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Abstract

CFB technology has gained more attention over the past few years. Most probably
due to its efficiency and ability of achieving low emissions. New strict governmental
regulations regarding emissions are continuously imposed which makes CFB boil-
ers a promising candidate for future industries. One way to facilitate the imple-
mentation of CFB boilers is by making it cheap option. Currently these boilers are
equipped with expensive urgent feed water systems for boiler safety, in case of elec-
tricity loss. Since there are no accident records this equipment is still in controversy.

This thesis analyses the physical process of steam in a 350 MW super critical
circulating fluidized bed boiler during sudden electricity failure. By obtaining infor-
mation about the dynamic process of steam properties it will be possible to estimate
the necessity of the urgent water feeding system in future applications.

With some simplifications a three dimensional model was created to solve en-
ergy equations. The model includes thermal processes like conduction, radiation
and convection of steam, bulk material and air. The final model predicts the dy-
namic progress of these.

The highest temperatures achieved is located in the bottom of the furnace, the
conductive part, and lies around 875 K which is slowly continuing to increase. How-
ever, this temperature lies in the acceptable span for wall conditions which indicates
a possibility for economic savings. Further studies need to be conducted in order to
conclude whether the emergency system can be neglected.

Keywords: super critical steam, circulating fluidizing bed boiler, electricity failure,
safety
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Introduction

As aresult of the economic development, the worlds energy requirements are grow-
ing. Statistics show that this growth can be observed in the increasing consumption
of coal, oil and other fuels [2]. This has, and will continue to have negative envi-
ronmental effects. However, new energy efficient technologies have become popu-
lar field of research. Amongst these relatively new technologies are the circulating
fluidized bed (CFB) boilers. CFB technology has gained more attention over the
past years. Most probably due to its efficiency and ability of achieving low emis-
sions. New strict governmental regulations regarding emissions are continuously
imposed, which makes CFB boiler a promising candidate for future industries [3].
CFB boilers are fuel efficient and there are even possibilities to implement carbon
capturing techniques which enables low carbon dioxide emissions [4]. By combust-
ing biofuel even negative emissions may be achieved and carbon dioxide removed
from the atmosphere [5].

One way to facilitate the implementation of CFB boilers in industries is to make
it economically viable. Currently CFB boilers are equipped with urgent water feed-
ing system for boiler safety during electricity loss. This type of equipment has an
investment cost around 27 million SEK [6], excluding extra cost for regular safety
checks. For a 350 MW boiler it is estimated that the total loss of a single electricity
failure accident is around 14 million SEK [6]. The most critical event for the water
feeding system would be in case of electricity loss. There are currently no field test
data, accident records or previous studies regarding this subject. Therefore the water
feeding system is still in controversy.

1 Objective

The purpose of this thesis is to investigate the dynamic change of steam temperature
in a super critical CFB boiler during electricity loss in order to conclude whether
economic savings can be made or not.

2 Scope

The thesis will cover boiler sizes of 350 MW and only of the type super critical CFB.
The geometry is simplified which excludes furnaces with wing walls, division walls
and refractory. Also corrosion on tubes has been neglected. However the produced
code is general and by changing initial conditions ultra super critical steam and
larger boilers can be simulated.

3 Constraints

Considering time limitations and available computer power only energy balances
will be solved. In order to make an efficient program the boiler has been simplified



to a quadrangular form and assumptions for developed heat equations are discussed
further on.

4 Background

Combustion in CFB boilers occur at relatively low temperature which regulates the
production of nitrogen oxides and minimizes fouling and slagging. Another advan-
tage with these type of boilers is the possibility to use a wide range of fuels [7]. A
typical setup of CFB boilers is illustrated in figure 1. Depending on the manufac-
turer the design might be somewhat different, however the basic principles remain
the same.

CIRCULATING
FLUIDIZED
BED
BOILER

FLUE GAS

COMBUSTION A

FLUIDIZING AIR

FIGURE 1: Schematic figure of a CFB boiler [8].

At the bottom of the boiler is a bed of inert material, mostly some sort of sand, which
is mixed with fuel. Limestone may be added in order to reduce the sulphur oxide
emissions if sulphur rich fuels are used. Air is supplied by a drive fan at high pres-
sure which lifts the bed material and keeps it in suspension. At this stage combustion
occurs. Air is supplied at several levels for an even distribution. Particles of coal, ash
and bed material are carried along with flue gases into the cyclone where the heavier



particles are separated and brought back to the bed. The remaining hot gases from
the cyclone pass heat transfer surfaces and exit the boiler. When CFB boilers operate
at steady state the heat released from the combustion will be adsorbed by the steam
in the heating surfaces surrounding the furnace. Therefore the furnace and steam
temperature will be constant and stable.

CFB boilers contain around hundred tons of circulating high temperature bed
material which may lead to danger during electricity loss. After power outage the
water feeding pump will shut off causing a breakdown of water supply. Simultane-
ously all air fans, draft fan and fuel supply will stop. Bed material will drop to the
bottom and accumulate continuing to release heat to surrounding surfaces.

Since the super critical CFB bed does not have a steam drum the feed water
goes straight from the boiler furnace to the steam turbine. In case of electricity loss
the feed water pump will stop and no more feed water will enter the tubes. There-
after the emergency pressure releasing valves will automatically open and the high
pressure steam released into the atmosphere [9]. Steam in heating surface tubes will
decrease and the temperature and pressure of the steam change dynamically.

There are several possible outcomes of this event. If the radiated heat from the
accumulated hot solids in the bottom can not be adsorbed by the steam, the wall
temperature will increase until it reaches a point whenthe tubes will burst. This
could pose a risk to structural integrity and/or explosion hazards. For a 350 MW
super critical CFB boiler the total loss of such an event may be estimated to over 14
million SEK. To reduce these losses some boilers are equipped with an emergency
water supply system. The initial investment cost for such a set is estimated to around
27 million SEK, excluding additional costs for regular safety checks, see figure 2 for
illustration.

