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Abstract: In order for the operation of the condensing heat exchanger to be efficient, the flue gas
temperature at the inlet to the heat exchanger should be reduced so that condensation can start
from the very beginning of the exchanger. A possible way to reduce the flue gas temperature is
the injection of water into the flue gas flow. Injected water additionally moistens the flue gas and
increases its level of humidity. Therefore, more favorable conditions are created for condensation and
heat transfer. The results presented in the second paper of the series on condensation heat transfer
indicate that water injection into the flue gas flow drastically changes the distribution of temperatures
along the heat exchanger and enhances local total heat transfer. The injected water causes an increase
in the local total heat transfer by at least two times in comparison with the case when no water is
injected. Different temperatures of injected water mainly have a major impact on the local total heat
transfer until almost the middle of the model of the condensing heat exchanger. From the middle
part until the end, the heat transfer is almost the same at different injected water temperatures.

Keywords: biofuel flue gas; water vapor condensation; vertical tube; experiments; water injection;
total local heat transfer; condensation efficiency

1. Introduction

This is the second paper of the series on water vapor condensation from the flue gas in
a long vertical tube—model of the condensing heat exchanger. Therefore, the review of the
literature related to water vapor condensation from flue gases has already been presented
in [1]. The results presented in [1] revealed that, under certain inlet flue gas conditions,
the initial part of the condensing heat exchanger is not used efficiently for condensation
heat and mass transfer due to the cause that the flue gas has to be cooled down until its
temperature reaches the dew point temperature. Usually after that, a significant increase
in heat transfer was determined due to condensation of water vapor from the flue gas.
Therefore, in order to use such type of heat exchanger more efficiently from its beginning,
certain parameters of the flue gas at the inlet to the exchanger should be reached.

The results presented in [1] showed that there is a necessity to reduce the flue gas
temperature prior to the condensing heat exchanger in order to have condensation in the
heat exchanger from its very beginning. A possible way to reduce the flue gas temperature
is the injection of water into the flue gas flow [2,3]. The water injected via a nozzle creates
water droplets, which in the injection chamber directly contact with the flue gas and the
water vapor existing in the flue gas. Then, such a “mixture” is routed into the condensing
heat exchanger. In addition, the injected water additionally moistens the flue gas and
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increases its humidity. Due to this, more favorable conditions for condensation and heat
transfer in the condensing heat exchanger should occur. Besides, the injected water allows
the recovery of some heat and water due to vapor condensation [4-6] and also reduces the
concentration of solid particles [7] in flue gas which, when released into the atmosphere,
are the main pollution sources when incinerating biofuel [8]. In addition, the benefit of the
injected water is that it can be used for flue gas cleaning from acidic components [9] and
for flue gas desulfurization [10].

In boiler plants, condensed moisture is usually collected at the bottom part of condens-
ing heat exchangers. Then a part of it is routed back and injected again into the flue gas
flow at the top part of heat exchangers. The efficiency of heat exchangers in boiler houses
depends on the rates of injected water and gas flow and also the height and diameter of
the heat exchanger [11]. The use of condensing heat exchangers in boiler plants allows
significant annual fuel savings [12,13].

One of the ways to achieve better heat and mass transfer results of the condensation
process is the use of direct contact condensation [14]. Direct contact condensation is
the process when vapor directly contacts with water, which can result in very high heat
transfer rates. However, such high heat transfer rates can be obtained only in the case of
pure vapor condensation. Meanwhile, in reality there might always be a huge portion of
noncondensable gases, especially when incinerating biofuels.

The study presented in [15] was dealing with the condensation heat transfer of sat-
urated vapor in a stainless-steel cylindrical vessel (158 mm in diameter and 360 mm
length), when subcooled water was sprayed into the vessel with a hollow cone nozzle.
The measured increase in sprayed water temperature in the flow direction was rather
significant up to x/d ~ 10. After that, the water temperature of the spray was close to the
vapor temperature.

In another study [16], an analytical model was proposed for the behavior of a water
spray in vapor. The spray experiments were performed in a chamber 250 mm in diameter
and 300 mm in length with pure vapor. The sprayed droplet sizes used in the experiments
were in the range of 0.67-1.32 mm. The water spray pattern determined was divided into
several regions. The modeling results compared with the experimental results showed
a reasonable agreement. When water was sprayed into the same chamber with air (no
condensation) and into the chamber with vapor (with condensation), the structure of
the flow streamlines showed a considerable difference between the two cases, and the
breakup spray length was shorter in the vapor environment. Moreover, the droplet size
was determined to be larger in vapor than in the air environment. However, the authors
did not analyze heat transfer. The influence of droplet size on heat transfer was analyzed
in [17]. It was determined that the larger the droplet size, the lower the total average heat
transfer obtained. The droplet radius increased from ~0.25 mm to ~0.75 mm, resulting in
an average total heat transfer decrease of about 3.3 times.

