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Abstract—During natural gas combustion, the content of nitrogen oxides in combustion products is approx-
imately 450 mg/m? in many E-320-13.8-560GM boilers in service, which is more than 3.5 times higher than
the established maximum NO, concentrations in flue gases for such boilers. Estimates according to the exist-
ing techniques have shown that gas combustion on the basis of in-furnace techniques (the feeding of combus-
tion products to burners together with air in the volume of 15% and two-stage combustion with 20% air feed-
ing through the nozzles upstream of the burners) enables one to decrease NO, emissions to the level of con-
centrations of less than 100 mg/m>, which is lower than the maximum allowable values. However, the
application of any of the proposed measures with respect to a boiler makes its operation under normal load
significantly difficult, since the thermal capacity of the superheater is higher in both cases, which leads to an
increase in the temperature of superheated steam above the maximum allowable temperature. On the basis of
the developed adapted boiler model, which was created using the Boiler Designer software, we performed
numerical studies to determine the required boiler reconstruction volume; the implementation of this recon-
struction will provide reliable boiler operation at all working loads and ensure the normative values of NO,
emissions. According to the results of thermal calculations, it was proposed to reduce the surface of the cold
stage of the superheater circuit and increase the size of the economizer. It is noted that the implementation
of environmental protection measures usually decreases the boiler efficiency. At the same time, it has been
established that the technical and economic performance of the E-320-13.8-560GM boiler does not decrease
owing to an increase in the economizer surface and a decrease in air inflows and overflows in regenerative air
heaters and remains at the same level if the air inflow volume decreases from the available 30 to 20%. The
fundamental solutions that were used for the E-320-13.8-560GM boiler to decrease NO, emissions can also
be used for other BKZ gas-and-oil-fired boilers.

Keywords: gas-and-oil-fired boiler, nitrogen oxides, flue gas recirculation, staged combustion, thermal cal-
culations
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The E-320-13.8-560GM (BKZ-320) boiler is
designed for superheated steam generation at TPPs
with cross-links. This is a natural-circulation, single-
drum, vertical water-tube, nongasproof boiler with a
double-pass configuration designed for balanced draft
operation. The Sibenergomash Production Associa-
tion has manufactured 24 of these boilers with differ-
ent modifications and almost the same thermal circuit
and they generally differ in the design of separate heat-
ing surfaces as well as by the type of burners and their
configuration techniques and the presence or absence
of control combustion zones in the furnace. One of
these boilers is the object of this research and is
described below (Fig. 1).

DESCRIPTION

The boiler furnace is open and prismatic. The plan
section of the furnace is 5.440 X 12.096 m. Six vortex
oil-gas burners are configured on the frontal wall of the
furnace in two lines at elevations 6300 and 9300 mm.
The vertical walls and floor of the furnace are closed
by evaporating walls from tubes with a size of 60 X
5.5 mm (12X1MF steel) from below and tubes with a
size of 60 X 6 mm (St20 steel) from above. Above the
tubes, the floor is laid with firebrick. The rear wall in
the upper part forms an aerodynamic nose required for
better gas flow over semiradiation platens. The roofis
shielded with superheat tubes with a size of 38 X 4 mm
(St20 steel).
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Fig. 1. BKZ-320 boiler. (1) Burners; (2) evaporating fur-
nace walls; (3) semiradiation platens (Ps); (4) drum;
(5) self-condensate units (SCUs); (6) roof superheater;
(7) prefinal stages of the convective steam superheater (CS2);
(&) last stages of the convective steam superheater (CS3);
(9) cold convective stage of the steam superheater (CS1);
(10) upper bank of the economizer (EC2); (/1) lower bank
of the economizer (EC1).

Feed water first enters the self-condensate unit
(SCU) and then passes through the economizers EC1
and EC2 in two flows. Both of them are staggered and
countercurrent and are made of tubes with a size of
32 x 3.5 mm (St20 steel). The water then enters the
drum with an external diameter of 1600 mm and a wall
thickness of 100 mm.

