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Table 1- Design parameters of the D-type boiler of the cold rolling plant

No. Parameter Unit Value
1 Steam output t/h (kg/s) 47 (13.05)
2 Steam pressure bar G 11
3 Efficiency % 73.5
4 Fuel - Natural gas
5 Lower Heating Value (LHV) of the fuel at the design point MJ/m® 38.75
6 Fuel consumption m3/h 3215
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Table 2- Geometric parameters of the boiler

No. Parameter Value Unit
1 Upper drum diameter 1300
2 Upper drum thickness 30
3 Upper drum diameter 800
4 Upper drum thickness 35 mm
5 Furnace height (H) 4400
6 Furnace length (L) 7257
7 Furnace width (W) 2578
8 Number of tubes across the full width 28
9 Number of tubes across the truncated width (burner-side) 21 )
10 Number of tubes across the full length 80
11 Number of tubes across the truncated length (gas exhaust to the convection bank) 70
12 Diameter of water-wall tubes 5/63
13 Thickness of water-wall tubes 4 mm
14 Pitch of water-wall tubes 90
15 Number of tubes in each row of the convection tube bank 12 -
16 Gas duct width in the convection tube bank (Wdc) 1200
17 Diameter of the tubes in the convection tube bank 76.1 mm
18 Thickness of water-wall tubes 4
19 Longitudinal and transverse Pitch of water-wall tubes 100
20 Drum and convection tube bank and water-wall tubes material Carbon steel -
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Figure 1- Schematic view of the circulation loop and flows in water and steam.
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Figure 2- Three-dimensional schematic view of the furnace and the circulation loops; (a) the four CZ loops, (b) the four RZ loops.
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Figure 3- The development process of the boiler dynamic model
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Table 3- Composition analysis of natural gas

Component vol % Heating value (kJ/kmol)
Hydrocarbons

Methane 90.64 824348

Ethane 3.27 1482033
Propane 0.53 --

Butane 0.29 -

Pentane 0.02 -

Nonhydrocarbons
N. 4.25 639
CO, 0.99 14176
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Table 4- Chemical composition of the flue gasses

Component Value Content
0O, vol% 3.181
CO vol% 0.3
CO, vol% 7.99
H,O vol% 18.14
[\ vol% 70.37
NOXx ppm 35
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Figure 4- Numerical solution algorithm for solving goverining equations

oSl Y olro soue Jo o 5ol - F JSi

h}?\'a[i _\-|=ho[z. I'

sy s

).uL I Jﬁb e su.t‘).»Lu o9 J.Q|9.> LQULQ.” Slows L m‘j alol> C.uLu ‘0)95 SYoles J.’> Pod 6‘4.;}[) L)‘“"j) (_g)..f)lﬂu L:
U9 or el a8 )T 113 adlllas 0,90 0,55 slealg) S vy od> Ol Jlade ez g b lagladl olows
S oo 03,90 1y Sl g0 slre das duoys g 4l LmelS o8 s slas ao s gLl slaws iol381 L aS cdl o

0)95 uLoJ' KRy Q«:l.w‘ ¥y 0)55 3° [ W) U-\’ L.))‘P )‘-\.0.0 -0 J’-\J
Table 5- Heat absorption in the furnace based on the mesh size.

No. Number of surface Number of volume Heat absorption (kW) Error relative to row no.
elements elements 5 (%)
1 54 27 2877.35 -1.72
2 96 64 2828.09 0.017
3 150 125 2828.228 0.012
4 216 216 2828.559 0.007
5 294 343 2828.58 0.0
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Figure 5- Upper drum water temperature (T,,) in the boiler over time and comparison with manufacturer data
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Figure 6- Boiler pressure over time and comparison with the manufacturer data.
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Figure 7- The simulated steam flow rate in the boiler over time and comparison with manufacturer data.
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Figure 8- Boiler air and fuel flow rate during cold start-up before the nominal pressure
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Figure 9- The flow rate in the boiler’s circulation loops in the cold start-up: a) CZ and b) RZ sections.
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Figure 10- Transient behavior of the system based on the response to a step increase of consumer steam demand
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Table A-1- Drum section equations