In [18], the experiments were carried out in a cylindrical vessel of 610 mm diameter
and 915 mm length to observe the characteristics of water spray from full cone-type coarse
nozzles into water vapor. The droplet sizes of the sprayed water were in the range between
0.25 and 1 mm. The analysis of the spray photos showed that for the flow of sprayed
water, the film and the droplet phases could be distinguished. The results also indicated
that increasing the number of the nozzles that generated smaller drops did not have an
expected impact on the heat transfer. It was concluded that heat transfer in the film phase
is about five times higher than in the droplet phase.

A series of experiments on direct contact condensation of an air-vapor mixture on a
water surface in a vertical test section with the dimensions of 150W x 100D x 1510L mm
was carried out in [19]. The results revealed that the average condensation heat transfer
coefficient for a vapor-air mixture decreased when the air mass fraction was increased. The
average heat transfer coefficients obtained for different mixture velocities and condensation
film Reynolds numbers were in the range between 550 and 2000 W/m?K.
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The injection of water droplets in the range of 0.3-2.8 mm to humid hot air of relative
humidity 80% and temperature 65-85 °C using a hollow cone nozzle was studied in [20].
The results showed that, due to direct contact condensation, vapor condenses on the surface
of droplets because the temperature of water droplets is less than the dew point of air.

Although condensing heat exchangers are widely used in boiler plants, there is not
much analysis done on local distributions of temperatures and processes of condensation
heat and mass transfer when water is injected into the flue gas flow. The study described
in [21] presented a numerical simulation of a quench tower (2.5 m in diameter and 10 m
in height) for high inlet temperature (>500 °C) flue gas purification in the case of water
droplets of 0.1 mm diameter injected using one to four nozzles located in the upper part of
the quench tower. The temperature distribution in the center of the tower indicated that
after the spraying, a large amount of flue gas heat was absorbed due to droplet evaporation.
With the downward movement of the flue gas, the gas temperature was continuously
decreasing and the droplets were gradually evaporating. At about 4 m from the top of the
tower, the temperature of flue gas and water vapor were almost the same, and therefore
the evaporation of the injected water droplets was negligible. It was determined that the
gas with a high temperature was concentrated in the central part of the tower. The flue gas
temperature change rates obtained using one to four nozzles for water injection showed
that the highest temperature change rate in the case of one nozzle was between 1 and 3 m
from the top of the tower, in the case of two, three and four nozzles it was between 2 and
4 m from the top of the tower. From almost the middle of the tower, the flue gas temperature
change rate was negligible and this did not depend on the number of nozzles used. In
general, spray cooling is an efficient way to reduce gas temperature, especially in confined
spaces [22].

Experiments with a water spray for air cooling were carried out in a heat exchanger
located in a channel with a rectangular cross section of 36 x 25 cm and a length of 1.7 m
with the purpose of improving heat transfer [23]. An increase in the heat transfer of up to
three times was reached for a counter-flow injection with the injected droplets smaller than
0.025 mm in diameter. A co-flow injection was found not to be very effective due to bad
dispersion of the droplets. Such dispersion resulted in very heterogeneous cooling.

Heat transfer analysis in a flat tube heat exchanger showed that the heat transfer was
increasing with an increasing water spraying rat; however, only up to a certain water spray
flow rate. It was found that in the case of a high spraying rate, parts of the flow passage
of the heat exchanger can be blocked by water droplets and this may result in regions
with poor heat transfer. Thus, an optimum water spray rate should be achieved to give an
increase in total heat transfer [24].

Flue gas might contain some components in vapor form, which, when condensed on
the surfaces of the heat exchanger, can cause corrosion of the surfaces of heat exchanger.
In such cases, it is necessary to make heat exchangers from corrosions resistant materials
(stainless steel, various corrosion resistant alloys, etc.). Moreover, some reagents could be
injected in order to decrease the acidity of vapors.

The literature review showed that a lot of studies are devoted to investigating pure
vapor condensation when water is injected into short vessels, as well as flue gas cleaning
from gaseous pollutants, solid particles and for the reduction of the temperature of the
flow. In the case of biofuel incineration, the flue gas contains a significant amount of
noncondensable gases with the remaining portion of water vapor, which, if condensed in
an efficiently operating economizer, could increase the efficiency of the boiler station and
guarantee huge fuel savings. Although condensing heat exchangers are widely used, there
are no studies devoted to the local total heat transfer characteristics of condensing heat
exchangers with water injection [25].

Therefore, the aim of this study was to investigate the influence of water injected into
the flue gas flow on the distribution of temperatures and total local heat transfer along the
model of the condensing heat exchanger.
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2. Experimental Setup

The experimental setup (Figure 1) which was used for the investigations was the same
as described in [1]. However, some minor changes necessary for water injection were
introduced and are described further.

L’
U A

Figure 1. (1) boiler; (2) flue gas pipe; (3) heat exchanger (fan-coil type); (4) flue gas exhauster; (5) water
injection supply pump; (6) injection water tank; (7) bypass pipe; (8) damper; (9) inlet flue gas flow
rate, temperature and humidity measurement point (before test section); (10) water injection chamber;
(11) water mixer; (12) vertical calorimetric tube—the model of flue gas condensing heat exchanger
(economizer); (13) cooling water discharge line; (14) cooling water supply line; (15) collection tank.

