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In this present works, a generalized approach for the two-phase flow analysis of a natural
circulation in hybrid boiler. The model uses the combination of node and loop equations
and the Newton Raphson technique for the solution of the set of equations. Loop equations
have been developed for each evaporator tube with the unique driving force and pressure
drop of the concerned loop. Node equations are mainly developed for common risers and
downcomers. A unique connectivity matrix has been used to correlate each branch flow
with loop and node equations. The model is validated by a unique indirect method by
comparing the actual water level and calculated water level. Experiments have been
performed with uniform diameter of tubes in 53 channels circulating loop to find the
volume of steam. The model shows good agreement with experimental investigations with
a maximum of 3.57% absolute error. The model can be used for the design, analysis, and

optimization of the natural circulation network.

1. INTRODUCTION

The hybrid boiler is the combination of a fire tube and a
water tube design. Furnace and reversal chambers are of water
tube design, and convective tube banks are placed in the boiler
drum. Heat is generated in the furnace due to the combustion
of biomass over the reciprocating grate and is partially
transferred to the water wall placed around the furnace. Hot
flue gas enters the convective tube bank through a reversal
chamber. Furnace and reversal chambers are made of water
tube design, and the evaporation of water takes place after
picking the heat from the flue gas. The water and steam
mixtures move upward due to the buoyancy effect and finally
enter the boiler drum through the risers. Evaporator tubes
receive the water from downcomers connected to the steam
drum. This completes the natural circulation [1]. Industrial

hybrid boiler works on the principle of natural circulation loop.

Fluid flow in network developed by buoyancy forces, which is
due to difference in densities. In circulation, buoyancy force is
equipoised by frictional forces, losses in straight part of the
risers and downcomers [2].

The design of the circulation circuit of a natural circulation
boiler is extremely critical, because the heat transfer tubes
must have sufficient water flow to ensure the cooling of these
tubes. It becomes more critical if these heat transfer tubes are
exposed to high flame temperature radiation leading to very
high heat flux in a furnace section of a fired boiler. The
performance of a circulation circuit is measured by circulation
ratio. Circulation ratio is defined as the ratio of the mass flow
rate of the steam—water mixture in the circulation loop to the
steam generation rate in evaporator tubes [3]. The circulation
does not provide sufficient information about the flow
circulation in individual tubes, which is very important for the
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thermal and hydraulic performance of the boiler. The
parameters that affect the distribution of the flow in the
parallel channel are the header area, tube diameter, size and
location of the inlet port to the header, and the direction of flow
[4].

Poor distribution and a lower circulation ratio in a tube can
lead to various problems, such as a departure from nucleate
boiling, phase stratification, higher void fraction, and two-
phase flow instability. Much effort and consideration has been
given to the development of a mathematical model for the flow
distribution analysis for single-phase flow. Bajura and Jones
[5] present a generalized model based on momentum balance
for the flow distribution analysis in the flow distribution
manifold. A flow distribution also poses the challenge in the
design of a parallel flow heat exchanger and an iterative flow
network model using a loop and node equation for the flow
distribution analysis in a parallel-flow heat exchanger [6]. Ma
et al. [7] proposed a generalized flow distribution model for
the flow network analysis in fuel cells. Steady-state flow
analysis of two-phase natural circulation is normally
conducted by combining the hydraulic resistances of all
parallel channels with similar height. Two-phase flow
distribution is very critical in the design and analysis of a
supercritical boiler. A two-phase flow distribution model is
proposed using a simplified parallel flow network approach
[8]. Ablanque et al. [9] present a model for two-phase flow
distribution in multiple parallel tubes. Two-phase flow
distribution analysis in a natural circulation boiler has different
challenges, because it has different resistance and driving
forces for each loop. The driving force for different loops can
be different due to different height and dryness fraction, and
dryness fraction is the function of flow and heat transfer. This
makes the whole system of equations quite complex, and the
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development of a generalized flow network model for natural
circulation analysis is extremely useful for the design and
analysis of a natural circulation of hybrid boiler [10].

