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ABSTRACT

The state variable formulation of a Fouiter Wheeler
ESD-boiler is d2veloped from fundamental principles.
The response of the model for various input signals is
determined using CSMP ~-II,the IBM simulation 1language.
The sensitivity of the model to various coefficient
values is noted as are the characteristics of various
system states for small perturbation values.
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NOMENCLATURE

superheater, riser and downcomer cross-sectional

2
areas respectively (ft )

evaporation level proportionality constant
(ft-sec/1b)

heat capacitance for superheater, riser and downcomer
tubes respectively (BTU/lb:R)

average heat capacitance of combustion gases times
air-fuel ratio (BTU/lb-R)

heat capacitance for feedvater(BTU/lb:R)

= average heat capacitance of superheated stean

(BTU/1b-R)
frictior coefficients for superheater, riser and

2 S
downcomer tubes, respectively (sec /ft )

2
acceleration due to gravity (ft/sec )

enthalpy of saturated vapour corresponding to PB

(BTU/1Db)
enthalpy of saturated liquid corresponding to PB

(BTU/1Db)

enthalpy of liquil in mud-drum (BTU/1lb)

enthalpy of drum and downcomer liguid (BTU/1lb)
enthalpy of evaporation corresponding to PB (BTU/1b)

air cooling coefficient at superheater bank (BTU/sec)
air ccoling coefficient at riser bank (BTU/sec)
heat~-transfer coefficients from combustion gas to
superheater tubes, and from superheater tubes

to steam, respectively (BTU/leE)

heat-transfer coefficients from combustion gas to




Kf)K°=

LQ)L\‘)LD

riser tubes and from riser tubes to boiling
1i'quid respectively (BTU/1b-R), (BTU/lb-.R.), (BTU/1b-R)
evaporation rate constant of drua liguid (lb/sec:R)
constants for state equations of saturated steam

- 2 -1
{ R-£ft /1b), (ft )
superheater, riser and downcomer tube lengths
respectively (ft)
mass of drum liquid (1Db)
mass of superheater tubes (1lb)

mass of riser tubes (1lb)

2

drum pressure (lb/ft )
2
superheater outlet pressure (lb/ft )

2
mud-drum pressure (lb/ft )

= heat-input rate from tube walls into the superheated

steam (BTU/sec)

= heat-input rate from hot gasses into superheater tube

walls (BTU/sec)

= heat-input rate from riser tube walls into boiling

liquid (BTU/sec)

= heat-input rate from hot gasses into riser tube walls

(BTU/sec)
[
reedwater temperature (R)
saturation temperature corresponding to PB (h)

suparheater outlet temperature (R)
drum and downcomer liquid temperature (R)

= superheater tube-wall temperature (R)

riser tube-wvall temperature (B)

= average gas temperature at superheater banks (R)

average gas temperature at riser banks (R)
combustion gas temperature entering superheater banks
(R)
3
volume of vapor phase in drum (ft )
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velocity of riser mixture (ft/sec)

velocity of downcomer water (ft/s=c)

3
total drum volume (ft )

steam mass-flow rate at the superheater outlet
(1lk/sec)

fuel mass-flow rate (lb/sec)

feedwater mass-flow rate (lb/sec)

downcomer mass-flow rate (lb/sec)

riser mass-flow rate (1lb/sec)

air mass-flow rate from blower (1b/sec)
chemically correct +50% excess air rate (lb/sec)
mass—-evaporation rate from drum liquid surface
(lb/sec)

steam mass-flow rate from drum into superheater
(lt/sec)

quality of mixture leaving riser

throttle opening (/)

drum liguid level (ft)

3
saturated vapor density corresponding to PB (lb/ft )

3
sup2rheater outlet density (lb/ft )

3
saturated liquid density corresponding to PB (lk/£ft )
density of 1liquid vapor mixture leaving riser

3 .
(lb/ft )
evaporation level (ft)
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I. INTRODUCTION

Boilers as understood by marine engineers are closed
vessels containing water which by the application of heat is
converted into steam at any designed pressure. This stean
is "then used for the production, through machinery, of
useful work. A dynamic model of steam turbine machinery
consists of a boiler model and a turbine model. Tne
difficult part is the boiler, as a load change causes
variations in some important properties such as toiler
pressure, temperature and drum water level.The analysis in
this paper will use Chiens dynamic analysis (1) of a boiler
as a reference.Chien considered a naval boiler which for
purposes of analysis was divided into four sections namely a
superheater, a downcomer-riser loop, a drum and a gas path.

