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The paper describes research and design of fluidized bed steam boiler natural
circulation circuit. The capacity of the drum boiler is 85 MW, superheated steam
pressure is 98 bar. There are two variants research results of the designed circula-
tion circuit. The first circulation circuit variant was designed as a complex circuit
with a common downcomers and risers for the boiler evaporating screen. In the
second variant the flow is separately supplied to and discharged from the evapo-
rator that is divided into independent sections. We have researched and described
the influence of heat absorption inequality on the furnace evaporation pads using
the Boiler Designer software. We also have calculated main characteristics of the
two-phase flow in the evaporation pads and evaluated reliability of the natural
circulation. The circulation circuit is optimized from point of view of reliability and
metal expenses. Results demonstrate that the specific quantity of metal of complex
and simple circuit variants is approximately the same with equal reliability.
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Introduction

Ensuring reliable operation of the evaporator in a steam boiler is an important task.
Performing this task requires two conditions to be provided: reliable circulation to cool the
evaporator and the needed tube temperature regime (to avoid critical heat flux — CHF) [1].
Directed flow motion is achieved by the design of non-heated circulation circuit tubes and the
changes in the two-phase flow physical properties during the heating of heat-exchange sur-
face. The paper offers criteria and approaches that make it possible to design and optimize the
natural circulation circuit design from the perspective of simplicity and minimizing the metal
mass while providing reliable circulation. The work of two circulation circuits has been design
and described in the paper: complex circuit with common flow input and output and numerous
evaporators with independent flow input and output.

The circulation circuit was developed and researched for a drum-type boiler, fig. 1,
with steam capacity of 33.33 kg/s, superheated steam pressure of 98 bar and superheated steam
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Figure 1. The 85 MW steam boiler

temperature of 540 °C. The detailed process of biofuel fluidized bed boiler design and its results
are provided in [2, 3].

Research target: design the diagram and construction of the circulation circuit.

Tasks needed to achieve the following target.

— Develop an approach to the optimization of the piping system of a natural circulation circuit.

— Choose the optimization criteria, necessary and sufficient criteria for the development of the
optimal circulation circuit design.

— Study the influence of unequal heat absorption on the performance of a natural circulation
circuit.

— Identify the optimal design variant of the evaporation system.

The main instructive materials [1] to design a circulation circuit do not provide clear
instructions for the design algorithm and the criteria of the result optimality. Hydraulic design
of boiler units standard method suggests to choose constructive characteristics of the circula-
tion circuit depending on the working two-phase flow pressure. The design is considered to be
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complete when a constructive solution meets the reliability requirements in terms of natural cir-
culation stagnation and inverting and in terms of required tube temperature regime. This can be
explained with the fact that previously all time-consuming iterational circulation calculations
were performed manually.

Natural circulation circuit calculation is based on fact, that total pressure gradient in
system drum-downcomers-evaporator-risers-drum equals 0. The local pressure changes AP in
single- or two-phase flow may be represented by:

AP=AP, + AP, £ AP, + AP, (1)

where AP is the pressure changes from local wall friction losses, AP, — the pressure changes from
local losses (bends, fittings), AP, — the hydrostatic pressure changes, and AP, — the pressure chang-
es from flow acceleration. Basic equations for pressure changes are presented in tab. 1 from [1].

Table 1. Basic equations for pressure changes [Pa]

Single-phase flow eq. Two-phase flow eq.
APf _ ﬂol(/iw) (2) Apf _ ﬁ'ol(pfv) |:1 +xl//(p:,—lﬂ (3)
2p 2p p
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AP, = +hpg (6) AP, =h[ p'~p(p'~ p") ]2 )
o1 (pwf(pf ]
AP, = — 8 AP = 21 |(x, - x, 9
(pw) [pz plj ®) =) ©)

The main circulation dysfunctions and the criterias which allow to identify them ac-
cording to [1] are described. Circulation stagnation is slow upward or downward motion of
water in the pipe combined with the upward motion of steam. Steam bubbles can stagnate in
certain areas (bending points, wending points, branch connections). The amount of supply wa-
ter for the evaporator is usually equal to the amount of evaporated water. Circulation inverting
happens in the case of steam lock caused by the accumulation of steam that can not overcome
the dynamic influence of the downcoming water and can not exit to the risers header or drum.
In both cases of circulation dysfunctions the temperature of the wall will rise in the areas where
steam is accumulated and does not cool the metal sufficiently. In steam boilers [4] this may lead
to the exceeding of the temperature limit of the tube metal and later to its destruction due to
scaling or structural changes. Proper temperature regime of the tube operation is also provided
by absence of CHF [1, 5]. Circulation stagnation and inverting are evaluated by stability coef-
ficients — the ratio between stagnation or inverting head and effective head. If these ratios are
over 1.1 the system is considered to be reliable.

