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Abstract: Optimal performance parameters must be found in order to organize efficient heat and mass
transfer and effective flue gas cooling using a wet scrubber. Mathematical models are widely used
for system optimization. However, a significant number of the available models have application
limitations. This study presents a universal model for heat and mass transfer simulation in a
scrubber called a fog unit, which has been developed and validated. Validation was performed by
comparing the experimental and calculated results. Good agreement was achieved among the data,
with differences between results not exceeding 10%. The model facilitates an investigation of the effects
of gas flow, droplet size, and sprayed water on heat recovery from flue gas. An experimental matrix
for fog unit capacity which included five main variables was designed and analyzed. The boundaries
of the parameters are set considering the results of the experiments. The optimization method used is
the path of the steepest ascent. The obtained results show the parameter change steps to achieve
higher capacity of the condenser. In the studied unit, the maximum condenser capacity is limited by
a flue gas flow value of 0.01 Nm3/s. The condenser optimization study that was conducted is viewed
as a basis for further studies.

Keywords: optimization; heat and mass transfer; mathematical model wet scrubber; fog unit

1. Introduction

There are several environmental benefits resulting from the use of biomass for heating purposes in
households. One of the bigger advantages is that biomass is a CO,-neutral fuel. It is possible to reduce
greenhouse gas emissions by replacing existing heating plants with the use of natural gas. At the same
time, the use of biomass to generate heat also has its drawbacks, among which particulate matter (PM)
is a major issue [1]. PM is a significant problem in the world [2]. Nowadays, the PM emission values in
flue gas are controlled mainly in medium- and high-power boilers.

There is a lack of common standards and regulations regarding PM control from small capacity
boilers which are widely used in households. Some of the existing standards are not strict enough and
the permissible PM limits in the flue gas are too high [3].

The EU Eco-design Directive 2009/125/EK [4] ensures the unique requirements for low capacity
boilers. The boilers have a requirement for a minimum energy efficiency of 75% or 77% depending on
the boiler type, as well as a maximum allowed PM concentration, with an automatic fuel supply of 40
and 60 mg/m? for manual fuel supply boilers.
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There are many flue gas treatment technologies for PM concentration reduction. Applied
treatment technologies can be divided into two categories, i.e., dry and wet methods. A study
by Bianchini et al. [5] described, in detail, the operational principles of the various PM treatment
technologies, their advantages, and their disadvantages.

Nowadays, scrubbers are widely applied for PM treatment in different energy sources, in industrial
and manufacturing objects. Scrubbers can be characterized by high PM capture efficiency. In addition,
there is the possibility of recovering heat from the outgoing flue gas to increase the energy efficiency of
the combustion process, which is a major advantage of a scrubber. However, in order to make full use
of it, it is important to ensure efficient heat and mass transfer processes between the flue gases and the
water injected at the scrubber.

Typically, the largest heat losses for boilers are from outgoing flue gases which are mostly 5-10%
and the heat losses mainly depend on the temperature of flue gas and air consumption [6]. There are
cases when heat losses from outgoing flue gases exceed 15% [7]. Worldwide, there is a high potential
for recovering heat energy from flue gases. In China. Calculations have shown that only 2538.8 trillion
k] of energy is lost with flue gases. Due to the heat recovery it would be possible to save approximately
100 million tons of coal [8].

In scrubbers, there is a direct contact heat exchange between hot flue gases and cold water.
Direct contact heat exchange is a process, in which two substances with different temperatures interact
with each other. Heat conduction is caused by the interaction of molecules in the substance as a
result of a temperature gradient. In order to ensure effective recovery of heat from flue gases with
scrubbers, it is important to organize heat and mass transfer. Evaporative or condensing processes,
convection, and heat conduction can take place in scrubbers depending on the operating parameters
and environmental conditions. Overall, the expression of these processes, as well as the heat recovery
processes are influenced by more than 15 variable parameters [9].

The potential for deeper cooling and greater recovery of heat energy is also increased by increasing
the water flow rate for spraying into flue gases [10]. The more effective process of heat transfer between
flue gases and sprayed water can be achieved by reduction of the water temperature. At the same
time, there is a certain optimum regarding the outgoing temperature of flue gases, in the range of up
to 30 °C. After reaching this temperature, the future temperature decrease of the spray water is not
economically viable [11].