The smaller portion of saturated steam from the
drum enters the SCU and the greater portion enters
the boiler superheater, which is designed in the form of
two symmetrical independent controlled flows. The
steam enters the first pass of the roof superheater. It
includes 149 roof tubes, along which steam moves
directly to the turning chamber (TC), where the roof
tubes reach and go along the rear wall of the TC. From
this place, the steam enters the first stage of the con-
vective superheater CS1; this stage is staggered and
countercurrent and is made of tubes with a size of 32 %
4 mm. This stage is followed by the first condensate
spray and the steam then moves towards the frontal
furnace wall through 150 boundary tubes of the TC
rear wall and roof.
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The working fluid then enters the semiradiation
platens that are arranged in a series-parallel circuit and
are made of 12KhMF steel and consist of 12 edge plat-
ens (P.4,) and 20 middle platens (P,,4q). This is fol-
lowed by the second condensate spray into the gap
between the Py, and P44, The edge platens are
U-shaped and countercurrent, each containing 25 tubes
with a size of 32 X 4 mm in the belt. The middle plat-
ens are W-shaped and direct-flow, each containing
12 tubes with a size of 32 X 4 mm in the belt. Down-
stream of the platens, the steam enters the prefinal
stage of the superheater CS2.

This stage is direct-flow and is also arranged in a
series-parallel circuit: 74 edge coils (CS2,4,.) go first
and 74 middle coils (CS2,,44,.) then follow. Both the
edge and middle coils have a tunnel tube configura-
tion; each coil has three tubes, two loops, and 12 tube
banks in the direction of gas flow. Almost all the tubes
are made of 12KhMF steel; however, CS2 .. uses a
tube with a size of 32 X 4 mm and CS2,,,44,. has a tube
with a size of 32 X 5 mm. Downstream of the CS2, the
third self-condensate spray is made and the steam then
enters the CS3.

The final stage of CS3 is tunnel and direct-flow
and is also arranged in a series-parallel circuit. The
working fluid first passes through 74 edge coils and
then 74 middle coils. The coils are identical: each coil
has four tubes, one loop, and eight tube banks in the
direction of gas flow; the size of the tubes is 32 X
5 mm, and the material is 12KhMF. However, the first
four tube banks are configured with a longitudinal
pitch of 50 mm and the latter four banks are config-
ured with a pitch of 100 mm. Downstream of CS3, the
steam moves to a consumer.

CHOICE OF TECHNOLOGIES OF REDUCING
NO, EMISSIONS IN BKZ-320 BOILERS

Most of the BKZ-320 boilers in service have oper-
ated for over 30 years; however, they are in satisfactory
condition owing to the reasonable operation process
and timely repair works. The main problem of their
further operation is that nitrogen oxide emissions
exceed the allowable values regulated by [1].

The tests of E-320-13.8-560GM boilers at Ufa
TPP-2 showed that the content of nitrogen oxides in
exhaust gases that is reduced to the excess air coeffi-
cient, oo = 1.4, is approximately 450 mg/m?> during
operation at loads similar to rated ones. This is more
than 3.5 times higher than the established normative
NO, concentrations in flue gases for boilers of this
type. It is possible to reduce NO, emissions in gas-
and-oil-fired boilers by taking technological in-fur-
nace measures, i.e., on the basis of the use of low-
emission burners, staged combustion measures, and
flue gas recirculation to burners.

It should be noted that the replacement of burners
by new, low-emission ones is not always economically
sound, especially for old boilers. Therefore, it is reason-
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able to use combustion product recirculation, which is
not provided for in the boiler under consideration, and
two-stage combustion to reduce NO, emissions in
BKZ-320 boilers that have been in operation for
30 years or more, given the good condition of available
burner units. Both these methods are widely used and
quite efficient [2]. Estimates according to the technique
in [3] showed that, during gas combustion, the feeding
of combustion products into burners together with air in
the volume of 15% and two-stage combustion with 20%
air feeding through nozzles upstream the burners
should reduce emissions to 100 mg/m?>.

Unfortunately, the implementation of environ-
mental measures may influence the thermal operation
of a boiler. In the case under consideration, the imple-
mentation of any of the proposed measures makes the
combustion of natural gas impossible at the rated load,
since the thermal capacity of the steam superheater
will be higher in both cases, albeit due to different
causes. In the first case, the gas flowrate will increase
in the duct path section covered by recirculation. As a
result, the rates of product combustion, as well as con-
vection coefficients and heat-transfer coefficients, will
increase in the steam superheater stages. In the second
case, the air temperature will increase at the furnace
outlet, which will lead to a growth in temperature dif-
ference in the platens and convective stages. In addi-
tion, according to the data of [4], two-stage combus-
tion is characterized by a trend towards a growth in the
excess-air coefficient at the outlet of the furnace.
Therefore, the gas flowrate through the gas boiler
passes and the intensity of the convective heat transfer
process also increase here, albeit to a lesser extent.

