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ABSTRACT

In this paper the problem of the dynamics of bodeaporator
was presented. An expression for the heat flow frate the

furnace to the evaporator, as a function of chaofjehe

pressure in the boiler drum was derived from theseovation
equations of mass and energy. First, the allowsdle of the
steam temperature change in the boiler drum waarrdeted

with respect to the total stresses on the edgeeofitum — down
comer intersection using the TRD-301 boiler redoiet. Later,
after solving the differential equation, the tengiere and
pressure changes in the boiler drum as functiortsref, have
been determined. Knowing the pressure changeseirbtiier

drum, the heat flow rate, which shall be delivetedhe boiler
evaporator was determined. On the basis of theiledions of

the combustion chamber, the changes of the fuel, flssuring
the pressure changes in the boiler evaporator owaparable
to the assumed ones, were determined. The fuaucgption

was also determined during the start up of theebddr the case
of the maximum allowable change of the temperatfr¢he

medium. The results specified in this paper canubed for

designing boilers and for the automation of thddsostart up
processes.

Keywords: Start up automation, Dynamics of boiler, Thermal

stresses.

Nomenclature
ctm — specific heat of the metal, J/(kg-K)
h, — water enthalpy, J/kg

h’ - specific enthalpy of the fluid at the saturation
temperature, J/kg
h” - specific enthalpy of the steam at the saturation

temperature, J/kg
m, — mass of the metal, kg
m, — blowdown water mass flow rate, kg/s

rm, — saturated steam mass flow rate, kg/s
m, — water mass flow rate, kg/s

p. — water pressure at the start of the heating pmdea
p. — steam pressure at the end of the heating prdeass
p. — saturated steam pressure, Pa

Qk — heat flow rate from the furnace to the boileaorator,

W
Q., — heat flow rate, W
t —time,s

T, — metal temperature, K
T, - saturation temperature, K

1. INTRODUCTION

The development of the wind turbine engineeringictvitan be
characterised by large variations in the amoundelfvered
electricity over time, generated new problems rdigar the
regulation of the power engineering system [1]high and low
wind speeds, the energy production falls rapidipatvmeans
that the conventional heat or combined gas-steartkblhave
to be activated very quickly. Steam boilers in Bbbbave to be
designed in a way, which will allow for a start apthe block
within several dozen minutes. The main componeintgihg
the quick start-up of steam boilers are thick whlgructural
elements, in which thermal stresses can occur gltinia start up
cycle.
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Figure 1. Heating rate of the pressure boiler element as a
pressure function, determined in accordance tdRie-301

regulations




To be able to ensure the appropriate lifetime afdtg of the

blocks adapted for a rapid start up, an accuradtysis of the

flow-heat processes, together with the strengthlyaisa is

required. The start up and the shut down proceskali be

conducted in a way, which will ensure that thesstes at the
locations of stress concentration do not exceedattosvable

values

German boiler regulations, TRD — 301 [2] and theodpean
Standard, EN-12952-3 [3] allow to determine 2 aHble rates
for heating the pressure element:

- vq; at the pressur@, at the beginning of the start up

process,

— vy, at the pressung, at the end of the start up process.
Heating rates for intermediate pressures shall &erchined
using the method of linear interpolation (Fig. Id be able to
heat the boiler evaporator at the maximum allowaate, heat

flow rate Q, should be delivered to the evaporator in the boile

combustion chamber (Fig. 2). The value(gj is a function of
many parameters, but for the boiler of a specifigstruction, it
depends mainly on the rate of changes of the satnnaressure
dp,/dt and the mass of the saturated steam mass flow rate

2. PRESSURE AND TEMPERATURE CHANGES IN
THE EVAPORATOR DURING THE BOILER HEATING
PROCESS

In accordance to the TRD 301 regulations (Figtlg,changes
of the heating rate/y = dT, /dt in the pressure function are

interpolated using a straight line.

dT,
dt
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The water saturation pressum(T, from Eq. (1) can be
expressed in the following way in the temperaturecfion:

p, =exp(19.710662 4.2367538 @)

Where pressure, is expressed in bars, and temperaflyyes

expressed iAC.
Eq. (1) has been integrated using the Runge-Kuttthad of

the 4-th order, at the following initial condition:
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Figure 2. Temperature and saturation pressure changes in the
boiler evaporator during the heating process
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After determining, by solving the initial conditiofL-3), the
flow of the saturation temperature in a functiontiofe, that is

Ta(t), the pressure changes(t) can be determined, e.g. from
function (2). The pressure changes gyig/dt and the saturation
temperature changes ratd, /dt in a function of time are
determined on the basis of the assumedsi(p,) (Fig. 1).