Water spraying in scrubbers is organized in different ways. Depending on the applied technology,
water is sprayed with various diameters and surface area of water droplets. The diameter of water
droplets significantly influences heat transfer from flue gases to sprayed water. In addition, essential
factors that determine heat exchange processes are initial velocity provided for droplets, droplet
dispersity, and specifics of droplets [12].

Without optimizing the performance of scrubbers, there can be many consequences, for example,
formation of water film on scrubber walls. As a result, a substantial amount of sprayed water flows
on the scrubber walls, reducing total surface area of sprayed water droplets and not ensuring the
effective heat exchange between gases and water [13]. As a result of spraying too much water, the flow
of flue gases out of a scrubber’s reactor can be interrupted. In addition, this type of scrubber activity is
not economically viable due to the increased electricity used for water spraying, while the amount of
recovered heat energy is practically the same [14]. The effects of the pressure drop on heat and mass
transfer must also be taken into account [15].

An optimization of a shell and tube district heating condenser was done by Saari et al. [16].
A complex investigation to find the optimal solution between heat transfer area, pressure drop, volume
of the shell, and tube number was done using the developed model. The optimal sprayed water flow
rate depending on the water temperature was determined. The difference in injected water flow rate
with temperature change was nonlinear with a rapid decrease at first, and then more slowly as time
passed [17].
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During experimental research, due to specific environmental circumstances there are often
limitations to determine temperatures, flow rate, directions, and other parameters. In order to find such
possibilities, it is necessary to buy expensive measuring equipment and this significantly increases the
cost of the research. In addition, modeling programs have an option to obtain results at specific values
of variable parameters. In the case of experimental research, particularly in industrial experiments, it is
sometimes difficult to achieve the values of the required parameters and there is a certain error [18].

Dynamic modeling of heat and mass processes is widely used for heat exchanger design
development [19]. A physical and mathematical model of complex heat and mass transfer and
condensation-absorption processes in a scrubber was developed and presented in a study by
Shilyaev [20]. The model was based on experimental data and could be used for optimization
of scrubber performance depending on construction and operation parameters. The role of water
droplets was effectively investigated in the developed model.

Two numerical models were developed to investigate heat recovery from flue gases by
Machackova [21]. The first mathematical model was a stationary one-dimensional (1D) model
based on the Colburn-Hougen model. The second model was a three-dimensional (3D) multiphase
flow model based on the Euler model of mixture expanded by the model of condensation of water
vapor from the flue gases. Both models were validated with experimental results, showed good
correlation, and could be used for heat and mass transfer process simulation.

A model to research droplet nucleation and growth is found in [22]. Such a model was used to
investigate droplet distribution based on the Poisson point process, the spatial distribution of droplets
using Ripley’s L function method, as well as to determine the effects of substrate temperature and
droplet density on the percentage of area occupied by droplets. Models for droplet size prediction [23]
and droplet dispersion [24] are also available. Droplet heat and mass transfer modeling can be done by
combining the analytical numerical method and numerical simulation peculiarities. Water droplet
surface temperature and droplet heating ratio was investigated using a model by [25].

Additionally, different types of software are available to develop heat and mass simulation models.
The ANSYS Fluent or computational fluid dynamics software is the more perspective and widely
used software. ANSYS is produced by Ansys company, headquartered in the United States, south of
Pittsburgh in Canonsburg, Pennsylvania with 75 strategic sales locations around the world. Models
are available to investigate the effect of turbulence flows [26], velocity, and pressure distribution [27]
on heat and mass transfer at the scrubber.

System optimization must be done to achieve high efficiency of an energy system. To organize
heat and mass transfer in a scrubber and achieve effective flue gas cooling using a wet scrubber, the
optimal performance parameters must be found. Mathematical models are widely used for system
optimization. However, a significant part of the available models cannot be used to simulate other
energy systems due to specific limitations. Additionally, available models do not typically provide
the possibility of investigating heat and mass process in a scrubber as a complex system. This study
presents a universal model for heat and mass transfer simulation in a scrubber. The model is used to
investigate the effects of gas flow, droplet size, and sprayed water on heat recovery from the flue gas.