Following values are used to calculate the natural circulation reliability in according
to [1]: dynamic head, S, in eq. (10), effective head, S in eq. (11), stagnation head, S, inverting
head, S, hydraulic pressure changes the AP. Stagnation head and inverting head were calculated
in accordance with [1]. They are the indicators of circulation stability limits.

Dynamic head [Pa] is the differential of hydrostatic pressure changes in the riser and
downcomer parts of the circulation circuit:
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S,=¢(p'—p")hg (10)

Effective head is the differential of the dynamic head and hydraulic pressure changes
in the riser tubes:

§=8,-AP (11)

Stability coefficients of stagnation and inverting are equal the ratio between the head

of stagnation or inverting to the effective head:

S S,

—~ and —+ (12)
S S

Most designers [6, 7] use the method described in [1]. The negative aspect of this
approach consists of the fact that risers and downcomers may have more complicated configu-
ration and cumbersome construction due to the absence of optimization.

There are two possible variants of the circulation circuit configuration. Complex cir-
culation circuit with common downcomers and risers, fig. 2(a), is often used in hot gases recov-
ery boilers [8, 9] and steam boilers designed in the EU countries [10, 11]. Simple circuits with
independent flow discharge and supply, fig. 2(b), with separate furnace evaporation pads are
more often used in Russia [6, 12]. Complex circuit is easier in terms of structural design com-
pared to the simple circuit. It does not cram up the boiler so much and the tube length is shorter.
Many engineers and researchers believe that using the simple circuit provides better reliability
with more unequal heat absorption in the boiler furnace [6, 7]. Each of the boiler manufacturers
prefers the more technologically familiar variant.

C———oun— D € rum D System description
} Risep | rrazfRisers Construction of the
85 MW steam boiler walls
Evaporator T Evaporator: consists of four pads each.
In complex circulation cir-
[ cuits the pads of each wall
@ Downcomers ®) Downcomers are Completed into one
Figure 2. Circulation circuit; (a) — complex, (b) — simple supplying and collecting

headers, fig. 3. In simple
circulation circuits they have independent headers that provide independent supply and exhaust
of the flow.
The performance of an evaporating element and the two-phase flow rate depends on
its heat absorption. Generally, specific consumption of a given tube part depends on its location
in the furnace and is calculated with the formula:

90 = My lwiae T Thignd (13)

Coeflicient of heat absorption inequality # is the ratio of densi heat flux of a tube to
the density of heat flux element:
— 7, — by furnace walls,
— My — by furnace wall width,
— 1, — by element (of an evaporation pad), and
~ Iy — by furnace height.
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For fluidized-bed boilers. Accord-
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ing to the recommendations [1], max- -
imum and minimum coefficients of ( Drum )
heat absorption inequality width fur- + + + + + + + +Risers+ + + + + + + +

nace elements is the product of and ‘ ’ ‘ ‘ ‘ ‘ ’
equals 1.3 and 0.5 for the complex

N N i N Furnace side wall Furnace front wall  Furnace rear wall Furnace side wall
circulation circuit and 1.1-1.1 = 1.21 ‘ I l ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ | ‘ ‘ ‘ | | | ‘
and 0.9-0.7 = 0.63 for simple circuits, SRRRRRE L
. Si li
in cases when four pads are located Suppliers } suepiers |  JTUCULT Suppliers

. | I | I | l Air distributor water cooling
on one furnace wall. In this paper an Downcomer. /

extended range of heat absorption
inequality (0.2-1.5) was used to de-
tailed investigation.

The changes in heat absorption in-
equality coefficient furnace height for differ-

Figure 3. Complex circulation circuit of an
85 MW steam boiler

Table 2. Changes in heat absorption
inequality coefficient by furnace height

ent areas are provided in tab. 2. Design | Relative height of the area in the furnace
Computer model that was used to CEKSE 0.27 0.44 0.69 0.9
study the performance of the natural circula- 1 1.6 1 0.78 0.62
tion circuit was created with Boiler Designer 2 0.6 1.6 118 0.62
software [8, 9]. The evaporator was divided 3 0.6 0.84 1 1.56

into four areas furnace width and height ac-

cording to [1] (dense bed, splashing region, platen area, and aecrodynamic nose area) as shown
on fig. 4. This enabled proper calculation of how each sector influences the performance of the
whole circuit.