Water tank

I /
- ‘ ® - Taper valve
.[:I ) \ \

Control valve

\_ /\

; ) ()
L T S PN PE—

\ High-pressure bypass

Emergency water pump

Flow chart of an emergency water supply system

FIGURE 2: Schematic figure of emergency water supply system [10].

There are currently no field test data, accident records or previous studies regarding
this subject. Electricity loss is a small probable event and urgent water feeding sys-
tem is relative expensive. If the walls do not reach the temperature limitation these
costs might be saved [9]. Due to these high costs and lack of data the requirement
for an urgent water feeding system for boiler safety is still in controversy.



Theory

This chapter gives an introduction to the heat transfer concept and mechanisms rel-
evant to this thesis in order to strengthen the calculations and assumptions.

5 Heat transfer mechanisms

Energy can be transferred through many different ways. The most general way of
describing the energy equation is by the following terms

" Accumulation = Input - Output + Source”
Below are some relevant mechanisms in which these terms can be expressed. Their
mathematical descriptions are explained further.

5.1 Convection

Convection is comprised of two mechanisms. Besides energy transfer due to diffu-
sion it can also be transferred by bulk motion. If a temperature gradient is present
this would result in heat transfer [11]. There are several types, forced and natural
convection. Forced convection occurs due to flow caused by external means while
the latter occurs due to buoyancy forces. Convection is quantified with the convec-
tion heat transfer coefficient 4, unique for each fluid and circumstance. Equation 1
shows the mathematical description.

q = hA(T — Ting) M

Here T is the surface temperature, Ty, fluid temperature and A heat transfer area.

5.2 Thermal conduction

The law of conduction, also known as Fourier’s law [12], shows that the heat flux
depends on the material conductivity, k and temperature gradient, see equation 2 for
the complete 3D case.

q=—kAVT )

5.3 Radiation

Another heat transfer mechanism is thermal radiation. This type of electromagnetic
radiation is generated by thermal motion of all particles. Consequently all materials
with a temperature above absolute zero will emit radiation. However it may not be
a major contribution at lower temperatures. The mathematical description of this
process is presented in equation 3.

Gisj = €0 AF (T} — T}) (3)



Equation 3 describes the radiated energy of a grey body per unit time from area i to
area j. Here ¢ is the Stefan-Boltzmann constant, ¢ is the emissivity factor and A the
radiating surface area. One term which will require more attention is the view factor
Fi_,j. The most general form for the view factor can be seen in equation 4 [11].

1 cos(0;) cos(0;)
Fz%] - Az/A, /Aj —71'82 dA]dAz (4)

Definition of angles and areas is illustrated in figure 3.

FIGURE 3: Two elemental areas in arbitrary configuration where i=1
and j=2. Arrows are normal vectors to respective surface.

Two other important relationships regarding view factors are presented in equation
5. These are valid for surfaces in an enclosure.

{ AiPl']' = A]'Fji (5)

Y Fi=1

In order to calculate heat generated by radiation in an enclosure of N surfaces a
total of N? view factors are needed. However each view factor does not need to be
directly calculated due to symmetries and relationships in equation 5.

Algebraic relations for some 3D geometries are tabulated and available from
Howell (2010, [13]). From these tables view factors for aligned parallel rectangles
and perpendicular rectangles with common edges may be calculated [11]. By using
these together with the relations in equation 5 each factor can be obtained.

6 Finite Volume Method

The Finite Volume Method (FVM) is a tool to transform a set of partial differential
equations into a system of linear algebraic equations. The discretization procedure
integrates and transforms the partial differential equations into a balance equation
over an element. Surface and volume integrals are transformed to discrete algebraic
relations over elements and surfaces which yield a set of semi-discretized equations.
Thereafter interpolation profiles are chosen to approximate the variation of the vari-
ables within an element so that surface values can be transformed to cell values [14].



6.1 Discretization schemes

In order to derive useful forms of the differential equation, interface properties and
gradient of the temperatures at each surface is required. The six faces are labelled as
east, west, north, south, top and bottom, further on referred to as E/W/N/S/T and
B, see figure 4 for illustrative example in 2D.

}r|' 1
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yj & Lty I ne
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FIGURE 4: Illustration of labels for nodes [15].

Temperature values and properties are defined and evaluated at nodal points. Prop-
erty variation needs to be approximated across boundaries in order to calculate
fluxes at control volume faces. There are several ways of doing this. Linear approx-
imation is a simple way of calculating interface values and gradients [14]. This type
of scheme is called central differencing. It satisfies fundamental properties like con-
servativeness, boundedness and transportiveness, required for stability. However,
the scheme does not consider the direction of the flow, which is important especially
for highly conductive flows. Linearly interpolated values for the property ® may be
evaluated as in equation 6 and the flux terms as in 7. Property values at each cell
boundary is thereby calculated as an averaged value between the nodal points.

Dp + Dy
Dy = - ) (6)
oT| o Tp=Tw
dx w AXWP (7)
oT | ~, Te=Tp
dx e ~ A.X'pE

Subscript P stands for a general nodal point and W/E/N/S/T/B for nodal points
in corresponding direction. In order to validate the accuracy of the solution a grid
dependence check has to be made. If nodes are added and the solution differs from
the one obtained a finer mesh has to used for accurate results.