The principles of thermodynamics,heat-transfer and fluid
mechanics waere used to describe the dynamic behaviour
corresponding to each section of the boiler and these were
derived from eguations of continuity, energy,
heat-transfer,and momentunm. The eguations involve partial
differentials as well as nonlinear terms. These egquations
were reduced to the ordinary 1linear egquation form by
applying small perturbation and difference equation
techniques.Linear equations thus obtained were reduced to
ten state variable equations and solved by digital computer
techniques.

Since there is an 1increasing interest in toiler
modelling, the objective of this thesis was to develop a
comprehensive boiler simulation modei in a form useful for
modern control (i.e., multivariable control) analysis.

12




A. BOILER CONSIDERATIONS

The control problems of high pressure boilers have
become more and more critical, both from the operational and
the economical points of view. A dynamic analysis is the
method to be wused for a control-system analysis. It
consists of a complete understanding of the process to be
controlled and the effects of physical and chemical changes.
The analysis is not exact by any means but the results
obtained should be in good qualitative agreement with actual
tests. The major difficulty in boiler analysis is the fact
that the whole system is very complex and contains numerous
variables.

Chien(1) considered a naval boiler which for purposes of
analysis was divided into four distinct sections namely a
superheater, a downcomer-riser loop, a drum and a gas path.
The detail of analysis 1is described in Part B of this
section. The basic equations used in the analysis are those
of continuity,energy(heat-transfer),momentum and the state
equations. These equations involve partial differentiation
as well as nonlinearities. Generally,the equations have tae
form

f:(x 3 Y.y g ) =0

To eliminate the nonlinearities one wuses perturktation
theory, which effectively approximates the response of the

\
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system to small sigrnal changes about a <chosen operating
condition. Thus, the equation is perturbed about its steady
state operating condition to give the linearized form.

Hence it can be written as

MAX-!-MA +-§LAZ+----=0
dx dy / 0z
The perturbed variables are AX, AY, AZ, etc. and the
partial differentials ( %;, df , %g, etc.) that form the
2
coefficients of the perturbed variables are evaluated at

steady state operating conditions. This technique was also
followed by Whalley (2) in modeling the same boiler plant.

e —— A
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Figure 1 - A CROSS SECTIONAL ARRANGEMENT OF THE FOSTER




E. BOILER ANALYSIS

The boiler studied in this analysis is a Foster Wheeler
D-type marine boiler; which is an oil fired,two-drum,natural
circulation unit having a rated output of 28,800 lbs/hour at
350 lbs/if’gauge, 1200°F. A cross sectional arrangement of
the unit is shown in Figure 1.The following assumptions
apply to the physical simplifications in each of four
sections.

1. Superheater

(@) The inertial effects of superheated steam are
neglected.

(b) The superheater tubes are assumed to be a single.
capacitance with restriction on the drum side and another
restriction on the load sige.

(c) Desuperheaters are not considered.

2. Downcomer riser loop

(a) Only natural circulation exists.

(b) No boiling takes place in the downcomers.

(c) Vapor and 1l1liquid velocities 4in the riser are
identical.

(d) Heat-transfer rates to the boiling liquid from the
tube walls are proportional to the cube of temperature
difference between the wall and the liguid.

(e) Steam gquality is uniform in the riser.

(f) Liquid temperature is always the same as the
saturation temperature corresponding tc drum pressure.

(9) Downcomer liquid temperature is the same as the
drum liquid temperature.

16




3. Drum

(a) There is no temperature gradient across the drum
vapor phase,and the temperature is always the saturation
temperature corresponding to drum pressure.

(b) The liquid phase has no temperature gradient other
than across a very thin boundary layer at the drum surface.

j (c) Evaporation or condensation rate in the drum is
proportional to the difference of 1liquid and saturation
temperatures.