Calculation results

Here the results of calculation study of the performance of evaporation tubes with
the worst thermohydraulic conditions are shown. When the pressure is 110 bar, the inverting
head is lower than the stagnation head, so the stability of natural circulation will be defined by
inverting. The study of the furnace height heat absorption inequality influence on the evaporator
operation has shown that the maximum heat absorption on the initial part is the worst variant.
At the same time, the inverting stability coefficient for the worst tube of the side wall provided
in tab. 3 is 30% less compared to design case 1 and 15% less compared to design case 2. This
happens because of the inverting head decrease and effective head increase caused by the more
intensive increase of steam quality. It should be separately pointed that the flow in the circu-
lation circuit increased 5% and the steam quality between the 1 and 3 design cases decreased.
This is not typical for natural circulation, because generally when the flow increased and the
steam quality decreased the reliability of the system increases.

Further research used variant 3 with the maximum heat absorption on the initial part
of the evaporator in the furnace. Initial part of the evaporator is located above the fluidized bed
close to the secondary air inlet. When biofuel is burned in the fluidized bed the largest heat
emission is registered in the freeboard [13]. This is conditioned by the high volatile content in
the fuel that is mostly burned above the fluidized bed.

The parameters of non-heated circulation tubes used for the design are provided in
tab. 4. It shows that as the tube diameter and thickness increase the mass of 1 running meter of
the tube rises as well due to the larger amount of metal needed to produce it. Consequently, the
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Figure 4. Evaporator divided by sections

Table 3. Calculation results of natural Table 4. Parameters of the non-heated
circulation side wall furnace height for tubes of the natural circulation circuit
different heat absorption distribution Cirouit Diametor x Mass of I m
Design case (tab. 1) 1 2 3 section thickness [mm] of tube [kg]
Two-phase flow [kgs™'] | 86.22 | 89.42 | 92.12 168 x 12 49.34
Outl;t sts:am 875 8.49 8§27 219 x13 70.66
quality [%] 273 x 16 108.64
Dynamic head [bar] 0.27 | 0.2995 | 0.3225 Downcomer 325 x 20 161.13
{{ydraulljic pressure 4.95 5.45 58 377 x 22 206.35
]sfsfs [?1 ag d[b 2205 | 245 2.645 465 % 25 204.87
e01\{e ead [bar] . . . 39 x 6 12.56
Stagnation head [bar] 5.655 | 6.215 | 6.925 108 x 7 1784
Inverting head [bar] 4.835 | 4.545 4.27 -
. - Supp]y 121 x 8 23.84
Stagnation stability 26 25 26 dri
coefficient : : : and riser 133 x9 29.42
: T 168 x 10 41.69
Inverting stability
coefficient 22 1.8 1.6 194 x 11 53.12
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increase in the size of the used tubes 7 .
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amount of metal of the boiler. ! S 7 Downcomers
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fig. 5, it can be seen that the inverting ¢ i / 1 T

stability coefficient is 40-50% less 3 o -t y 2 Z3x16mn

than that in case of stagnation. This 2 oo t® ,/K + 168x 12mm

can be explained by the properties 1 ':’A_,_..f‘/‘”'

of water and steam at the pressure M

of 110 bar. Inverting head is lower S A

than the stagnation head, so the re- Glkgs]

liability of circuit operation will be Figure 5. Stagnation and inverting stability coefficients;
conditioned by the fact of circulation 7 —inverting stability coefficient, 2 — stagnation stability
inverting. coefficient

Dates of the fig. 5 show that in the -

low flow areas tube size changes do -

not result in significant changes of =

the stability coefficients. Downcom- 201

ers of 168 x 12 mmand 219 x 13 mm

combined with risers has not pro- 15 1 o onemer
vided system reliability. The largest ~®-377x22mm
rise of flow has been achieved with o0 | o
changing the risers tube when down- — 219x13mm
comers tubes were 465 x 25 mm. In ) 8 tex12mm
this case both the stagnation stability 0 100 200 300 400 500 600 700
coefficient and the inverting stability Glkgs )

coefficient exceeded the minimal val-
ue of 1.1 in according to [1], which
was achieved with circuit flow above
280 kgfs.