6.2 Explicit and implicit schemes

Time dependent problems require methods for integration over time. Amongst these
methods are the explicit, implicit and semi-implicit schemes. The explicit scheme
only uses values at the current time to predict the temperature at a later time step. It
is based on backward differencing and its error accuracy is first order with respect
to time. However, there are some limitations with this method. There is a maximum

2
limit in time step At < pcp% which is why it is not recommended for general



transient problems. If the time step is chosen with care, the explicit scheme may be
efficient tool for conduction calculations [12].

The fully implicit scheme only uses values of the next time step in order to es-
timate the new value. This method is unconditionally stable for all time steps. The
accuracy is just like the explicit scheme, first order with respect to time, which re-
quires small time steps to ensure accuracy. Due to the implicit scheme robustness
and unconditional stability it is recommended for general purpose transient calcu-
lations [12]. However, this method requires internal iterations which increases the
computational cost in comparison to the explicit scheme.

7 Energy balance

The energy equation will be solved by using the finite volume method, explained
further in this section. First law of thermodynamics state that the change in internal
energy is equal to added heat minus the work done by the system. Applying this on
an infinitesimally small element illustrated in figure 5 leads to relation 8.

Rate of work done on ele-

+ ment due to body and sur-
face forces

(8)

The first term represent the dynamic change of energy in the element. Assuming
static elements lead to equation 9 using p for the material density and c, for heat
capacity.

Rate of change of energy _ Net flux of heat into
inside the fluid element the element

Rate of change inside

oT
= pcp=—dxdyd 9
fluid element TR ©)

(x, y, z)jI 5z
____________ E
N \3

FIGURE 5: A fluid element [15].

The last term of relation 8 can be neglected, due to the static assumption of steam
and solids. The second term however, will include heat fluxes due to absorption or
emission of radiation and heat transfer across surfaces due to temperature gradients
(like thermal conduction and convection).

As seen in figure 5 the heat transferred by thermal conduction across the x-axis
will be the following.



9] d
(Gx — (Gx + %dx))dydz = —%dxdydz (10)

For the full 3D case, after implementing equation 2 for q, equation 11 is obtained.

Jdx o0x

Heating of element by _ ( d kaT d kaT d,0T
)

thermal conduction y oy * szaz> dxdydz (1

Consequently the equation to be solved for the solids is equation 12. Note that
boundary faces will have different equations.

AT _ 9T AT 3 aT

Prar ~ ax'ox "oy oy " oz oz
The partial differential equations will differ somewhat for the top layer since ra-
diation and convection of air need to be considered, see equation 13. After some

rearranging and accounted influence from the radiating source term, the equation
will become:

(12)

9T 9 T 3
9

LT _ 9, 8£+ 0 .,0T  hg,dxdy
Prar = ax" ox y oy 0z 9dz  0xdyoz

) Smdiation
YL (T TuZT)Jf_ axayaz (13)

The source term accounts for the energy leaving the top cells through radiation. Below
is the radiation defined as the energy leaving the top surface, see equation 14.

Sradiution - EO'AxyT4 (14)



Method

The complexity of the problem required a division into several sub calculations. The
first step was to obtain the dynamic change of solid temperature. In the second
step the heat balance equation was solved for steam to obtain the dynamic change
of steam temperature and pressure. Consequently view factors were calculated to
couple the previous balances. Boundary conditions were updated and the dynamic
change of temperatures depend on each other.

8 Geometrical description

The geometrical description of the solids and surrounding walls are described ac-
cording to dimensions of furnaces manufactured by Dongfang Boiler (DFB) [16].

The furnace is quadrangular and solids have a total weight of 150 tonnes. The
bed is 9.81 meters long, 9.81 meters wide and 31.02 meters high. During electric-
ity loss the height occupied by the solids will be 0.86 meters. Wall thickness is 1.5
centimetres and tube diameter 2 centimetres [6]. Steam walls are modelled in two
dimensions. See figure 6 for the simplified geometry.

31.0¢

0.86

0.015

FIGURE 6: Simplified geometry and mesh of furnace [1].
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9 Energy equation for solids

In order to solve the equations discussed in section 7, each term has to be discretized.
Therefore equations 12 and 13 are integrated over the control volume and a time
interval from t to t+At. Integration over the control volume means that heat fluxes
need to be evaluated at the faces. The total amount of heat absorbed or emitted in
a cell is determined by Q. Calculation of Qs depends on whether the current
cell P is in a corner, edge, face or interior. Surrounding cells are named after their
direction and Qs is created as a sum defined in equation 15.

qum = Qe - Qw + Qt - Qb + Qn - Qs (15)

Each Q may have a different form depending on their direction and position. Calcu-
lated Qs,;» will be used to update the bed temperature as following;:

Tpea(x,y,z,t + At) — Tpeg(x, 1,2, t
PbedCp,bed bed (X, Ai bet (%, )AxAyAz:qum (16)

9.1 Discretization schemes

The conduction term in x-direction will be evaluated as following equation 17.

oT oT Te—1Tp

Tp — Tw
—| —kwAyp—| =kA _
ox le weyE 0x lw e AxPE

17
Apr ( )

Qe — Qu = keAyz - keAyz
This procedure is applied in each direction. Heat fluxes are evaluated at the faces
and the method used to estimate properties was the central difference scheme. The
gradient at the mid point (e) between point P and E is evaluated using this specific
scheme. Accuracy is second order [14].