Explanation Equation
The continuity equation of steam . dp te dVsq _c
TR !
Auxiliary relationship dVsq _ dViyg
dt —  dt
The continuity equation of water . dp te AViyg . dTwa _ c
T
Energy equation 14 s.d wd _
S T TR A T
. dp dTywg AdVywa dVsg e
.o}w‘snz BT ‘T T d.> )M SYoleo ‘ Awd U”‘ J>
el g rlald Jis oYl —V-l Jgu
Table A-2 - Radiation and displacement equations
Explanation Unknowns Equation
Energy equation for flow inside pipes for below saturation dTwx dp dVsa dTya - c
temperature at e teo g teo 7 =t
Qx = hi4; (T - TCZ/RZ)
The energy equation for the flow inside the tubes for sub- dx dp dVsq dx c
saturation high temperatures dt engr e~ ten =0+ G
The energy equation for the metal part of the radiation dTmrz alTm RZ .
dt ConMyy—— = Qneti — Qi
Equation of energy and heat transfer between gas and metal dTncz dT Qcz
for the displacement part dt My, P ;CZ = mngg( win — Ty Out) — 1A (T — Tez)
T,
gout (7, ) = (Tgou = Tim)
gin — m gout —
mngg( gin — gout) = hy4, | Tgin—Tm g
© (Tgout_Tm)
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Energy equation for surface areas and energy equation for Oneti
volumetric areas to determine absorption heat Z EEsj + Z 5SE, ;|- Z SSE Z
J J

| J
+ [hiAi (Tg k— )] Qnetl

lZEESJ-+ZG,G,Eg]- - ZG Z
J J

J
+ [hiA; Tgk —Ts1)]

5 s oo gl ).,L.o a5 Wl s (W)L (VF) salolas 31 ol a8 el Jopome o (00 SYolee cpl (oolod o

3190 93U ST by s LS e kulgy 1o doweud
ST b

Sl Gistie 5 LT o] Sl 15 sz a5 solsi, dos ebol y o¥oles oy b o5 b Led il amlre ol

fa=

fa

fa

Ival cusg g oo ails B/ = 0) ©y50 (625 wupd) Ay (qwain yal )y a8 Al 5o sl oas

o4 Re < 2300
Re €
—-0.2
1 Rey\*° 0-0)
+(2.21In(—= 2300 < Re < 4000 ~
N bl ’
Re 36500
(1.82log;oRe — 1.64)72 Re > 4000
v valewls polss wsb €/, > 107" o5 2l 6l
64
— Re < 2300
Re €
€ 111 -9
LU/ A R
0.3086 ( logyo | =+ 37 Re > 2300
v Joslé/y < 107 o s ol g
g\ 12 1 0.0833
8 (—) t— Re < 2300
Re (a; + ay)1s
- Yoo
773 g/d 2 -o)
2. I ( ) Re > 2
7778<0g10 Re +<37) ) e > 2300

w)@ &SJ 0 A.H..:L?LA )‘..\M e uo‘5.‘> ).A.».u L}“"L“J‘ » \.\J}wu;o u.».uu [Y‘Y] &0 uuL...J‘ » dp 9 ap )JJLM aS
09..»(540 Ml?bo ).1) u)}ood.i L)L’)} [“")) 69.' 9 JLu..J 0095 ‘_ng) 9 o)|5.3.~.\ ‘_Q‘La\) U‘)L""" » as 09....4‘5‘0 Ll ).u Loo C...?ba;

Lyt

A




VP Sl gl o)l ool Jlo (3l 2ol g g oty - (ool 4 505

HUwal 0-58
Re < 2000 and Tyay; < T
fb
Hwall 0.54
Re < 2000 and Tyyay > Trp
fb
Cn = 0.24
T (“wa" Re > 2000 and Tyay < T A
Usp
(7 _ b )
Hwall 6 Re > 2000 and T4 > T,

Sl ow)lo oy plp B olad cdl o o el Jlaw 0095 g 04930 slos jo Jbow Cx ) iy 5 Hwan aily,y o) o
IAERLY! D9 o0 dmwle 33 Ojg0 4y aS
f=4faCr ©-2)
[YV] azle 0 )T ot 1 Ol5ion 45 25800 e Ol w3y bl 2 gl S5l )l JUisl ol s
5135 5 oL b,z gl ol LS 4 azgi b 09 o @l ke cpl cymmnd (sl ool S¥0lan i ol 55 3ges dnz e
Irv] g 1) nj Ly, Olpoe (gt

f4364+0722(R p d) L o003
. . e I‘L RePr .