(d) Feedwater temperature is assumed to be constant.

(e) Liquid-level changes due to bubble formation in the
drum are neglected.

4. Gas Path

{(a) The air-fuel ratio is assumed to be constant.

(b) Temperature of combust ion gas entering superheater
is proportional to the firing rate.

(c) Waterwalls are lumped with the riser-banks.

(d) The heat-transfer rate at =each tube bank 1is
determined by the tube wall temperature and the average gas
temperature.

(e) Inertia of the hot gases is neglected, that is,
velocity changes take place instantaneously.

(f) Delays due to the heat capacitance of the hot gases
are neglected, that is, temperature changes take place
instantaneously in combustion gases.

(9) All heat transfer is due to turbulent convection
and radiation.

The following steps are taken in developing the
equations for each of the four sections. A simple schematic
diagram of each sub-section is included at the beginning of
each part of the analysis. A brief statement of the physical

17 .




situation is included under the headings. The dummy

coefficients such as a‘, b‘, sz' D“, were used for

coavenience,aud their values are declared in the Appendices.
The quantities such as iB' Fs, EB, etc. are the steady state
values of HB, hs, hB, respectively. These values can be

evaluated from the original unperturbed nonlinear egquations

by setting all derivative terms to zero and solving for the
unknown values in term of known values.

18
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5. Superheater continuity

Mass flow in ~ Mass flow out = Rate of change of enclosed

mass

Wo — Wy - g—t(LsAs/oﬁ)

The percturbed eguation is :

AWy~ AWy = LgASSAp

or,

a, AWy +0, AW = A, SAL (1)

wnere S is the' Laplace variable denoting differentiation
with respect to time

6. Superheater energy balance

deat input from tube wall + Heat in incoming steam - Heat
with outgoing steam = Rate of change of internal energy

d
Q +Wghy= W h = E:(LSASﬁ,hs)
The perturbed equation is ¢
AQ+ W Ah, +RBAwB.wsAhs.Fs W = LA (/Bssm\s_,u Rss Ap,)

since,Atho,A'l&:CMATs and L ASAR = AWy~ AW
After substitution and rearrangement:

(LsAs/Bscf\S)SATs + (Rg-hg)awg - A8y = -WeCy BT (2)

or,

a,SATg+AgAWa +ag MG = & ATy

20
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7. Heat conduction across superheatsr walls

Heat input to wall - Heat output from wall = Rate of change of
energy stored in superheater wall

Qgs—g’s g —(“$ssw) i

; The perturbed equation is :
AQQS - ABy = M C SAT,,

or,

Q‘AQSS + Q= (1“)SA1'Sw (3)

8. Heat input to superheater wall

The following empirical formula includes the cooling effect
if air supply W differs from ideal air supply Hu (Whalley (2)):

2

Q =K wo.c(T -T -k -ﬁ&
9s 95 "4 9s sw) <ws.«s(i Wa.c)

The perturbed equation is '

0.6Kgg /= _ o -
AR - X (Tss -"',u)AWthsw* (ATgs‘ATsw)*'?Kail%-}“) Aw,
ac

or,

O.HAGIgs = CIML\\N’-0-0.13(1\1'5;-A'rw)~o-0.“Awa (4)

21




9. Heat transfer across superheater wall
For turbulent gas flows:
0.8
Qg = KWy (Tew~ Ts)

The perturbed equation is :

0.3 - — 0.8
B8 = Taa's (TonTo) 8y 48, (a7, - o,

or,

a, e, < a AW + @, (AT, - AT,) (5)

10. Heat transfer from combustion gas
Average gas temperature at superheater wall is %suhere

6.8 asg
g W
and CS is related to the heat capacitance of the combustion
gas by :

Tss - T.-

C

g = Cc(1+-‘.'-:‘$)

where Ccis ccnstant
Thus ;

Qgs =2 Co("‘;* w“)(Tc'Tgs)

The bertnrbed equation is :

A Q.s g =2 C‘[( W* * wq) bT, + (T‘c':fgs) Aw{ +(Te -:7.99) Awa." (W{, ;ﬁ“) ATQ;J

22




Rearranging:

!
2¢,

or,

a Aa
™ g AT + G, AW  + 0, AW, + szATgs

11. Superheater momentua

Neglecting the inertia of the steam:

flgvy
(PE'PS)AS'(?%:)AS/D& o

Since ! ws "/°a AsVa
( ) fls( w 2 0
P~ P)- __S(_..e ) =
B
. ST g0 \ A, /o
Substitute : { §Lle
MR LYY

The perturbed equation is ;

o 2
AP T AP = 2 —\:‘-ts AW, - ﬁ.b
8 S SS /55 8 fs/gsg A/OB

Rearranging ;.

2
Wa W
2{5,/5:AwB + AR -§s/.§:2A/05 =04F

or,

a,, AW, +a, AP+ AL =a AR

23
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12. Riser continuity egquation

Mass flow into riser - Mass flow out = Rate of change of
enclosed mass

oY %;[A,(L,-»;) (P+p,)/2]

The perturbed eguaticn is :

Aw, - AW - %{A,L,SA/O—A,(/DVOW)SM+A,7)5A/o}
since :
A K )
b ot So P
then, 2

bp =Pk -k)m A

8

If the starting point of evaporation in the riser tube is V]
above the water drum exit where ;

” - 1 o= wa
then,
A” =a - CAWW
A i SApP ‘can be neglected siace )7 is small

Substituting ep and Ay and rearranging
2

0.3 AL, f (};-” - & )sax+ 05 A LRK, ( )sAPb

S,

+0:3(p+Py)CSAW, = Adw, -~ AW
or,

027SAX+0253APB+QZQSAW‘ . Qsko" *a31Aw (3)

25




13.

.0

Riser momentum equation

pressure drop - frictional losses - gravity head -
exit loss - monentum flux change = Inertia force
felew :
(Pu=Pp) Ay = 2L LAY - ALyp - —E— .- PA
B v 2 2. vV/D i 2 »
Av § DuP 23570 7

2

-[_’l—-/mv- -—““——] - Lv dw
9 (LA 9 (PuAn)? g o

Therefore :

2

Gon)- [ D)E T -

After perturtation and substitution for Qp as done before

in the Riser Continuity Equation, the perturked equation is:

(APw‘APB)‘ ZF[(}-&— ;w)ﬁi +%w]Aw‘sz(/-é.a‘%w)Ax

M- _:.E-.,.Oz.é__}_]Ax: LV‘ SAW
Ptpy '[f:% #57) i
where 5

Rearranging :
2N
AP ~ AP -(b N s)aw+b Ax- £H
ol A o
e s 25 3)/10p

Ay = .El

I

Aww + o< A/OB

wherce

o
[}
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and is small enough

- o2
x = - -X— l. ( vav.'.-@- + 0 L
,5:[/\\« R /o * to be neglected

Therefore

AP - AP,y = b, AW+ a SAW+b AX- 2X¥ AW
IR

or,

a AR +0, AP = &, AW+ 0, SAW+G, AX+05; AW (9)

in]

let
=

(=8
o

=

o

=
I

14. Heat balance across riser

Heat from hot gas to riser tubes-Heat from tubes to mixture

=Rate of change of internal energy stored in tubes
. Q.. -8, = %(MBCBTBW)

The perturbed equation is ;|

ab

Ae,, - 4@, = M,C SAT,,

or,

AQ

e QasAQs = 0., S AT,y (10)
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15. Riser heat balance equatio

Heat input to risers-Heat output from risers
=Rate of change of internal energy

Qg Wy - Wi < 4 Jo.5A (L)) (P35, )h]

. h :_‘i_t[o.sA,(L,-M(}“ﬂ,)}+Av('-w'))(/3'/3,,)g.t(h)

From the continuity 2quation :

d -W){ P,

% 0.5A, (L \o)\/o+)0w) = W, - W
After substitution and perturbation :

Ao +W Ak, 4 (h, - AW, ~WAh = 0.5ArLw(P+p,)S4M

since:

h -hw“xhﬁ

If changes in latent heat Ah;sare neglected,then

From steam tables :
Akwa = K ARy

A hwb = ATw
Therefore ;