To generate flue gas from incinerated wood pellets, the automatic boiler Kostrzewa
(Poland) from the first experiments (without water injection) was used. The boiler has
a maximum power of 50 kW. The power can be adjusted in a certain range according to
the needs. Flue gas generated with a temperature of about 180-190 °C at the exit from
the boiler was routed into the experimental section. Using the economizer of the boiler,
different temperatures of the flue gas could be obtained at the inlet to the test section.

Dampers were used for flue gas flow rate adjustment. After that, the flue gas was
supplied to the top of the test section, flowed via the internal vertical calorimetric tube,
passed it, flew to the flue gas chimney and discharged into the atmosphere.
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The test section was made of stainless steel. It was composed of an internal calorimetric
tube (length x ~ 5.8 m, inner diameter d = 0.034 m, wall thickness =2 mm, x/d ~ 170)
where condensation takes place on its internal surface and an outer tube (length x ~ 5.9 m,
inner diameter D = 0.108 m) [1].

A water injection chamber with one nozzle was installed just before the inlet into
the calorimetric tube. The internal diameter of the chamber was 100 mm and the height
250 mm. The nozzle for water injection was mounted in the middle of the chamber’s height
at its side surface. Therefore, the directions of flue gas flow and water injection to the gas
flow were perpendicular to each other. The distilled water was supplied to the nozzle via a
flexible hose from the water tank with a pump. The hose was insulated using 6 mm thick
polyethylene insulation.

All of the experimental section as well as flue gas chimney were also insulated using
5 cm thick rockwool insulation.

For cooling the calorimetric tube, water from a municipal water supply network was
supplied in the space between the inner and outer tubes. Flow rate of the cooling water
was measured at its discharge line by weighing, and the necessary rate was adjusted by
the valve. To have uniform inlet temperature before entering the experimental section
at its bottom, the water was mixed in the water mixer. When leaving the experimental
section, the water was also mixed in the same type of mixer. During the experiments, the
condensed and injected water was collected in a collection tank.

3. Materials and Methods

The investigations were performed using different inlet flue gas temperatures and for
two different Reynolds numbers at the inlet into the calorimetric tube. The water vapor
mass fraction in the flue gas of about 17% was achieved when incinerating biofuel pellets in
the boiler and additionally spraying water into the furnace of the boiler due to the reasons
indicated in [1].

Calibrated chromel-copel thermocouples (wire diameter 0.2 mm, accuracy +0.3%)
were installed to measure flue gas (20 pieces), inner wall of the calorimetric tube
(20 pieces) and cooling water temperatures (10 pieces) along the model of the condensing
heat exchanger. The same type of thermocouples (3 pieces) was also installed in each of the
water mixers. For details see [1].

During the experiments, all the thermocouple data were collected using the Keithley
data acquisition system. Flue gas inlet temperature (tj,, °C) and inlet relative humidity
(RHjp, %) were measured using a KIMO C310 sensor installed before the inlet to the water
injection chamber (250 mm before inlet into the calorimetric tube). Therefore, Re;j, and
dew point temperatures indicated in the Figures presented in this article were calculated
based on these parameters. Bellmouth with installed Pitot and Prandtl tubes connected to
a differential micromanometer [1] was used to measure the inlet flue gas flow rate.

The flow rate of the cooling water was determined using weighing method. Ex-
periments were carried out for a cooling water flow rate of 60 kg/h. The cooling water
temperature at the inlet to the test section was about 9-10 °C.

The flow rate of the water injected into the flue gas stream was defined by the water
level change in the distilled water tank, applying the weighing method. During experi-
ments, the flow rate of the injected water was 33.6 kg/h (or 0.56 kg/min). According to the
manufacturer of the injector, the injector used in experiments was the full cone injector and
the droplets generated by it are in the range of 36-864 pm. The Sauter mean diameter of
the droplet is 481 pm and the surface mean diameter is 361 pum.

The temperature of the injected water was measured by two thermocouples installed
at the bottom of the distilled water tank—in the zone where the water take-up by the pump
was realized. The distilled water tank was equipped with electric heating coils, and a mixer
installed in the tank allowed to have a uniform temperature of the water. The temperature of
the water injected into the injection chamber was about 25 °C. For the purpose of comparison
between the heat transfer results, it was also increased to about 40 °C.
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In the formulas presented further the properties (cp, A, etc.) of the flue gas and water
vapor mixture were calculated using formulas presented in [26]. The properties were
calculated based on the flow temperature measured in the center of the calorimetric tube.

The total local heat flux was obtained as

M0, CpH20; Ao,
fi T-d dx

@

where mpo is inlet mass flow rate of the cooling water, kg/s, ;20 is specific heat of the
water, kJ /kg-°C, dtipo/dx is the slope of the cooling water temperature gradient, determined
as the least squares polynomial fit of the coolant temperature as a function of the length of the
heat exchanger model, and 4 is the inner diameter of the calorimetric tube, m.