Assumptions must be made in order to estimate the temperature variation with
time. Temperatures at time t, time t+At or a combination of these may be used
to calculate the temperature at the following step. When only using the current
time temperatures the scheme is called explicit, a combination is called implicit and
if only temperatures at later time is used it is called fully-implicit. According to
Moukalled, Mangani and Darwish [14] the explicit scheme is shown to be efficient
for conduction calculations, and considering the advantage with computational cost
this scheme will be the one used for further calculations [14]. Discretization of the
time dependent term will be evaluated as in equation 18 and the temperatures on
the right hand side of equations 12 and 13 will be evaluated at current time t.

oT _ Tp(x,y,z,t+At) — Tp(x,y,2,t)
or At

(18)

9.2 Boundary conditions

After evaluating the discretized form of the energy equation there are inevitably
some difficulties. For example either a temperature or energy flux is required at the
faces, edges and corners. Since there are no temperatures defined outside the mesh,
equations can not yet be solved.

A heat flux was chosen to be defined as the boundary condition and several
heat transfer mechanisms have to be considered. Namely convection of steam, ther-
mal conduction through the wall and contact resistance. Contact resistance consider
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the actual surface area that is in contact. This arise due to non flatness and roughness
of the contacting surfaces.

1 + dwall

Rior =
hsteam kwall

+ Rcontact (19)

Equation 19 is a measure for the total resistance used in equation 20 which allows
the boundary condition to change with time together with the dynamic change of
steam and bed temperatures. Note that the steam position corresponds to a position
parallel to the bed cell.

T, X, Y,z,t) — Tpea(x,y,z,t
voundary = — steam( / I){t . ‘ ( / ) (20)
0

Boundary conditions will depend on the type of cell; corner, edge, face or interior.
For top boundary cells radiation and air convection needs to be considered therefore
equation 21 is needed.

Qr = UeAxyTbed(xr Y,z t)4 + hairAxy<Tbed(x/ Y,z, t) - Tuir(t)) (21)

Interior cells will only consider conduction in each direction as described in equation
17. For bottom corners; three parts of Qs,,, will consist of the pre calculated heat flux
Qvoundary, @s in equation 20. Top corners will have two Qboundary Parts and one part
(Qy) representing the radiation and convection of air, see equation 21. Top edges will
consist of one boundary type of equation 21 and one of equation 20 while bottom
edges will have two of the form in equation 20. Lastly, all faces except top will have
one boundary condition of the form as in equation 20 while the top surface will
consider radiation and air convection as in equation 21.

10 Energy equation for air

Air is cooled by convection to walls and heated by solid top surface according to
equation 22.

Toir(t + At) — T, (t Tir(t) — T, t
mr( A)t azr( ) = —Awalls alr( )Rt ; n'wans( ) +Abedsurfacehair(Tmeunb(t) - Tair(t))
ot,air

(22)

Average steam and bed temperatures are used, with subscripts means and meanb.
Riot 4ir takes the resistance of convection of air, steam and conduction of walls into

account, see below.

Pair Vaircp,air

1 dyy 1
Riotair = —— + 222 + — 23
fot.atr hsteam kwull hair ( )

11 Energy equation for steam

After obtaining temperature changes in each solid cell the steam walls can be mod-
elled. Heat fluxes are extracted from previous solution and arranged to fit a defined
number of wall segments for the conductive heat transfer. Thereafter segments in
the radiating part are defined. Each surface is labelled and arranged into a three
dimensional matrix. The outer part of the steam wall is assumed to be isolated.
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First number of wall segments in the conductive section are defined as number
of height (p;) and width segments (p,). Thereafter solids top surface is arranged
to have the number of elements p, across the width and p, across the length. Top
surface temperatures are estimated for each time step. Energy transferred through
the wall to the steam side is gathered in qg,.

Secondly the number of wall segments in the radiating section are defined as
number of height (p,) and width segments (p,,). These numbers are used to cal-
culate view factors from top surface to each wall segment. See Appendix 17 for a
thorough explanation. View factors are used to estimate the radiating energy uptake
in one wall segment from the whole solid surface. This energy uptake is labelled g,
and used to update the steam temperature together with q,, see equation 24.

Tsteam(xz ]// z, t+ At) - Tsteam(x; ]// z, t)

PsteamCp,steam Al AxAzdype = Geosr + Qconduction (x/ z, t)

(24)

oT oT oT

Qconduction (x/ Z, t) =k (x, Z, t)Axdtuhg ox kb(x/ Z, t)Axdmbe o + ke(x/ z, t)szg - kw(xr z, t)sz

(25)
In equation 24 either q, or g, is used depending on if current wall is in contact with
the conductive or radiating area. Besides, the term Q_y;4yction in equation 25 includes
the heat transferred through conduction between cells in each direction. Heat con-
ductivity, k, is estimated using central differencing. With current cell pressure and
temperature the heat conductivity is obtained. The boundaries are considered to be
isolated. No heat is transferred through the inlet, outlet or sides.

12 Initial conditions

It is assumed that electricity loss occurs at initial time with bed material accumulated
in the bottom of the furnace having the same initial temperature. The air above is
assumed to have the same initial uniform temperature. The constructed MatLab
program allows the steam temperature to be defined as constant or as a temperature
profile.

Initial conditions are gathered in table 1. All necessary information is given in
order to solve the differential equations. Heat flux in each cell is stored as a function
of time.

TABLE 1: Initial conditions.

Initial temperature [C] | Pressure [MPa]
Bed 850 0.1
Air 850 0.1
Steam in-336 out-414 in-26.5 out-25.9

Initial conditions were based on operating conditions for 350 MW CFB boilers. In-
let and outlet steam temperatures and pressures are defined [16] [6] [17]. Initial
steam temperature profile was calculated by linearizing data. Note that the cells are
sparser for the radiating section which has to be considered. The same procedure
was performed to obtain the initial pressure profile, see figure 7.

oT

0z
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FIGURE 7: Initial profiles for one vertical wall.

The steam wall consist of 40 cells across the width. Heightwise the radiating part
consists of 50 cells while the conductive part has 40 cells, which is why the bottom
part of the figure is more dense.