2. NATURAL CIRCULATION NETWORK ANALYSIS

Because of the natural circulation circuit of boiler is quite
complex the flow distribution among evaporating tubes cannot
be analyzed easily. In conventional approach, an equivalent
flow resistance for parallel evaporating tubes, risers and
downcomer are estimated to calculate the overall flow in
circulation circuit. This does not provide the sufficient
information about the flow circulation in individual tubes,
which is very important for the thermal and hydraulic
performance of the boiler. A generalized flow network model
for Two-phase flow and pressure drop issues in network
systems are solved by applied mathematics and computer
software. However, due to lack of experimental results this
cannot be validated. Hence developed the analytical model
using unique strategy for the estimation of two-phase flow
distribution and pressure drop and verified with experimental
results.

2.1 Natural circulation analysis with single loop

Figure 1 gives a schematic diagram of single tube loop
natural circulation. At the riser, the fluid absorbs heat which
becomes lighter and rises. The density of water in the
downcomer column is higher than the density of water and
steam mixture of the riser column. The difference of pressure
in these two columns causes a driving force for natural
circulation. The driving force is the pressure difference of the
downcomer and riser column and can be calculated as follows.

AP = (pg — pr)gH 1)
where,

H is the height of the column and g is the gravitational
acceleration.

pd and py are the fluid density in the downcomer and riser
column and are calculated by following equations.

Pa = vy (2)
where, v; is specific volume of fluid.
1
Pr 3)

- A —-x)v, —xv,

where, x is the dryness fraction and v; and v, are the specific
volume of saturated liquid and saturated vapour.

Dryness fraction is the function of rate of heat transfer and
mass flow and can be calculated by the following equation.

Q

X =— 4
ahrg (4)
where, hyg is the latent heat and Q and q are the rate of heat
transfer and mass flow.
Pressure drop in circulation loop is overcome by the driving
force calculated by using Eq. (1). The circulation loop consists
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of downcomer and riser. Downcomer pressure drop can be
calculated by the following equation.
Apq = Apgr + Apaa )
where, Apq is total pressure drop of downcomer.
Apgr and Apqq are frictional and dynamic pressure drop of
downcomer.

Lv?
APyp = P ]; 5 (6)
1
APy, =K (E pv2> ()

where, p is density, f is friction factor, L is the length of
downcomer, v is the velocity, K is a dynamic coefficient and
D is the internal diameter of the downcomer.

Riser T

Downcomer

Figure 1. Single tube loop natural circulation

Flow-through the riser are two-phase and it requires a
different approach for the calculation of pressure drops.
Lockhart- Martinelli method is a popular method for the
calculation of a two-phase pressure drop, where pressure drop
is calculated by considering single-phase and corrected by
applying Lockhart-Martinelli multiplier.

Single-phase pressure drop-in the riser is calculated by
considering the liquid phase and the following equation is used
for the calculation of pressure drop [11].

AP, = AP.s + AP,y (8)
where, Ap is total pressure drop of the riser.

Aprand Apyq are frictional and dynamic pressure drop of the
riser.

Riser pressure drop is corrected for two-phase flow by using
the following equation.

AP, = O*AP, ©)
where, Aprc and Apy are two-phase pressure drop and single-
phase pressure drop.

@2 is the two-phase multiplier and can be calculated by
following equations.

(10)



where, Xy is the Martinelli parameter and is calculated by the
following equation when both liquid and gaseous phases are
in the turbulent regime.

1 — x\2? 0.5 0.1
=) G) G
X pr, e
where, x is the dryness fraction and p and u are density and
viscosity of liquid and gas phase.
As the driving head overcome the frictional and dynamic
resistance of the circulation loop consisting of downcomer and

riser, following equation used to calculate the mass flow rate
of the circulation loop [12].