The local total heat transfer coefficient was calculated as

K, = Qti/(tc - tw)i/ )

where ¢, is the temperature measured in the center of the calorimetric tube, °C, t, is the
measured inner wall temperature of the calorimetric tube, °C.
The total Nusselt number:
Nuti = Dcti-d/)\i (3)

To evaluate the performance of the condensing heat exchanger, the condensation
efficiency (%) was used [27]. Condensation efficiency was calculated as
Med

= 900, 4
Ned M0, ( )

where m,; is the mass flow rate of the condensate, kg/s, mppo;y, is the inlet flow rate of the
water vapor, kg/s.
The condensate mass flow rate was obtained:

My, — Mjp;
Meg = Tm]’ 5)

where my, is the total water mass collected in the collection tank, kg, Miyj iS the mass of the
injected water, kg and / is the time, s.

Flue gas Reynolds number at the inlet to the calorimetric tube was calculated based
on the flue gas parameters before the water injection section:

Rein = uin'd/vin/ (6)

where u;,, is the flue gas bulk velocity in the calorimetric tube, m/s, d is the inner diameter
of the calorimetric tube, m, v;, is the kinematic viscosity, m?2/s.

The uncertainty of the data evaluated by using the methodology presented in [28]
showed that for the Nusselt number the uncertainty is 6-14%.

4. Results and Discussions

Experiments with water injection were carried out for different injected water temper-
atures, and different flue gas temperatures (ti,) and Reynolds numbers (Rej,) at the inlet
into the calorimetric tube.

4.1. Water Injection with a Temperature of 25 °C

Figure 2 presents typical distribution of temperatures along the model of the con-
densing heat exchanger at the same inlet Reynolds number (Re;j,), different inlet flue gas
temperatures and in cases when no water was injected and when water was injected into
the flue gas flow. The dew point temperature at the inlet to the test section for the cases
presented was calculated according to t;,, RHj, and using the equations presented in [29]
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and was in the range of ~58-64 °C (the dew point temperature was calculated according to
tin, RHjp, i.e., results before injection section).
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Figure 2. Temperature distribution along the model of the condensing heat exchanger at Re;j, ~ 9500, different flue gas inlet
temperatures and in the case when water is not injected (a) Rey, =~ 9500, tin~ 80 °C, (¢) Rey, =~ 9500, tj, ~ 115 °C and is
injected (b) Rej, ~ 9500, tj, ~ 87 °C, (d) Rejn ~ 9500, tin ~ 122 °C: (1) center of the calorimetric tube, (2) inner wall of the
calorimetric tube, (3) cooling water in the middle of the inner and the outer tubes, (4) dew point temperature at the inlet to

the calorimetric tube.

If the condenser wall temperature from the flue gas flow side is lower than the dew
point temperature, water vapor should start to condensate on the wall of a calorimetric
tube. If the temperature of the flue gas in the center of a calorimetric tube reaches the dew
point temperature, water vapor should start to condense in all its volume.

For all the cases shown in Figure 2, the tube wall temperature (curve 2) is much lower
than the dew point temperature. Therefore, condensation on the wall of the calorimetric
tube should start from the beginning of the tube and the results of heat transfer presented
in Figure 3 (curve 1) confirm that.

The flue gas temperature measured in the center of the calorimetric tube rather rapidly
and almost linearly decreases from x/d = 0 to x/d ~ 20 for about 20 °C (Figure 2a, curve 1),
then some stabilization of the temperature between x/d ~ 20-40 is observed and after that,
until the end of the tube, it decreases gradually. The stabilization of temperature (Figure 2a,
curve 1) could mean that the condensation of vapor occurred in the whole cross section
of the calorimetric tube, and due to this, a sudden increase in the total heat transfer was
obtained in the x/d range between 20-40 (Figure 3, curve 1). Further on, as some vapor
is condensed and the difference between the flue gas and the tube wall temperature is
decreasing (Figure 2a, curves 1 and 2), heat transfer is also gradually decreasing; however,



Processes 2021, 9, 1310

8 of 18

700

600

500

400

Nu1

300

200

100

o-—0O0
0—0—0 —O——0—0

the results show that it is still rather high and at the end of the calorimetric tube Nu is
~ 140 (Figure 3, curve 1).
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Figure 3. Distribution of the total local Nusselt number along the model of the condensing heat exchanger at Rej, ~ 9500,

different flue gas inlet temperatures and for the cases when no water was injected into the flue gas flow and when it was
injected: (1) tj, ~ 80 °C without injection, (2) tj, ~ 87 °C with injection, (3) tj, ~ 115 °C without injection, (4) tj, ~ 122 °C
with injection.

The cooling water temperature (Figure 2a, curve 3) from the inlet into the model of the
condensing heat exchanger (x/d ~ 170) until the outlet (x/d = 0) is gradually increasing.
Initially, the increase from the inlet until x/d ~ 70 is slight and from x/d ~ 70 until the
outlet it is more pronounced. This means that the heating of water in this section of the
model of the condensing heat exchanger (x/d ~ 0-70) is more intense due to the prevailing
condensation process. In total, via all of the test section, the cooling water temperature
increases by about 20 °C—from ~10 °C to ~30 °C.