Nug = 0.33 F-<)
| 1.953 (RePrz) - <003
Nug = 0.116(Re®®67 — 125) Pro33 (1 + %) V-2)
Nug = 0.023Re?8Pro#

(A-)

3Bgs b=

V] 09 oo dalome o5 2y500 Ul sly sals) (slp Zasis o 2o 5 50 bz sl

$3e = A+ 3.24x078(1 — x)02 (ﬂ)ogl <ﬂ)0'19 (1 _ “_”)0'7 Fr-0.045 /@—0.035 o)

IrAlsss o ML[:; 5 olj;@ (o ilo Sl elSG1e) 0y, b by by o sl s

$2e = A+ 48.6x08(1 — x)029 (ﬂ)o'g (ﬂ)m (1 - “—”)0'74 Fr—0.03 (yg=0012 00

pv/ \iy H

S5 LaS Sl by caps 90 g ol a8 I Lk 5o b & jgoa ;00 kg mbe D jgon )b S Ol S aebl o
oo ool ol 2 ogice 6 NSRL Ty 5 fi s ey &5 09800 s Sl 5B Gl 6500 9 e 5B sl o (B 56
IV 05 o dnloma 5 iy o5 05 50 Al

A=(1—-x)%+x? (pl—fv> M\-0)
pvfl
"\"9'“’6" uu).au Py Oyl We €199 Fr ‘ej)_é A (903
G? G2d;
Fr = 3 ; We = OY-2)
9dipi OPm
IV ] sgi e a3 8 s 10 b ,> sl Jolee JK> Jow cpl o
(x_l_l—x)_1 Moo
Pm =\ -
"o \py,

4



oS Jgmy el e Lo e« Sladol golade (yglom ol ( SlgS (olol Gloes (o (oodle Gage

sladlgl ;o aSol s azgi b ogd oo ole by w2 &8 @ aaly 5B g0 b Ol Jll Gl goosie Ly,
IVF] spioe ol w23y 99 0l & bgrye Laly,y o0)ls 3925 ol w3, 5 Sloykad o0 g b (idiez bz ) 4w Jls s
Sgas dloma |y 0l w5y e ool Ol JES oyl olgie (VF-0) (soleiinn sabarly ol 2 [¥F] g2 0 40 Ly

el 5B S5 bz bl @)l Uil y e el Jold (pidex by &)l JEl o s
htp = hpp + hge

(-2
0.79Cp0.45p0.49
l 1 1
h,, = 0.001228 (W) (ATsat)0-24(AP5at)0_75 (00-0)
1 fg

Oygods gloyhad ibex by Oyl JES o po g Ghgdae Sl jo 5B ST b Ol sl co e a5
(WNigdd oo iy ) O ygeds L g les SN alal, ol o 050 0 Gle (VA=) sl

ATsar = Tsatm — Tsat.Tﬂ,
(\#-2)

APyt = Pogemn — P,
sat sat.m sat.T¢p \ Vfb‘,)

() F-0) bl pyo alex

G(1—x) k, m
=0.023F [ ———|p 0-4(—); =1 (A-0)
he. = 0.023 ( m ) 4 (2):6 7.

AYF] 05 o ol (s lom oyl sae g oad 2ol 5l sae can p F S polis Ly, cpl ,0 45

S =(1+2.53x10"°Retl); Recor = R F125
1 X =10 (a-0)
F = { tt -
12.35(Xz* + 0.123) X, < 10

5 Vg oo dmule o 5B 50 Ly, (pl jo eal lo (Seelusge s sl el )l saled olyz 00y JSuly 5 of 5 Gl

&b

[1] M. Hashemi Beni, S. Emami, A. H. Meghdadi Isfahani, A. Shirneshan and R. Kalbasi, “Transient simulation and exergy
analysis of a D-type steam boiler with natural circulation during cold start: A case study,” Applied Thermal Engineering,
Vol. 210, 2022, 118367.

[2] E. Rosado-Tamariz, M. A. Zuniga-Garcia and R. Batres, “Optimization of a drum boiler startup using dynamic simulation
and a micro-genetic algorithm,” Energy Reports, Vol. 6, 2020, pp. 410-416.

[3] Y. Zhao, M. Liu, C. Wang, Z. Wang, D. Chong and J. Yan, “Exergy analysis of the regulating measures of operational
flexibility in supercritical coal-fired power plants during transient processes,” Applied Energy, Vol. 253, 2019, 113487.