Another negative aspect is that it is difficult to
maintain the superheating temperature at the design
level (Zgpernear = 360°C) during the operation with
rated steam capacity (D = 320 t/h), since this requires
operating control and intervention by an engine oper-
ator. This is due to the deficit of spray condensate. The
boiler is provided with four SCUs, each having the
capacity of 12.5 t/h. However, since they are arranged
upstream of the economizer along the water, their total
output reaches 65 t/h. However, in practice, this is suf-
ficient only for steady operation with D= 300—310 t/h.

Therefore, it is possible to implement the above-
mentioned environmental protection measures only
after some reconstruction of boilers. To assess the vol-
ume of reconstruction, one should perform boiler
thermal calculations both under the existing opera-
tional conditions and in recirculation and/or staged
combustion operating regimes.

CALCULATION STUDIES
ON BOILER OPERATION

An adapted boiler model was developed for per-
forming calculation studies. The Boiler Designer [5]
software and the technique of [6] were used during its
creation and the performance of thermal calculations.
The results of the performed tests and, partially, the
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process flow diagram (PFD) for natural gas combus-
tion were used as a basis for the development of the
model.

The main results of the performed calculations are
given in Table 1. Variant 1 corresponds to gas combus-
tion at a load of 100% in the existing boiler and ade-
quately reflects the features of its operation. In particu-
lar, one can note that the water temperature upstream of

the economizer 7., =270°C, due to a high condensate
flowrate for spray, which is 40°C higher than the feed
water temperature. As a result, the temperature differ-
ence decreases in the economizer and the exhaust gas
temperature U, is significantly higher than that in the
case of SCU water installation into the gap between the
EC1 and EC2, which is characteristic of the over-
whelming majority of operating BKZ-320 boilers.

During oil-fired boiler calculations, the values of
the coefficients of contamination and thermal effec-
tiveness were adjusted in the input file for the Boiler
Designer software according to [6]. The oxygen con-
centration in the control section, the Z,,ne, Value and
the air temperature downstream of the air heaters,

"

t,, = 70°C were assumed according to the recommen-
dations of the PFD. As could be expected, during oil
burning at rated load, the total condensate flowrate for
spray, D, is significantly lower than that during gas
combustion, and is approximately 8.4 t/h (variant 2).
The exhaust gas temperature ¥, = 157°C is signifi-
cantly higher than that for variant 1 due to air heating
in the air heater, which leads to a decrease in the boiler
efficiency.

The simulation of two-stage combustion operating
regimes took into account that the temperature at the

furnace outlet, 19}' , and the excess-air coefficient in the
control section, O..,n, Should increase. Given the
accumulated experience of implementation of this
measure, it was assumed that O, should corre-
spond to the volume concentration of oxygen in dry

gases, O, = 2%, and O; should increase by 50°C.

O; was increased on the basis of the relevant change in
the parameter that takes into account the pattern of
temperature distribution over the furnace height [6]. If
we simulate the two-stage combustion regime for
operation at a load of 100% under the conditions of the
limited condensate flowrate for spray, Dy, = 65 t/h,
the superheated steam temperature will be 613°C,
which is unacceptable according to the operating con-
ditions for the superheater and equipment upstream of
the boiler. However, if we remove the limitation on the
SCU capacity, we can achieve the value Zgpemear =
560°C at D,y =95 t/h (variant 3). In addition, the
water temperature upstream of the economizer
increases to 289°C and the 9, increases to 152°C in
this case. For this reason and due to the increase in 0,
the boiler efficiency decreases by 0.3% compared to
variant 1.
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Fig. 2. Excess steam enthalpy in steam superheater stages. (/) Variant 1; (2) variant 3; (3) variant 5.

However, the existing condensing units cannot
provide this condensate flow; therefore, we deter-
mined the boiler load at which two-stage natural gas
combustion is still possible (variant 4). It is 85% of
rated load,; it is correlated with D = 272 t/h and Dy,s
slightly exceeding 62 t/h, which seems to be possible.