When water of about 25 °C started to be injected into the flue gas flow, the character
of the temperatures presented in Figure 2b is different in comparison to those presented in
Figure 2a when no water was injected.

Although the flue gas temperature before the water injection chamber was about
87 °C, after mixing with the injected water, at the beginning of the calorimetric tube the
flue gas temperature decreases to ~52 °C (Figure 2b, curve 1). The results show that the
flue gas temperature from the beginning until the end of the tube is constantly decreasing
and at the exit from the tube it is about 30 °C. Therefore, the injection of water reduces the
flue gas temperature, and it is likely that at the same time, due to the evaporation of the
injected water, an increase in the humidity of the flue gas flow occurs. These factors ensure
better conditions for condensation in the calorimetric tube.

The characteristics of the tube wall temperature and cooling water temperature variation
along the tube (Figure 2b, curves 2 and 3) are almost the same as the characteristic of flue
gas temperature. Figure 2b also shows that the temperature differences between flue gas
and tube wall, and between tube wall and cooling water, are almost constant through all the
length of the model of the condensing heat exchanger and are in the range of 7-10 °C.
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Water injection had a significant impact on total local heat transfer (Figure 3, curve 2).
The heat transfer starts to increase from the beginning of the tube from Nu; ~ 400 until
Nu; =~ 550 at x/d = 60. The intensification could be related to the conditions suitable for
condensation, i.e., a low flue gas temperature, and a possibly increased amount of vapor
in the flue gas. Later, the heat transfer starts to decrease. This is related to the fact that
some water vapor is condensed and such a tendency remains almost until the end of the
tube. In general, the injection of water in comparison with experimental results when
no water was injected allowed the increase of the local total heat transfer at least by two
times. Condensation efficiencies for the cases when no water was injected and when it was
injected did not differ very much—they were 64 and 76%, respectively.

In the case of a higher inlet flue gas temperature (Figure 2c), the flue gas temperature
decreases rather sharply until x/d ~ 90. Then, until the flue gas exits the tube, the decrease
in the flue gas temperature becomes smaller (Figure 2c, curve 1). Comparing this with
the case presented in Figure 2a, it is obvious that the point of a more sudden flue gas
temperature decrease extends farther from the beginning of the tube, i.e., from x/d ~ 30 to
x/d ~ 90. In this case, the characteristic of the tube wall temperature is also similar to that
of the cooling water temperature (Figure 2c, curves 2 and 3). The cooling water temperature
increases slightly from the inlet (x/d ~ 170) until x/d ~ 90, and from x/d ~ 90 until the
exit, the increase in the cooling water temperature is bigger, which indicates that the water
is receiving more heat due to vapor condensation.

The comparison of local total heat transfer in cases of lower and higher inlet flue gas
temperatures (Figure 3, curves 1 and 3) without water injection indicates that the main
differences are at the beginning of the tube. In the case of a higher inlet flue gas temperature,
lower heat transfer was obtained due to conditions unfavorable for intense condensation
heat transfer. Further, as the flue gas cooled down, there were almost no differences in heat
transfer from x/d > 80 for both inlet flue gas temperatures.

When the flue gas inlet temperature was increased to ~122 °C and water was injected
into the flow, all the temperatures (Figure 2d) measured in the test section increased only
by about 3—4 °C in comparison with the case presented in Figure 2b. The decreasing char-
acteristics and temperature differences (Figure 2d, curves 1-3) remained almost constant
and in the range of 8-12 °C along the tube. Water injection in this case resulted in much
higher total heat transfer in comparison to the case when no water was injected (Figure 3, cf.
curves 3 and 4). Because the flue gas inlet temperature at the injection chamber (Figure 2d)
is rather high and exceeds 100 °C, some injected water in the injection chamber evaporates,
and the flue gas with possibly increased water vapor content enters the calorimetric tube.
In the tube, it starts to condense, resulting in very high heat transfer (Figure 3, curve 4, Nu
~ 600 in x/d range between 0 and ~30). As some water vapor is condensed initially in
the calorimetric tube, heat transfer starts to decrease gradually along the tube. This means
that the influence of condensation also decreases yet is still dominant. The comparison of
total heat transfer in cases when no water was injected and when it was injected (Figure 3,
curves 3 and 4) indicates that water injection results in a local total heat transfer increase
by at least about four times.

In this case, water injection allowed an increase in the condensation efficiency by
about 12%—from 52% (without water injection) to about 64% (with water injection).

Temperature distributions in the case of a higher inlet flue gas Reynolds number
(Rej, ~ 21,000) are presented in Figure 4. It should be noticed that in this case, the
characteristics of the temperature distributions differ from those obtained for lower Re;,
numbers (Figure 2). For all the cases presented in Figure 4, the tube wall temperature
(Figure 4, curve 2) is also lower the dew point temperature.
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Figure 4. Temperature distribution along the model of the condensing heat exchanger at Rej, ~ 21,000, different flue gas
inlet temperatures and in the case when water is not injected (a) Rej, ~ 21,000, tj, ~ 97 °C, (c) Rej, ~ 21,000, t;, ~ 97 °C
and is injected (b) Rej, =~ 21,000, tj, ~ 129 °C, (d) Rej, ~ 21,000, t;, ~ 135 °C: (1) center of the calorimetric tube, (2) inner
wall of the calorimetric tube, (3) cooling water in the middle of the inner and the outer tubes, (4) dew point temperature at
the inlet into the calorimetric tube.