The final simulation had constants and settings defined in tables 2 and 3. Initial
time step was set to 0.05 seconds and changed after 4000 iterations to 0.10 seconds.

TABLE 2: Values of constants.

Constants Value Unit
o 5.67036713e-8 | W/m°K*
T 3.141592 -
g 9.81 m?/s
R 287.05 J/kgK
R, 6e-4 m?K/W
At 0.05 1 0.10 s
Number of cells in bed 64000 -
Number of cells in one wall 3600 -

Heat conductivity of stainless steel is changing with temperature according to equa-
tion 26, where T is given in degrees Celsius [18].

ksteet (T) = 14.6 + 0.0127T (26)

Equation 26 was used to estimate a mean conductivity since the values do not change
drastically with time. Stainless steel has a melting point around 1673K and starts to
loose strength above 673K [18]. Water walls are suitable to use for steam conditions
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up to 868K-923K from a creep strength point of perspective [19]. Since ultra super
critical boilers currently are developed steam walls have become more tolerant.
Air density is designed to follow the ideal gas law, see below:

_ P My
~ RT(t)
Other air properties are considered to be constant in time. Heat capacity is evaluated
at 800K [20] and heat transfer coefficient estimated to be 25 W/m?K [21].

Bed material consist of silica sand and air. Sand properties are constant in
time and properties obtained from AZoM, online publication for the Materials Science
Community [22]. All properties are gathered in table 3.

Pair(t) (27)

TABLE 3: Properties for wall, air, steam, sand and bed material.

Properties Symbol | Sand | Air Bed Steam Walls Unit
Bed porosity « 0.7 - - - - %
Heat conductivity k 1.4 | 0.095 | 1.0085 | CoolProp | 21.9025 | W/mK
Heat capacity Cp 800 1100 890 | CoolProp - J/kgK
Heat transfer coeff. h - 25 - 100 - W/m?K
Molar mass M - 0.029 - - - kg/mol
Density o 2650 | p,ir(T) | 1855 | CoolProp - kg/m?
Emissivity € - - 0.8 - 0.8 -

The dynamic steam properties are evaluated with CoolProp which is a C++ library
storing properties of pure and pseudo-pure fluids. These fluids cover a wide range
of industrial heat transfer media. Hence a majority of the fluids cover extreme tem-
peratures. CoolProp license cover academic works [23] and is applicable in MatLab.

13 Code structure

The final code was developed to be as general as possible. It consists of one main
script, several functions and one database. The main script allows properties for bed
material, air and walls to be defined. Either constant or dynamic with temperature.
Steam properties are estimated with the database CoolProp and initial conditions can
be defined as either constant or linearized. Initial time step can be set in the be-
ginning but allowed to be altered during simulations. The geometry of the furnace
may have any quadrangular form. Number of cells in each direction for the solids is
defined first. Thereafter number of cells for steam walls are required to be the same
across the width but altered at height. Different values can be chosen for conductive-
and radiating part.

After these conditions are set one function will calculate view factors, which
will be used for calculation of radiating heat flux. The code will enter the time loop
and firstly update each solid cell temperature which is followed by air temperature
update. Thereafter conductive heat flux will be extracted and radiating heat fluxes
calculated. Finally steam temperature will be updated, thereafter the boundary con-
ditions and this procedure will be repeated until finished.

There are possibilities for this code to be widely applied. For example, differ-
ent type of solids could be investigated and their heat transfer compared. If more
time were to be available different initial conditions and more complex heat transfer
mechanisms would be considered.
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Results and discussion

This section will present the results and discuss the dynamic change of air, bed and
steam. Figure 8 shows the air temperature. It is quickly cooled by the surrounding
walls and after approximately 30 seconds it is heated from the solid surface until it
reaches a steady temperature of 705 K (432°C). The cooling of the top surface is a

slower process compared to the steam temperature increase, which is why the air is
heated after a while.

Time dependent air temperature
1200

1100
1000 |
900

800

Air temperature [K]

700

6[}0 1 1 1 1 1 ]
0 100 200 300 400 500 600

Time [s]

FIGURE 8: Temperature profile for air.

If air were to have flue gas properties other results may be expected. In that case
emissivity should be considered, which would result in additional radiation to the
surrounding walls. Some radiation emitted from the solids would also be absorbed.
Additionally, flue gas properties are somewhat difficult to estimate since they de-
pend on fuel composition and temperature. In CFB boilers air is supplied which
keeps the solids in a suspension, this air is mixed with flue gases during normal
operation. Air and flue gas amount and composition will change during electricity
loss which makes the process complex. Therefore it is difficult to evaluate what the
profile would look like in case of flue gas. In order to further increase accuracy it
would be convenient to split the air into several cells.
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14 Dynamic solid progress
Dynamic change of temperature in different bed cells are introduced in figure 6. Bed

cells are labelled according to x-, y- and z-coordinates in metric units and different
positions are investigated.

Temperature profile for bed cells
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FIGURE 9: Temperature profile for solids.

It is clear that top corner cell, labelled [9.81, 9.81, 0.86], is cooled faster in comparison
to other parts. Probably due to the fact that it is cooled by conduction to the walls on
two sides and radiation on top. It is followed by top middle cell [4.905, 4.905, 0.86]
and lastly face middle cell [9.81, 4.905, 0.43]. Top surface is initially cooled faster
considering the large temperature differences which drives the heat transfer. Since
radiation has a T* dependence it is more sensitive to temperature changes. Thus it
is cooled exponentially in comparison to conductive cells which have a linear tem-
perature dependence. The slope of the bed cell temperature decreases after approxi-
mately 400 seconds and temperatures become more even. Nonetheless, equilibrium
has not been reached. It is interesting to notice that the bed surface temperature is
approaching a steady temperature around the same stabilised air temperature.

