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ABSTRACT

The focus of this research is on the transient thermodynprojeerties and dynamic behavior of a
Heat Recovery Steam Generator (HRSG). An HRSG is a crossélatexchanger designed for the
extraction of energy from the hot exhaust gas of a traditippaver plant through boiling induced
phase change. Superheated steam is sent through a turgereei@te additional power, raising the
overall efficiency of a power plant. The addition of reneveadhergies and the evolution of smart
grids have brought forth a necessity to gain a comprehemnsiderstanding of transient behavior
within an HRSG in order to efficiently manage the power outdutaditional plants. Model-based
techniques that can simulate a wide range of operating tlondican be valuable and insightful.
For this reason, a multi-physics model of an HRSG has beeal@@»d in Siemens T3000 plant
monitoring software. The layout and conditions of a refeeeRSG have been provided by
Siemens Energy Inc. along with validation data for behalioomparison. The HRSG selected
is a three pressure stage HRSG. Simultaneous simulatitvesé three pressure systems and their
interactions has been achieved. A potential for real tinecetion was demonstrated. An HRSG
is built of three major subsystems, namely economizerdefspiand superheaters. A lumped
control volume approach has been implemented to efficientigtel the energy and mass balances
of medium within each subsystem. In this effort, considgtine goal of real time simulation,

special attention was paid to balance computational bundénnumerical accuracy.

A major focus of this research has been accurately modetiegomplexities of phase change
within a boiler subsystem. A switching mechanism has be#&rldped to numerically model the

dynamic heating and evaporation of boiler liquid. To inseeobustness of the model to numeri-
cal fluctuations and perturbations, bidirectional flow caoisipg of boiling and condensation was
modeled with the switching mechanism. This numericallyusibmodel shows good agreement

with the validation data provided by Siemens.
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CHAPTER 1: INTRODUCTION

1.1 Research Motivation

As the world takes strides toward more complex and divergbaas of producing electrical power,
itis necessary to gain a detailed understanding of cureehttologies in order to ease the transition
to greener energy. Many renewable energy sources, like amtdsolar power, do not output
a consistent amount of power, and will fluctuate drastictiilpughout a given day-night cycle.
This contrasts to current traditional power plants, as rhase been designed only for full power
output. In regions with a high density of renewable energyraes, it falls on the shoulders of
traditional power plants to even out the power supplied goghd. As it is damaging to send too
much power to the grid at any given time, traditional powemnps must be dynamically powered
up and down to fulfill the demand of the given area. This dymapawer regulation calls for a
detailed understanding of the transient behavior obsemiidn a traditional power plant. Thus,
accurately modeling this behavior is key to understandmggituances of a fluctuating traditional
power plant. Study of such a model can help to develop efficieethods for power regulation
that not only benefit traditional power plants, but reduaeehvironmental impact of these older

technologies.

1.2 Research Objectives

This research focuses on Heat Recovery Steam Generato&3HR thorough description of an
HRSG will be given in Chapter 2. The goal of this research iréate a dynamic, transient simu-
lation of an entire multi-pressure HRSG. This model willa@tely capture the transient behavior

and steady state thermodynamic properties of an HRSG gnmrt conditions characteristic of



an actual HRSG system. A major challenge of this researdhb@ithe development of a robust
boiler model. The two phases of water present in a boilintesgsequire careful attention to the
mass flow and heat transfer interactions between phasesrdgyly modeling individual physical

phenomena, this research aims to create a simple yet robostant simulation that can be easily

implemented into a plant control system.

The simulation results of this HRSG model will be validatgaiast the real trends of a reference
HRSG provided by Siemens Energy Inc. The main goal of thisakeh is to model realistic,
physics-based behavior in all subsystems of an HRSG. Thiavi@ should be insightful and
predictive for a variety of HRSG configurations and inputditions. It follows that the resulting

trends of the HRSG model should display similar behaviohtsé shown in the reference data.

1.3 Research Approach

A model will be simulated using Siemens T3000 plant monitprsoftware. An overview of
T3000 modeling will be presented in Chapter 2. The modelgmesl in this research will be
an adaptation and improvement of the foundational modedgued in [1]. This previous work
will be discussed in Chapter 3. An overview of the structurd aumerical calculations of the
aforementioned T3000 model will be presented in detail iaférs 5 and 6. This research will
focus on developing a model of each individual subsystemguBist principle calculations on
lumped control volumes (CV). Discretization of calculasowill allow for individual analysis of
subsystems while capturing the connections and thermadigniaterplay observed in an entire

HRSG in a manner consistent with the underlying physics.



CHAPTER 2: BACKGROUND INFORMATION

2.1 Heat Recovery Steam Generators

A Heat Recovery Steam Generator (HRSG), seen in Figure 2}1lis[a counter flow heat ex-

changer added in series to traditional power plants to asgesfficiency. The exhaust from gas
or coal burning power plants (also known as "Flue Gas") donata significant amount of energy

in the form of heat. An HRSG uses this extra heat to boil watty steam, and pass said steam
through secondary turbines. This process works to createra efficient power plant, and reduces
the temperature of the exhaust gas before it is releasect tatthosphere. The flue-gas-to-water
heat exchange is broken down into three major sections fdr peessure stage. The economizer
raises liquid feed water to just below saturation. The b@leporates the preheated water into
steam. The superheater heats the steam past saturatiod toad energy and ensure no water

droplets are sent through the steam turbine.

.

a
i
N
b
.
.
4
L]

Figure 2.1: OUTSIDE VIEW OF HEAT RECOVERY STEAM GENERATOR
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Figure 2.2: SCHEMATIC OF HRSG SYSTEM

The Siemens HRSG used for reference in this research hasgsbparate pressure systems: Low
Pressure (LP), Intermediate Pressure (IP), and High Peefd®). Each of these pressure systems
is built of different combinations of economizers, boileasd superheaters. The water and steam
pipes of the reference HRSG are organized in clusters. Thsystems included in each cluster are
known to have similar steady state temperatures. Thusutb&ystems must interact with similar
flue gas temperatures. Figure 2.2 shows a flow chart repegsenbdf the reference HRSG. The
clusters are displayed as columns of the flow chart and ardered 1 through 6. In this notation,
Cluster 1 interacts with the hottest flue gas. Each subséqlusster interacts with flue gas of lower
temperature as heat is exchanged with previous subsystEmsnomenclature will be used for

the duration of the document.

2.2 Modeling in T3000

T3000 is a two dimensional user interface (Ul) that uses ftastcdiagrams to perform logic and
calculations in real time. This program was originally deped by Siemens Energy Inc. to serve

as a plant monitoring software.
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Figure 2.3: EXAMPLE CALCULATION BLOCK

Previous research has been conducted to validate T300(0ty &b handle large scale transient
simulation [1]. This chapter will provide a brief overvievi designing a calculation in T3000.

This will provide insight into the simulation process usedblve the equations in later chapters.

2.2.1 Basic Calculations

Base level calculations in T3000 are performed by individhlacks, taking in inputs and sending
out outputs as shown in Figure 2.3. These calculations canuivesrical or logic based for use in
conditional statements. Along with conditional operattinere are also many more complex fea-
tures such as integral blocks and look up tables. Simplelzions can be assembled in series and
parallel chains to model governing equations includinghbigic as well as differential equations.

T3000 performs all calculations in a created chain everjeaytsimulation.

2.2.2 Example Module

The previously mentioned complex chains of calculatiomstmcondensed into higher level mod-
ules. An example module is shown in Figure 2.4. These highw Inodules are used for organi-

zation and separation of the calculations associated \aith €V.



