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ABSTRACT KEYWORDS
In this paper, dynamic modeling of an internal waste heat boiler isinvesti- Dynamic modeling;
gated which is used to capture reaction heat of an industria reactor for Waste Heat Boiler;
water vapor production. Waste heat boiler system consists of evaporator Drainage;
and superheater tubes sections and a make-up steam drum. A mathematical Lumped model.

lumped model has been used to describe the dynamics of this system in
case of drainage. The effect of mass flow rate of drainage on gas side and
superheated steam side temperature were presented. The model results
showed the same trend in comparison to plant data. It is estimated that
there should be an appropriate drainage to inhibit the temperature of super-
heated steam not to exceed from design value and safe operation of plant.
© 2011 Trade ScienceInc. - INDIA

INTRODUCTION NH,+3/40,— 1/2N,+3/2H,0
(AH =-318kj/mol NH.) 2
Ammoniaoxidation over aplatinum catalystisa
part of nitric acid production plant. Nitric acid produc-
tionisoneof thelarge-scale processesin chemical in- 'l e
dustry. Theprocessinvolvesthe catalytic oxidation of AR
ammoniaby ar (oxygen) inacataytic reactor whichis " -
also referred to asammoniaburner yielding nitrogen @ o
oxidethen oxidized into nitrogen dioxideand absorbed '
inwater. Nitric acid isthen widely used to synthesize P Y -
explosiveand fertilizer production such asammonium >
nitrate. Theoxidation of ammoniaon platinum gauzes u
produces mainly molecular nitrogen and NO under in- , . ——
dustrial operating temperature (800-950°C). These L T e
products are formed on the catalyst surface by reac-
tions (1) and (2) which are highly exothermic!¥: .
NH,+5/40,-»NO+3/2H,0 o

(AH =-226kj/moINH,) ) Figure_l: thematicdiagram of WHB internally coupled in
ammoniaoxidation reactor
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Accordingto the operating conditions of the cata-
lyst, other secondary reactions, which they can reduce
the output nitrogen oxide, were not considered.

Inthisplant, oxidation isobtained by adownward
flow of ammonia and air mixture on platinum
gauzes. Reaction heat produced in the burner is recov-
eredinthehesat recovery unit of anmoniaoxidationre-
actor whichisoften called waste heat boiler (WHB) by
generating 40 bar steam for turbine power generation
section. TheWHB works asaheat exchanger for cool-
ing thereaction mixture and steam production. Waste
heat boiler consists of awater-tube evaporative unit
connectedinforced arculation flow withthesteam drum
and asteam superheater whichisschematicaly shown
in Figure 1. Superheaterstubes expose to the highest
failure probability asreported by French? and have
finitelifecontributing to prolonged exposureto high tem-
perature, stressand aggressive environment whichwas
assessed by Ray'3.

Dynamic modeling and s mulation are becoming
increasingly important in engineering sincethereisa
growing need to analyze the unsteady operation of
complex systems. Control of heat integrated systems
has been studied by several workers. Heat integra-
tion of chemical reactors was studied by Worthey
and Georgakis“. Tyreus and Luyben® studied the
dynamicsof onetype of heat integrated distillation
column system. Chaiang'® explored several other
types. Many papers have appeared inthe literatures
that discuss the dynamics and control of reactors.
Stephend™ investigated amethanol plant consisting
of four adiabatic catalyst bedswith cold-shot cool -
ing and showed that the exit temperature control failed
but the inlet temperature control was successful.
Luyben(® discussed the effect of design and kinetic
parameters on the control of cooled tubular reactor
systems.

This paper investigates adynamic modeling of a
WHB which can provide significant understandings of
adrainage effect on superheated steam temperature,
whichissupported by information availablein theni-
tric acid plant in Shiraz Petrochemica Complex.

PROCESSDESCRIPTION

Theair/ammoniamixtureat about 214°Cisintro-

—= Full Paper

duced into the reactor or anmoniaoxidizer whereit
crosses a perforated sheet-plate which distributes it
uniformly over the platinum catal ys sgauzes. Thecom-
pletetechnica designdataof the catdyst and input data
of heat recovery unit are summarized in TABLES 1
and 2.