Figure 9 shows that the bottom corner is cooled much slower and therefore a
large amount of time will be needed before reaching equilibrium. The critical point
for the steam in the conductive area would therefore be in the bottom corner.

One assumption regarding the solids was that it consists of silica sand. How-
ever a more realistic scenario would be to include properties of fuel. It is possible
that some combustion will occur inside the static solids even after electricity loss
due to the high temperatures and presence of residue oxygen. This would result in
a source term continuing to heat each solid cell. Energy created from combustion
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would most likely be larger in comparison to the conductive cooling. Therefore, bed
temperatures might continue to rise for some time resulting in a larger heat flux and
higher steam temperature overall. This process will depend on the type and amount
of fuel in the furnace. However, if coal is used as fuel combustion will stop rela-
tively quickly. Since there is no air supply combustion will not last long. From this
perspective the assumption of bed material may be acceptable.

This thesis has not considered the effects of ash. Remains after combustion
may include incombustible byproducts and ash. These remains can stick to furnace
components, such as walls, called slagging. Slagging may attenuate heat transfer
ultimately leading to a lower steam temperature.

15 Dynamic steam progress

Different cells were investigated and table 4 shows the placement of each profile.
The purple background stands for the conductive area and the light blue part for the
radiating. Profiles are extracted on the left side of the wall since the results are sym-
metrical. Boxes including a white line represent the dashed lines in the following
figures and the colour of each position is the same in all figures.

TABLE 4: Placement of temperature 1D profiles.

i b

The dynamic progress of different cells defined by width and height coordinates are
presented in figure 10.
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FIGURE 10: Temperature profile in south steam wall.

It can be observed in figure 10 that upper part of the walls are less sensitive to radia-
tion (red and blue dashed lines and green solid line). Parts closer to the solid surface
are more exposed and vulnerable to radiation. Highest temperatures are reached
in these areas after approximately 240 seconds. Maximum temperature achieved is
820 K. At this time figure 9 shows that the slope of the top cell temperature [x=9.81,
y=9.81, z=0.86] and middle surface temperature [x=4.905, y=4.905, z=0.43]) decrease.
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Steam temperature in conductive part
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FIGURE 11: Conductive area after 200 seconds.
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FIGURE 12: Radiating area after 200 seconds.

Surface plots of steam temperatures in south wall are presented in figures 11 and
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12. The trends of the temperature are clear. The conductive part has shown to have
higher temperatures, as seen in the different limits of the colour bar between the fig-
ures. The maximum temperature in the conductive part goes up to 875K and is still
increasing. Since top corner solid cells are cooled faster it will result in lower steam
temperatures in the upper corner of the conductive area. The highest temperatures
achieved in the radiating part is located in the bottom center cells.

Walls are suitable for steam temperatures up to 868K - 923K. Therefore it is
difficult to estimate precisely which temperature would cause the tubes to burst.
However, results show that the maximum temperature achieved is located in the
middle of the acceptable span. According to these simulations it would take around
280 seconds until this maximum temperature is reached. Since there is no data from
real cases it is difficult to compare these results with reality.

Heat flux in wall cells [x,z]
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FIGURE 13: Heat transferred through south steam wall.

Figure 13 shows how much energy has been transferred in each cell. In order to
compare these results the total amount of heat has been divided by respective area.

Top wall cells receive less energy compared to the conductive heat. It is also
observed that the heat transfer will change direction in some parts and steam will
begin to heat the furnace after approximately 200 seconds. This is observed in the
top sub figure where the green line heat transfer reaches zero after 200 seconds. This
also explains why the slope of the bed cell temperatures start to decline.

The bottom sub figure shows that the heat received in the conductive part is
the largest. The most critical area will therefore be in the bottom corners, since the
bed temperature in these areas will be the largest for the longest time. The highest
temperatures achieved in the conductive part lies around 875 K and is still increas-

ing.
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16 Simulation process

MatLab was shown to be very slow with increasing number of cells which is why
the code had to be separated and restarted with new initial conditions every 200 it-
eration. In the end each file had to be loaded and relevant results gathered. Another
way to overcome this would be by restructuring or simplifying the code or perhaps
use the program Fortran. This was one of the reasons why momentum and mass
balances were neglected. After running and timing each section it was shown that
the function which updates the steam temperature in the radiating part takes the
longest time. This part was restructured and simplified but still took up the largest
amount of time.

Time step of 0.05 seconds was used for 4000 iterations. The time step 0.10 sec-
onds was tested for 100 iterations and by comparison the difference was acceptably
low, indicating that it is valid for usage. Therefore iterations were continued with
time step 0.10 seconds.

Different mesh sizes were investigated. Fewer cells were shown to give dif-
ferent results. By increasing number of cells the number of view factors increases
significantly leading to a much more time consuming code. Consequently the so-
lution is not completely mesh independent. Due to time limitations and resources
there was no room for investigating larger number of cells. By using 50 cells in ra-
diating part the final size of view factor matrix was 11200 x 11200. However, results
still indicate that there is a possibility to neglect the urgent feed water system. Due
to the fact that the steam reaches temperatures between the hazard limits for the wall
further studies has to be conducted.

17 Future work

Since feed water pump is out of power the movement of steam will be caused by
pressure gradients. Therefore, a more realistic scenario would be a rising steam. This
implementation would most likely result in a more even spread of energy which is
taken up by the radiation. The upper part of the furnace would probably have a
larger temperature increase.

One important aspect would be to include momentum equations. By solving
the momentum equations steam would move upwards and the steep temperature
increase between the conductive and radiating parts would most likely spread out
making the result more accurate. The overall steam temperatures would be slightly
decreased due to steam movement.