Figure 2.4: EXAMPLE MODULE BLOCK



CHAPTER 3: PREVIOUSWORKS

A significant amount of previous research has been devotedpioring boiler dynamics. High
fidelity finite element simulations can produce finely det@itlescriptions of boiler behavior, [3].
However, such a complex model is too computationally denmanidr the purposes of plant con-
trol. For this reason, many researchers have explored theept of a simplified boiler model for
use in control of boiler system parameters in real time. bletevork in this field has demonstrated
the practicality of a first principle, non-linear boiler meddor use in drum-boiler control, [4],
[5], [6]. It has been shown that a lumped parameter model caduyce reasonable results while
maintaining low complexity and minimizing computationakrtien, but early models of such clas-
sification have worked around the issue of directly modetihgse change, [7]. In [8], saturation
conditions are assumed, and saturated steam and watergtararare assumed to be a function
of boiler pressure. These boiler models, while successftlieir own regard, leave further room
for simplification. With the goal of modeling an entire HRS%&®m, the complexity of a given
model is compounded with the multiplicity of subsystemsergfiore, it is imperative that a boiler

model be optimized to reduce the collective computationadén of an HRSG model.

Other research has been conducted on modeling an entire HBIS{30], [11]. The early model
presented in [9] relies directly on the incorporation ofgmaeter profiles for many significant
subsystems. Though accurate for modeling a specific systeaspecified regime, this model

lacks versatility when considering new input profiles ortpdyation.

In direct relation to this research, a preliminary foundathas been developed. An initial model of
each pressure system has been separately developed fgraraton in a fully integrated model.

These initial models will be discussed below.



3.1 Low Pressure System

The LP system consists of an economizer, a boiler, and a Isegier. The lack of duplication
in subsystems made the LP system an obvious starting paittuitding the HRSG model. A
complete T3000 model of the LP system was developed by Caes2018, [1]. This model

is displayed in Figure 3.1. The model was constructed usingpked CVs for flue gas, metal,
liquid (water), and vapor (steam). Heat transfer calcotetiare performed to balance the energy
transferred across interfaces. The LP system is the ledafilgcof the three pressure systems,
and as the name suggests, the pressures and energiestadssittathe LP system are quite low

compared to the other pressure systems.

Flue Gas CV | f‘..:r_.;_-“' ] | FIu¢'e Gas CV
[ Sl
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- | & i o
Metal CV E g -1 = |i\‘/letal M
e e %E - e =3
e - —_g = ;D _ e Metal CV yig et —
L8 FHE T =
..E i ] ||| st A No=rs
- .- fa A" e [T —
e | - E i e ﬁ L. 1
":'mt"_t N B ..;M B el __' g
e o AT A £ g | =
o ;:&£< £ “F[:'q”'d < 3 ks =2 Liquid CV
— por CY| sm=
S ___Va; ofr CV
O = Superhepter Boiler Economizer

Figure 3.1: LOW PRESSURE T3000 MODEL



It was reasonable to approximate the boiler pressure asafiatu pressure at the given vapor
temperature. After tuning heat transfer parameters, ittaasd that this lumped CV model shows

good agreement with start-up transient trends as well aslgt&ate values from actual plant data.

3.2 High Pressure System

The HP System is a larger system containing two economizelager boiler, and two super-
heaters. Also, as the name implies, the steady state peesttine HP system is significantly
greater than that of the LP. The method implemented for theydfem was scaled to include the
extra subsystems included within the HP system. A compl8@)T0 model of the HP system is
displayed in Figure 3.2. This initial model was partiallyceassful, but was prone to significant
numerical oscillations and non-realistic behavior. Fas tieason it was necessary to refine the
boiler model (which will be presented in detail in Chaptert@)create a more robust and more

accurate HRSG model.
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Figure 3.2: HIGH PRESSURE T3000 MODEL



CHAPTER 4: FULLY INTEGRATED MODEL

4.1 Combined High and Intermediate Pressure Model

The Intermediate Pressure (IP) System consists of an ednegma boiler, and three superheaters.
The implementation of the T3000 model to the IP System is aatmight forward as that of the
LP and the HP systems. This is largely due to the significamploog of the HP Exhaust and the IP
steam flow, seen in Figure 4.1 as "Cold Reheat Mixing". Foueate simulation of the coupling
effect, it is necessary to simultaneously simulate the HPIBnsystems in the same model. As

opposed to a direct doubling of simulation complexity, thefiyas and metal CVs can be further

lumped.

Figure 4.1: COMBINED HIGH AND INTERMEDIATE PRESSURE T3000®DEL
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The HRSG used for reference in constructing this T3000 mbdslpipes bundled into clusters.
Each cluster has been designed so that the contents of theirayh pipes are at similar steady
state temperature. This phenomenon is emphasized by thiegweg of cycles seen in the T-S
Diagram of a similar HRSG shown in Figure 4.2, [12]. It is thiere reasonable to use one lumped
flue gas and one lumped metal CV for each cluster. With the &thmpetal CV model, itis assumed
that the entire mass of metal making up the pipes in eachetlistit one uniform temperature.
This assumption is sufficient in the majority of clusterst bauses significant inaccuracies for
clusters containing two or more subsystems from the sanssypre system, i.e. Cluster 4, seen
in Figure 4.1. For this special case, it is necessary to g@iflue gas and metal CVs further to

achieve higher fidelity of temperature distribution.

Temperature (K)

A 4

Entropy (kI/kg.K)

Figure 4.2: TS DIAGRAM OF MULTI-STAGE HRSG
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4.2 Combined High, Intermediate, and Low Pressure Model

The logical next step to the HP and IP combined model is to hdd.P system, creating a Fully
Integrated Model. Similarly to the IP system, the LP systasitivo subsystems within one cluster,
and thus Cluster 6 must be split in two, as was done for Cldstérshould be noted that, in the
reference HRSG, the LP economizer is used to preheat thigl ligadium of the entire HRSG

before it is distributed proportionally to each pressurgtamy. This coupling is incorporated into

the Fully Integrated Model and can be observed in the T300@atmresented in Figure 4.3.

Figure 4.3: FULLY INTEGRATED T3000 MODEL
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CHAPTER 5: HRSG MODEL

5.1 Flue Gas Control Volume

The flue gas within an HRSG is near to atmospheric pressurexgratiences negligible pressure
drops throughout the HRSG. For this reason, the mass witich due gas CV is taken to be

constant, leading to the mass balance equation seen in &g (5

rhfg,in = r-nfg,out (5-1)

This assumption allows for the total flue gas mass to be cledidirectly from geometric condi-
tions, shown in Eq. (5.2).

Mg = VigPsg (5.2)

The purpose of the presented HRSG model is to track transaeitions. This goal cannot simply
be achieved through the use of static energy balance egsatids instead necessary to consider
the Unsteady Flow Energy Equation (UFEE) when evaluatiegodrameters of a CV within the

model. The UFEE is presented qualitatively in Eq. (5.3).

d(mu)

i (enthal py of massin) — (enthal py of massout) + (heat in) (5.3)

5.1.1 Temperature Averaging
For the flue gas CV, Eq. (5.3) can be arranged as shown in E). (5.

MtgCury Trg.out = Migin(Nigin — Nigout) — Qram — Qamp (5.4)
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The rate of change of the flue gas temperature can be caldidgteearranging Eq. (5.4) to solve

for the appropriate term, as seen in EqQ. (5.5),

mngn(hngn - hfgput) - QFZM - Qamb
mfgCVfg

ng7out — ) (5-5)

whereQg2y is the heat transferred from the flue gas to the metal pipegatea section of the

HRSG. This heat transfer is convective and thus, can besepted by Eq. (5.6).

Qram = HromArom (Trgavg — Tm) (5.6)

In Eq. (5.6),Hr2v and A2y are the convective heat transfer coefficient and the sudaea,

respectively, of the flue gas to metal interface.

A significant temperature drop is observed across each fl€gaFor this reason, it is necessary
to consider an average temperatuigyayg, for more accurate simulation of the heat exchange at
the interface of the flue gas and the metal pipes. For ease @éling, a simple average has been

performed, as shown in Eq. (5.7).

Ttgin+ Tig,
Trgavg = M (5.7)

The value ofTtg o Can be found by integrating Eq. (5.5).