(11)

AP = AP, + AP, (12)
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Figure 2. Flow network
2.2 Generalize mathematical model for multiple loop

Flow network modeling is used to analyze the flow
distribution in a complex flow network problem (Figure 2). A
typical flow network includes a complex network of
interconnecting pipes connected with the manifolds. A
complex flow network problem is solved by using Kirchhoff’s
analogy, where flow and pressure are treated respectively as
current and potential of an electric circuit [13]. In this method,
the flow network problem is resolved in a set of nodes and loop
equations, as follows:

1. Node Equation—This equation represents flow balance
on a node, where the incoming flow is equated with the
outgoing flow.

2. Loop Equation—In this equation, an algebraic
summation pressure drop of a loop is equated with zero.

The flow network model can be extended for two-phase
flow and exploited for circulation analysis of a natural
circulation boiler. Figure 3 shows a typical natural circulation
network with a downcomer, downcomer header, riser tubes,
and riser header connected to the steam drum. It has N riser
tubes, which divide downcomer and riser headers in the N
section. All of these sections can be treated as the branches of
the circulation loop [14]. The downcomer receives saturated
water from the steam drum, which is distributed among riser
tubes through downcomer headers and finally collected in riser
headers before entering the steam drum and completing the
circulation loop. The flow path from downcomer to steam
drum through each riser tube can be treated as an independent
loop. A typical loop includes a downcomer, some branches of
the downcomer header, a riser tube, and some section of the
riser header. This circulation network has 3N branches, 2N
nodes, and N loops. The 2N node equations and N loop
equations can be generated to solve this network problem for
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computation, and the 3N branches’ flows are the unknowns of
these sets of simultaneous equations. A generalized circulation
network model can be developed for a circulation network of
I number of branches, m number of nodes, and n number of
loops.

The node equation specifies that the summation of net flow
at any node is zero and can be expressed as follows:

A generalized circulation network model can be developed
for a circulation network of | number of branches, m number
of nodes and n number of loops.

Node equation specifies that the summation of net flow at
any node is zero and can be expressed by the following
equations.

Yo Tjq; = 0(i=123,..,m) (13)
where,

T;; — Flow direction of ji branch with relative to i, node

qj- Mass flow rate through ji branch

The sign convention used for Tj; is as shown below:

T
(14)

+1, if flow reaching a node
0, ifno connection between branch i and node j
{ —1,if flow leaving the node
Loop equation states that the sum of pressure loss across a
loop should be zero and can be expressed by the following
equation.
Yj=1 MjjAP; —AP; =0 (i=1.2,...,n) (15)
where,
Mij-flow direction in ji branch with relative to iy, loop
Apqj represents two-phase pressure drop in jg, branch and
calculated by adding frictional and dynamic pressure drop and
multiplying by two phase multiplier explained in single loop
natural circulation problem. AP; represents the driving head
for iy, loop and calculated the method as explained in the
single loop natural circulation problem.
The sign convention used for Mjjis as shown below: -

+1, if fluid flow in similar direction
M. = 0, if brach does not belong to loop (16)
Y ) -1,  iffluid flow is opposite in the

direction to show in direction

In the circulation network model, | branches, m nodes and n
loops have been considered. Loop and node equations are
carefully selected to cover all branches. | is the number of
branches and branch represents the number of unknowns, m
and n are the number of nodes and loops and provides a
number of the equation. it must satisfy the following condition.

Il=m+n @an

A set of m+n node and loop equations are solved to estimate
the flow through each branch. This can be solved by the
Newton Raphson technique. In the Newton Raphson technique,
(m+n) functions represent the (m+n) equations. The function
for node equations is represented as follows.

fi= 1 Tyg; = 0

(i=123,..,m) (18)



fn+i — (Zj=1 MjAP; — AP ) = 0 (i=1,23,..,n)  (19)

Eq. (19) represents functions for the loop equation.

