VFP). In order to facilitate automatic
control, the CPV can use an electric valve. If the EGT or/and the inlet liquid temperature are lower
than the designed values, the temperature can be controlled within a reasonable range by adjusting
CPV and the frequency of VFP.

LTE
Flue gas ] To FGD
-

~

To AP N Air
— - — ——(—
FAT

Figure 3. Traditional LTE-FAH system. AP: Air Preheater; FAH: Front located Air Heater; LTE:
Low Temperature Economizer; FGD: Flue Gas Desulfurization.
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Figure 4. Improved LTE-FAH system. AP: Air Preheater; FAH: Front located Air Heater; LTE:

Low Temperature Economizer; FGD: Flue Gas Desulfurization. CPV: Crossover Pipe Valve. VFP:
Variable Frequency Pump. G: Flow rate of liquid medium. t1, ¢,: Inlet and outlet temperature of liquid

medium in LTE, respectively. p: Ratio of crossover pipe flow to VFP flow. t3, t;: Inlet and outlet
temperature of liquid medium in FAH, respectively.
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Without considering pipe heat loss in the LTE-FAH system, the following heat balance expressions
in Figure 4 can be obtained:

Gety = BGety + (1 — B)Gety (6)
Gety = BGety + (1 — B)Gets @)

Equations (6) and (7) can be simplified to Equations (8) and (9):
th=pto+ (1—P)ta =Pl —ta) + 14 (8)

th) =13 )

where, G is the flow rate of the liquid medium (kg/h), t; and f; are the inlet and outlet temperatures of
the liquid medium in LTE, respectively, in °C, ¢ is the specific heat of the liquid medium in kJ/(kg-°C),
B is the ratio of cross over pipe flow to VFP flow, t3 and t4 are the inlet and outlet temperatures of the
liquid medium in FAH, respectively, in °C.

In FAH, t3 > t4, so tp > t4. In Equation (8), as p rises, t; increases if 4 is constant. However, in the
operation of FAH, t, and t4 may change due to the change of . The effect of B on t; will be determined
in the following experiment.

4. Dynamic Model of Heat Exchanger

For the heat exchanger in Figure 2, it is assumed that the fin tube in the heat exchanger is
equivalent to the light pipe, the heat exchanger has no heat loss, and the physical properties of the gas
and the liquid do not change with temperature changes.

As shown in Figure 5, taking a section of the micro—element of heat exchange tube for analysis,
according to [39-42], the energy balance equations on the gas side and liquid side are the following:

8tg_ mg %_ KF

9T Agpg dx  Agpgcpg (g = 1) o

%:_ml% KF (t _tl)
at AlPl dx Alplcp,l g

(11)

where, mg and m are the gas and liquid flow rates, respectively (kg/s), t; and t; are the gas and
liquid temperatures, respectively (°C), A¢ and A; are the cross—sectional area on the gas side and
liquid side, respectively (m?), K is the heat transfer coefficient of the heat exchanger in W/ (kg-°C),
F is the heat exchange area per unit length (m?), pg and p; are the gas and liquid density, respectively
(kg/m®), ¢y g and cp, are the average specific heat of the gas and liquid, respectively, in kJ/(kg-°C).
Equations (10) and (11) constitute the dynamic mathematical model of the heat exchanger, and they
can be solved by the finite difference method [42].

mng,glg-mng)gdx(atg/ax) | emng,gtg (ﬂgGaS
UCp 11— L 1Cp 1 1Cp, 10X (O11/0x)
7]
~Liquid ™= KFEdx(te-1)
dx &g Gas

Figure 5. Heat exchanger calculation model. myg, m;: Gas and liquid flow rate, respectively. t,, t;: Gas
and liquid temperature, respectively. K: Heat transfer coefficient of heat exchanger. F: Heat
exchange area per unit length. cpg, ¢,: Average specific heat of gas and liquid, respectively.
dx: Micro—element length.
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5. Experiments