It is important to note that this temperature averaging ig@roximation of the true flue gas/metal
interaction. One significant side effect of this approxiimais an over estimation of flue gas tem-
perature in response to a step down in input temperaturekihgat the presented flue gas equa-
tions from a strictly mathematical perspective, an the in@onperature lower than the temperature
of the metal CV pushes the output temperattig,o., to a temperature higher than the metal

temperature. The model will attempt to reach an equilibregtweenTsg ayg and T, as these
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temperatures are present in the heat transfer equatiorealityy it is impossible for the output
temperature of the flue gas CV to be greater than the metaldietyse. Thus, it is important to

put a hard ceiling on the output temperature at the valueeoiitetal temperature, i.&gout < Tm.

5.1.2 Ambient Heat Loss

It was observed in initial simulations that steady state@alcomparable to those provided in the
reference data were achieved while removing less heat frenflie gas than was suggested by
the data. For this reason, it is necessary to consider ad¢esatd the environment surrounding the

HRSG. This heat loss is represented by Eq. (5.8).

Qamb = HambAamb(Tg.avg — Tamb) (5.8)

In this equation, ambient heat loss is combined to a singieaxdive heat loss through the surface
area of the inside of the HRSG associated with each flue gablg&\.is assumed to be consistent
throughout the HRSG. The ambient temperatiiggy, is assumed to be at room temperature, 298
K. It was found that the addition of this term allowed for ma@mparable temperature to be
achieved within the flue gas CVs while maintaining accurééady state approximations within

the water and steam CVs of each subsystem.

5.2 Metal Control Volume
The metal pipes are assumed to be uniform temperature thootithe mass. With this assumption,

the rate of change in temperature for the metal is a functidimeoconduction at the two interfaces:

flue gas to metal and metal to medium. For the metal CV, no flopresent. Thus, an energy
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conservation calculation can be performed, as presented.ifb5.9).

MrCrmTm = QrFam — QuizL (5.9)

Eqg. (5.9) can be rearranged to find the rate of change of thal tkeetperature, as displayed in Eq.

(5.10). | |
_ Qrav —QmaL

T, 1
m mCo (5.10)

The uniform temperature of the metal can be found by integydiq. (5.10).

It should be noted that Eq. (5.10) refers to an interactiawéen metal and liquid. In the case of a
vapor mediumQu2. should be replaced by a correspondigyy . This rate of heat transfer from

metal to liquid can be solved for using the convective heatdfer equation shown in Eq. (5.11),

QuzL = Hvz2 AmzL (Tn—TL), (5.11)

whereHy2 and Ay represent the convective heat transfer coefficient andutface area, re-

spectively, of the metal to liquid interface.

Once again, Eq. (5.11) represents a metal to liquid intenactin the case of a metal to vapor
interaction,Qsz, the termsHpm2L, AvwzL, and Ty should be replaced bvay, Avav, and Ty,

respectively.

5.3 Economizer Model

The Economizer is designed to heat feed water to near sati@nditions before entering the
boiler, and thus, it is comprised of a single liquid CV. Thguid CV is considered to be incom-

pressible, enforcing that the mass flow in to the CV be equeddganass flow out, as presented in
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Eq. (5.12).

MLin = ML out (5.12)

In turn, the total mass of the liquid CV can be calculated fribra volume of the economizer
subsystem using Eq. (5.13).
mL =V oL (5.13)

With the assumption of incompressibility, the UFEE can baraged as shown in Eq. (5.14)

MLCLTL = ML in(hLin— hiout) + QumizL (5.14)

Eq. (5.14) can be rearranged to calculate the rate of charigenperature, as seen in Eq. (5.15).

_ L in(hLin — hiout) + QmaL

.l'_
L m. CL

(5.15)

The temperature of the liquid CV can be found by integrating £.15). For liquid water, the
pressure contribution to the enthalpy is considered nigdgigthus the pressure need not be cal-
culated for the economizer. This assumptions also in tusarass the enthalpy to be equal to the

internal energy of the liquid, i.d. = u.

It should be noted that the pressures within an HRSG are mugateay than the pressure change
due to hydrostatic pressure within the pipes. For this neadte model assumes the effect of

hydrostatic pressure to be negligible.

5.4 Boiler Model

As the Boiler model is quite complex and has been a major fottre author’s novel development

upon previous HRSG models, the Boiler model will be discdssdength in Chapter 6.
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5.5 Superheater Model

The Superheater serves to heat saturated steam to superisézdam before it is discharged to
the steam turbine. A single vapor CV is considered in the roflithe superheater. Given the
compressible nature of a vapor CV, it is necessary to perfursth energy and mass balance, as
well as a pressure calculation. The mass balance can beldol¥iad the change in mass of the

vapor CV, as shown in Eq. (5.16).

m\/ = m\/Jn - r-n\/,out (5-16)
My,out = Ki /v vV R/ — Prext (5.17)
Eq. (5.16) can be integrated to find the total mass of the vapor

For a superheater subsystem, the UFEE can be arrangedsastecein Eq. (5.18).

m\/CVTV = r-rMin(h\/Jn —Uy) — My, out (hvour — W) + QMZV (5.18)

The rate of change of the vapor temperature in the superhestebe calculated by rearranging

Eq. (5.18) as shown in Eq. (5.19).

_ r'n\/,in(hv,in —U)— r'n\/,out(l"v,out —w)+ Qsz

_I'_
v mvCy

(5.19)

Eq. (5.19) can be integrated to find the temperature of then@p. As previously mentioned, it
is necessary to also calculate the pressure of the vaporl@hifh temperature and high pressure
regime of the steam observed in the HRSG is accurately motgléhe Redlich-Kwong equation

of state (RK), [13]. The pressure can be calculated direigg Eq. (5.20).

RTy a

Rr= v—b /Tyv(v+b)

(5.20)
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It should be noted thatis the molar specific volume of the vapor, amdndb are constants of the

RK equation.

55.1 Throttle Valve

Eq. (5.17) represents the vapor flow allowed through a gie¢mkpipes from one subsection to
the next. ks is a flow constant representing the ease/restriction of rilaws Special attention
must be paid to this value, as it is important to accommodeggeometric and system properties
of each transitional section. For instance, in pipes withrgdr amount of flow, it is necessary to
have a larg&s value to avoid an unrealistically high resistance to flow. t@econtrary, a region
of lesser flow requires a lowds; value in order to effectively build up pressure. A step-bsps

derivation ofk; can be seen in Appendix A.

One special case is seen at the outlet of the final superhraach pressure system. Upon start-
up, limited vapor supply and low energy medium conditiorguiee that no material be initially
sent to the steam turbine. A valve is kept closed for the mepmf building pressure. When
pressure reaches a selected threshold, the valve is opeméy © regulate flow until the system
reaches full capacity. This phenomenon is captured in thaeiitbhrough a dynamic adjustment
of theks value associated with the flow out of the final superhedters held at a small value

(it was found that setting the flow constant to zero would eausmerical issues) until the system
reaches the pressure specified by Siemens valve control étan the pressure is sufficient, a
first order filter is used to slowly raise tlke value to a maximum value as the system approaches
full capacity. This maximum value can be found through arswealculation of Eq. (5.17) using

the desired steady state values of the pressure systengsenfed in Eq. (5.21).

My des

Ky =
T /P /Rides — Prext

(5.21)
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In Eq. (5.21),pv is the density of the vapor taken at the desired steady stathtons.

The time selected to reach steady state must be properly torfé the rate at which each pres-
sure system reaches full capacity. A slow valve openingfaifiely elongate the behavior of the
pressure system, where as a fast valve opening time has bserved to cause oscillations in the

pressure.