As previously mentioned further investigation should introduce mass- and
momentum balances. Following equations should therefore be included. Mass con-
servation in equation 28.

9 _
20+ Viou) =0 (28)

Momentum balance in equation 29 includes forces due to pressure gradients, shear
stress and gravity where u is the three dimensional velocity field.
Jdpu

SF + V(puu) = pg — VP + uVu (29)

Since the steam temperature increase was high but not extreme, other more econom-
ical emergency equipment might be considered. One method currently installed in
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Chinese CFB boilers is the PCV, Pressure Control Valve. It is often installed at su-
perheater outlet to prevent steam pressure from exceeding a specific value. It opens
before the safety valve to avoid frequent use of the safety valve which could shorten
its lifespan. During electricity loss the PCV automatically opens to reduce the steam
in the walls. There are good possibilities that this implementation would be enough
to ensure safety of steam walls during electricity loss. However, this field requires
additional investigation.
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Conclusions

A three dimensional model of the heat transfer in CFB boilers has been developed
and implemented. The model includes energy balances for air, bed materials and
steam. Due to the general structure of the code there are possibilities for it to be
widely applied.

The main parameter that has been investigated in this study is the tempera-
ture. Simulations shows that air stabilizes relatively fast around 705K. Bed tempera-
tures decrease relatively fast for the upper layers while the lower parts decrease at a
slower pace.

The highest temperatures achieved is located in the bottom of the furnace, the
conductive part, and lies around 875 K which is still increasing. This temperature lies
in the acceptable span for wall conditions. This indicates a possibility for economic
savings. However, further studies are required for a conclusion about the urgent
water feeding system.
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Appendix A

Calculation of Q,,,, for solids

The calculation of Qs depends on whether the current cell is in a corner, edge,
face or interior cells. The surrounding cells are named after their direction. Qs is
formed as a sum of these as in equation 15.

qum = Qe - Qw + Qt - Qb + Qn - QS (30)

Each Q has a different form depending on their direction. Interior cells will only
consider conduction in each direction. The form for Q, will for example be:

(x+Ax,y,z,t) — T(x,y,2,1)
Ax

T
Qe = kbedAyz (31)

For bottom corners three parts of Qs Will consist of a pre calculated heat flux called
Qboundary S€€ €quation 32.

T X, 7 Z, t - T X, 7 Zl t
Aboundary = steam( / I)Qt ; bEd( / ) (32)
0

In equation 32 Ry considers the resistance of steam convection, conduction and
contact resistance between the wall and solids. Since this heat flux depends on bed
temperature it will be updated after each time step.

Top corners will have two qpoundary parts and one part (Q;) representing the
radiation and convection of air, see equation 33.

Qr =0eAyT(x,y,z £+ hair Ay (T(x,y,2,t) — T,ir(t)) (33)

Top edges will have one boundary of equation 33 and one of 32 while bottom edges
will have two of the form in equation 32.

Lastly, all faces except top will have one boundary condition of the form as in
equation 32 while the top surface will consider radiation and air convection as in 33.



ii

Appendix B

View factors

Several equations were used for the calculation of view factors. A general function
was made returning view factors from surface i to surface j F(i,j) depending on given
geometry. The available equations were used for rectangles with common edge, par-
allel rectangular surfaces across each other, rectangle to rectangle in a perpendicular
plane and lastly rectangle to rectangle in a parallel plane. The equations for rect-
angles with common edge and parallell rectangular surfaces were obtained from
literature [11], see equations 34 and 36 respectively.

Rectangles with common edge

For the first defined view factor the length of the segments, X, will be the same while
the width of surface i is defined as Y and the height of surface j as Z. View factor from
i tojis defined below with the relevant variables defined in following equations.

F(i,j) =C [CQ —C34+0.25 1I1(C4C5C6>] (34)
Z Y
H=% W=x5 (35a)
C = b (35b)
U7 aw
C, = Warctan 1 + H arctan 1 (35¢)
2T W H
1
C3 = vV H?+ W2arctan | ———— 35d
: (m) (354)
1+ W2)(1+ H.2)
Cy = T (35e)
2 2 2 w
Co— W4(1+ W*+ H?) (356)
(1+ W2)(W2+ H?)
2 2 2 H
[ H*(1+W*+H?)
Co = ((1 (W H2)> (35¢)

Parallel surfaces across each other

The view factor for parallel surfaces is similarly defined. The length (X) and width
(Y) of the surfaces are the same and the distance between the plates is defined as Z.
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View factor from i to j is computed using relevant variables in equation 36.

P(i,j) = Cl(C2+C3+C4—C5) (36)
X Y
X=2 Y= (37a)
2
C = p— (37b)
(1+X3)(1+Y?
C, =1 37
2 n(\/ 14X+ Y2 (879
X
C3 = XV1+Y?arctan [ ——— (37d)
<\/ 1 +Y2>
Y
Cs =YV1+X%arctan [ ——— (37e)
(x/ 1+ x2>
Cs = Xarctan(X) + Yarctan(Y) (371)

Rectangles in perpendicular plane

For view factors for perpendicular plane rectangles the formula is a bit more com-
plicated. The dimensions of each surface (¢, #7, y and x) are presented in figure 14.
Equations are listed below [24]. Note that the equation is not valid if the surfaces
share a common edge.

FIGURE 14: Dimensions of two perpendicular rectangular surfaces
[13].

2 2 2 2 o
F(i,j) = C Y Y Y Y (1) G (x;, v, 11, 61)] (38)
R

1
@ = (2 = x1)(y2 — 1) (392)
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K=—2"1T (39b)
(x2+¢2)

G(x,y,1,8) = % <(y — 1)/ x* + ¢?arctan(K) — }L(x2 +) 1K) In[(x®+&)(1 +1<2)]>
(39¢)

Parallel rectangle surfaces

The final view factor calculation is done for parallel rectangle surfaces [24]. The
geometry and variables (xi, 17, z, y and x) are described in figure 15.