Heat rel eased by the ammonia oxidation reac-
tion, added to theair/ammoniamixture’s sensible heat,
brings the temperature of the catalysis gauzes and
gasesto about 880° C. Thenitrous gasis subjected
to cooling inthe WHB, which consists of awater-
tube evaporative unit connected in forced circulation
flow with the steam drum and a steam superheater
Figure 2. Treated feed water whichisfed to the steam
drum isused asthe coolantfor cooling reaction mix-
ture. Thewater issupplied by forced circulation via
circulating pump to the evaporative heating surface
and returned as a saturated steam to the drum. The
produced saturated steam in the steam drum at a
pressure of 44 bar g maximum feedsthe steam su-
perheater tubeswhichinturnisledtothe steam tur-
bine and for heating the unit’s apparatus after it is
desuperheated.

TABLE 1: Gasanalysesat inlet of waste heat recovery unit.

Parameters Value Unit
Gas flow kg/h 116000
NO vol.% 9.81
0O, vol.% 5.35
N, vol.%  67.90
H,O vol.%  16.94
Gas density (0 C; 1.013 bar) kg/m®*  1.1932
Gas pressure (design) barg 5.54
Gas temperature inlet C 830
Gas temperature outlet C 475
TABLE 2: Physical characteristicsof catalyst.
Parameters Unit  Value
Outside diameter mm 3710
Bordered edge mm 22
Meshes per cm® 1024
Thread diameter mm 0.076
Weight of Pt-Rhodium g/m? 630
Total weight of ingtalled gauzes kg 55
Life timedays 120
—————= CHEMICAL TECHNOLOGY
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Figure2: Uninstalled connectingtubesof WHB.

DRAINAGE DESCRIPTION

Evenwith the best pretreatment programs, boiler
feed water often contains some degree of impurities,
such assuspended and dissolved solids. Theimpurities
canremainand accumulateins detheboiler astheboiler
operation continues. Theincreasing concentration of dis-
solved solidsmay lead to carryover of boiler water into
thesteam (by foaming), causng damageto piping, sSeam
traps and even process equi pment. Theincreasing con-
centration of suspended solidscan form dudge, which
impairshoiler efficiency and heat transfer capability. To
avoid such problemsin boiler, water must be periodi-
cally discharged or “blown down” from the boiler to

TABLE 3: Feed water Quality(<68bar goperating presaure;
> 250 KW/m?).

control the concentrations of suspended andtotal dis-
solved solidsintheboiler. Surfacewater drainageis
often donecontinuoudy to reducethelevd of dissolved
solids, and bottom drainageisperformed periodically
to removedudgefrom the bottom of the boiler.
Theanalytical requirementsare used for saferun-
ning of system are shownin TABLES 3 and 4. The
problem appears when measured val ues exceed these
limits
TABLE 4: Boiler Water Quality(< 68 bar g operating pres-
sure; >250 KW/m?)

Parameters Unit Value
Total iron as Fe mg/l <10
Total copper asCu mg/l <0.12
Hardness not detectable
Silicaas SO, mg/l <08
Caudtic dkalinity mmol/l 0.02-0.1
Oxygen (Oy) mg/l <01

MATHEMATICAL MODEL

Interms of modeling the dynamicsof WHB, ase-
riesof mathematica formulationswere used.

M odel assumption

a. Lumped formulation wasemployed.

b. All of the boiler water content vaporizes passing
through the evaporator tubes.

c¢. Conduction heat transfer intubeswall isnegligible
compared to convectiontermdueto hightherma con-
ductivity of tubemetd.

d. ldeal gasesareassumed.

e. Thetemperature of saturated vapor was assumed
to be constant.

f. Theheat transfer coefficient wasa so assumedto be
constant.

Theenergy equationfor theevaporator can bewrit-
tenasfollow:

dm, dm,
vaTsv T = hgste(Tg _Tsv)+ QG.R _Thfg (3)

Where, T, and m, arethetemperature and mass
flow rate of saturated vapor, respectively and hfg isthe
latent heat of water. Q. is defined asthe amount of
heat transferred by gasradiation insidereactor which
relevant cal culationsand equationsweregiven asfol-

Parameters Unit Value
General appearance clear colorless
Hardness not detectable
Carbone dioxide as CO, not detectable
Total iron asFe mg/l <0.02
Total copper asCu mg/l <0.003
Silicaas SO, mg/l <0.02
Sodium as Na mg/l <0.01
Oxygen (Oy) mg/l <01
Conductivity at 25 C uS/cm <0.20
pH at 25 ‘C >9
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Where Eg(Tg) is the gas emittance at T, and oy
(T,,) isthegasabsorptancefor theradiation fromthe
black enclosureat T, andisafunctionof both T and
T, Regarding the datafrom TABLE 2, the highest
valuefor volumefraction of mixtureisdueto water
vapor whichisthemost important sourceof gasradia-
tion. Though for amixtureincluding water vapor, em-
pirical relationsexist and they wereusedin these cal cu-
lationg?.