5.6 Miscellaneous HRSG Features

5.6.1 Preheater

The LP economizer of the reference HRSG is used to not onlygatethe the LP liquid flow, but
the entire feed water flow of the HRSG system. This preheatgdnis later split to be sent to
the LP boiler, the HP economizer, and the IP economizer. ditwduces a strong thermodynamic
coupling for all initial liquid CVs. This coupling is approptely modeled in the T3000 diagram.
The mass flow seen by the LP economizer is that of the entireGJR8d the input temperature of

the initial IP and HP economizers is the output temperattiteeoLP economizer.

5.6.2 Cold Reheat Mixing

After the superheated HP steam has passed through the HR &tdane, the flow is diverted
to join with the IP steam flow between the IP superheater aaditkt reheater (shown in the
flowchart diagram in Figure 2.2). This has several signitieaplications. First, the HP system is
not discharged to atmospheric pressure, but is insteatlaiged to the current pressure of the IP
system. At the same time, the flow entering the reheater msfiigntly greater than that leaving

the IP superheater. This mixing must be dynamically modtlgatoperly display the behavioral
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coupling of the HP and IP system.

The current research has not included a steam turbine maa@lthus the properties of the HP
exhaust must be approximated. The pressure is assumedtte peessure of the IP system at the
point of mixing. Through out the entirety of the model sintida, the mass flow output of the

mixing juncture can be calculated with a simple mass balaapresented in Eq. (5.22).
Mout = Mip + NcR (5.22)

Here, "CR" stands for "Cold Reheat" which represents thetRest after passing through the HP
steam turbine. The gaseous interaction in question is fmaabgases, given their high temperature
and high pressure at steady state. For this reason, tempecainnot be calculated from a simple

mass weighted average. Instead, an enthalpy balance mpstfoemed, as shown in Eq. (5.23).

Mouthour = Miphyp + Mcrher (5.23)

Eq. (5.23) can be solved to find the enthalpy of the out-flovetegm, as shown in Eq. (5.24).

mphip + Mcrhcr
Mout

hout = (5.24)

The input enthalpies are the respective enthalpies assdaigth each input flow temperature. Due
to a lack of transient data, the mixing of the IP flow and the HRagist must be modeled in three
piecewise stages. At start-up of the HRSG there is initiatlynass flow from the system, as the
contents of the boilers have not yet reached saturationitomdin this region of the simulation,
Eq. (5.24) cannot be relied on as the denominator of the exuadll be zero. For this reason,
the temperature calculation is bypassed, and the outpyeieture is assumed to be that of the IP

system. This assumption is reasonable as there is curremttgntribution from the HP exhaust.
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When the HP boiler begins to send steam through the HP peesystem (which for the most
part happens before the IP boiler reaches saturation),ghendinator of Eq. (5.24) is no longer
zero. The temperature of the output steam is the temperassceiated with the pressure and the
enthalpy calculated in Eg. (5.24). The remaining unknowthesinput temperature of the HP
exhaust. Two separate methods can be used to approxingtertiperature. The data provided by
Siemens denotes the steady state temperature of the ingextiaust. With this information, the
temperature of the exhaust can be assumed to have a dibmship to the temperature of the
IP system proportionally equal to the relation of the two penatures at steady state, as presented

in Egs. (5.25) and (5.26).

Tcr = kempTip (5.25)
T
Keemp = % (5.26)
|Psg

This approximation is accurate at steady state, but pradatemperature that is too high at start-
up. For this reason, the temperature of the exhaust atugtazen be assumed to be the current
temperature of the final HP superheater. A logical block eanded to select the smaller of these

two values to produce a reasonable temperature curve dsirmgation.

Figure 5.1 shows the profile produced by the logical proceguesented in this section. There is
an initial spike in temperature due to small, erroneoustlatodns in system values upon start-up.
The effect of this error is negligible as no mass flow is préesexfter initial fluctuations have
settled, the mixing model follows the temperature of thenput until approximately 12 minutes
of simulated time. At this time, HP mass flow begins and théapy calculation takes over. The
HP exhaust temperature is assumed to be consistent withetfum semperature at the exit of the
final HP superheater until approximately 30 minutes of sated time. From this point onward,

the HP exhaust temperature is approximated by Eq. (5.25).
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Figure 5.1: COLD REHEAT TEMPERATURE PROFILE PARTIAL CAPATY

It should be noted that this mixing model could be improvethwhe addition of a CV to represent
the junction point. In the case of this research, there isladd geometric information pertaining
to the Cold Reheat junction, and thus it is necessary to malenthalpy balance approximation.
It should also be noted that the introduction of an additi€¥ would require the inclusion of
several new integral calculations. This added complegign unnecessary computational load for

the additional accuracy it would provide.

5.6.3 Thermodynamic Interplay

Modeling the entire HRSG system sheds light on the thermaxiyticoupling of all three pressure
systems. This is easily seen through the tuning of heatfeaneefficients. The medium within

the pipes and the flue gas outside the pipes ultimately flowpposite directions. This means that
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a change in one location of the HRSG will effect the behaviothe entire HRSG model. For
example, if one were to adjust the heat transfer coefficieatsuperheater, one may assume that
this will not effect the behavior of the boiler as it is dowrestm. This is false, as the superheater
adjustment will change the amount of energy left in the flug lgefore it reaches the boiler. In
extreme cases, the down stream subsystems can draw so rmergly &om the flue gas that the
upstream subsystems will be choked off and not perform efftgr. On the contrary, if one were to
make a heat transfer coefficient adjustment upstream inyiters, for instance in an economizer,
this will effect the energy in the medium as it propagatethierrthrough the system. This complex
phenomenon calls for careful analysis of perturbationaasp when tuning the system parameters

to better fit the behavior of reference data.

24



CHAPTER 6: BOILER MODEL

6.1 General Layout

The boiler is the most complex and numerically intensivesgatem within each pressure system.
In the presented model, a separate liquid and vapor CV ardened, each with their own energy
and mass balance. These CVs are coupled through phaseeahasg transfer and heat transfer at

the shared boundary.

6.1.1 Switching Mechanism

The key physical phenomenon which sets the boiler subsyagpam from other majors subsystems
within the HRSG model is phase change. This phenomenon adestiaa mass flow which must

be calculated in order to perform proper energy and massdia@within each CV.

Steam Drum
out boiler
1 1
sl  FLUE GASCYV  jummud 2o
L ! Feedwater
Heat .
@ exchange n

Flue gas flow
METAL CV 1

____________ i
Heat
exchange
! varor LIQUID
<=! ov o = Evaporator
tubes

&/

(@) (b)
Figure 6.1: VISUAL REPRESENTATION OF BOILER MODEL
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Fortunately for the sake of calculation, temperature ofréfspective CV can be assumed constant
during a phase change. This assumption effectively alllvssame number of equations to be
solved as was utilized in the calculations for simpler systéike the Superheater. The difference

in the Boiler subsystem is the necessity to track and swigttvéen multiple modes of calculation.

6.1.1.1 Boiling
The change in mass of the liquid CV can be calculated usingéziy).
ML = Myin+ My2L — Moy (6.1)

Eq. (6.1) can be integrated to find the total mass of the li@\dm,_. For the liquid CV, the two
modes of calculation are the heating mode and the boilingem@éhile in the heating mode, the
liquid CV absorbs heat from the metal and changes temperattgordingly. The UFEE can be

arranged as presented in Eq. (6.2).
M.CLTL = ML in(hLin—hs L) — oy (hg — e L) +ivac(hey —hil) +Quar — Qv (6.2)

The heating mode is in effect when the temperature of thedigibelow the saturation temperature
at the current pressure. In this state, the mass flow due poeation,m_»y, is assumed to be zero.
The calculation can be performed using Eq. (6.3).

i in(hein— Nt ) +rivae (hey — Dy ) + Quz — Quav
N m. CL

T (6.3)

In theory, the boiling mode is achieved when the temperadfithe liquid CV is equal to the
saturation temperature at the current pressure. Due tonmeaherror, it iS necessary to consider

an acceptable range where saturation can be assumed,Ti.e- Tsx(R)) |< €. As previously
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mentioned, the temperature of the liquid CV can be assumestaot while in the boiling mode,
i.e. TL = 0. Therefore, Eq. (6.2) can be rearranged to calculateddfiedp mass flow as seen in

Eq. (6.4). . .
ML in(hLin—hs,L) +var (hs v —hy L) +Qmar — Quov

6.4
hgL —hs L (64)

Moy =

It should be noted that the liquid-vapor interface is quatgé within the drum of the boiler. For
this reason, it is necessary to consider a convective haafar,Q, o/, between the boiler liquid

and vapor CVs. This heat transfer can be represented by EJ. (6

Qv = HivALy (TL—T) (6.5)

In this model, the mass flow into the liquid CW_jn, is calculated by a PID control block regu-
lating water level. At steady state, this mass flow settldsetapproximately equal to the boiling

mass flowm oy .