5.1. Experimental Setup

An experimental equipment prototype was designed and fabricated based on the technical process
of the CWHRS depicted in Figure 1. The schematic of the experimental equipment is shown in Figure 6.
In the experiment, the high temperature flue gas is supplied by the oil-fired hot blast stove, and the
fuel of the stove is 0# or —10# diesel oil and driven to the burner by oil pump from a 1 m? oil tank
placed outdoors. The outlet flue gas temperature of the stove can be kept constant by the control
system of the stove. The flue gas flow blowing out of the stove is split into two parts, one part enters
into the AP, and the other enters into the bypass flue. The ratio of the flue gas flows in the two ways
is adjusted by the plug valve. An additional economizer (AE) is arranged in the bypass flue, which
consists of HPE and LPE. The AE are flue gas—water heat exchangers and connect in series. The heat
exchanger tubes are same as the tubes of heat exchangers in CWHRS of the power plant, the flue
gas flows outside of the tubes, and the water flows inside of the tubes. The water side of HPE and
LPE is a closed circuit loop driven by the No. 1 circulating pump and the water flow can be adjusted
by butterfly valves installed on the pipeline. The water in the loop is supplied by a make—up water
tank. To avoid the formation of steam in the closed circuit loop of the HPE and LPE, a water-water
heat exchanger is arranged in the loop to reduce the temperature of the circulating water on the high
temperature side using cooling water. The cooling water is cooled by a mechanical cooling tower
disposed at a high place using a water circuit driven by No.2 circulating pump. Moreover, a safety
valve is installed on the loop to ensure the pipeline safety. The flue gas discharged from LPE and AP
converges and flow into LTE, in which the flue gas temperature is further reduced, then the flue gas
is discharged outdoor by an induced fan. Using a liquid medium closed circuit loop driven by No.3
circulating pump, the heat recovered in the LTE is transferred to FAH to heat the inlet air. The No.3
circulating pump is a VFP. The liquid medium can be water, ethylene glycol, etc. The heat exchange
tubes of LTE and FAH are also same as the tubes in CWHRS. The air is supplied into the air duct by a
feed fan, and the air flow is adjusted by a plug valve to match the flue gas flow. The air temperature
is firstly raised in FAH, and then further raised in AP. The air is discharged outdoor finally. Bypass
air duct is arranged on the air side of FAH, when the air is required to preheat, a bypass plug valve
is closed and plug valves before and after FAH are opened. When the air is not required to preheat,
the bypass plug valve is opened and the plug valves before and after the FAH are closed.
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Figure 6. Technical process of experiment equipment. AP: Air Preheater; FAH: Front located Air Heater;
LTE: Low Temperature Economizer; LPE: Low Pressure Economizer; HPE: High Pressure Economizer.

The main designed parameters of the experimental equipment are indicated in Table 1.

Table 1. Main designed parameters of the experimental equipment.

Item Unit Designed Value
Power of hot air stove 10* kecal/h 40
Outlet temperature of hot air stove °C 400
Outlet air temperature of AP °C 350
Inlet flue gas temperature of LTE °C 115
Inlet air temperature of FAH °C 25
Outlet air temperature of FAH °C 55
Outlet flue gas temperature of LTE °C 85
Range of No.1 circulating pump flow m3/h 3.2-8.0
Range of No.3 circulating pump flow m3/h 4.0-11.0

The sensors used for measuring temperature, flow and pressures are listed in Table 2.

Table 2. Sensors used in the experiments.

Sensor Manufacturer Model Accuracy
Mineral insulated Hong De Control Technology (Shanghai) o
resistance thermometer Co., Ltd., Shanghai, China HD-WZPK-238 0.1°C
Xi’an Zhongwang Measurement and o
Gas flow meter Control Instrument Co., Ltd., Xi’an, China FCY-110D-AMYG +1%
Electromagnetic flow Hebei Feigerise Automation Tgchnology PMFG-S-32_FAPACO116EIASAR 05
meter Co., Ltd., Langfang, China
Pressure Transmitter Hong De Control Technology (Shanghai) HD3051GP3522M3B3C1 0.1

Co., Ltd., Shanghai, China
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5.2. Data Acquisition

A data acquisition and monitoring system was built based on the WinCC system, which can
display and record measurement data in real time, as shown in Figure 7. The system can save the
measurement data every one minute. The starting and stopping of fans and pumps can be controlled
online by the system on an industrial computer.