Theenergy equation for the superheater al'so can
bewritten asfollow:

dT,,
Cpsm s T gs h

QG R +fs ps(Ts.v - s.h)

Where, T and T_, arethetemperature of nitrous
gasand superheated steam, respectively. Thehest trans-

ATy =T+

()

fer coefficient can be cal culated by
hd =C(Re)" Pr,""® (6)
f
PU e d
Re=~—ma_
. ™
P S”
umax = uaa S —d (8)
h, p, K, U, 1, Re, Prarethe properties of gasflow-

ing downward on tubes (with diameter of d) and calcu-
lated at bulk temperature. Valuesof C and nin equa-
tion (6) exist inliteraturd’?. Equation (8) isdetermina-
tion of maximum flow velocity normd toin-linearrange-
ment of tube banks where S, isthe tubes spacing (2
cm).

Theenergy equationinsidereactor can be defined
&

TABLE 5: Wagsteheat boiler Data.

Parameters Unit  Value
Diameter of reactor mm 3900
Average gas temperature ‘C 650
Evaporator heating surface m*310
Superheater heating surface m°111
Saturated vapor temperature C 256

—= Fyll Paper

Cpgmg_
dt ©)
(Tg _Ts.h)+QG.R1 +QG.R2 _mgAHr

Therdevant variablesweretabulatedin TABLEDS.

(T Tsv)+hgsh

gsv e

RESULTSAND DISCUSSION

Dynamic modeling resultswhich it wasvalidated
with historical processdatd for aconventiona reac-
tor under the design specificationsareshown in Figure
3. Relevant input datawere tabulated in TABLES 2
and 5. ThisFigure makes acomparison between the
massflow rate of drainage and temperature of super-
heated steam and gasflowing over tubesinsdereactor.
Themodd illustratesthat decreasing themass of water
in steam drum by drainage and thus the mass of vapor
resultsin s multaneousincreasing the temperature of
steam and gas asthe heat source remains unchanged.

Somedeviationisobserved between model results
and plant datawhich were shown in Figure 4. Such
deviationrootsinthe controller influence on dynamic
behavior of system which wasnot considered in our
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Figure3: Dynamic modeling

) CHEMICAL TECHNOLOGY

Au Tudian Yournal



218

475

]

k5

45

450

Tampanstura of suparhested vapone)
.

444

Dynamic modeling of a thermally coupled waste heat boiler in an industrial catalytic reactor

Full Peper

CTAIJ, 6(4) 2011

¥
=

|

10

o

al

a0

&l

Bl

70

Timelz)
Figure4: Plant observed data

modeling. Plant dynamic dataare availablefor areac-
tor-boiler system which also consists of acontroller.
However, the sametrend is predicted by model .

Furthermore, it isabsol utely necessary to observe
somevaluesand characteristics of feed and boiler wa
ter inorder to ensuretroubl efree operation. One of the
most common and serious problem which usually oc-
cursistubefailure. Steam-carrying superheater tubes
operating at high temperaturesare subject tofailureby
creep-rupture. Thesetubesform aninternal oxidelayer
that inhibitsheat transfer through thewall and causes
thetubemeta temperaturetoincreaseover time. Creep
isthe processwhere metal s exposed to high tempera-
ture and sustained stress over long periods of timewiill
gradualy deformand eventud|ly fail.

Theimportance of boiler drainageisoften over-
looked. Ingppropriate dra nage can cause enhancement
of feed water consumption, additional chemical treat-
ment, and asthe heat source (heat of reaction) can be
assumed to be constant, increasing thetemperature of
produced steamisnatural.

CONCLUSION

Dynamic modeling of awasteheat boiler thermally
coupledinammoniaoxidation reactor hasbeeninvesti-
gated. The study concerns system behavior in case of
changeinthedrainageflow ratein steam drum section.
A dynamic massand energy bal ance equationswere
written for the system dueto very high heat of reaction
and gasradiation whichisalso includedinthemode.

Model resultsare compared totheavailableplant data.
Somedeviationisobserved between modd resultsand
plant data dueto effect of control system. The same
trend ispredicted by model whilemodel vauesdiffer
from plant datato someextent. Dynamic mode exhib-
its poor flow and temperature transition prediction as
drainagerate changes.

It isestimated that there should be an appropriate
drainagetoinhibit thetemperature of superheated team
not to exceed from design value and safe operation of
plant.
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