0:5 Arby(P+5,) K SAP, 4 0.5 Ava(/B*ij)[\ﬂSAx ~AQy
= (Mp- 1) aw, - WKAR = Wheo Ax + W, AT,

or,

a“SAP!s +a4ZSAx +a“AQ° = a“Aww+ a“APa+a46Ax+a"ATw

28
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16. Riser heat transfer equation

An empirical formula that accounts for turbulent gas flow

is adopted and gives @
0.6 2

W 4 4
Qcaa oy Kga wf (T a‘TaN)'Kav(i"‘w—:c)"’Kv-(Tea "wa)

The perturped equation is

AGgs = O'OK%(:}Z.-L?M) AMg + Ken W (87g5-4T,,)
b

2 Koy(Wae = W o %
" av_ac &) Awa + 4KV(T35A'35'TBW ATBW)

W

ac
Rearranging
iy o 0.6 Kga(Tan-T
Ag‘gs- KSB W’. ATgb T Kanf’ ATpy + — 95&7;?3-1',“) AW}
W
X Woc -
4 Zlorlae ) Ay + 4K, Ty AT,
Wac
3
4K Toy ATgy
‘}?
hence : i
-0‘6 _3 -0-6 -3
Aaga— (Kgswf‘ R K,Tgs) AT%Q - -(KQB wf = 4KVTBN) AT,W
Wi
+ QK&\P(—E:G';‘Q.I AWq
Wac
or,
(148 AQQB-F 0-49 ATgB = a50A75'+a3!Awf+asgAwa (12)
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17. BRiser heat

o
Hh
[
'ﬂ'
o
Lo}
[
’.a.
|-
1<)
(19
)
[
I=
=

The heat transfer rate is assumed to be proportional to the
cube of temperature difference between wall and mixture.
Continuing to follow Whalley(2):

3
Qe. = KQ (Thw"TS)

The perturbed equation is :

= o 2
Aaa ¥ 3K3(TBN'T3)(ATB.~’ATB)

cr,

18. Downcomer momentum equation

Y. Forces due to pressure difference-frictional loss
+gravitational head-entrance loss = Inertia force
Hence ¢

I b :
(Pg"Pw)An- %DD:(VW)/DVQAD'*'/DWAD(LD"‘Q)-‘ (v"‘)ﬁw

& i (Lbhofuvwl
dt q

since: Wy = Ry ApVy
fpl »Ww 2 g L
P 'P" SR — —D ‘v
e s 9/ AR JenRt 23‘5’°~ dt 9h

2
(PB-P..)-[( th;,+ 0'5)3,‘:*&] W + Al = 9'-—:0 %(Ww)
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The perturbed equation is?

AR - AR, = (by+a,S)AwW, —L,Ap,

where : X
bw e ?-WW"(fDLD +0.5)
3PuAs L Do
Oy = JﬂL
g As

Since flow is incompressible (fmis constant both
and space),then Aj% =0
Therefore ;

Ase APy + A, ARy = aseAww"‘assSAww

19. Drum stea

(=]
(=)
(1]
%

balance eguation

in tinme

(14)

3 Vapor rates to/from drum = Rate of change of vapor mass

in drum
Thus ,
Bvaporation rate ¢+ vapor rate from risers-steanm
rate from drum = 4'(V§f%)
dt
Therefore :

We + XWa W, o d(Vs )
e 8 & Y&
The perturbed equation is;
AW=+)-<AW+WAX—AWB-VBSA/OB-&-/Z’&SAVB

Substituting for @

AV3 = "AAy
AWg = Ke(AT, -4T,)
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gives

Vo Ky S AP -PaASAY < KC(ATN-ATQ):,RAwJ,ﬁAx-Awa

or,
QoS APy + Qg SAY < Qgy (AT, -AT,) + G AW+a AX+G AW, (13)

20. Drum liquid heat balance eguation

Y Heat tc and from drum with liquid = Rate of change of the
internal energy of the liquid

Hence :

Internal energy of riser 1liquid + heat transfered in

feedwater - heat taken in by downcomer liguid - latent heat
released with evaporating liquid =£i(dtum liquid internal
enerqgy) dt