Experimental Equipment For Flue Gas Waste Heat Depth Utilization Of Large Capacity Utility Boiler

1 Hot air

‘Water-water heat exchanger

No.2 circulating pump

o
ing tower
o = L g | eocaose | S

Figure 7. Data acquisition interface. AP: Air Preheater; FAH: Front located Air Heater; LTE:
Low Temperature Economizer; LPE: Low Pressure Economizer; HPE: High Pressure Economizer.

5.3. Unit Efficiency and Heat Efficiency of the Experiment Unit

For the experiment unit, the input energy includes heat of flue gas from hot blast stove, and power
input by water pumps, oil pump and fans, the recovered heat includes heat obtained by the air in FAH
and AP, and the heat obtained by the water in LPE and HPE. According to Figure 1, the recovered
waste heat includes the heat obtained by the air in FAH, and the heat obtained by the water in LPE
and HPE.

The recovered heat can be calculated by the following expression:

Qr = Qran + Qrpe + QurE (12)

The unit efficiency, heat efficiency and waste heat recovery efficiency of the unit are determined
by the following expressions, respectively:

Qran + Qap + Qrre + QHPE
E, = x 100% 13
T Qg W £ Wop + W (13)
E, = Qrang + Qap + Qrpe + QHrE < 100% (14)
Qg
E, — Qran + Q(SPE + QHPE < 100% (15)
I

where, E;, Ej, and E, are the unit efficiency, heat efficiency, and waste heat recovery efficiency of the
unit, respectively, Qrap is the heat obtained by air in FAH (k]), Qrpg is the heat obtained by water in
LPE (k]), Qnpk is the heat obtained by water in HPE (k]), Qg is the heat supplied by the flue gas from
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the hot air stove (kJ), Wuy, Wop, and Wy are the work done by water pumps, oil pump and fans per
unit time, respectively, in k].

In Equations (12)-(15), Qran, Qap, Qrre, Qupe, and Qg can be calculated by Equation (16), Wy,
Wop, and Wy can be calculated by Equation (17):

Q =mcy(to —t;) = m(ho — h;) (16)

W = mAp (17)
o7

where, Q is the heat obtained by water or air, or heat supplied by flue gas (kJ), m is the mass flow of
water, air, or flue gas per unit time (kg), ¢; and ¢, are the inlet and outlet temperatures of water, air,
or flue gas (kg/s), h; and h, are the inlet and outlet enthalpy of water, air, or flue gas (k]J/kg), W is
the work done by water pumps, oil pump, or fans per unit time (kJ), Ap is the resistance overcome
by pumps or fans (Pa), p is the density of the medium delivered by pumps or fans (kg/m?), 7 is the
efficiency of pumps or fans.

6. Results and Discussion

6.1. Adjustment as Flue Gas Flow Changed

The outlet flue gas temperature of the oil-fired hot blast stove was kept at 380 °C, and the EGT
85 °C of LTE was taken as the target value. As the total flow of flue gas changed, the bypass plug
valve was adjusted while the opening of other valves remained unchanged. If the EGT was higher
than 85 °C, the heat recovered by AE was increased by increasing the bypass gas flow to decrease
the inlet temperature of LTE, by which the EGT was reduced to 85 °C. If the EGT was lower than
85 °C, the bypass gas flow was reduced to increase the EGT to 85 °C. Given a total flue gas flow,
an optimal percentage of bypass flue gas flow to total flue gas flow can be obtained. In the experiment,
the maximum total flue gas flow is 250 Nm? /h. Considering the flow range of No. 1 circulating water
pump, the total flue gas flow varied from 50% to 100% of the maximum flow, and the air flow matched
the flue gas flow. The adjustment curve of the optimal percentage of bypass flue gas flow to total flue
gas flow is shown in Figure 8. As the total flow of flue gas increased, the EGT can be kept at around
85 °C by continuously increasing the bypass flue gas flow percentage from 7.20% to 18.8%.
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Figure 8. Adjustment curve as flue gas flow changed.
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Under the conditions mentioned above, if the percentage of bypass flue gas flow to total flue
gas flow was kept at 15%, the valve on the water side of AE was adjusted. If the EGT was higher
than 85 °C, the heat recovered by AE was increased by increasing water flow of AE to decrease the
inlet temperature of LTE, by which the EGT was reduced to 85 °C. If the EGT was lower than 85 °C,
the water flow of AE was reduced to increase the EGT to 85 °C. The optimal percentages of circulating
water flows of AE can be obtained under different total flue gas flows. The change curve of the flow
percentage is illustrated in Figure 8. As the total flue gas flow proportion increased from 50% to 100%,
the circulating water flow percentage of AE increased from 42.5% to 87.5%.