3. SOLUTION STRATEGY

(m+n) functions represent the all concerned node and loop
equations. These equations are solved by the Newton Raphson
technique. Initial flow is assumed for each branch to calculated
other dependent parameters and functions. Following (m+n)
linear equations are simultaneously solved to calculate all
required flow corrections.

o 0h _ _ _ oh
0q, 0q;, 0qman
of, 9, _ _ _ Of ﬁgiI (_;1I
dq,  0q; 0Gmin | |
I I [ I L= | (20)
IREEIEARY
Ofmin fonin T
9q, 9q, 0Gmsn
Ag;
Aq,
[
I
I
Aqm+n)
oh  OH _ o\
dq, 9q, 0 min 21
of,  of, oh | () &Y
dq,  0q; 0Gmin |
=4 | I [ I |
I I [ I |
I I [ I —f
Ofmin  Ofmin _ Ofmun e
0q, 9q, 0Gmsn
q, = q, + Agq, and so on. (22)

For the convergence criterion the iterative calculations are
done using Visual Basic code which runs in Excel. The
minimum residual for the mass flow rate in individual tube in
natural circulation boiler is calculated. Additionally, before
stopping the iterative calculations, it is ensured that the
difference in mass flow rates between the initial and the final
of the absolute value is less than 0.001%.

Flow corrections are implemented to calculate the new set
of flow for all branches and iteration is repeated till the
convergence criteria is not satisfied.

4. EXPERIMENTAL INVESTIGATIONS
4.1 Geometrical description

Figure 3 shows a schematic of a hybrid boiler with a
reciprocating grate combustor. A natural circulation network
consists of downcomers to carry the drum water to evaporator
tubes and risers to carry the water—steam mixture to the steam
drum. The furnace is surrounded by water tube panel, where
the majority of heat transfer takes place due to radiation.
Relatively cooled flue gas enters in the set of convective tubes
surrounded by drum water, where mainly heat is being
transferred due to convection. Evaporation takes place in water
tube panel and convective tube bank.

Due to symmetry, one half of the circuit has been taken for
the analysis. Figure 4 shows a flow diagram of the boiler, used
to test and validate the model performance. In network
numbered and defined the branches and nodes. The length and
diameter data of tubes, risers and downcomers are included in
the Table 1.

BoilerShell
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Figure 3. Schematic diagram of a hybrid boiler
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Figure 4. Flow diagram of a hybrid boiler

Table 1. Design parameters of the circulation network of a Hybrid boiler

Dimensions are in mm

Sr. No. Description O.D. Thickness Length Quantity
1 Bottom Header Dimension  168.3 10.97 4300 1
2 Top Header Dimension-1 ~ 168.3 10.97 3326.5 1
3 Top Header Dimension-2  168.3 10.97 821 1
4 Number of tubes 50.8 3.25 1705 72
5 Number of tubes 50.8 3.25 2817 14
6 Number of tubes 50.8 3.25 1900 7
7 Downcomers 88.9 11.13 2191 4
8 Risers 114.3 11.13 669 6
9 Riser 114.3 11.13 161 1
10 Boiler drum 3896 14 2500 1
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As the circulation circuit of boiler is quite complex the flow
distribution among evaporating tubes cannot be analyzed
easily. In conventional approach, an equivalent flow resistance
for parallel evaporating tubes, risers and downcomer are
estimated to calculate the overall flow in circulation circuit.
This provides the sufficient information about the flow
circulation in individual tubes, which is very important for the
thermal and hydraulic performance of the boiler.

4.2 Model validation

A boiler of 2TPH capacity is selected for testing and
validation of the generalized circulation model. Figure 4
shows the circulation flow diagram of the water tube furnace
of the boiler. Due to symmetry, one half of the circuit has been
taken for the analysis. The length and diameter of all tubes,
headers, risers and downcomers are given in Table 1.

Circulation network includes the drum with 7 risers, 4
downcomers and 93 evaporating tubes, which are placed in
lower and upper manifolds. The dimensional details of the
circulation circuit are listed in Table 1.