The boiler operation with 15% recirculation was
then considered. It was assumed that products of com-
bustion were selected by gas recirculation fans (GRFs)
downstream of the economizer, were supplied to the
air box of the boiler, and entered the furnace through
the burners together with air. It was found that the
boiler operation at rated load was impossible during
gas combustion, since the calculated value of 7, pcineat
was 630°C at maximum possible condensate flow,
Dg,s = 65t/h. However, if we remove the limitation on
the SCU capacity, we can achieve the value f,,einea =
560°C at D,z = 95.5 t/h (variant 5).

The results for variants 3 and 5 show that both pro-
posed environmental protection measures can be
implemented with respect to the boiler if the capacity of
condensing units is significantly increased. In addition,
three spray-type attemperators will have to be replaced
in each of the two symmetrical steam flows, since they
were designed for much lower condensate flows. If this
reconstruction is possible, it will inevitably lead to a sig-
nificant reduction in the boiler operating economy.
Thus, the efficiency is 0.5% lower for variant 5 than for
variant 1 due to a growth in the water temperature
upstream of the EC1 by 20°C and a decrease in the tem-
perature difference in the economizer and the resulting
increase in %, from 144 to 154°C.

In addition, the increase in the flowrate for spray
will inevitably lead to a decrease in the weight flow pw
in many superheater zones. According to [7], during
the preliminary arrangement of the circuit of a super-
heater for rated steam capacity, pw can be assumed to
be 500 kg/(m? s) for convective high-pressure stages
and 800—1000 kg/(m? s) for platens. The limitation is
due to the fact that the lower value of the weight flow
leads to a significant retardation of the cooling of tube
metals and leads to a growth in the wall temperature
and the likelihood of the failure of tubes increases due
to oxidation or a decrease in their strength.

During the operation of the existing gas-fired
boiler without recirculation (variant 1), the pw values
are 404 for CS1 and 565 for the edge platens and
794 kg/(m? s) for the middle platens. Certainly, the
manufacturing plant carried out thermal-mechanical
calculations for these stages; in addition, the long-
term boiler operation has confirmed their reliability in
practice. However, the level of the mass rate in the
above-mentioned heating surfaces is lower than the
regulatory guidelines. Therefore, it is also unreason-
able to increase D,y and additionally decrease pw in
terms of the conditions of operational reliability. This
is important, since the conditions are worse for the
performance of the metal of superheat tubes in vari-
ants 3 and 5 with increased Dy, values due to the sig-
nificantly higher calculated values of steam tempera-
ture before sprays than those for the initial variant 1.

Consequently, there is the only possibility for the
implementation of environmental protection mea-
sures, namely, to reduce the heating surface of a super-
heater. Figure 2 presents the calculated values of
excess steam enthalpy A/ in the superheater zones for
variants 1, 3, and 5. There are no recommendations on
Ah in regulatory documents. However, the best prac-
tice of boiler equipment design and operation offers
some insight on typical Ai values for separate stages.
Ah of the roof superheater is usually 80 to 85 kJ/kg for
U-shaped nongasproof boilers with high superheated
steam pressure natural circulation, 145 to 210 kJ/kg for
the cold convective stage, not more than 210 kJ /kg for
the semiradiation platen stage, and not more than 145
to 165 kJ/kg for hot and outlet convective stages. It is
evident that Ak for P, 4. especially for CS1, fall
beyond this limit; their values are markedly higher.

However, in addition to the absolute A/ value, one
should also take into account the regulation curve of
the stage, i.e., the type of the dependence of A/ on the
boiler load. The regulation curves of the cold convec-
tive stage and each of the platen stages for natural gas-
based operating regimes with recirculation are shown
in Fig. 3. Thermal boiler calculations at loads of 240
and 180 t/h were performed for their construction. As
for variant 5, the absolute recirculation gas flow rate
was maintained during these calculations; i.e., it was
assumed that the GRF operating regime did not
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change. The rate of the curves in Fig. 3 indicates that
Ahinthe SH1 decreases with decreasing load; i.e., this
stage has a convective regulation characteristic. In
turn, the regulation characteristics of the platen stages
are almost neutral, since A/ is almost independent
from D. Therefore, from the perspective of the main-
tenance of g emmeq at decreased loads, the role of plat-
ens is more important than that of the cold stage.