6.1.1.2 Condensation

In reality, phase change within a boiler is not simply a ong mecess. Abrupt pressure changes
from valve openings and various other effects can causeubgystem to temporarily enter a
state where vapor would condense back to liquid. In orderg@ate a more robust model, it is
imperative to include this phenomenon. As was necessatliéavaporation scenario, a switching
mechanism can be employed to track and calculate valuesdadifferent states of the vapor CV:

pressurization and condensation.

The change in mass of the vapor CV can be calculated usinggE). (

My = Moy — My2 — My ot (6.6)
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Eq. (6.6) can be integrated to find the total mass of the vappn€;. For the vapor CV, the UFEE

can be arranged as presented in Eq. (6.7).

myGy Ty = iy (N L — Ugy) — Myar (e v — Ugy) + My out (hv.out — Ugv ) + QLay (6.7)

The pressurization mode is in effect when the pressure ofdper is less than or equal to the
saturation pressure of vapor at the current vapor tempetaitu this state, the condensation mass
flow, my2., is considered to be zero. The temperature of the vapor CVbeacalculated by

rearranging Eq. (6.7) into the form shown in Eq. (6.8)

_ Loy (hgL — Ugv) + My.out (hv.out — Ugy) + QLav

T
v myCy

(6.8)

The condensation mode is in effect when the pressure of {harexceeds the saturation pressure
at the current vapor temperature. In the condensation nloel@apor temperature is considered to
be constant, and thus the condensation mass flow can beatattily rearranging Eq. (6.7) into

the form displayed in Eq. (6.9).

MLov (hg L — Ugy) + My out (Mv,out — Ugy ) + QLZV
hty —Ugv

MyoL = (6.9)

6.2 Redlich-Kwong Equation of State

Due to the presence of a vapor CV, it is necessary to calctilatgressure of the boiler subsystem,
as was done for the superheater in Chapter 5. The high pesaadrhigh temperatures observed

in the boiler point once again to the RK equation, shown heiej. (6.10), [13].

o RTy B a
v—b Tvv(V+ b)

R/ (6.10)
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It should be noted that for regions of low volatility for theRISG, the a boiler model should
predict pressure to be at the current saturation pressuithdogiven vapor temperature. It was
for this reason that previous boiler models assumed thespresvithin the boiler to follow the

saturation pressure exactly, [1]. Although this producdsweer computational burden, such a
model is not robust to significant perturbations and failgdpture the true behavior of higher
energy systems such as the HP system. On the contrary, thef tlee RK equation allows the

boiler subsystem to settle naturally to saturation coadgiwhile remaining robust in more volatile

transient simulation.

6.2.1 \olume Calculation

A key difference in the boiler calculations is the presentemm separate CVs which share the
total volume of the subsystem. This requires an indirectutation of the vapor specific volume

for use in Eq. (6.10). First, the volume of the liquid must b&ualated using Eq. (6.11).

V, =
) PL

(6.11)

The vapor volume can then be calculated by a subtraction frentotal volume of the boiler
subsystem, as shown in Eq. (6.12).

W :VtotaJ WL (6-12)

The molar specific volume can be calculated by dividing theovarolume by the total moles of

steam within the boiler, demonstrated by Eq. (6.13)

W

V= (6.13)

(6.14)

N
LY
N =
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In Eq. (6.14) M,, represents the molar mass of water.

6.3 Volumetric Energy Contribution

In the early stages of developing a robust boiler model, abiletissue observed among the sim-
ulation results was a significant temperature separatibmdss the liquid and vapor CV’s of the
boiler. This phenomenon, although theoretically posditeshort periods of time, is not realistic
as the contents of a boiler will sustain near saturation itimms during the majority of operation.

In an effort to remedy this inaccuracy, attention was givethe consideration of a real gas within

the boiler. In non-ideal pressure and temperature comﬂiiimed(gzu) term of the UFEE (Eq.
(5.3)) can no longer be approximatedasCy Ty, but instead must include a secondary term asso-
ciated with a change in energy due to a change in volume. TdédReKwong pressure equation
allows this term to be solved for through direct differetiia. A detailed derivation of this term

is presented in Appendix B. The additional change in voluenentis presented in Eqgs. (6.15) and

(6.16).
dimu) . :
15a Moy —MmyaL — Moy
= 6.16
(V+ b)\/TV( My ) ( )

Z represents the volume change contribution to the changedamial energy. This adjustment was

made to the solving of Eq. (6.7) when calculating the ingtaabus change in temperature.

Upon implementation it was noted that this realistic additio the temperature calculation had
a negligible effect on the results of the simulation duriegular operation. Furthermore, the
adjustment did not solve the issue of temperature separatio hindsight, this is a somewhat
expected result, as the addition of the volumetric term lierantly transient. Adjusting the rate

of change of temperature should not have a significant effedhe steady state equilibrium of
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the system, but it should merely adjust the path by which ylstesn approaches equilibrium.
Ultimately, the volumetric term does theoretically make temperature change calculation more
robust to abrupt changes in the system, and the added caimpatdoad is quite small, so, for the

purposes of this research, the volumetric adjustment vitais lthe model.

6.4 Evaporative Cooling

In previous sections regarding the liquid CV of the boilemtconditions have been considered:
liquid water below saturation temperature and liquid watefor near) saturation temperature.
These conditions have been properly accounted for thrdugluge of the switching mechanism.
Naturally, a third condition must be considered, namelyitigvater above saturation temperature.
This condition in reality is unstable, as water above sétumatemperature would evaporate to
approach a new equilibrium. This natural evaporation hasading effect on the liquid CV as
the phase change takes energy from the liquid. It should bedrtbat, unlike the previous two
conditions, this evaporative cooling mode suggests thdt Baemperature change and a mass
transfer will occur simultaneously. A switching mechanisamnot properly approximate the mass
flow as the temperature can no longer be assumed to be con$tantmedy this imbalance of
variables to equations, it is necessary to take a step baok tfine lumped CV assumption and
analyze the macro and micro-scale conditions of a boilegi§ipally at the interface of the liquid
and the vapor. Macro-scale conditions of a liquid and vapay present non-saturation conditions.
However, it is reasonable to assume that the micro-scalditimms of the liquid/vapor interface
will be held at saturation. Without a detailed finite elemerddel of the liquid/vapor interface,
assumptions must be made about the conditions of this matswege. For the purpose of this
model, it is both reasonable and convenient to assume thetnaasfer of this evaporative cooling

mode to be that of the liquid CV boiling with the previous teemgture of the CV taken to be the
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current saturation condition. This assumption takes adggnof the fact that on a microscale, the
temperature of the liquid currently evaporating will bechebnstant. This mass flow, although not
entirely accurate, adequately captures the behavior oé¥hporative cooling phenomenon, and

thus, pushes the system to the proper equilibrium.

6.4.1 Mass Flow Correction Factor

Given the mass flow assumption, an attempt was made to imctbasaccuracy of the evapora-
tive cooling mass flow. The process is pressure driven; therea simple pressure difference

correction factor was added to the mass flow, presented i(6EL?).