Water tube furnace is split into two sections with different
height. A tall furnace section is placed after combustion for the
flow reversal. These furnace sections are surrounded by water
tube panel. In a generalized natural circulation model, heat
transfer is given as an input to the model. Heat transfer in the
furnace is calculated as a function of pressure and fuel firing
rate by using a stirred reactor model. The first section is placed
over the firing zone and luminous radiation is assumed for the
furnace analysis.

The second section is placed after combustion for the flow
reversal and nonluminous radiation is assumed for the
calculation of heat transfer. These heat transfers are equally
distributed among the tubes in the respective sections.

Figure 5 shows the dryness fraction in the various tubes in
both the firing section and flow reversal section of the furnace
[15]. This figure captures the variation in dryness fraction
among the tubes due to poor flow distribution. It is difficult to
measure the flow and dryness fraction of these tubes to
validate the model [16, 17]. A novel method of validation
strategy is used. The method involves the measurement of
water level as a function of pressure during the boiler startup.
As steam is not consumed during the boiler startup, the change
in void fraction is primarily responsible for the increase in
water level. The dryness fraction of each tube is calculated by
using the generalized circulation model [18].

This calculated dryness fraction is used for the calculation
of the void fraction of each tube and its effect on the steam
volume below the water level. Void fraction (a) can be
calculated by Smith’s correlation [19].

[ —

Firing section

7 Flow reversal

0 5 10 15 20 25 30

Number of tubes

35 40 45 50

Figure 5. Dryness fraction in the furnace section
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Figure 6. VVoid fraction as function of pressure

Circulation analysis is conducted at full load conditions for
different steam pressure. Figure 6 shows the variation of the
void fraction at different steam pressures.

The change in the void fraction is responsible for the change
in water level, as it changes the steam volume below the water
level. The steam volume below the water level is deduced by
using void fraction and volume of the riser tube by using the
following equation.

Vs = al; (23)
where, Vsand V, are steam volume below water level and riser
volume.

Experimental measurements were performed on ComBloc
multi-fuel boiler at Thermax limited Pune to measure the
pressure in kg/cm? and boiler drum level in litres. The Figure
7 shows the boiler shell geometry with input data of boiler
shell in Table 2.

Boiler is fired at full load condition and pressure and water
level are noted. The steam volume below the water level is
calculated from the measured water level and the initial water
volume. The calculated steam volume from circulation
analysis is compared with the steam volume deduced from the
measured water level [20].

§ Liquid level

Figure 7. Boiler shell geometry

Table 2. The following data shows the input data of boiler

Drum radius 0.613m
Height 0.1m
No. of tubes 83
Tube OD 0.0635m
Length of drum 3m
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Figure 9. Error analysis of steam volume values

Figure 8 shows the steam volume derived from the
circulation model and experimental analysis. Results are
compared and absolute errors are plotted as a function of
pressure in Figure 9.

At 100% load condition for various pressure range, the
analytical and experimental steam volume values come out
approximately same and which shown good qualitative
agreement between analytical results and experimental results.

5. RESULTS AND DISCUSSION

A generalized flow network model for two-phase natural
circulation analysis estimates the flow distribution and dryness
fraction in the various evaporating tubes. Figure 5 shows the
dryness fraction of the various evaporator tubes in a natural
circulation boiler. The total flow through the natural
circulation circuit is estimated, and the circulation ratio is
studied for different pressure and load conditions.

Presented results show the circulation ratio and void
fraction parameters in the evaporating tubes for the whole
range of designed operating conditions from 30% to 100% of
the nominal full load.

5.1 Effect of load on the circulation ratio

Figure 10 shows the effect of load on the circulation ratio.
It is observed that the circulation ratio decreases with increase
in the load. It can be primarily attributed to the increase in the
rate of combustion and heat transfer results in higher dryness
fraction and hydraulic resistance. An increase in dryness
fraction also results in higher driving force but the effect of
increase of dryness fraction on hydraulic resistance dominates
over the effect of increase in the driving force.
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5.2 Effect of Pressure on the circulation ratio

Figure 11 shows the effect of pressure on the circulation
ratio. It is observed that the circulation ratio decreases with
increase in the pressure. It can be primarily attributed to the
decrease in a specific volume of steam with an increase in
pressure. The decrease in a specific volume of steam with an
increase in pressure increases the density of evaporator tubes
and riser column. This causes a reduction in driving force and
subsequent reduction in flow rate.