[4] C. Fan, Z. Cui, J. Wang, Z. Liu and W. Tian, “Exergy analysis and dynamic control of chemical looping combustion for
power generation system,” Energy Conversion and Management, Vol. 228, 2021, 113728.

[5] G. Ahmadi, D. Toghraie, O. Akbari, “Energy, exergy and environmental (3E) analysis of the existing CHP system in a
petrochemical plant,” Renewable and Sustainable Energy Reviews, Vol. 99, 2019, pp. 234-242.

[6] O. Mahdavi Keshavar, A. Jafarian and M. Sohrabi Shekafti, “Dynamic simulation of a heat recovery steam generator
dedicated to a brine concentration plant,” Journal of Thermal Analysis and Calorimetry, Vol. 135, 2019, pp. 1763-1773.

[7] R. D. Bell and K. J. Astrom, “A fourth order non-linear model for drum boiler dynamics,” IFAC Proceedings Volumes,
Vol. 29, 1996, pp. 6873-6878.

[8] H. E. Emara-Shabaik, M. A. Habib and I. Al-Zaharna, “Prediction of risers’ tubes temperature in water tube boilers,”
Applied Mathematical Modelling, VVol. 33, 2009, pp. 1323-1336.



VP Sl gl o)l ool Jlo (3l 2ol g g oty - (ool 4 505

[9] J. Pan, D. Yang, H. Yu, Q. C. Bi, H. Y. Hua, F. Gao and Z. M. Yang, “Mathematical modeling and thermal-hydraulic
analysis of vertical water wall in an ultra supercritical boiler,” Applied Thermal Engineering, Vol. 29, 2009, pp. 2500-
2507.

[10] J. Pan, D. Yang, G. Chen, X. Zhou and Q. Bi, “Thermal-hydraulic analysis of a 600 MW supercritical CFB boiler with

low mass flux,” Applied Thermal Engineering, Vol. 32, 2012, pp. 41-48.

[11] F. Alobaid, J. Stréhle, B. Epple and H. G. Kim, “Dynamic simulation of a supercritical once-through heat recovery
steam generator during load changes and start-up procedures,” Applied Energy, Vol. 86, 2009, pp. 1274-1282.

[12] A. Sedi¢, S. Katuli¢ and D. Pavkovic, “Dynamic model of a natural water circulation boiler suitable for on-line
monitoring of fossil/alternative fuel plants,” Energy Conversion and Management, Vol. 87, 2014, pp. 1248-1260.

[13] Z. Shu, L. Zixue, D. Yanxiang and Z. Huaichun, “Development of a distributed-parameter model for the evaporation
system in a supercritical W-shaped boiler,” Applied Thermal Engineering, VVol. 62, 2014, pp. 123-132.

[14] N. Mertens, F. Alobaid, R. Starkloff, B. Epple and H. G. Kim, “Comparative investigation of drum-type and once-
through heat recovery steam generator during start-up,” Applied Energy, Vol. 144, 2015, pp. 250-260.

[15] X. Zhu, W. Wang and W. Xu, “A study of the hydrodynamic characteristics of a vertical water wall in a 2953t/h ultra-
supercritical pressure boiler,” International Journal of Heat and Mass Transfer, Vol. 86, 2015, pp. 404-414.

[16] J. Z. Liu, S. Yan, D. L. Zeng, Y. Hu and Y. Lv, “A dynamic model used for controller design of a coal fired once-
through boiler-turbine unit,” Energy, Vol. 93, 2015, pp. 2069-2078.

[17] C. Sreepradha, R. C. Panda and N. S. Bhuvaneswari, “Mathematical model for integrated coal fired thermal boiler using
physical laws,” Energy, Vol. 118, 2017, pp. 985-998.

[18] D. Dave, W. Arnold, S. Timothy and M. Reed, “Dynamic simulation studies for boiler draft,” Applied Thermal
Engineering, Vol. 121, 2017, pp. 255-293.

[19] K. Deng, C. Yang, H. Chen, N. Zhou and S. Huang, “Start-up and dynamic processes simulation of supercritical once-
through boiler,” Applied Thermal Engineering, Vol. 115, 2017, pp. 937-946.

[20] K. G. Bilde, K. Sgrensen and T. Condra, “Mathematical model of natural circulation biomass boilers during start-up,”
International Journal of Heat and Mass Transfer, Vol. 143, 2019, 118477.