Figure 4a,c shows that with the increase in flue gas Rej,, the part of the calorimetric
tube where a sharp flue gas temperature decrease is noticed (Figure 4a,c, curve 1) extends
farther, i.e., until x/d ~ 120-130 in comparison with lower Re;, numbers (Figure 2a,c).
After that, a not so sharp decrease in temperature is observed. The tube wall and the
cooling water temperatures demonstrate identical changes with position in the model
of the condensing heat exchanger. The cooling water temperature increases intensively
from the inlet (x/d =~ 170) until x/d = 40, from 15 °C until 46 °C, then the increase is less
intense, and finally, at the outlet the cooling water temperature is about 52 °C (Figure 4a,
curve 3). Although the tube wall temperature is less than the dew point temperature,
the difference between these temperatures in comparison with the results presented in
Figure 2a,c is not significant: 2—4 °C. Due to this, the condensation at the beginning of
the tube is not intensive (Figure 5, curve 1). As the temperature difference (the driving
force of the condensation heat transfer) between the dew point temperature and the tube
wall temperatures increases with x/d (Figure 4a), the Nusselt number also increases until
x/d = 130 (Figure 5, curve 1). Further on, the Nusselt number decreases slightly, pos-
sibly due to a decrease in the water vapor mass fraction in the flue gas flow, and thus,
condensation also becomes weaker.



Processes 2021, 9, 1310

11 of 18

1600
] LN —l—1
1400 /./ '\-.\ w0
] ./ N\ —0— 3
1200 s e NP
] / /-/ "n OHQKE.\.
/ —_
1000 - . . . " e .
] / N e
- / / g % i
3 800 4 s 4 R
= ! /
/ ’
600 -} /
/
400 o " o
/ a—o-0=8-0"%~agg_o
] / —g==" —EL.‘:Q
/ =B~
20{ (4  o-a7F
] E——D:Q"O/
5T
O
o7 . . .

T T T 1
0 20 40 60 80 d 100 120 140 160 180
X

Figure 5. Distribution of the total local Nusselt number along the model of the condensing heat
exchanger at Re;j, ~ 21,000, different flue gas inlet temperatures and for the cases when no water
was injected into the flue gas flow and when it was injected: (1) tj, ~ 97 °C without injection,
(2) tin, ~ 97 °C with injection, (3) tiy ~ 129 °C without injection, (4) t;, ~ 135 °C with injection.

In the case with water injection at higher flue gas Rejy, the characteristics of tempera-
ture variations (Figure 4b) are different in comparison to those obtained for a lower Re;,
number with water injection (Figure 2b). Due to water injection, the flue gas temperature
decreases from 97 °C to 58 °C. Further, in the calorimetric tube, the flue gas temperature
decreases slightly from the inlet until x/d ~ 110 (Figure 4b, curve 1). After that, a more pro-
nounced decrease is observed. The distribution of the cooling water temperature indicates
that the water is gaining heat rather intensively from the inlet (x/d ~ 170) until x/d ~ 50
(Figure 4b, curve 2). In this region, the water temperature increases by about 35 °C (from 15
to 50 °C). From x/d ~ 50 until the outlet, the water temperature increased insignificantly,
i.e., by ~5 °C, up to ~ 55 °C. The tube wall temperature characteristic (Figure 4b, curve 3) is
similar to the cooling water temperature characteristic.

In general, from the temperature distribution results presented in Figure 4b it is
evident that from x/d = 50 till the end of the model of the condensing heat exchanger, the
differences between flue gas, tube wall and water temperatures increase significantly.

Heat transfer data presented in Figure 5 (curves 1 and 2) indicate that condensation
occurs at the beginning of the calorimetric tube, and here the Nu; obtained when no water
was injected and when it was injected are almost the same. However, in the case with water
injection (Figure 5, curve 2), the heat transfer increases rapidly until x/d ~ 60 and Nu
reaches ~1450. Then, it decreases gradually until the end of the tube. The increase indicates
that the injection of water intensifies heat transfer due to the influence of condensation,
and then, as the water vapor is being condensed, the heat transfer gradually decreases. At
the end of the tube, Nu is still high—about 1000.

Condensation efficiencies for the cases without and with water injection were 52%
and 73%, respectively. In general, the results of condensation efficiency show that higher
efficiency is obtained at lower Rej, numbers. At lower Rej,, the time of the flue gas
travelling through the calorimetric tube is longer, and thus more water vapor is condensed.