Keeping EGT at about 85 °C, as the total flue gas flow percentage increased, the changes of the
recovered heat, waste heat recovery efficiency, heat efficiency, and unit efficiency of the system are
shown in Figures 9 and 10. The recovered heat, waste heat recovery efficiency, heat efficiency, and unit
efficiency all increased regardless of regulating water flow or bypass gas flow. The recovered heat
and all of the efficiencies varied more greatly when adjusting bypass gas flow. The measured EGTs
under each operating condition were close to the EGTs calculated using dynamic model, as shown in
Figure 11.
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Figure 9. E, and Q; as flue gas flow changed.
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Figure 10. E;, and E;, as flue gas flow changed.
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Figure 11. EGT as flue gas flow changed.

In the operation of the CWHRS, there may be cases where the EGT deviates far from the designed
value when the flue gas flow changes. The EGT cannot meet the target value only by adjusting bypass
plug valve or the circulating water flow of AE. At this time, the bypass flue gas flow and the circulating
water flow of the AE can be increased at the same time when the EGT is much more than the target
value and decreased when the EGT is far less than the target value.

6.2. Adjustment as Flue Gas Temperature Changed

The total flue gas flow was kept at maximum value, and the air flow matched the flue gas
flow. Similarly, the EGT 85 °C was considered as the adjustment target value. As the inlet flue gas
temperature of AP changed, the bypass plug valve was adjusted to ensure EGT at about 85 °C with
the opening of other valves unchanged, an optimal percentage of bypass flue gas flow to total flue
gas flow can be obtained. When the flue gas temperature increased from 320 °C to 400 °C, the change
curve of the percentage of bypass flue gas flow to total flue gas flow is given in Figure 12. With the
rising of the flue gas temperature, the EGT remained at around 85°C by increasing the bypass flue gas
flow percentage constantly from 9.3% to 17.0%.

18.0 90.0
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—/— Percentage of circulating water flow of AE <
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5 5
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9.0 | S
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Flue gas temperature/°C

Figure 12. Adjustment curve as flue gas temperature changed.
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Under the same conditions of flue gas temperature change, if the percentage of the bypass flue gas
flow was kept at 14%, the valve on the water side of the AE was regulated to keep the EGT at around
85 °C, the adjustment curve of the water flow is displayed in Figure 12. As the flue gas temperature
increased, the percentage of water flow of AE increased from 76.50% to 88.75% to keep the EGT at
nearly 85 °C.

Keeping EGT at about 85 °C, as the initial flue gas temperature rose, the changes of the recovered
heat, waste heat recovery efficiency, heat efficiency, and unit efficiency of the system are shown in
Figures 13 and 14. Similar to increasing the flue gas flow, the recovered heat, waste heat recovery
efficiency, heat efficiency, and unit efficiency all increased regardless of regulating water flow or bypass
gas flow. The recovered heat varied slightly and waste heat recovery efficiency varied greatly when
adjusting bypass gas flow. Figure 15 shows the measured EGTs under each adjusting condition were
close to the EGTs calculated using dynamic model.
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Figure 13. E; and Q; as flue gas temperature changed.
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Figure 14. E; and E, as flue gas temperature changed.
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Figure 15. EGT as flue gas temperature changed.

Similar to the increasing of flue gas flow, the EGT may also appear to be too lower or higher than
the target temperature as the flue gas temperature changes, and the adjustment strategy is also to
increase the bypass flue gas flow percentage and the water flow percentage of AE at the same time
when the EGT is too higher than target valve, and reduce the flows’ percentage when the EGT is too
lower than the target value.