2. Methodology

2.1. Mathematical Model

The mathematical model of the fog unit is designed for two-phase (gaseous and liquid) heat and
mass transfer process calculations, if heat carriers move in counter flow and there is direct contact
between them. Water droplets injected in the upper part of the unit heat up, when they encounter hot
gases that are inlet in the bottom part. Water is sprayed with a nozzle in the form of droplets. The flow
directions, their interaction, and coordinates in the Z direction are shown in Figure 1.
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Figure 1. Scheme of fog unit flows.

The mathematical model of the fog unit consists of equations describing flows and processes.
In this study, the mathematical model is elaborated taking into account the following assumptions:

e Droplet distribution is monodispersed and has a defined starting diameter of droplets;

e  Droplets are small, which leads to equal temperatures of droplets and their surface;

e  Number of droplets in the unit is constant, convergence and disintegration of droplets due to
their contact is not considered;

e  Dry flue gas flow in the unit is constant;

e  Droplets are spherical;

e  Archimedes’ principle is not considered in droplet movement;

e  Gasisideal gas, to which the gas state equation applies [20].

In flue gas flow, temperature changes are determined by heat transfer between gas and water
droplets in convection, vapor mass transfer from gas to droplets in the case of condensation, and from
droplets to gas in evaporation. The driving force of convective heat transfer is the difference between
gas temperature and water droplet temperature. Mass transfer is determined by the difference between
the vapor partial pressure on droplets and in the gas flow. Mass transfer is related to latent heat release
on droplets in condensation or latent heat transfer to gas. Gas temperature changes in the fog unit can
be described using Equation (1).

dté’ g TZdi sat
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Ranz and Marshall correlations are used for calculations of heat and mass transfer coefficients,

which are offered in the paper [28]:
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The following equations are used for calculations of similarity numbers:
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when droplets move through the unit, they come in contact and converge or disintegrate. It is assumed
in the model that the number of droplets in the unit is constant. This means that the same number of
droplets formed during collision and reduced when droplets converge is the same. The number of
droplets is determined using Equation (6) as follows:

6V,
-3
nddo

(6)

ng

Water in the unit is in dispersed (droplets) form and the temperature of the water is equal to the
droplet temperature, which increases starting from the spraying location to the outlet in the bottom
part. Temperature changes occur due to heat transfer from gases to water droplets. They can be
determined by Equation (7) as follows:

nymd?

B — o = t0)~ Mol =) + s 1] %
The Drodlet diameter changes in the unit are related to vapor transfer from gas to droplet surface
in condensation or from droplet surface to gas, if evaporation occurs. The driving force of processes
is the partial pressure difference between the partial pressure of vapor in gas flow and the partial
pressure on the droplet surface. The partial pressure on the droplet surface corresponds to the vapor
saturation pressure in droplet temperature. During condensation, the pressure difference is positive,
water vapor moves from gases to droplets and condensates there, resulting in an increase of droplet
diameter. During evaporation, the process occurs in the opposite direction. Droplet diameter changes

can be described using Equation (8) as follows:

@ _ _zﬁva(Pb - Psut)
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To determine saturated vapor partial pressure, Equation (9) improved by O. Toten is used [29]
as follows:

©)

P = 610.78exp( 17.27% )

ts +237.3

Partial pressure of vapor in gas flow is determined by using the moisture content of gas as follows:

pw

b= 02 +w (10)

When looking at the vertical movement of a droplet in gas flow, several velocities are encountered.
They are settling velocity of droplet in gas u, (terminal velocity), gas flow velocity ug, and droplet
velocity in the unit 1. The real droplet velocity in flow determines the time during which the droplet is
inside the unit. As velocity is a vectoral quantity, it is characterized by value and direction. In counter
flow systems, where gas flow is the inverse to droplet movement, it is exposed to additional frontal
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resistance force created by flue gas. This force reduces droplet velocity u; and there can be cases where
flow moves in an opposite direction. This should be considered in the case of small diameter droplets,
because it is connected with droplets being carried away with gases. The normal operation of the fog
unit is possible, if 14 > ug. In counter-flow unit droplet velocity changes are described by Equation (11)

as follows:

11
dz 4pwd§ud (1)

For spherical drop, terminal velocity is determined by the balance of gravitational and resistance

up = 44—(‘% _ Pg)-g'dd

3'Pg‘CD

forces as follows:

(12)

Calculations are complicated by the fact that drag coefficient (Cp) changes are determined using
different laws and each law applies to a range of Reynolds number (Re) changes. Widening of the
range of Re changes makes theoretical relationships become less precise, and therefore empirical or
semi-empirical drag coefficient calculation equations are used in practice. Equations differ in terms of
degrees of complexity and include constants [30]. Empirical relationships are based on one or another
theoretical laws and, in most cases, it is Stokes law [31]. Establishing a uniform relationship for a
wide range of Re is essential in the modeling process and attention is focused on determining the
relationship [32].

Equation (13) for the Re range 0.1 < Re < 3-10° has been offered in the work of Shilyaev et al. [33]

Cp = = (14 0.197Re"% +2.6:10~*Re" ) (13)

" Re
Because drag coefficient depends on the droplet falling mode, then, it is necessary to know the Re
number describing the movement regime for its determination as follows:

Re — “r4dPs (14)
Hg

In calculations of the model, a step-by-step approximation (iteration) method is used. The Re
value is assumed and drag coefficient is calculated using Equation (13). The relative velocity of droplets
is calculated using Equations (12), and Equation (14) is used to calculate the Re value. If the value
is different from that assumed, then, the calculation is repeated until the value obtained agrees with
the assumed one in the chosen accuracy limits. Moisture content changes are caused by wet flue gas
vapor condensation on the droplet surface. As a result, gas mass flow decreases, water mass flow
increases, and changes in flow correspond to the amount of condensed vapor. The driving force of the
condensation process is the difference between flow moisture partial pressure and saturation pressure.

do naBpmd2Mo(py - Psat)
az udmdg

(15)

The mathematical model consists of the main Equations (1), (7), (8), (11), (15), and related equations.

When starting modeling, the water temperature in the gas inlet, where current height (2) Z =0,
is assumed because it is not known in the case of counter-flow. The calculated water temperature at
the upper part of the unit, where Z = H (full height of the device), is compared with the sprayed water
temperature. If values differ, then iteration is used, and water temperature is changed at the inlet of
the unit.
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2.2. Validation of Modeling Results

Validation was carried out by comparing experimental data and model results. Similar validation
methods for comparing modeled and experimental data have been widely used regarding processes
related to heat and mass transfer. For example, in the paper by Zheng et al. [34], a numerical algorithm
was developed to describe droplet dynamics during dropwise condensation of moist air and applied
to the entire condensation process. A single droplet growth model was made and applied to a limited
surface. To validate results, dropwise condensation experiments were carried out at 94% and 80%
relative humidities. Good agreements were obtained between the model and experiments, providing
credibility to the model.

The capacity of the fog unit obtained with the model was, then, compared with the experimental
results for the same operating regimes. The description of the experimental stand, setup, and full
range of performed experiments are described in detail in the work of Priedniece V. et al. [14], as well
as the effects of sprayed water flow rate, temperature, and drop size (based on nozzle type) on a fog
unit’s performance were analyzed. The experimental stand consisted of a pellet boiler, a fog unit, pulp
collection tank, flue gas pipes, and measurement equipment. The main parameters measured during
experiments were flue gas temperature, water temperature, humidity of flue gas, pressure difference in
flue gas pipe, and particulate matter concentration. All parameters were measured before and after
the fog unit. The sprayed water flow rate, water temperature before and after scrubber, as well as the
capacity of the fog unit were also measured. A total of 16 experimental regimes were compared with
the model. They were performed at 20 kW pellet boiler capacity, which was the nominal capacity of the
boiler used in the system, using varying ranges of main operating parameters of the fog unit. Regimes
Nos. 1 to 6 were carried out using the largest nozzle MPL 1.51, regimes Nos. 7 to 13 were carried out
using the medium nozzle MPL 1.12, and regimes Nos. 14 to 16 were carried out using the smallest
nozzle MPL 0.77. Sprayed water temperature varied from 19.7 to 40.9 °C, at tests. The difference
between results was calculated by having the experimental capacity of the fog unit as a reference value
using Equation (16).