At a higher flue gas inlet temperature (Figure 4c,d), the distribution of temperatures
obtained are very similar to the case of a lower inlet flue gas temperature for the cases
without and with water injection (Figure 4a,b), respectively. The difference is that the
absolute values of the temperatures in the case of a higher flue gas inlet temperature are
slightly higher.
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The characteristics of the local total Nusselt numbers in the case of a higher flue gas
inlet temperature without and with water injection (Figure 5, curves 3 and 4) are similar to
the Nusselt numbers in the case of a lower flue gas inlet temperature without and with
water injection (Figure 5, curves 1 and 2). The difference is that in the case of a higher flue
gas inlet temperature and using water injection, the maximum value of Nu; was ~ 1500,
and with a lower flue gas inlet temperature it was lower, i.e., about 1200 (Figure 5, curves
2 and 4). However, condensation efficiency does not differ very much, as it is 42% and 49%
for the cases when no water was injected and when it was injected, respectively.

From the results presented in Figure 5 for the cases without water injection (curves 1
and 3), it is evident that the flue gas inlet temperature, especially in the beginning of the
tube (x/d = 0-80), has a definite influence on heat transfer. The lower the flue gas inlet
temperature, the higher the heat transfer obtained in the beginning of the tube. This means
that at a lower flue gas inlet temperature, a better condition for more intense condensation
heat transfer is created. Farther on (x/d = 80-170), as the flue gas temperature decreases,
the heat transfer remains almost the same independently of the flue gas inlet temperature
(Figure 5, curves 1 and 3), i.e., the same tendencies exist as for the lower Rej, number (see
Figure 3, curves 1 and 3).

In the case of water injection, the opposite can be noticed: the higher flue gas inlet
temperature, the higher heat transfer (see Figures 3 and 5, curves 2 and 4).

4.2. Water Injection with a Temperature of 40 °C

The temperature of the injected water was chosen to be 40 °C because it is a typical
temperature of condensed water vapor obtained at the bottom of condensing heat exchang-
ers in heating power plants. Condensed water in power plants is routed back to the flue
gas inlet into the condensing heat exchanger and injected into the flue gas flow.

Temperature distributions for different flue gas inlet temperatures when water was
injected into the calorimetric tube are presented in Figure 6. In general, the characteristics
of the curves are the same as presented for the case when water of 25 °C was injected
(Figure 2b,d). The difference is that all the temperatures obtained for the current case are
higher by about 3-5 °C in comparison with the case when water of 25 °C was injected.
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Figure 6. Temperature distribution along the model of the condensing heat exchanger at Rej,, ~ 9500, different flue gas inlet
temperatures (a) tj, ~ 88 °C, (b) tj, ~ 125 °C and water injection of 40 °C: (1) center of the calorimetric tube, (2) the inner
wall of the calorimetric tube, (3) cooling water in the middle of the inner and the outer tubes, (4) dew point temperature at
the inlet to the calorimetric tube.

Heat transfer results indicate that in the case of a lower flue gas inlet temperature
(Figure 7, curve 1), heat transfer at the beginning of the tube is higher by at least 1.3 times
and in the case of a higher flue gas inlet temperature (Figure 7, curve 2), it is higher by at
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least 1.5 times in comparison with the results when water of 25 °C was injected (Figure 3,
curves 2 and 4).
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Figure 7. Distribution of the total local Nusselt number along the model of the condensing heat
exchanger at Rej, ~ 9500, different flue gas inlet temperatures and for the case when water was
injected into the flue gas flow: (1) tj, ~ 88 °C, (2) t;, ~ 125 °C.

Heat transfer data obtained for different flue gas inlet temperatures (Figure 7) show
a decreasing trend along the calorimetric tube. From about the middle of the tube
(x/d > 100) there are almost no differences in heat transfer for different flue gas inlet
temperatures, and from x/d > 150 heat transfer is almost the same (Nu; ~ 350-380), as
obtained for the case when the injected water temperature was 25 °C (Figure 3, curves 2
and 4).

The same trends of heat transfer were obtained in the calorimetric tube as described
previously for the cases with water injection: the higher the flue gas inlet temperature, the
higher the heat transfer. However, it should be noticed that for the case with injected water
of 40 °C, higher heat transfer for different flue gas inlet temperatures remains only over a
short distance along the calorimetric tube (up to x/d ~ 50, then the difference lessen).

Although the distribution of Nu; shows some differences in Figure 7, the condensation
efficiencies obtained for different flue gas inlet temperatures tj, ~ 88 °C and tj, ~ 125 °C
do not differ very much and are about 77-78%.

The characteristics of temperature distributions at a higher inlet flue gas Reynolds
number (Figure 8) do not differ from those presented in the case of a higher inlet flue
gas Reynolds number and using a lower injected water temperature (Figure 4b,d); the
temperatures obtained are higher by a few degrees.

The influence of flue gas inlet temperature on total local heat transfer is presented in
Figure 9. For both flue gas inlet temperatures, the heat transfer is almost the same up to
x/d ~ 20. After that, the heat transfer is about 1.2 times higher in the case of the higher
flue gas inlet temperature. This tendency and distribution characteristic remain almost
until the end of the calorimetric tube for both flue gas inlet temperatures.
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Figure 8. Temperature distribution along the model of the condensing heat exchanger at Rej, ~ 21,000, different flue gas
inlet temperatures (a) tj, ~ 103 °C, (b) tij, ~ 138 °C and water injection of 40 °C: (1) center of the calorimetric tube, (2)
the inner wall of the calorimetric tube, (3) cooling water in the middle of the inner and the outer tubes, (4) dew point
temperature at the inlet to the calorimetric tube.
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Figure 9. Distribution of the total local Nusselt number along the model of the condensing heat
exchanger at Rej, ~ 21,000, different flue gas inlet temperatures: (1) tj, =~ 103 °C, (2) tj, ~ 138 °C.