In this paper, the dynamics of the boiler evaparafahe OP-
210M boiler will be analysed. OP-210M is a pulvedzcoal
fired boiler with natural circulation. ThE,(t) andp,(t) changes,
determined fop, = 0 bar,vy; = 2 K/min andp, = 108.7 bar,
V> =5 K/min are presented in Fig. 2.

After determining theT,(t) and dT, /dt time changes, it is
possible to determine the rate of pressure chatiggslt using

the following formula:

dp, _ dp, dT
dt ~ dT, dt

(4)

where the derivativelp, /dT, for the saturated steam can be
determined by the differentiation of formula (2).
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Figure 3. Rates of the pressudg,/dt and temperaturdT, /dt
changes, during the evaporator heating process

The pressurdp,/dT, changes rate can also be calculated using
an approximate formula:

dp, _ P,(t+At)- p,(t-A1Y

dt 2At

where:At is the time step.
For the calculations, it can be assumed for exantp&At = 1
s. Temperatur@T,/dt and pressurep,/dt changing rates are
presented in Fig. 3.

®)

MASS AND ENERGY BALANCE FOR THE BOILER

3.
EVAPORATOR

Modelling of the transient state effects, occurringhe boiler
evaporator is usually done while assuming thas iam object
having a concentrated mass and heat capacity [#H}. start
point for the determination of the heat flow ragg , which
assures that the evaporator is heated at the deste@/(t), are
the mass and energy balance equations for the extapgFig.

4):
d(V'p+V"p"
ALV -, - 0, ©)
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After transforming Egs. (6) and (7) we obtain:
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Figure 4. Diagram of the boiler evaporator

Formula (8) allows to determine the heat flow r&@g, which

should be delivered to the evaporator from the agstibn
chamber in order to ensure the assumed rate opiteesure
changedp, /dt. Changes of thdp’/dp anddp”/dp functions and
the dh’/dp anddh”/dp functions, appearing in formula (8) are
presented in Fig. 5 and Fig. 6.

dp'fdp, kgdim*har
dp*idp, kamihar

S

0.1 1 10 100
P, bar

Figure 5. Changes of thdy’/dp anddp”/dp derivatives, as a
function of pressure
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Figure 6. Changes of thdh’/dp anddh”/dp derivatives, as a
function of pressure

The accuracy of in determining those functions ieryv
important. The best way is to determine those fonstthrough
analytical differentiation of thep’(p) and p” (p) functions,
obtained earlier using the least square methodh@rbasis of
the property tables.

4. HEAT FLOW RATE ABSORBED IN COMBUSTION
CHAMBER

From the conducted calculations, we can see tiah#at flow
rate Q, delivered to the evaporator can be lowered sicgifily

by reducing steam mass flow rate, delivered from the boiler
drum. The minimum steam mass flow ratg , which shall be

produced in the boiler during the start up proceas be
determined from the condition, stating that the imaxnm
allowable temperatures for the particular stageshef heater
shall not be exceeded. The furnace oil mass flaw ra_,,
delivered to the burners during the boiler starpugcess, which
is necessary to assure the heat flow @e shall be determined

on the basis of the calculations of the boiler costion
chamber.

The heat flow rateQ, ,.,, absorbed by the walls of the boiler

combustion chamber, expressed in W, can be caszllziom
the following formula:

T

2 - . Toow . sp
Qk,kom - mpaWd + n.lpow Cp poi«b Tpuw_ msp Qp T (9)

where:

M — fuel mass flow rate, kg/s,

Wy — fuel calorific value, J/kg,

m,,  —airmass flow rate, kg/s,

c, WJ;"“W — average specific heat of air, at constant pressud
at temperature from 0 B,y [°C], J/(kg-K),

Toow — temperature of air delivered to the combustion
chamber?C,

m, — flue gas mass flow rate, kg/s,

Co.sp f" — average specific heat of flue gas, at constant
pressure and at temperature from 0ifp[°C],
JI(kg-K),

T — flue gas temperature at the exit of the combusti
chamber?C.