Moy = Miavg, + Kec(Psat — R/) (6.17)

In Eq. (6.17),kec represents a tunable constant that can be adjusted to albvey on less evap-
oration mass flow in the evaporative cooling mode. It was ntestupon implementation that
changing this constant had a somewhat negligible effedi®@system, as the system would always
approach the same total mass flow by adjustmg,_, accordingly. This resistance to change in

the system was observed in many aspects regarding tunabla@izrs.
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CHAPTER 7: VALIDATION AND SIMULATION

7.1 Full Load Start-Up

A major milestone of this research focused on producingrestemt model that would show phys-
ically realistic behavior and reach steady state valuespematle to those provided by Siemens
Energy Inc. for the reference HRSG running at full power attplt is the philosophy of this
research that one should not produce a model with the iotentf matching the provided data
exactly. Instead, developing an accurate model of the phlyphenomena present in an HRSG
should in turn produce results accurate to reality. At thmeesime, this mindset produces a versa-
tile model that will respond accurately to perturbation attdrnative input conditions. The results
displayed below show a transient simulation of the preseRlRSG model from start-up to full

capacity.

Two coupled factors play into the transient behavior of thespure within an HRSG: physical
location and energy magnitude. The HP system is the clogstm to the inlet of the flue gas,
followed by the IP, and later the LP system. This suggesttti@atHP system will respond to a
change in the flue gas temperature first, and it will contimueteive the most energy throughout
the start-up of the HRSG. Figure 7.1 shows the start-up sitiom results for the pressure in each
pressure system. As expected, the HP system pressurizemfirseaches the highest pressure of
the three systems. The IP system pressurizes second ahdsealower steady state pressure than
the HP system. Finally, the LP system pressurizes last authes the lowest steady state value of

the three systems.
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Figure 7.1: SIMULATED PRESSURES OF THREE STAGE HSRG

The jagged transient trends seen in Figure 7.1 and the foltpgraphs are not a result of simu-
lation fidelity, but are instead an after effect of T3000’sadarchiving. This phenomenon will be

discussed in detail in Chapter 8.

Table 7.1 shows a comparison of the steady state pressuresvadached in this transient simu-
lation with those provided by Siemens for the reference HR&IGhree systems reached values

within 2 bar of the reference data.

Table 7.1: COMPARISON OF PRESSURE DATA WITH SIMULATION.

T3000 Simulation Siemens Data

HP 117.77 bar 118.12 bar
IP 32.11 bar 30.24 bar
LP 5.35bar 6.82 bar
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Although a small amount of pressurization can be attribdtegttly to an increase in temperature,
the most significant contribution to pressure increase iknigo It follows that the onset of this

mass flow should correspond to a significant increase in ggspre within each pressure system.

In Figure 7.2, the exact timing of mass flow initiation is slity skewed by the erroneous constant
value phenomenon. That being said, the beginning of boiirtigin each pressure system lines up

quite accurately with the initial pressure increases shiovidigure 7.1.

The mass flow trends shown in Figure 7.2 present an insighitfulil representation of the switch-
ing mechanism discussed in Chapter 6. The mass flow begies@tas the system is not currently
at saturation conditions. This trend continues until stan is reached, at which point the switch

is flipped and mass flow is produced at constant temperature.
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Figure 7.2: BOILER FLOW RATES AT THREE STAGES
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Table 7.2: COMPARISON OF MASS FLOW DATA WITH SIMULATION.

T3000 Simulation Siemens Data

HP 67.19 kg/s 66.16 kg/s
IP 12.45kg/s 11.83 kg/s
LP 7.88kg/s 8.21 kg/s

This mass flow is initially unstable. Introducing more masshie vapor CV raises the pressure of
the system, and with it, the saturation temperature neeafeobiling. The system switches back
to the heating mode and repeats this process for some tintheAystem approaches steady state,
the boiling mode becomes more stable until a state of contigauoiling is reached with slight
adjustments from the evaporative cooling mode to settlaasteady state value. This chain of

events is observed in all three pressure systems.

The steady state values for the boiler mass flow of each peesgatem is presented in Table 7.2.
Once again, the values for the full capacity simulation saimly approximate the data for the

reference HRSG.
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Figure 7.3: TEMPERATURES OF SUPERHEATED STEAM

Figure 7.3 shows the transient temperature trends of theé duerheater within each pressure
system. For the IP system, this refers to the second rehehterfinal HP superheater and the
second reheater are both located in Cluster 1, the clusisest to the inlet of the flue gas. It
follows that these two subsystems will have similar tempeestrends and closely follow the input
flue gas ramp-up profile. The contents of Cluster 1 should reanediately to the introduction of

the hot flue gas. The LP superheater, located in Cluster 4eetth a much lower temperature as
the flue gas interacting with later clusters will have losigagicant amount of heat to the previous
clusters. The response time of the LP system will also beyddlas more heat will be initially

taken by the previous clusters. These expected resporesebserved in Figure 7.3.
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Table 7.3: COMPARISON OF SUPERHEAT DATA WITH SIMULATION.

T3000 Simulation Siemens Data

HP 801.49K 840.43 K
IP 822.26 K 839.15K
LP 5538.82K 520.93K

A comparison of the steady state values for the final supghéamperature of each pressure
system is presented in Table 7.3. A noticeable error is @&mpdor the superheater temperatures
predicted by the model. It is believed that these discrepantan be reduced through further
tuning of heat transfer coefficients and other system paemebut as previously mentioned,
the goal of this research focuses on producing accuratevioelmaver steady state results. As an
added difficulty, significant tuning of system parameterns lead to numerical oscillation unless
the sample time of the simulation is appropriately decre@aBer the purposes of this research, the

steady state values given in Table 7.3 have been deemedauesp
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7.2 Partial Load Start-Up

It has been demonstrated that the model shows good agreantrgalistic behavior for the full
capacity case. However, in reality, most power plant sipg-will not immediately ramp up to
full capacity. This practice would strain the system andjfa¢ the material exposed to the flue
gas. Itis important to allow all parts of the HRSG system tchean increased temperature before
proceeding to higher load capacities. For this reason, thaeinwill be compared with transient
data provided by Siemens for a partial load ramp-up. To @teuhis on the HRSG model, the GT
exhaust temperature and mass flow profiles provided by Siefoethe partial capacity ramp-up
have replaced the respective profiles associated withdphkcity case. The initial values of the the
simulation have also been adjusted to match those showe ietbrence data. When an HRSG is
powered down, it takes a significant amount of time for altpaf the system to reach equilibrium
with atmospheric conditions. For this particular set oftstg trends, many initial temperatures

are much higher than 298 K.
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Figure 7.4: ANALYSIS OF HP PRESSURE

Figure 7.4 compares the simulated HP pressure trend witloththe reference HRSG. The ini-

tiation of pressurization predicted by the simulation iggood agreement with reference trend.
Although the model appears to pressurize at a faster ratetttgareference HRSG, the general
behavior of the simulated trend adequately mimics the eefex data. A significant feature is the
relatively constant pressure region seen at approximagetp 30 minutes for the simulated trend
and 35 to 40 minutes for the reference data trend. This raegiordicative of the valve opening

described in Chapter 5. Considering the tunable paramassisiated with this valve opening, it

is possible to optimize the timing and maximimvalue to better match this reference trend.
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Figure 7.5: ANALYSIS OF HP MASS FLOW