Condensation efficiency in this case almost does not differ and is about 48-49% for
both flue gas inlet temperatures.

4.3. Comparison of Heat Transfer Results for Different Injected Water Temperatures

Heat transfer data obtained at almost the same flue gas inlet temperature (=87-88 °C)
but different injected water temperature in the case of Rej, ~ 9500 show (Figure 10, curves
1 and 2) that a higher temperature of the injected water results in a substantial increase in
heat transfer along the tube. The increase is especially pronounced in the initial part of the
tube (x/d = 0-60). At the end of the tube (x/d > 150) heat transfer data in case for both
injected water temperatures do not differ very much.
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Figure 10. Distribution of the total local Nusselt number along the model of the condensing heat exchanger
at Rej, ~ 9500 for the different inlet flue gas and injected water temperatures: (1) ty, ~ 87 °C and injected
water temperature 25 °C, (2) tj, ~ 88 °C and injected water temperature 40 °C, (3) tj, ~ 122 °C and
injected water temperature 25 °C, (4) ti, ~ 125 °C and injected water temperature 40 °C.

In the case of a higher flue gas inlet temperature (~122-125 °C) the same tendencies
in heat transfer (Figure 10, curves 3 and 4) for different injected water temperatures were
noticed: the higher the injected water temperature, the higher the heat transfer obtained
in the tube, especially in its initial part. The results also show that heat transfer for both
cases decreases along the tube and from x/d > 105 there are almost no differences in heat
transfer for different injected water temperatures.

For higher Rej, numbers, heat transfer results presented in Figure 11 show that at
the beginning of the calorimetric tube, heat transfer does not differ very much for the
cases of different inlet flue gas and injected water temperatures. However, in this case,
the distribution of total heat transfer along the tube differs very much from distributions
presented for lower Rej, numbers (Figure 10).

For the lower flue gas inlet temperature (=97-103 °C), results show that for both
injected water temperatures (Figure 11, curves 1 and 2), heat transfer increases rather
steeply until x/d ~ 55-65. The maximum total heat transfer in the case of a higher
injected water temperature is about 1.2 times higher in comparison with data at the lower
injected water temperature. After both heat transfer curves reach their maximum values
(at x/d ~ 65 and 55, respectively), then heat transfer starts to decrease and from x/d > 100
only an insignificant difference in heat transfer is observed.

For the higher flue gas inlet temperature (~135-138 °C), the characteristics of the heat
transfer distribution along the tube (Figure 11, curves 3 and 4) for different injected water
temperatures are very similar to those described before. However, the maximum heat
transfer obtained in this case is higher in comparison with data from the lower flue gas
inlet temperature. After the maximum heat transfer is reached (at x/d =~ 55), then both
curves (Figure 11, curves 3 and 4) show decreasing heat transfer along the tube: i.e., the
tendency is the same as for the lower flue gas inlet temperature. From x/d > 110, heat
transfer along the tube for both injected water temperatures remains almost the same.
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Figure 11. Distribution of the total local Nusselt number along the model of the condensing heat exchanger
at Rey, = 21,000 for the different inlet flue gas and injected water temperatures: (1) tj, ~ 97 °C and injected
water temperature 25 °C, (2) ti, ~ 103 °C and injected water temperature 40 °C, (3) ti, ~ 135 °C and
injected water temperature 25 °C, (4) tj, ~ 138 °C and injected water temperature 40 °C.

5. Conclusions
After analysis, the following conclusions have been made:

1.  Performed investigations revealed the regularities of the local heat transfer during
operation of condensing heat exchangers with water injection.

2. Water injection drastically changes the distribution of temperatures and has a signifi-
cant effect on heat transfer along the calorimetric tube.

3.  Inthe case of the water injection with a temperature of 25 °C, at lower Re;j, numbers,
the local total heat transfer along the tube increased by at least four times, and at higher
Rej, numbers, at least by two times in comparison with the case without water injection.

4. In the case of water injection with a temperature of 40 °C, at lower Rej, numbers, the
local total heat transfer increased by at least 2.3 times and at higher Re;, numbers, by
at least 1.7 times in comparison with the case without water injection.

5. Athigher flue gas inlet temperatures, the effect of water injection on heat transfer is
also stronger. For lower Rejj,, the effect is more pronounced in the initial part of the
tube (up to x/d ~ 60), and for higher Reiy, it is in the x/d range between 20 and 110.

6. Condensation efficiency increases with decreasing Re;, number, flue gas temperature
and injected water temperature.

7. To optimize the operation of condensing heat exchangers with water injection, it is
necessary to perform wider investigations on the effect of different flue gases, cooling
water and injected water parameters.
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