M

i

FIGURE 15: Dimensions of two parallel rectangular surfaces [13].

Calculation of F(i)j) is the same as in equation 36, however function G will differ, see
below.

1 y—1

G(x,y,n,&) = — — x — &)2 4+ z% arctan + 40a
(x,y,1,¢) 2ﬂ<(y my/ (x=2) ( (x—g)2+22> (40a)

-0y Zarctan (28 ) T |0 2

y—n2+z22) 2

These functions will be used to evaluate the view factors from top surface of solids
to each wall segment. The calculation is divided into several parts. The dimension
of each wall segment is stored in X, Y and Z-vectors. Thereafter each segment is
labelled beginning with the top surface followed by south, east, north, west walls
and lastly the roof. The segments are labelled from origo, positive in x-, y- and z-
directions. View factors to each roof segment is calculated using equation 36 and

40a looping over every possible combination. Thereafter the first wall segment to
each perpendicular top surface segment with a common edge was calculated with
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equation 34. Using symmetry factors for the whole first horizontal wall segments
could be defined.

Consecutive section calculated factors for each vertical wall segment to perpen-
dicular top segment by using equation 34 and relationships described in equation 5.
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Appendix C

MatLab program

The final program consists of several functions, one main script and a database. Fig-
ures 16, 17 and 18 illustrate the relations between the main script and functions.

Firstly physical constants regarding geometry and properties and mathemati-
cal constants were defined. The function meshing was used to create a mesh for the
3D solids. Steam properties were defined to change with temperature and pressure.
Thereafter initial conditions were created for the solids. Steam initial properties were
created by linearizing experimental data by the function steaminitial. Next gBC was
used to create boundary conditions based on solid and steam temperatures.

Before entering the time loop generalviewfactor calculated view factors for each

surface segment, see figure 16.

Functions Main program Database
meshing: creates i

3D cells to withold (e o Steam properties
solid temperature from CoolProp

steaminitial: This
function creates
finear temperature
and pressure
profiles in steam
walls.

Define initial
conditions for
solids and steam

Define and
create boundary
conditions

gBC: Creates and
updates boundary
heat flux

,:" generalviewfactor: /

calculates view f
factors and labels

surfaces /

Extract labels and
view factors

FIGURE 16: Description of MatLab functions, main file and database,
part 1.

Figure 17 shows the time loop. After obtaining boundary and initial conditions dif-
ferential equations could be solved. First the solid temperature in each cell was
updated with bulk, then the air temperature with airtemp. Steamtime extracted heat
fluxes to the steam and heatrad arranged top surface temperature.
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bulk: Update bulk
/ temperature and

Energy balance

boundary flux for solids

airtemp: Updates
air temperature /

Energy balance
for air

/

steamtime: Extract
heat fluxes from
conductive part

Extract conductive
heat flux and solid
surface temperature

heatrad:
/ Extract solid surface
/ temperate to fit number

of wall segments v

L

Create or update a
radiative heat flux

1

FIGURE 17: Description of MatLab functions, main file and database,
part 2.

Next a matrix with radiating heat fluxes was created and lastly steamFVM solved for
new steam temperatures, see figure 18. If time has not reached ending time then the

procedure will be repeated and solved for another time step. Ultimately the results
were plotted.

steamFVM: Update
steam temperature
/| and radiative heat
flux

Energy balance
for steam

Save properties

Has time
reached
ending time?

Repeat
No procedure for
t+dt

Yes

Plot and analyze

FIGURE 18: Description of MatLab functions, main file and database,
part 3.

Constants and properties were saved under different class names. These included



BIBLIOGRAPHY viii

steam, air, bed, sand, cons and meshcube. Other functions included but not men-
tioned are amongst others see which plots the three dimensional temperature progress
in solid cells and saveres which loads each file and gathers results in one matrix.
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Appendix D

Three dimensional results

3D results are presented in figures below. Figures show surface plots at different
times.

Three dimensional results for steam temperatures in conduc-
tive area

Steam temperature in conductive part

0.9
0.8 1702
0.7 {701
0.6
{ 700
Eos
5 | 6og =
© 0.4
0.3 698
0.2 697
0.1
696
0 |
0 2 4 6 8 10

Width [m]

FIGURE 19: Temperature profile after 30 seconds.



BIBLIOGRAPHY

Steam temperature in conductive part

0.9 L

0.8

0.7

o
@

<
)]

Height [m]

o
.

o
w

o
(i)

0.1

2 4 6 8 10
Width [m]

FIGURE 20: Temperature profile after 60 seconds.

Steam temperature in conductive part
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FIGURE 21: Temperature profile after 100 seconds.
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Steam temperature in conductive part
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FIGURE 22: Temperature profile after 200 seconds.
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Three dimensional results for steam temperature in radiating
area

Steam temperature in radiating part

351
1700
30
1695
25
690
E 20
£ <
= 685
T 15
10 680
5 675
0 . I . . |
0 2 4 6 8 10
Width [m]
FIGURE 23: Temperature profile after 30 seconds.
15 Steam temperature in radiating part
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FIGURE 24: Temperature profile after 60 seconds.
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Steam temperature in radiating part
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FIGURE 25: Temperature profile after 100 seconds.
a5 Steam temperature in radiating part
{ 800
30
o5 1780
T 20 1760
£ 3
£ 15 740
10 720
5
700
ol . I I . |
0 2 4 6 8 10
Width [m]

FIGURE 26: Temperature profile after 200 seconds.
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