The temperature of flue gases at the exit of thebzstion
chamber,T_ is calculated from the equation:

., _ T,+273.15
TSD: y 0.6
a
M| =2 +1

where:Bois theBoltzmann numbedetermined by the formula:

M,Ch 5
oy A T:d

andc, ., is the average specific heat of flue gases irgd(k at

-273.15 (10)

Bo= 11)

temperature ranging from, to Tag



_ T,g-273.15
os (12)

Coop™ .
p.sp Ta,—273.15

Other symbols in Egs. (10) and (11) mean:

a, —emissivity of the combustion chamber,

M - parameter characterising the elevation at wtiietflame
temperature in the combustion chamber is maximum,

Ac - arga of the waterwalls of the boiler combustibamber,
m-,

T. — theoretical (adiabatic) combustion temperati@e,

o - Stefan-Boltzmann constaot= 5.67-10% W/(m? K*),

¢ — waterwall thermal effectiveness defined as thie rof
the heat flux absorbed by the combustion chambdr wa
to the incident heat flux.

The calculation of the heat flow rat®, ,,,, absorbed by the

walls of the combustion chamber of the OP-210Mdrpihave
been calculated, using Eqg. (9). In the functiorihef fuel mass
flow rate m,, and the excess air numbé&rthe calorific value

of the oil was assumed to WM& = 41060 kJ/kg. The results of
the calculations are presented in Fig. 7.

z=(a+ox+ey+gx2Hy2+loy)/(1+bx+dy+f+hy2+ xy)
=-5799.6402 b=0.0491163 c=73693.158 d=0.65706476 e=18923 183 (=-0,00037425411
g=1224.6567 h=-0.55044914 =-9120.8028 [=0.1281819 k=-34536.165
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Figure 7. Heat flow rateQ, ,,. in kW, delivered to the

evaporator of the OP-210M boiler, as a functiotheffuel
mass flow ratern,, in kg/s and the excess air numier

It was proven, that the increase of the excessuaiber at the
assumed fuel mass flow rate,, leads to the reduction of the

heat flux, delivered from flue gases in the comionsthamber

to the evaporator. This is due to the fact, thattdmperature of
the flue gases in the combustion chamigrwas decreased
significantly, what in turn, led to a significanectease of the
heat flow rate Q, ., as the heat flux is proportional to

temperature difference between the flame temperaind the
temperature of the chamber walls raised to thetliopower,
that is (TF‘,‘I —T“) .

When increasesQ, ., is reduced, and the heat flux absorbed
by the steam superheaters increases. Increasinfu¢henass
flow rate m,, at the assumed excess air numheeads to the
increase of the heat flow ra@k'kom absorbed by the walls of

the combustion chamber.
Next, the fuel mass flow rateh , delivered to the boiler during

the start-up (heating) process was determined. rAfte

determining from Eg. (8) the heat flow raték(t), the non-
linear algebraic equation

Qk (t) = q,kom( I;npaxl’/]) (13)

is solved.

The fuel mass flow rate, at the assumed value efetttess air
numberA, is determined from Eq. (13). The mass of the cél fu
used for the boiler start up process from tin¥e0 tot = t, can
be calculated using the formula:

mpal :tj: r.‘npal dt. (14)

The integral (14) was calculated numerically, usittge
trapezoidal rule for integration.

5. CALCULATION RESULTS

The calculations have been conducted for the eaamoof the
OP-210M boiler, for the pressure change dpg/dt presented
in Fig. 3. The temperature of the feed walgr during the
evaporator heating process is at a given momengrlby 10 K
than the saturation temperature The temperature of the feed
water T, the saturation temperatufg and the pressure in the
evaporatop, are presented in Fig. 8.
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Figure 8. Temperature of the feed watiky, saturation
temperaturd,, and pressure in the evaporagbgrduring the
boiler start up

The calculations have been performed for the fahgydata:

My = 0.51 kg/s,m, = 17.1 kgls,m, = 16.57 kg/sm, =
171900 kggm, = 511 J/(kg-K)V’ = 43.6 i andV” = 15.9 m.