(qu exp. — qu czzlc.)

AQ =
qu exp.

100 (16)

The set of main parameters used and compared is summarized in Table 1. The input parameters
from the experimental dataset included the following: flue gas temperature before the fog unit (¢1),
inlet water temperature (t,;), water flow rate (G), and water droplet diameter (dy).

Table 1. Main parameters of the study.

No. tw1 exp. and f,7 calc., °C  typ exp., °C  ty calc, °C G, 1/h Qry exp., kW Qs calc.,, kW AQ, %
1 20.2 33.2 33.2 49.2 0.75 0.77 —2.96%
2 19.7 30.8 31.0 150 1.93 2.07 -7.09%
3 30.5 38.8 38.8 53.4 0.51 0.53 -3.15%
4 29.4 36.7 36.6 150 1.28 1.32 —3.66%
5 39.5 46.5 46.5 53.7 0.44 0.44 -1.16%
6 40.0 455 45.5 150 0.95 0.99 —4.08%
7 20.1 34.3 34.2 51.8 0.85 0.87 —2.08%
8 199 323 325 154 222 241 —8.70%
9 19.7 274 28.0 249 2.63 2.40 8.69%
10 30.3 39.9 39.9 52.3 0.58 0.60 -3.20%
11 29.9 38.6 38.6 154 1.55 1.64 —5.74%
12 40.9 49.1 48.4 52.4 0.50 0.45 9.08%
13 39.9 46.2 46.3 149 1.11 1.15 —4.05%
14 194 38.2 38.4 51.8 1.13 1.18 —3.93%
15 30.3 44.0 439 49.0 0.78 0.80 -1.75%
16 29.9 40.1 40.4 148 1.76 1.91 —8.83%

The flue gas temperature after the boiler was equal in 15 regimes with a value of 131 °C and one
regime had a value of 135 °C, and therefore they are not included in the table. Three different nozzles
were used during the experiments, providing similar water flows with different droplet diameters.
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The water flow rate ranged from ~50 to 249 I/h. The inlet water temperatures ranged from ~20 to
~40 °C. The experimental fog unit capacities ranged from 0.44 to 2.63 kW, while calculated fog unit
capacities ranged from 0.44 to 2.41 kW. Water flow rate had a fluctuating effect on the fog unit capacity.
Overall, increased water temperature led to a decrease in fog unit’s capacity, and therefore colder water
is more suitable for spraying. On average, the water flow rate of ~150 1/h seemed to be quite optimal
for heat recovery from flue gas.

To visualize the data and their differences, a graph which showed the differences in fog unit
capacities due to water flows with changing inlet water temperatures in Figure 2 was made.

2.90
2.40
1.90

1.40

Condenser capacity, kW

0.90

0.40
49.0 49.2 51.8 51.8 523 524 534 537 148.0 1488 1496 1499 1499 1541 1542 249.0
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—8—(Q exp., 20°C =—@=Qcalc,20°C =—@=Qexp,30°C =—@=0Qcalc,30°C Qexp., 40°C Q. calc., 40°C

Figure 2. Experimental and calculated fog unit capacities depending on water flows and inlet
water temperatures.

As water flow rate and inlet temperature are two of the main parameters affecting the capacity of
the fog unit, it is important to see their impact. As illustrated in Figure 2, the largest difference between
calculated and experimental data is for capacities with water temperature 20 °C, with growing flow
rate, and with an average difference of 8.16%. The most similar data are for the water temperature
of 30 °C, at flow rates of ~50 I/h (2.70% on average). The difference between values is from 1.16% to
9.08%, the average difference between data is 4.88%. As the difference between values does not exceed
10%, it is concluded that the modeled data is in good agreement with the experimental data.

2.3. Condenser Optimization

Optimization is the process of determining the best design. Often optimization is performed
using a combination of judgment, experience, modeling, opinions of others, and available theoretical
materials. If parameters are affected by many variables, the determination of an optimum can be
problematic based only on intuition.