[21] Y. Niu, M. Du, W. Ge, H. Luo and G. Zhou, “A dynamic nonlinear model for a once-through boiler-turbine unit in low
load,” Applied Thermal Engineering, Vol. 161, 2019, 113880.

[22] T. Guoli, Z. Man, G. Junping, W. Yuxin, Y. Hairui, Z. Yanjun, W. Guohua and L. Junfu, “Thermal-hydraulic calculation
and analysis on evaporator system of a 660 MWe ultra-supercritical CFB boiler,” Applied Thermal Engineering, Vol.
151, 2019, pp. 385-393.

[23] M. Trojan, “Modeling of a steam boiler operation using the boiler nonlinear mathematical model,” Energy, Vol. 175,
2019, pp. 1194-1208.

[24] J. Taler, W. Zima, P. Octon, S. Gradziel, D. Taler, A. Cebula, M. Jaremkiewicz, A. Korzen, P. Cisek, K. Kaczmarski
and K. Majewski, “Mathematical model of a supercritical power boiler for simulating rapid changes in boiler thermal
loading,” Energy, Vol. 175, 2019, pp. 580-592.

[25] H. Hajebzadeh, A. N. M. Ansari and S. Niazi, “Mathematical modeling and validation of a 320MW tangentially fired
boiler: A case study,” Applied Thermal Engineering, Vol. 146, 2019, pp. 232-242.

[26] S. Gradziel and K. Majewski, “Simulation of heat transfer in combustion chamber waterwall tubes of supercritical steam
boilers,” Chemical and Process Engineering, Vol. 37, 2016, pp. 199-213.

[27] S. Gradziel, “Analysis of thermal and flow phenomena in natural circulation boiler evaporator,” Energy, Vol. 172, 2019,
pp. 881-891.

[28] H. Fan, Z. G. Su. P. H. Wang and K.Y. Lee, “A dynamic nonlinear model for a wide-load range operation of ultra-
supercritical once-through boiler-turbine units,” Energy, Vol. 226, 2021, 120425.

[29] F. M. White, Fluid Mechanics, 7th Edition, New York, McGraw Hill, 2011.

[30] D. G. Krdger, Air-cooled heat exchangers and cooling towers: thermal-flow performance evaluation and design, Vol. 2,
Oklahoma, Pennwell Corporation, 2004.

[31] J. R. S. Thom, “Prediction of pressure drop during forced circulation boiling of water,” International Journal of Heat
and Mass Transfer, Vol. 7, 1964, pp. 709-724.

[32] W. Rohsenow, J. Hartnett and Y. Cho, Handbook of Heat Transfer, New York, McGraw Hill, 1998.

[33] D. G. Kroger, Air-cooled heat exchangers and cooling towers: thermal-flow performance evaluation and design, Vol. 1,
Oklahoma, Pennwell Corporation, 2004.

[34] J. G. Collier and J. R. Thome, Convective Boiling and condensation, Third edition, New York, Oxford University Press,
1994.

A



oS Jgmy el e Lo e« Sladol golade (yglom ol ( SlgS (olol Gloes (o (oodle Gage

English Abstract

Transient modeling of a D-type boiler with natural circulation loop: a study
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In this paper, the dynamic modeling of a D-type boiler was performed during a step increase in loading. The
D-type boilers are used in industry to produce process saturated steam. In these types of boilers, heat
absorption occurs in two sections of the furnace and the convection section. The pipes of the convection
section are indirectly exposed to heat, causes the flow direction to change from the upper drum to lower drum
and vice versa. One of the special features of this boiler is that the drum circulation loop is natural and as a
result, the hydraulic balance equations of the system must be considered. In the present modeling, the
equations of water-side were considered in one-dimensional and the equations of flue gas-side were
considered in three-dimensional space using the zonal method. The transient continuity and energy equations
of the water-side form a system of nonlinear ordinary differential equations which were solved using the
Runge—Kutta method. To solve the water and gas-side equations in two-way coupling method, a Fortran
computer program has been developed. Investigation of the boiler operating parameters during start-up can
help to improve the existing control system. The comparison of the present results with the test data of the
desired boiler showed that maximum modelling errors are equal to 4.8, 1, and 6.8 percent for steam pressure,
drum water temperature, and outlet steam of boiler during start-up, respectively. Also, the boiler response to a
step increase in consumer steam demand is less than 20 seconds.

Keywords: Saturated boiler, Dynamic modeling- D-Type bolier
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