The results of theQ, calculations for various saturated steam

mass flow rates are presented in Fig. 9a and Big. 9
After analysing the results shown in Fig. 9a we sa#, that if
the steam mass flow rate from the evaporatgr is zero, then

the heat flow rater transferred to the evaporator increases. In

this case, all heat absorbed from the combustiambler is
mainly used for heating water contained in the dyoil
evaporator. This is due to the increase of theipdueat of
waterc,,, which increases with the pressure raise, for gtarat
the pressurgp, = 1 MPa water specific heat i, = 4405
J/(kg-K) while at the pressupg = 10 MPaspecific heat ix,, =
6127 J/(kg-K). Moreover, at the end of the startpppcess a
large increase of the rate of temperature changeghe



evaporator occurs (Fig. 3), what requires increaseat flow
rate Q, to be transferred to the evaporator.

For larger steam flow ratesn, the heat flow rater, which

should be delivered from the combustion chamberthie
evaporator, increases significantly, because thera large
power consumption for water evaporation (Fig. 9hweéver,
for the evaporator capacities greater thad@okg/h (Fig. 9b)
the reduction of the heat flow ra®, occurs during the end

phase of the heating process, despite the incidathe rate of
evaporator heating (Fig. 3).
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Figure 9. Heat flow rateQ, transferred to the evaporator of the

boiler in the combustion chamber for various st@aass flow
ratesry, in t/h (in 16 kg/h)

Fuel mass flow raten,, during the start up of the OP-210M

boiler obtained from Eq. (13) for the excess aimbarA = 1.1
are shown in Figs. 10a and 10b.
The calculations are carried out for various stdow rates
r, generated in the evaporator.

The results of the calculations of the fuel constiompm,,
corresponding to the fuel mass flow ratés, shown in Fig.

10, are presented in Fig. 11.
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Figure 10.Fuel mass flow raten,, in kg/s, during the start up
of the OP-210M boiler for various mass flow ratésteamm,
in t/h (in 1G kg/h) generated in the boiler evaporator

This is due to decreasing the water evaporatioty hesh” — h’
when the pressure in the evaporator increaseseXxample at
the pressur@, = 1 MPa, water evaporation heatris 2014.4
J/(kg-K) while at the pressupg = 10 MPa, the evaporation heat
is reduced to = 1317.7 J/(kg-K).
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Figure 11.Fuel consumptiompa;, in kg, during the start up of
the OP-210M boiler, for various steam mass flowesan, in

t/h (in 1¢ kg/h) produced in the boiler evaporator

From the analysis of the results presented in Figwe can see,
that the fuel consumption depends mainly on thanstenass
flow rate m, generated in the boiler evaporator. During the

start up process, lasting 8000 s, the fuel consiemptaries
from m,, = 3308 kg, at the steam mass flow ratg, = 1010°

kg/h, tomyy = 27207 kg, at the steam mass flowy, = 12010°

kg/h. Due to the high price of the oil fuel, theilbo start up
process should be conducted at the minimum steass fiaw

rate my,, ensuring the appropriate cooling of the supesdreat

tubes.
6. CONCLUSIONS

The model of the dynamics of the boiler evaporagpoesented
in this paper, can be used for the determinatiothetheat flow
rate, transferred from the flue gases in the cotmughamber
to the boiler evaporator, which is required to wanmthe boiler
evaporator at the assumed rate of medium temperahange.

The fuel mass flow raten,, which ensures the prescribed rates

of the medium temperature changes in the evaporistor
determined from the combustion chamber calculatidheel
consumption during the boiler start up processgessary for
heating the boiler evaporator from the initial toe tdesign
temperature has been determined. The heating obdiler
drum is conducted at the maximum allowable ratd wéspect
to the stresses, caused by pressure and thernml \Wd@ch
occur at the boiler drum-downcomer junction. Inesrtb limit
the consumption of the expensive oil during thddvatart up,
the process should be conducted at the minimummsteass
flow rate ensuring the appropriate cooling of thperheaters.
The excess air number should be kept at the minimalue.
The results of the analysis conducted in the paperbe used to
formulate the optimum procedure for the boilertstignr process.
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