Several empirical optimization methods exist nowadays. According to Taavitsainen V-M.T.,
the more widely used methods are the Nelder-Mead simplex strategy and the Box—Wilson strategy
or the gradient method. The Box-Wilson method has several advantages and can be characterized
as a flexible and understandable tool. The main principle of the strategy is to follow the path of the
steepest ascent towards the optimal point. The method uses local polynomial modeling to find the
direction of the steepest ascent. [35]

Frequently, a process in a small area of factor changes manages to describe a first order polynomial.
If the equation found is adequate, then, the direction of the steepest ascent in this area is expressed by the
polynomial coefficients found. The procedure is carried out by varying the factors in proportion to the
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numerical values of the respective coefficients and taking into account their signs. The advantageous
point resulting from the course is assumed to be the center of the new design and the above procedure
is repeated, obtaining a new polynomial and a new steep ascent. The process is continuous until the
results of the experiment satisfy the experimenter. The regression equation coefficients can be found
for the first order model as follows:

K
i=1

The obtained polynomial coefficients show the direction of the gradient relative to the encoded
factors and one should always switch to natural factors after each series. Steps in the gradient attempts
should not be changed in proportion to the coefficients b; but multiplied by the variation step 0;. The
base factor, x, is used to determine the gradient step.

The new step in the gradient direction &y must be selected and the proportionality factor y must
be calculated for the base factor as follows:

i 18
V= S (18)

The new steps for the other factors are calculated using the proportionality factor y
o, =yoibi (i=1,2, ..., K) (19)

The gradient step modes can be found by changing all the factors according to the new steps [35]
Xiy = Xj0 + 1/1(5; (20)

3. Results

Validation of the modeling results shows a good correlation with the experimental data.
This confirms the hypothesis that the model can be used to determine operation data of the condenser
using calculations. A numerical experiment was performed with the model for variable parameters in
set boundaries. Calculation regimes were determined using a 2% experimental plan. The aim of the
numerical experiment is to determine the relationships among fog unit capacity and five independent
variables within their change limits:

e  Flue gas flow Vg, Nm3/s;

e  Flue gas temperature before the fog unit tgl, °C;
e Sprayed water flow rate G, l/h;

e  Droplet diameter djp, pm;

e  Sprayed water temperature t,,;, °C.

Each parameter was studied at two levels, i.e., at maximum and at minimum values. A total of
32 regimes were defined with an additional three regimes in the center of the plan. Regimes in the
center of the plan include average values of all independent variables. The remaining regimes contain
a mixture of minimal and maximal values of independent variables. The main values of variables are
displayed in Table 2. The set values for each regime were chosen in random order. The regression
equation describing data is obtained by processing numerical experiment matrix data in actual values
in the program STATGRAPHICS Centurion 16.1.17, developed by Statgraphics Technologies Inc.,
located in The Plains, Virginia in the USA.

Qpu = 0.6458 + 165.8865-Vy + 0.0076-t¢; + 0.0067-G — 0.0014-d 49 — 0.0392-t,1 (21)
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Table 2. Factor change steps in optimization.

Variables Ve, Nm3/s te1, °C G,1/h dgp, pm twi, °C Qp, KW
Center of plan 0.00741 115 105 512.5 25 1.755

Change interval 0.00259 25 45 57.5 5
Upper boundary 0.01 140 150 600 30
Bottom boundary 0.00482 90 60 425 20

Coded equation coefficients b; 0.4199 0.1891 0.3013 -0.1256 -0.196

b;-change interval 0.00109 47275  13.5585 -10.99 -0.98

Parameter change step 0.0013 5.62 16.13 -13.078 -1.07

To develop the equation in coded values, the following recalculation equations are used:

Z]'—Z(;
xj = AZ]'
Z? = ( jmax + ernin)/2 (22)
AZj = (ijax - ijin)/2
j=12...5

In coded values Equation (12) is expressed as:
Y =1.723 + 0.419-x7 + 0.189-x; + 0.301-x3 —0.126-x4 — 0.196-x5 (23)

In the equation, x values are +1 for maximum values, —1 for minimum values, and 0 in the center
of the plan.