Therefore :

Co(L=X)WT, 4+ CiW;T; = C oW, Ty = wehw . % (CoMT)

But Cy,C; ,Cy =1

The perturbed equation is ;

(i~)~()Ta AW + ("‘i)WATB"ﬁ?an*WiATi*’?iAW{-WwATW
=Tw AW, — W, Ahaw-haw AWe = MSAT +T, sAM

Substitutiang for ;
AWe = Ke (AT, -ATy)
Ahaw- Kc AR,

AM o AﬁNAy
and ri- constant,so ATi x 0
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T

Thus:

(L=X)Ta AW+ (1-X)WAT, = WT,AX +T; AW = Wy AT, =T, AW, ~WicKc AP,

~RguKe (AT, - AT,) = MSAT, +AR, T say
or,

+ Qrs(ATw'ATs) = Q,,SAT, +a758Ay (4ie6)

21. Drum liquid mass balance squation

S, Liquid input/output rates = Rate of change enclosed mass
of liquid
Hence !
feedwater input rate + riser liquid input rats-downcomer
liquid rate-evaporation rate = d ( M)

t

T

Therefore :
Wit (L=X)w-W, =W, =d(m)
d
The perturbed equation is ;
AW, #(t=X)AW-WAX -~ AW, - AW, = SAM

Substituting for :

AWe = K¢ (ATw=-ATy)

AM ' -AfwAY
gives:

“Ke ATy + APwSAY = (L-X)aw=WAX =AW, ~KeAT, + AW,

Qg ATy + @, SAY = a“AwJ, a”mu askow«\%‘AT"ms:Aw: (L7)
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The perturbed equation is :

AW
s % FYN T,

or,

Aws e 094Axv » ag,,APs"'a%ATg (1L8)

23. State equations

Sﬁi 8 T 8
or,
AT, « Q. AP (19)
Afa.%/_;iAPb - Ky B
or, :
APy = % AP, (20)
B Tas = ATgs (21) 1
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or, s
BRgw = Qog APy
Pq = {Z(TS Jjos)
x‘ A Ps o _%_‘szT + bfz Afs
| or,
)
A Pg = Qo ATg + Q0 AP (23
ATe = Kpdw
or,
AT, = Oy, AV (24)




C. STATE VARIABLE EQUATIONS

The following procedure is an algebraic method to reduce
the twenty-four governing equations to ten state variable
equations,that is, in standard matrix form of i(t) = AX(t) +
BU(t)

Here X(t) is the matrix of system state variables and

U(t) is the matrix of system inputs.

From (1)
a‘3 Afs = O.J_Aw8 + 4 AW,
5 - &AW 4+ 22Aw
4/2 T g 8 aj S
oL,
A/Qs = b AW, + b AW, (1.1)
From (2)
d4AT$ :-QBAWS—O'QAQS"'C‘-’ATS
foo=-22 AW _Qeng , 37 A7
From (5)
Al o 28 Aw, ¢ Szar A0 AT (L.3)

$ Ays ais ais

Substituting Q from (1.3) in (1.2) and rearranging
s

.
ATS = a“_'aq + &Z AT - 2§+ al‘-atg AW = Qg. Qyy AT
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or,
From (3)
Qe SAT“ = GQAQ% + Cls AQS
AT,, - 32AQ as AQ (1.5)
i B + Qo
From (W)
2 Q2 Aw 4 G AT, - SAT i a (1-6)
AQ%S - §+ e o+ Ga AW,
Prom (6)

ﬂgAT+aza Aw+a2tAw + 222 AT {(4.7)
AQ% ST Qe Qig f asg aig 4°

Setting (1.6) = (1.7) and rearranging:

(912-9:2) fais
S M o) ATs

BY. v Aw 4
P f‘.‘?-“u) 53 4_1_)
Ay 413 (au Qi3
‘ Qzy Qs
(0'1.4- ot ) Qig
o ko AW1+ _— ATC (1.8)
Q3 G422 Qi3 22
ayt Qis Air  dgg
Substituting AT . o.L ANf from (24) into (1.8) and
o2

rearranging

{axs~qtcz_ﬁg._e+g_z_c‘) (_45\)
a Ay ais a
AT - ool Nl S e S

(o _ am
Qyy Ay

(q ‘:x)
_ M anf,y

: Sw / a
L3 % Lis _ lu
Qgy Gy Qyy Gy
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or,