All of this shows that it is more preferable to reduce
the heating surface of CS1 than the surface of semiradi-
ation platens. In practice, it seems to be even easier to
reduce the cold stage surface. In terms of design, it
includes 32 tube banks in the direction of gas flow and
consists of four identical loops. The tubes of the lower
loops are made of St20 steel, while the tubes of the
upper loop are made of 12KhMF steel. The preliminary
calculations showed that it is necessary to reduce the
heating surface of CS1 by two times, i.e., to two loops
and 16 tube banks. At the same time, it is reasonable to
retain the upper loop of 12KhMF steel, if possible.

However, this reduction of the cold stage surface will
lead to a noticeable increase in the exhaust gas tempera-
ture, ¥,,. This is highly undesirable, especially if we take
into account that 9, will increase by several degrees by
itself during boiler operation with recirculation. In turn,
this will lead to a decrease in the boiler efficiency.

WAYS OF INCREASING
THE BOILER EFFICIENCY
DURING THE IMPLEMENTATION
OF ENVIRONMENTAL PROTECTION
MEASURES

When staged combustion and flue gas recirculation
are implemented in the boiler under consideration, it
is necessary to expand a surface downstream of CS1 in
the direction of gas flow simultaneously with the
reduction of the surface of CS1 to maintain the oper-
ating efficiency of the boiler. It will be hardly possible
to increase the surface of the regenerative air heater
(RAH) due to the fixed size of the rotor. In addition,
this measure is unreasonable, since it will lead to an
increase in hot air temperature. Therefore, one should
increase the heating surface of the economizer.

Analysis of the boiler design showed that it is pos-
sible to increase the surface of any of the economizer
tube banks from above, since the existing gap is small
between the bearing beams and tubes. However, it is
possible to increase the surface of EC1 by one loop
from below (under the beams). The existing ECI1
includes a staggered counterflow section, two tubes in
the coil, three loops, and 24 tube banks in the direc-
tion of gas flow. It is necessary to increase EC1 by 1/3,
i.e., to four loops and 32 tube banks. The further
increase is possible, but it is unreasonable, since this
barely leads to a decrease in gas temperature, as was
shown by preliminary calculations.

Thermal calculations were carried out for different
regimes of boiler operation with the reduced surface of
2017
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the cold convective stage and increased surface of
ECI. The results of some of them are given in Table 1.

Variant 6 corresponds to the boiler operation at rated
load during gas combustion with 15% recirculation.
Here, the total flowrate for spray is slightly higher than
56 t/h, which can be adequately provided by the existing
SCUs. The air temperature values before and after
sprays became lower than those for the initial variant 1;
i.e., the reliability of the performance of steam super-
heater tube metal should increase. However, the
exhaust gas temperature increased by 150°C; at the
same time, the boiler efficiency is almost 0.3% lower
than that for variant 1. The recycle gas flowrate, V.., is
91300 m’/h for this operating regime. For the other
operating regimes with recirculation (variants 7—9), V...
was maintained at this level with a high accuracy; i.e., it
was assumed that the GRF operating regime did not
change. The calculation for the minimum value D =
180 t/h according to the PFD (variant 7) showed that
Dy, s was approximately 15 t/h for this regime. This
means that the boiler load can be lower.

The operability of the reconstructed boiler on the
basis of natural gas without recirculation was also stud-
ied. It was found to be possible at 0., = 1.033, given
that the load was 100%, which is in line with the relevant
PFDs. In addition, the condensate flowrate for spray
was approximately 25.5 t/h; i.e., quite a considerable
decrease in the load is still possible under the regime
with minimum excess air. However, at minimum load
(D =180 t/h), it is possible to obtain Z, e e, = 360°C in
calculations only if Ol iS increased to 1.18. There-
fore, gas combustion without recirculation should be
possible at all loads. As for the efficiency of these
regimes, the calculated value of the efficiency is 0.2%
higher at D = 320 t/h than that for variant 1 owingto a

decrease in .., and a decrease in U, to 140°C. How-
ever, if the load is decreased from a certain moment,
the regimes without recirculation will be less efficient
than now due to the necessity of increasing O, ol