—@— Pressure= Bkg/cm

®— Pressure= Bkg/cm

Circulationratio
8

—8— Pressure=

0 20 40 60 80
Load (%)

Figure 10. Circulation ratio with different load
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Figure 11. Circulation ratio with different pressure

0.45

04
0.35
—e— Pressure= 6kg/cm?

®— Pressure= 8kg/cm?

Pressure= 10kg/cm?

02 Pressure= 12kg/cm’

Void fraction

®— Pressure= 14kg/cm?*
®— Pressure= 16kg/cm?
—8— Pressure= 18kg/cm’?

—e— Pressure= 20kg/cm?

0 20 40 60 80
Load (%)

100

Figure 12. Void fraction with different load
5.3 Effect of load on the void fraction

Void fraction is a very important parameter for the hydraulic
design of a natural circulation boiler. Figure 12 shows the
effect of load on the void fraction. It is observed that the void
fraction increases with increase in the load. It can be primarily
attributed to decrease circulation and increase in dryness
fraction.



5.4 Effect of pressure on the void fraction

Figure 13 shows the effect of pressure on the void fraction.
It is observed that the void fraction decreases with increase in
the pressure. Void fraction is the primary function of dryness
fraction and specific volume. It increases with increase in
dryness fraction and specific volume. An increase in pressure
leads to a decrease in circulation ratio and increase in dryness
fraction. Due to this effect void fraction can increase but
increase in specific volume dominates over this effect and void
fraction decreases with increase in pressure.
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Figure 13. Void fraction with different pressure

6. CONCLUSIONS

In this works, 53 channels network model for natural
circulation of hybrid boiler analysis is presented to calculate
the two-phase flow distribution among the evaporator tubes.
This model developed using the combined effect of pressure
and heat load conditions. The relevant physical phenomenon
was accounted for nonlinear approach and two-phase flow in
various channels. The model is validated by using a unique
indirect method, where the boiler is fired and pressure is raised
without consuming the steam. Void fraction and its impact on
water level is calculated and compared with actual water level.
The model shows good agreement with the experimental
results with a maximum error of 3.57%. The two-phase flow
distribution model is extremely useful in identifying the
critical evaporator tubes with higher dryness fraction or less
flow. This model can be used to predict the different failure
modes like a departure from nucleate boiling, higher void
fraction, phase stratification and two-phase flow instability in
critical evaporator tubes and optimize the flow network design
to safeguard tube from different failure modes.

The study can be used to deduce the design criteria for the
design of natural circulation circuit of the hybrid boiler. The
most important design aspect of the natural circulation circuit
is to ensure a sufficient mass flux of circulating water to avoid
burnout of evaporator tubes.
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NOMENCLATURE

Ap

Driving force, kg/cm?

948

e

=

ST r<xXgoegXxXkroxICQ@

Aprf
Aprd
hig

Apdr

APdd

Acceleration due gravity, m/s?

Height of riser and downcomer column, m
Dynamic coefficient

Rate of heat transfer, W

Pressure drop in circulation circuit, kg/cm?
Martinelli parameter

Two-phase multiplier

Flow, kg/s

Diameter of downcomer, m

Quality of mixture

Velocity,m/s

Length of downcomer,m

Frictional factor

Specific volume(m3/kg)

Frictional pressure drop of riser

Dynamic pressure drop of riser

Latent heat of evaporation, J/kg

Frictional pressure drop of downcomer
Dynamic pressure drop of downcomer

Greek symbols

o Void fraction

p Density, kg/m?
L Viscosity, kg/s-m
Subscripts

| Liquid

v Vapour

S Steam

d Downcomer

r Riser
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