The increase in the mass of non-heated tubes of the natural circulation circuit does not
always lead to the increase in the system reliability, fig. 6. It is necessary to develop an approach
that would enable to connect system performance reliability and metal mass. As the typical size
of non-heated tubes grows, the dependence of specific amount of metal gradient on the flow is
changes.

In the small flow rate 140-280 kg/s the riser diameter increase did not promote larg-
er flow in the system. In this flow rate the increase of downcomers tube typical sizes is more
efficient. As the typical size of the tubes is increased this tendency is changed. In the area of
280-470 kg/s changes of downcomers and risers tubes have led to comparable increases of flow.
In the flow rate above 470 kg/s the risers but not the downcomers ones become the limiting
factor. This is demonstrated with the / curve of maximum flow increase with minimal metal
mass, fig. 6. Such flow changes of flow dependence on the non-heated tube size indicates that
different sections of the system is a limiting factor.

Circulation diagram is the traditional result of natural circulation calculation [1, 5].
Figure 7 demonstrates such a diagram for tubes described in tab. 4. This figure shows zones of
different metal mass with 5 tonne step. The flow area of 280-470 kg/s that provides reliability
gets into the II and III zones with the metal mass of 10-15 t and 15-20 t, respectively. Larger

Figure 6. Non-heated tube metal mass of the
circulation circuit;
1— area of minimal metal mass with maximum flow
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Figure 7. Complex circuit circulation diagram

flow will result the increase of metal mass accompanied with excess reliability. As the final
result, the variant with system flow below 280 kg/s was turned down as it does not provide re-
liable system performance, alongside with the variant of above 470 kg/s that leads to excessive
metal expenses.

The optimal solution for the presented areas will belong to the curve of maximum
flow increase with minimal metal mass. Circulation circuit parameters in the /7 and /I] areas
with metal mass of 10-20 t featured in tab. 5.

The tubes demonstrated in tab. 5 were further used to study the influence of heat
absorption inequality furnace width on the circulation circuit operation. Heat absorption coeffi-
cient furnace width equals 0.2, 0.5, 1, 1.2, 1.3, and 1.5 due to the reasons mentioned previously.

Consequently the minimally acceptable inverting stability coefficient of 1.1 according
to [1] was registered for downcomers 325 x 20 [mm] and risers 121 x 8 [mm]. The indicated
value of was watched when #,,,, = 0.5. In practice, the reduction of 7, to 0.2-0.5 is improbable
for a fluidized bed boiler. This makes it possible to conclude that this system is workable. As a
result, variant 2 from tab. 5 was chosen as the optimal one in terms of ensuring reliable opera-
tion of a natural circulation circuit and minimal metal mass.

Pressure changes from flow acceleration and local losses usually do not exceed 10%
of the total pressure changes, and the influence of such losses on the two-phase flow in the
circulation circuit is insignificant. Evaporator resistance is mostly combined of the hydrostatic
pressure changes and friction pressure changes. When the differential pressure between the
evaporator tubes is equal, this leads to reduced flow due to the increase in the hydrostatic pres-
sure in the evaporator. This can be seen on fig. 8(a) — the area of large flow 20-35 kg/s and heat
absorption 3-4 MW. As the heat absorption is reduced to 1 MW, fig. 8(a), the steam quality in-
creases. This will lead to significant reduction of flow to 3 kg/s, fig. 8(b). The increase of steam

Table 5. Operation parameters of the optimal circulation circuit design

N | Downcomers tubes 'Supply and _risers tubes Flow S/ MIt]
diameter % thickness [mm] | diameter X thickness [mm] | [th™'] !

1 325 %20 108 x 7 1290 1.3 11.5

2 325 %20 121 x 8 1355 1.5 12.5

3 377 x 22 121 x 8 1540 1.7 14.5

4 377 x 22 133 x9 1620 1.8 15.5
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Figure 8. Changes of steam quality depending on the evaporator
operation regime

quality at low flow rate is explained by the fact that the amount of generated steam is so low
that the change in static pressure grows substantially. When the differential pressure between
the inlet and outlet headers is constant, the friction resistance is inevitable decreased, which is
only possible if the flow in the system is reduced.