Figure 7.5 shows three trends. The blue trend representsxtieust flow of the HP system as
described by the reference data. The orange trend repsabergimulated mass flow from liquid
to vapor in the HP boiler. As was observed in the full capasifyt-up case, this boiler mass flow
is driven by the switching mechanism described in Chapt&ofier mass flow is not present until
saturation conditions are reached. Mass flow then switchemd off until leveling out at steady
state. The black trend represents the mass flow exiting theduperheater of the simulated HP
system. This mass flow is the best comparison to the exhaust fioav provided by the data.
The superheater mass flow is held to a low value while the valirethe closed condition. The
initiation of the valve opening can be observed as a verjigab in the superheater mass flow
trend. Given that both the boiler and superheater trends€dss every other simulated trend for

the partial capacity start-up case) display a vertical jdollowed by a short region of constant
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value at this time, it is apparent that this swiftly changiagion of the simulation has been skewed
by a graphical archiving error. For reasons explained imitlet Chapter 8, this region can be

assumed to be a smooth interpolation for both mass flow trends

The reference data depicts a region of significant osa@latiThis oscillation coincides with the
real timing of the valve opening as described by the predsenel in Figure 7.4. The real trend is
not exactly mimicked by the model. The valve control of thal t#RSG is a closed loop control
dynamically adjusting the pressure profile of the systenr. tk®@ model, the valve control is an
open loop control and thus does not dynamically adjust ontteated. Keeping this in mind,
the simulated superheater mass flow appears to follow thergemmend the reference mass flow

adequately.
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Figure 7.6: ANALYSIS OF HP FINAL SUPERHEATER TEMPERATURE

The HP final superheater temperature, displayed in Fig@,edbes reach a similar steady state
temperature as is depicted by the reference data. Howeéverpparent that the simulation re-
sponds much faster to the introduction hot flue gas. Thigemsmncy is a result of the method
of temperature monitoring used on the reference HRSG. Ibseved that the real superheater
temperature does not increase until mass flow has begun iHR&y/stem. This implies that the
thermal couple does not reside within the superheater stdryitself, but instead beyond the sub-
system, perhaps passed a valve. This insight suggeststhptdvided superheater temperature
data does not properly account for the increasing temperafustagnant steam within the super-

heater pipes at start-up. With this in mind, the behaviohefdimulated superheater is expected.
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Figure 7.7: ANALYSIS OF IP PRESSURE

Figure 7.7 shows a comparison of the simulated pressurd téh the reference data for the IP
system. The general behavior of the simulation shows gombagent with the behavior of the ref-
erence HRSG. That being said, there appears to be an apjatekyrd minute lag in the IP system
simulation when compared to the reference data. This timisgrepancy, though significant, can
be adjusted through further optimization of tunable patansen the model. The valve opening
for the IP system appears to occur just after the 40th minfutieeostart-up ramp. The simulated
valve opening appears to have a less significant effect osithelated IP pressure trend, but a
small inflection can be observed after the 30th minute of kEted time. This once again shows a
room for improvement in regards to the timing of valve openiout the overall behavior of the IP

system is adequately captured by the model.
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Figure 7.8: ANALYSIS OF IP MASS FLOW

Figure 7.8 presents the mass flow trends associated witRPtkgstem, as were presented in Figure
7.5 for the HP system. A key difference in the IP system is tiwusion of the Cold Reheat
Mixing. This mixing adds a significant amount of mass flow te tR system before entering the
final superheaters. For this reason, and a lack of knowlatdgegards to the exact placement of
the mass flow sensor within the IP system, it is difficult tovdrasight from a direct comparison
to the discrete subsystems of the IP model. Furthermoranibe observed that the timing of the
initial mass flow as suggested by the data is significantbyr ldtat the initial pressurization. This

implies that a different logic is employed for valve contwdien compared to the HP system.

It can be said that the behavior depicted by the simulatedi$res realistic in that it behaves much

like the HP system. The IP exhaust flow predicted by the maistrongly coupled with the
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HP flow as the HP exhaust is directly contributing to the Co&h&at Mixing. This produces a

superposition of the behaviors seen in the HP and IP systems.

Figure 7.9 presents a comparison of the LP simulated pressird to the data from the reference
HRSG. It is important to note the scale of the values obseirvélte LP system when comparing
with the trends from the HP and IP system. With that in mind,ithtial and steady state errors of
the LP model are quite negligible. The timing of the simuligteessurization appears to be leading
the real data by approximately 10 minutes on average. Oraia,abis timing discrepancy can be
remedied through system optimization. The over all belrasidhe LP pressure trend appears to

reasonably comparable to that of the real HRSG.
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Figure 7.9: ANALYSIS OF LP PRESSURE
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Figure 7.10: ANALYSIS OF LP MASS FLOW

Figure 7.10 presents the various mass flow trends assoeiétfedhe LP system. Here the sim-
ulation once again appears to lead the real data by a significargin. It is interesting to note
that the mass flow of the real LP system does not begin sinedtasty with the initial increase
in pressure. This can be explained by the dual nature of yregscrease for a gaseous CV. The
pressure of a CV can increase due to the introduction of massrar naturally from an increase
in temperature. The latter case is not very significant ferHf and IP systems, as the pressure
increase due to mass flow is orders of magnitude larger. Waerlpressure levels seen in the LP

system allow for this natural pressurization to play a largée.
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CHAPTER 8: MODELING CHALLENGES

8.1 Computation Speed vs. Numerical Accuracy

It is a major goal of this research to produce a model that ik bocurate and easy to simulate.
Obviously, higher fidelity models will produce more acceregsults. This research focuses on de-
veloping a low complexity model, through the use of lumpedsCitat will still provide insightful
predictions for the transient behavior of an HRSG systenanglwith the amount of CV calcu-
lations, the sample rate of the simulation plays a largeirotbe accuracy of transient behavior.
Lack of powerful computational resources placed a linotabn the speed of simulation available
for this research. For this reason, the time used in caioanlstwithin the simulation has been
dilated to 5 times real time. By spreading out the time of $ation, the fidelity of the model can
be increased. Upon analysis of results, this time dilatem e accounted for to produce pseudo

real time trends.

Through cooperation with Siemens, the LP model develope@dmsar, [1], has been shown to
produce valid real time simulation when run on a more powa&dmputer. With more computa-
tional power, a smaller sample rate can be used, and the tlateod can be removed. Although
the model presented in this document is significantly laegel more complex, it is believed that

real time simulation is feasible with increased computaigower.

8.2 Numerical Oscillations

Numerical oscillations provide a roadblock for removalioié dilation and significant tuning of

the HRSG model. When the rates of change of system paranagteremarkably high, discrete
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simulations tend to overshoot the true trend of said paramét some cases, this overshoot can
lead to significant oscillation as the system attempts tioilsta itself. Ignoring cases of incorrect
simulation setup, these oscillations tend to settle to adststate value as the input flue gas tem-
perature reaches a steady state of its own. This naturathegadf the system to approach steady
state is a testament to the robustness of the simulatiort. bEi¥ag said, the regions of significant
oscillation are of no use for analyzing the behavior of tramistrends, as these oscillations are a
result of computational inaccuracy, and are not indicabieeal physical phenomena. For this
reason, it is necessary to properly assess the ability afdhgutational system the model is being
run on and dilate time appropriately. It is also importankéep oscillation in mind when tuning
the system. This is especially true for vapor CVs like thesshpaters, as the thermal inertia of wa-
ter vapor is quite low compared to liquid water. It has beeseobed that heat transfer coefficients,
though very flexible, must not be increase too significamtlgn attempt to achieve more accurate

steady state values. A threshold exists where temperasarigation will occur during start-up.

8.3 Erroneous Constant Values

One significant challenge faced during the developmentisfrttodel was a graphical error pro-
ducing significant regions of constant values on the archiv&000 trends, shown in Figure 8.1.
T3000, as previously mentioned, is a plant monitoring safendesigned for use on control pan-
els of power plants. By pushing the limits of this softwaned @&reating the enormous flowchart
diagram needed to model every aspect of a multi-pressurediRSignificantly large selection

of values needed to be archived at any given time. This nptionpled with the idea that this

research was performed with a single computer, meant teagrépphs outputted by T3000 were

often overloaded.
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After thorough investigation into this issue, it was obgerthat this constant value phenomenon
was solely in the archiving process of T3000. When the grajtechive data were constant,
the transient data being calculated by the model was unaffeand would continue to fluctuate
as expected. It was discovered that a regular clearing ddrittéve data would temporarily avoid
future erroneous constant values, and thus the validatiaphg presented in the latter portion

of this thesis show much smoother curves. For those plotsemigoneous constant values are
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CHAPTER 9: CONCLUSION

9.1 Research Overview

A theoretical model of a multi-pressure HRSG has been ptedarsing a CV based approach to
simulate individual subsystems as well as their geomelistering. It has been shown that this
theoretical model can be practically executed on Siememsdgyrinc.’s T3000 plant monitoring

software. This transient simulation can be run at near rewed with physically accurate behav-
ior showing good agreement with the transient and steadyg dtta provided by Siemens for a

reference HRSG.