6.3. Adjustment as Ambient Air Temperature Changed

In order to obtain the adjustment strategy when the ambient air temperature changes, experiments
were carried out in a period with relatively stable air temperature in different seasons. The flue gas
temperature was kept at 380 °C, and the total flue gas flow was kept at maximum value. As the air
temperature changed, the bypass plug valve was regulated to ensure the EGT at around 85 °C with the
opening of other valves unchanged. When the ambient air temperature rose from —5.1 °C to 28.4 °C,
the percentage of the bypass flue gas flow increased from 12.7% to 16.0%, as shown in Figure 16.
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Figure 16. Adjustment curve as air temperature changed.
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On the same conditions of the ambient air temperature changing, if the percentage of bypass
flue gas flow was maintained at 18%, the valve on the water side of AE was regulated to keep EGT at
around 85 °C, and the regulation curve of the water flow is illustrated in Figure 16. As the ambient air
temperature increased, the percentage of water flow of AE increased from 70.00% to 88.75% to keep
the EGT at about 85 °C.

Keeping EGT at around 85 °C, as the air temperature rose, the changes of the recovered heat,
waste heat recovery efficiency, heat efficiency, and unit efficiency of the system are illustrated in
Figures 17 and 18. The recovered heat, waste heat recovery efficiency, heat efficiency, and unit
efficiency all decreased regardless of regulating water flow or bypass gas flow as air temperature
increased. The heat waste recovered heat and heat recovery efficiency were higher when adjusting
water flow of AE. Figure 19 shows the measured EGTs in experiment under each adjusting condition
were close to the EGTs obtained using dynamic model.
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Figure 17. E; and Q; as air temperature changed.
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Figure 19. EGT as air temperature changed.

If the flue gas temperature is much higher or lower than the required EGT when the ambient
temperature changes, the percentage of bypass gas flow and water flow of AE should be increased
simultaneously when the EGT is too high and be reduced when the EGT is too low.

6.4. Adjustment of the Improved LTE-FAH System

Assuming that the designed EGT of the LTE is t,, the designed inlet liquid temperature of the
of the LTE is t, the actual EGT is tg,, and the actual inlet liquid temperature is t1, there may be the
following four cases in the operation of LTE-FAH system:

(1). tgo >t t1 > ty;
(). tgo >t bty <ty;
(3). tgo<tg t1>ty;
(4). tgo <tg t; <ty.

Under case (1), acid condensation will not occur, but the EGT should be adjusted to be close to the
designed value to improve the flue gas waste heat use efficiency; under cases (2)-(4), acid condensation
may occur and adjustment should be carried out to increase tg, or/and #; to above the designed value
to prevent acid corrosion.

In the experiment, water was used as the circulating medium, considering waste heat recovery
efficiency and preventing low temperature corrosion, the designed value of EGT was 85 °C and the
designed value of the inlet water temperature was 69 °C. Keeping the flue gas flow, air flow, inlet flue
gas temperature of LTE and the frequency of VFP at constant values, the flow coefficient § of the
crossover pipe was adjusted. The change curves of t¢ , and t; are displayed in Figure 20. With the rising
of B, ty 0 and t; increased continuously. As  rose from 0.05 to 0.32, t¢ , increased from 55.5 °C to 73.4 °C,
and t; increased from 74.5 °C to 87.1 °C. The measured t,, and t; were close to the temperatures
obtained using dynamic model, as shown in Figure 20.
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Figure 20. Relationship between § and tg,, 1.

Closing CPV, the inlet flue gas temperature of LTE was maintained at 115 °C, the others parameters
remained unchanged, and the frequency of CFP was adjusted to increase the water flow percentage of
the circulating loop. As the water flow percentage of the circulating loop increased from 52.72% to
91.81%, tg,, decreased from 86.9 °C to 71.2 °C, and #; decreased from 72.9 °C to 50.5 °C, as shown in
Figure 21. The measured t;, and t; were also close to the temperatures calculated by the model.

90
75 L —4— ¢, (Experiment)
4=~ 1, (Model)
—O—t,, (Experiment)
ol O 1, (Model) -85
O 65 I 180 &
Q S
o~ o
N'_‘ Nw
60 I
~475
55+
50 b <70
. 1 . 1 . 1 . 1
50 60 70 80 90

Flow percentage of circulating loop/%

Figure 21. Relationship between circulating flow and tg,0, #1.