ATy, = by AW + b, AT, - by AW, - (L.9)

Substituting ATﬂs from (1.9) into (1.6) and rearranging :

Ad = (‘l‘_‘ + “_12.-_"1) Aw{+(57-aza sz)m‘sﬁ( e b"a"‘)AwR

35 all Qyy Q¢ 11 Ay
or,
AQy, - by AV + by AT, + by AW, (1. 10)
Substituting A&% from (1.10) and AQ, from (1.3) into

(1.5) and rearranging ;
. , a, .
AT, =[2a:be Buig 4| =2 B ST AT %) an,
Qe Q1o Ayet Qs ‘110
¥ e S Vaw [ 2ule ) ar
Q- %y s Qo g ®

ATg, = b AW + b AT+ AW 4 by, AWy - by AT, (1-11)

oL,

Prom (17)

O.
077 Q77

b o AW .§. AT § o 1 Aw; (1.12)
ary "\77 azr7
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Substituting ATg from (19) into (1.12)
a
AY = - %r6-%9r pp o Zus pw, 883 AX
Ay7 B Q77 Uy

O a a

Q77 Qyy Qzy
or,
AY = - bnAPs + bw AW + bLQ AX 4+ bzko'ﬂ + b“ATw + b,‘,_zAwi (t.13)
From (16)
A+w = - _0.,5 A‘;+ Qe AW + _—(a‘7~u79) ATy + ——m68 AX
Q7s Q74 Q74 a7+
a,,
+ Zes Aw;+ (____-a7‘+a7-‘) AT, + s B AW+ EB AR, (1.14)
Ury Q74 74 74

?
Ssubstituting Ay from (1.13) and AT, from (19) into (1.14)
and rearranging :

3 :
ATy - (a"'b“ e Derey asr“n) AR, + (‘_l_ég i a75-b18> AW

A7y Q74 Q74 A7a Q74

+(fﬂ_ a75-b19) AX & (0_7_1_ = °‘75-bzo)Aww

a74 a74 0.74 0'74'

0.”+ a73 s a7’-b21 AT“ + 0;63 L a7s. b£2 Aw:
Qry Q74

or,

AT, = b, AP . by, AW +b, Ax+by AW, + b AT +b, AW (L.18)
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From (15)

AP, _-fi‘ Ay %6z pt, - Liz pr , Qoo awy J6s axy Ses AW (1.16)
U6o Qo Q6o Qgo Ggo B

Substitutlng Ay from (1.13) into (1.16) and rearranging :

AP, = (“61-*’17_ “62'“9"> AP +(a"3 - ——q“'b“) AW 4 (“_64 = “u.lm) AX

Q ¢ Qg0 8 Qgp Qgo Qo QAgo
_[8esba AWy 4 | Zee _ ;. bay AT
Qgo Q go Q6o W

i Aoy baa ' Qg5
( Qg0 )AW( +( abo)AwB

APy « bzs APq + l’ac AW + by, Ay ‘bszAwW

or,

2 l93.1 AT, - b:u.AWi_ L b:;s Awa A (t.17)
From (11)
AX .-iﬂ/_\;b- 945 Aay 4 Qs Aw, g2 AR
[ O asz2 042 aasz
a'4b 0'47
Ax + 21 AT, (1.18)
°~4z “a2

From (13)

B, « 22 AT, 4 S8 AT,
Qs3 Q&3
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Substituting ATy £from (19) ‘

Q54 Qg5.0 9y
Ae, "EATw —;;—APB (1.19)

Substituting AP, from (1.17) and AQb from (1.19) into
(1.18) and rearranging :