Small heat output, fig. 8(a), cases small flow, fig. 8(b), and steam quality increase in
the natural circulation circuit. It usually occurs in the regimes of stagnation or inverting. The
S$/S = 0.9 only at #,, = 0.2 which does not occur in practice and steam quality totaled 13%.
When heat absorption is increased a large amount of steam is generated in the evaporator. Large
dynamic head caused by higher steam generation can drive a bigger flow through the circuit.

The CHF test has shown that the heat current density totaled 80 kW/m?. This is lower
than 465 kW/m?, so in according to [1] at the two-phase flow pressure of 110 bar there will be
no CHF. Conducted calculations show that the performance of a complex natural circulation
circuit with downcomers 325 x 20 [mm] and risers 121 % 8§ [mm] will be reliable.

An alternative solution to the complex natural circulation circuit shown in fig. 2(a)
is the design of the simple circuits with independent two-phase flow input and output to each
evaporator pad, fig. 2(b). In general, the sequence of actions and the nature of the calculated
dependencies are similar both for the complex and the simple circuits. After the analysis of the
designs of the simple natural circulation circuits design 1 was chosen as the most optimal. This
design has one downcomer 121 x 8 mm and two risers 108 X 7 mm. Using only one downcomer
contradicts with the recommendations [1], although it has often been used in practice in boilers
with superheated steam pressure of 100-140 bar [12]. The resulting metal content of the circu-
lation system that consists of simple circuits totaled 11.5 t. With 7, = 0.5 the inverting stability
coefficient of the worst tube S/S amounted to 1.11.

Calculations demonstrate that the metal mass of complex and simple circuits differs
8%. On the one hand, the complex circuit has mildly larger mass of 12.5 t, but the drum design
is simplified due to the smaller number of two-phase flow outlet nozzles. Tube routing also
becomes easier. As a result, the manufacturing expenses for the circulation circuit will be prac-
tically the same.

Conclusions

o Identifying the optimal design of a circulation circuit requires the study of circuit operation
reliability and the mass of the needed metal.

® One necessary criteria of a circulation circuit is the stagnation and inverting stability coef-
ficient in the worst tube should be above 1.1. The sufficient criteria for a lightweight design
is finding the solution in the area that provides minimal metal mass with reliable system
operation.



1512

Pleshanov, K. A., et al.: Design of a Natural Circulation Circuit for 85 MW Steam Boiler
THERMAL SCIENCE: Year 2017, Vol. 21, No. 3, pp. 1503-1513

Larger flow in the circuit signals better performance reliability. The decrease of the flow in
the evaporator alongside with the increase of steam quality leads to lower reliability of the
natural circulation.

The expenses for manufacturing complex or simple circulation circuits are practically simi-
lar. In case of a complex circuit the metal mass will be larger, but the amount of welding will
be lower and drum manufacturing will be cheaper.

Further it necessary to determine criteria of the limiting factor in natural circulation circuit.
It will provide maximum efficiency of natural circulation system and simplify design pro-
cedure.

Acknowledgment

The work was supported by the Federal Task Program Research and development in

foreground directions of the development of the scientific and technical complex of Russia for
2014-2020 (unique project No. RFMEFI57414X0125).

Nomenclature
G —circulation mass flow rate, [kgs™'] n  —heat absorption inequality coefficient
g  —gravity acceleration, [ms] Jo  —superficial friction coefficient, [m™],
h  —element height: “+” for upward flow, “= for p, p —average and local density, [kgm™]
downward flow, [m] p’, p”~—saturated water and steam density, [kgm]
[ —length, [m] pw  —mass flux, [kgm=2s']
M  —non-heated tube metal mass, [t] @  —void fraction, [-]
AP —pressure changes, [Pa] w  —additional friction coefficient for two-phase
AP, —pressure changes from flow acceleration, [Pa] flow, [-]
AP, —pressure changes from local wall Subscripts
friction losses, [Pa]
AP, —hydrostatic pressure changes, [Pa] 1 —end section of element
AP, —pressure changes from local losses (bends, 2 —beginning section of element
fittings), [Pa] a  —acceleration
O  —evaporator heat capacity, [MW] d  —driving head
g  —heat flux, MWm™] el —element
S —pressure head, [bar] f —friction
S/S —inverting stability coefficient, [] g  —gravity
S/S —stagnation stability coefficient, [] i —inverting head
X, x —average and local steam quality, [] / —local
s —stagnation head
Greek symbols ! _tube

¢  —local pressure drop coefficient, [-]
" —local pressure drop coefficient for two-phase
flow, [-] (usually /(=2 -1)
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