The goal of optimization is to find a set of factors that provide the maximal value of Qg,.
The steepest ascent or gradient (path) method is chosen for optimization. For this purpose, a model
describing the effects of the main parameters is used excluding pairwise effects.

In the numerical experiment, the highest Qp, value is obtained when Vg‘ax, tgmlax, Gmax, dgbin and

tﬁ“. It means that to find the optimal state, the values of Vg, te1, and G must be increased but the d
and t,;; values must be reduced. It can be concluded from the regression equation in coded values,
Equation (23), that gas flow impacts capacity the most, because it has the highest coefficient value.

The gas flow increase step is assumed and depending on it, change steps for other factors
are determined. Optimization is started from the center point of the numerical experiment plan.
The sequence of actions necessary is displayed in Table 2.

Coefficients b; values for parameter step calculations are obtained by determining partial
differentials from Equation (18). A gradient direction step for the most significant factor V is assumed
and steps for other factors are determined on that basis. Using factor change steps, the following
regimes are defined and summarized in Table 3.

Table 3. Regimes to determine optimum.

Regime Difference Ve te1 G dg, twi Qs
1 M_.=043 0.0087 120.6 121.13 499 23.8 2.18
2 A1 =043 0.01 126.2 137.26 486 22.6 2.61
3 As_p =0.425 0.0113 131.8 153.39 473 21.5 3.05
4 Ay_3=0.435 0.0126 137.4 169.5 460 20.33 347

Condenser capacities in generated regimes are summarized in Table 3 and are linear in the center
of the plan, which is confirmed by the difference in calculated condenser capacity. As evident in the
results, the difference is practically constant. The obtained results can be used to define the starting
direction of steepest ascent. They show the desirable value changes to reach the maximum possible
capacity. The study shows that in order to provide a capacity increase, it is necessary to increase gas
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flow, water flow rate, flue gas temperature, as well as decrease droplet diameters and spray in water
with lower temperature. The obtained results show the parameter change steps to achieve higher
capacity of the condenser. In the studied unit, the maximum condenser capacity is limited by a flue
gas flow value of 0.01 Nm3/s. This is determined by the capacity of the pellet boiler and combustion of
quality fuel. Another essential condition limiting gas flow is the interaction between gas and droplets
in the condenser. A higher water flow rate increases the removal of particulate matter.

The effects of certain parameters on the capacity of the fog unit can be displayed by response
surface graphs. A response surface graph is a 3D representation of changes in the studied parameter
(displayed on the Z axis) depending on two different parameters (displayed on the X and Y axes).
In this case, there are two variable parameters and three constant parameters that affect the fog unit
capacity. The response surface is calculated using the obtained regression Equation (21) using the
program STATGRAPHICS Centurion 16.1.17. An example for Qp, changes due to varying G and Vg
values is shown in Figure 3.

Fog unit capacity, kW

. 0.8

.12

1.4

3.2 2.0
24

2.8 2.8
2.4 I 3.2

Fog unit capacity, kW
[
=)

a 30 100
98 108 60
(X 0.0001) Sprayed water

3 flowrate, 1/h
Flue gas flow, Nm/s

Figure 3. Oy, response surface depending on varying Vg and G values.

The rest of the parameters in the equation are constant at values of the matrix center. The flue gas
temperature is 115 °C, droplet diameter is 512.5 pm, and inlet water temperature is 25 °C. The obtained
response surface shows a change in Qg values from ~1.2 to ~2.8 kW. Vg and G values are in the range
that was used in the matrix.

Similar graphs were made by changing the parameter displayed on the Y axis. When the flue gas
temperature before the fog unit was displayed, the changes of Qg, ranged from ~1 to 2.6 kW. In the
case of dj9, Qp, ranged from ~1.2 to ~2.4 kW. The remaining parameters were at center regime values,
where G was 105 I/h.