It can be seen from Figures 20 and 21 that reducing the water flow percentage of the closed
circulating loop and increasing the flow of crossover pipe are beneficial to increase the EGT and the
inlet water temperature of the LTE. However, the circulating water flow of the loop cannot be too small,
or the liquid may vaporize, and the flow of crossover pipe cannot be too large, or the heat recovery
effect of FAH will be affected. In actual engineering, the minimum circulating flow can be limited to
10% of the maximum flow, and the crossover flow cannot exceed 90% of the circulating flow.

According to the experiment results, the following adjustment strategies can be formulated for
the above mentioned four conditions that may occur in LTE-FAH system:
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Case (1): The opening of CPV is reduced until it is closed to ensure the inlet liquid medium
temperature is high than the designed valve; and the frequency of VFP is increased to enlarge the
circulating flow until the EGT reaches the designed value. If the designed EGT cannot be reached
when the circulating flow reaches the maximum value, the EGT can be reduced by adjusting regulating
damper or the circulating water flow of AE.

Case (2): The frequency of CFP is maintained constant, and the opening of CPV is increased
until the inlet liquid medium temperature is not less than the designed valve. If the EGT is too high,
the frequency of VFP can be increased to enlarge the circulating flow.

Case (3): The opening of CPV is kept unchanged, and the frequency of VFP is reduced to decrease
the circulating flow until the EGT is almost equal to the designed value.

Case (4): The opening of CPV is increasing until the inlet liquid medium is not less than the
designed value. Then the frequency of CFP is reduced to decrease the circulating flow to raise the EGT
to the designed value. If the crossover flow percentage is 90%, and the circulating flow percentage is
10% of the maximum flow, the two temperatures cannot meet the requirements, the flue gas flow or
the circulating water flow of AE is reduced by adjusting regulating damper or water valve to increase
the inlet temperature of LTE, or the LTE-FAH system stop running.

For the CWHRS in a power plant, the above temperature adjustment can be automatically
controlled by transmitting the temperature signals to the VFP and CPV.

7. Conclusions

To obtain the operation regulations of CWHRS under given EGT, experimental equipment was
designed and built. Experiments were carried out to maintain the exhaust gas temperature under
different flue gas flows, flue gas temperatures and air temperatures by adjusting the bypass flue gas
flow and water flow of AE. An improved LTE-FAH system was put forward and the relationship
between the crossover pipe flow, circulating loop flow and EGT, inlet water temperature was studied
through experiments. The conclusions are as follows:

(1) As the total flue gas flow varied from 50% to 100% of the maximum flow, the bypass flue gas
flow percentage increased from 7.20% to 18.8%, or the circulating water flow percentage of the
AE increased from 42.5% to 87.5% to maintain the EGT at about 85 °C, and the recovered heat
and waste heat recovery efficiency increased.

(2) As the flue gas temperature increased from 320 °C to 400 °C, the bypass flue gas flow percentage
increased from 9.3% to 17.0%, or the circulating water flow percentage of the AE increases from
76.50% to 88.75% to maintain the EGT at about 85 °C, and the recovered heat and waste heat
recovery efficiency increased.

(3) As the ambient air temperature rose from -5.1 °C to 28.4 °C, the bypass flue gas flow percentage
increased from 12.7% to 16.0%, or the circulating water flow percentage of the AE increased from
70.00% to 88.75% to maintain the EGT at about 85 °C, and the recovered heat and waste heat
recovery efficiency decreased.

(4) In LTE-FAH system, as 3 rose from 0.05 to 0.32, ty, increased from 55.5 °C to 73.4 °C, and t
increased from 74.5 °C to 87.1 °C; as the water flow percentage of the circulating loop increased
from 52.72% to 91.81%, t,, decreased from 86.9 °C to 71.2 °C, and t; decreased from 72.9 °C to
50.5 °C.

(5) When the EGT or/and the inlet liquid medium temperature of LTE deviates from designed value,
the EGT and the inlet liquid medium temperature of LTE-FAH system can be adjusted to the
required value by regulating CPV, the frequency of CFP, the bypass plug valve and the water
valve of AE.

(6) The adjustment strategies obtained by the experiments can provide references for the operation
of the CWHRSs in power stations.
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