The operation of the reconstructed fuel oil-fired
boiler with recirculation is possible; however, accord-
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ing to the comparison of the results for variants 2 and
8, the efficiency at rated load is expected to be lower by
approximately 0.2%. When the load is decreased, the
fulfillment of condition Zy,penea = 555°C will be possi-
ble only if the excess-air coefficient is decreased; how-
ever, such regimes are also provided for in the current
PFED. Thus, the discharge of the boiler to 240 t/h
(variant 9) yields the calculated value Oy = 1.077.
It is correlated with the oxygen concentration O, =
1.155%. This index is higher according to the current
PFD: O,=2.8%. Thisis as it should be, since the PFD
considers regimes without recirculation and #,pernear =
555°C is achieved on the basis of a significant increase
in Olnro- Fuel oil-based operation at D = 320 t/h
without recirculation was also considered. It is possi-
ble if 0l o = 1.2; however, the efficiency is lower in
this case than for variant 8.

Variant 10 corresponds to the operation of the recon-
structed boiler at rated load during two-stage natural gas
combustion. It can be seen that this variant is quite real-
izable with respect to the total condensate flowrate for
spray, which is approximately 57 t/h. At the same time,
the Dg,s value is sufficient for the boiler to be discharged
to the level of up to 180 t/h. With respect to the opera-
tion of platens and CS2 and CS3, variant 10 may seem
to be worse at first sight. Indeed, the temperature at the
furnace outlet is 48°C higher here than that for variant 1
and the gas temperature downstream of CS3 is 21°C
higher. However, the values of steam temperatures
before and after sprays them became lower than those
for variant 1. Therefore, the metal performance condi-
tions in these zones were unlikely to have been signifi-
cantly deteriorated. The calculated efficiency value
during the implementation of two-stage combustion in
the reconstructed boiler decreases approximately by
0.5% compared to the initial variant. Therefore, without
including auxiliary power requirements, the regime of
operation with recirculation is more efficient.

There is an additional measure to increase the effi-
ciency of the boiler operation. For instance, this can be
achieved by sealing the gas duct from the boiler to the
RAH and adjusting the air heater seals during recon-
struction. The tests showed that the total air inflows
into the gas duct are approximately 35%. The inflow
upstream of the control section (downstream of CS1) is
minimal, while the inflow to the economizer is at the
level of recommendations [6], and the inflow in the gas

duct from the boiler to the RAH, Adiy oy, and air over-
flows to the RAH are approximately 30%. It is quite

realistic to reduce Aty oy and Aoigay from 30 to 20%.
In this case, according to the calculations, the boiler
efficiency will increase by 0.25—0.26%. If we carry out
these sealing works for the existing boiler, its efficiency
will increase by 0.25%.

In conclusion, it should be noted that it is neces-
sary to perform a more detailed design study on many
issues when making a decision on the performance of
boiler reconstruction for decreasing nitrogen oxide
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emissions. However, the conducted studies show that
it is possible to reduce NO, emissions to the normative
values almost without reducing the performance indi-
cators on the basis of a certain volume of the recon-
struction of boiler heating surfaces.

CONCLUSIONS

(1) In long-standing gas-and-oil-fired boilers, it is
possible to reduce the NO, concentration in flue gases
to the normative values by organizing two-stage com-
bustion and flue gas recirculation. The replacement of
the existing burners by new, low-emission ones is not
always economically sound.

(2) As a rule, the implementation of environmental
protection measures requires some reconstruction of
heating surfaces. Specifically, for the BKZ-320 boiler
that was considered in the article, one should reduce the
surface of the cold stage of the superheater by 50% to
provide the steam superheating temperature through-
out the operating range.

(3) The implementation of environmental protec-
tion measures may lead to some decrease in boiler effi-
ciency. The issues of maintaining and even enhancing
the performance indicators should be individually
solved in each specific case. Thus, with respect to the
BKZ-320 boiler considered in this article, these issues
can be solved by increasing the surface of the econo-
mizer and reducing air inflows and overflows in the
gas duct section downstream of the economizer.

(4) The fundamental solutions that were used for
the BKZ-320 boiler to reduce NO, emissions can also
be used for other gas-and-oil-fired boilers.
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