When t,; was displayed on the Y axis (Figure 4.), and the Qg, was in the range from ~1.2 to
~2.6 kW. The highest value of the fog unit capacity displayed in response surfaces is 2.8 kW and the
lowest value is 1 kW. The range of changes differs for separate parameter pairs. V, is kept on all
response surfaces, because it directly characterizes the capacity of the boiler.
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Figure 4. Capacity of the fog unit (Qy,) response surface depending on varying gas volumetric flow
rate (V) and water temperature (t,7) values.

4. Conclusions

A calculations model which describes the operation of a fog unit was developed and validated in
this study. Validation was performed by comparing experimental and calculated fog unit capacities for
the same regimes. Regimes were taken from an experimental dataset, for a boiler capacity of 20 kW.
Good agreement was achieved among the data, with differences among results not exceeding 10%.

A numerical study was conducted to perform optimization. An experimental matrix for
determination of the fog unit capacity including five main variables was made and analyzed.
The variables were flue gas flow Vg, flue gas temperature before the fog unit t,7, sprayed water
flow rate G, droplet diameter djy, and sprayed water temperature f,;. The boundaries of the
parameters were set considering the results of the experiments and they were applicable to boiler
capacities from 10 to 20 kW.

The path of the steepest ascent was the optimization method used in the study, where the main
parameter was V. The obtained results show the parameter change steps to achieve higher capacity
of the condenser. In the studied unit, the maximum condenser capacity is limited by a flue gas flow
value of 0.01 Nm?/s. This is determined by the capacity of the pellet boiler and combustion of quality
fuel. Another essential condition limiting gas flow is the interaction between gas and droplets in the
condenser. A higher water flow rate increases the removal of particulate matter.

The main results of the data analysis and optimization show that the fog unit capacity has a linear
growing trend. However, it is not supported by experimental results, because the fog unit system has
its limits regarding water flow rate, becoming less efficient when flow rate used in the experiments
exceeds 200 I/h. The response surface graphs for the studied parameters’ range show that water flow
rate is another main parameter that contributes to achieving the highest fog unit capacities, along with
flue gas flow.

The performed condenser optimization study can be viewed as a basis for further studies which
use more complex parameter models and repeated numerical experiments.

The mathematical model could be improved in the future. Currently, it has been validated for
analyzing heat and mass transfer from boilers with capacity from 10 to 20 kW for a sprayed water flow
rate from ~50 to 250 I/h and sprayed water temperature from 20 to 40 °C. The application range should
be increased to make it more suitable for describing different heat and mass transfer situations that can
occur in the scrubber. Additional improvement is related to particulate matter modeling. Although
it was not studied in detail in this paper, it is included in the mathematical model. The results from
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the model that have been achieved so far using the experimental data as input for particulate matter
modeling vary from the actual results. In order to achieve more accurate results, several equations
could be included in the model describing the water spraying process, as well heat and mass transfer
in the scrubber.
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Nomenclature

a convective heat transfer coefficient, W/m?2-K
By mass transfer coefficient, kmol/N-s

Be mass transfer coefficient, m/s

Ag gas thermal conductivity, W/m-K

tg gas dynamic viscosity, kg/m-s

Pw water density, kg/m?3

Vg gas kinematic viscosity, mz/s

w absolute humidity, kg/kg q..

Cpg specific heat capacity of gas, J/kg-K

Cpw specific heat capacity of water, J/kg-K
Cpo specific heat capacity of vapor, J/kg-K
dg diameter of droplet, m

dg, initial diameter of droplet, um

D, vapor diffusion coefficient, m?/s

mg mass flow rate of gas, kg/s

My molecular weight of vapor, kg/kmol

ng number of drops, 1/s

Py partial pressure of vapor in gas bulk, Pa
P partial pressure at the drop surface, Pa
Qp capacity of the fog unit, kW

difference between experimental and calculated
capacity of the fog unit, %
Qfu exp. experimental capacity of the fog unit, kW

7 heat of vaporization, J/kg

R, universal gas constant 8.314, J/mol-K
T gas temperature, K

tg gas temperature, °C

tw water temperature, °C

ug droplet velocity, m/s

ug gas velocity, m/s

Vw water volumetric flow rate, m3/s
Ve gas volumetric flow rate, Nm3/s
Cp drag coefficient

H height of device, m

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

Sh Sherwood number

Sc Schmidt number

Z coordinate
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