Furthermore, it has been shown that a switching mechanisnbeamplemented to accurately
approximate the phase change phenomena within a boilaifispy boiling and back-flow con-
densation. This back-flow condensation has been obsenadtettdively remove numerical inac-
curacy associated with unnatural temperature separatiovelen boiler liquid and vapor CVs. The
RK equation has been effectively implemented as a meandaflaing pressure. This pressure
calculation is robust to abrupt perturbations as it accotmt steam pressures deviating from the
saturation regime. Calculation of real gas volumetric gneontribution to rate of temperature
change has been demonstrated, and it has been observecta hegligible effect on the results
of model simulation within the regime of the provided refere data. An approximated evapora-
tive cooling mass flow has been presented to combat predswesthan saturation conditions.
The combination of these mechanisms has been shown to behayghysically accurate manor

and yield reasonably accurate transient trends in congrawgth reference data.
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9.2 Future Research

While the research presented in this thesis meets the olgedtthoroughly modeling an HRSG
system, there is still room for improvement of the model.tkeir developments can also be made
to gain insight on other aspects of a traditional powerpleg®dme potential improvements are

discussed below:

9.21 Mode Optimization

Due to the focus of this research on realistic transient Wiehahere are many instances where
the system is not optimally tuned for the provided steadiestesults. The large collection of
tunable parameters poses a daunting task to any personug gishing to thoroughly optimize
a system such as the presented HRSG model. For this reasmay lhe possible to implement an
optimization algorithm, such as a neural network, to turgestystem for stronger correlation with
the data. This optimization not only lies out of the scope wfent research, but also implies a

need for much greater computational power.

9.2.2 Closed Loop Valve Control

As mentioned in Chapter 7, the current valve control systathimnvthe model is an open loop
control. The valve is closed until a pressure thresholddshied, at which point the valve is slowly
opened following a first order response to a desired maximaioev Implementation of a closed
loop control monitoring pressure would be more analogoufi¢osystem used in the reference
HRSG. This adjustment would also improve the model preafistifor perturbation scenarios, as

the current valve model cannot dynamically close.

52



9.2.3 Seam Turbine and Condenser Models

The model presented in this research focus specifically®BRSG section of a traditional power
plant. In the case of the Cold Reheat Mixing, the effects efti® steam turbine are approximated
to allow for simple simulation. The accuracy of this modalicbhbe increased with the addition of
a steam turbine model, as the system would react to the dgrmasponse of turbine in regards to

temperature and pressure drop from one pressure system iexh

One promising area of research will be the addition of a cosdemodel, which is currently
under development. Such a model, coupled with a steam wirbodel, will essentially complete
the cycle of the HRSG system, as the exhaust steam will beecsed and sent back to the LP
economizer for preheating. This condenser model will usdai lumped CV methods to simulate

the energy transfer from exhaust steam to a cooling medidowgbressures.

9.2.4 Boiler Swvel/Shrink

Boiler swell/shrink is a significant interest of future dey@ment to the current boiler model. The
presence of vapor bubbles within the riser tubes of the beildsystem pose a rather complex
controls problem when attempting to predict the water |léveide the boiler drum. Thermody-
namic predictions of boiler water level are only accuraterahe water reaches a new equilibrium
and are actually contrary to the behavior of the water leveing transients. For this reason, a
predictive model of boiler water level would prove to be quitsightful into this phenomenon. It
would also be possible to use such a model in plant monitairfigvare to effectively counter the

swell/shrink effect and keep the HRSG running efficiently.
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APPENDIX A: PIPE FLOW CONSTANT DERIVATION
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For a simple pipe model, the head loss through a pipe can loeilles by Eq. (A.1),

_fLx?
f= 2dg ’

(A.1)

wheref is a friction factor,L is the lengthd is the diameterX is the fluid flow velocity, andy
is the acceleration due to gravity, [14]. The head loss can bé expressed as a function of the

differences in pressure as shown in Eq. (A.2).

AP
hf = — (A.2)
P9
Egs. (A.1) and (A.2) can be set equal to each other as dematedin Eq. (A.3).
AP fLX? A3)
pg  2dg '
Note here that thg terms on each side of Eq. (A.3) cancel out.
It is known that velocity can be represented in the form diged in Eq. (A.4).
- m
X= oA (A.4)
This velocity equation can be substituted into Eq. (A.3)i®d/Eq. (A.5).
0P _ it a5
p  2dp2A?
Isolatingmwill produce Eq. (A.6).
2
e = pAPZ?—f (A.6)
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By taking the square root of each side, an equation in sirfolan to that of Eq. (5.17) can be

achieved, as shown in Eq. (A.7).
. 2dA2
m —

= T@\/A_P (A7)

Due to the complex geometric conditions observed within &B8, it is convenient to approxi-

mate /%ﬁz as one combined parameter, and tkusan be defined by Eq. (A.8).

2dA2

k p—
f fL

(A.8)

For the purposes of this researdf, is considered a tunable parameter, as it must be properly

adjusted to adequately capture the complex geometric tonsliof the HRSG.
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APPENDIX B: VOLUMETRIC ENERGY CONTRIBUTION
DERIVATION
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A change in internal energy can be considered a functionropégature and volume, as denoted
in Eqg. (B.1).
oP
du:C\,dT+[T(0—T)V—P]dV (B.1)
If an ideal gas assumption is made, the pressure can be dolveding the ideal gas equation,

shown in Egs. (B.2) and (B.3).

PV =nRT (B.2)
nRT
P= VA (B.3)

If Eq. (B.3) is plugged in to Eg. (B.1), it is observed that teem within the brackets is equal to
zero, as presented in Eqgs. (B.4) and (B.5).

oP nR
(0_T>V = V (B-4)
T(ow—Pl="5" ~P=0 )

This means for an ideal gas, this extra term does not havdeat eh the transient of the system.

However, for a case where the RK equation is used to calcpiagsure, this term is not zero.
The RK equation for pressure calculation is shown in Eq. XB.6

o RT _ a
v—b  Tv(v+b)

(B.6)
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A similar partial differentiation with respect to tempereg can be perform on Eq. (B.6), as pre-

sented in Eq. (B.7).
(dP) R n a
Ty =
oT"" v—b  2T3y(v+b)

(B.7)

Eq. (B.7) can be applied to Eqg. (B.1) to solve for the effect@fime change on internal energy,
seen in Egs. (B.8) and (B.9).

JoP RT a 1.5a
TG P =VTs oy L Vi) &9
1.5a
du:CVdT+7\/_I__V D dv (B.9)

Dividing through bydt, Eq. (B.9) can be written in the form shown in Eq. (B.10).

. - 15a

For the boiler subsystem presented in this document, thegehia volume of the vapor CVy, is
a function of the change in mass of the CV and the specific veluhhis relation is presented in
Eq. (B.11).

W=-—r (B.11)

In Eq. (B.11),my can be replaced by applying Eq. (6.6), shown in Eq. (B.12).

(ML2y — MyaL — My out)

: v
W = ™

(B.12)
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Eq. (B.12) can be applied to Eq. (B.10) to achieve the fornm se&q. (6.15). This is displayed
in Eqg. (B.13)

1.5a (mLZV —MyaL — My out
VT (v+Db) My

u=C,T + ) (B.13)
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