Ai : (‘aﬁ g 0.4;.!.')29 i) a‘-‘"“&s’“s") A PB_ (a‘l, b«'lb) Aw

d42 42 Qp2 Qgy Q32

¥ a_4_§ alH b AX + a‘-4 Q44 b32 Aw + a47 a“ b3~l AT
a, a4,n a42 A 42 041 Q42 v

or,

= b AR~ by, AWy b AX + b, Aw,
From (8)

Aw .- 027 AX % AR, , %u Y AW, 4 23 AW (1.21)
Ayg azg azs azs
° [ ]
substituting AX from (1.20) and APy from (1.17) into
(1.21) and rearranging : ' ’
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or,

Av’lw = - !344AP5 + 545 AW - 546 Ax + b47AwW - b4»8 ATW

Substituting Aﬁw from (1.22) into (14) and rearranging

APN a.(0'"134"‘.-59 B"’)Aww-(a“"a”'b )AP+(059 bu) AW

Q57 / Q57 As; |
. /- \ Wi & .. 4
_/"n- “ss °43 T, o | e AW,
0.5 a57
4 O59. bso_ bSo Qg4 bSl AT
Qs Qsy i
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or,

APy = by AW ~by AR 4 by AW-b, AX-bse AT,
+ by AW+ by Ay 4 by AT (1-23)

From (9)

AW - B2 AR o %3 AP _ Ses Aw_ %3 ax_ %s7 AW,
Ay5 % Qs Q35 Q35 Qas

Substituting APy from (1.23) into (1.24) and rearranging :

> , a a dsz. b a
Aw | R b _ %37 N %32 bsy AR +| ——=4 - |8
a Qa3 Qa5 a35 35

as Qg

or,

AW = by, aw, + b, AP, + bgy AW~ b, AX - b“ATw

+b65AN,; + by Aws.;. b67 Awa (4.25)
From (10)
AT, w ot A0 S Aq, (4-26)

0.40 35 ‘J"O
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From (12)

Qyg Aa‘!16 = Qg AT, + QMAWV Qg AW, -Q, A‘!’gb (1.27)
Since ATga’Aqu from (2'1).then substituting AT38
From (1.9) into (1.27) and rearranging :
- Yo a Quaq »
Aa,, - SN Ry +(“5‘ Ass be AWf-o-( 524049 - by AW,
3 age Q4q Qas
—[%48 by )\ Ap (1-28)
Car SW
Substituting Aaga from (1.28) and AQB from (1.19) into
(1.26) and rearranginag :
L[]
Qsq. @ Qyg.0Q Q3
AT = ae-fos . G5 Gmgl) e o %a‘bAw
a Q4o- 048 Qgy.As3 B & %%s e ¢ t
5 Qag a82+a4g'bg AW, — Q33.843- b, 'ATsw
Q‘O.Q‘s a Q.‘_Q.Q“
i aés- Ags.Qg, A PB
Qho- sy
or,
ATy = bgg ATy, + bgg AWg+ b, aw, = b, AT 4b AP, (1.29)
From (7)
AW o S0 4P L Bu AR _ Qa5 4 (1.30)
8 Ay az3 az3 /8

4y




Substituting AP from (23) and Ap, from (20) into (1.30)

AN -39_'_“?_5. AP - au-%c) AT - a“.am)
e el g e

or,

AWy = b"sAPb‘b” ATy - bn A/"s (t-a1)
From (18)
Qay a5 AP Q36 At (1.32)
AWS = A Xy oA e Ts

Substituting AP; from (23) into (1.32)

AWS P AX (GSS.GLOQ + dgg ATS & Q“ Aol A/D
0«93 Qas Qg3 ag3

or,

AWs = b, AXy + b, ATso.b,sAf)s (1.33)

Substituting AW, from (1.31) and AW, from (1.33) into
(1.1) and rearranging :

A/Ds “(bz‘bn' Bl.b,s)A/Ds+(b2.b77-b‘.bn) AT,
+(b’-' bm ) APy + (bz’bre ) AXy

or,

Bps-cyop +c, AT, +Coy APy + D, AX, (A)

Substituting AW, from (1.31) into (1.4) and rearranging :
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ATS = 54- b75 APS + ( b3+ 54-574) ATs' bSATsw"b4b73APB

Qr,
ATg = C,, DPs + C2p ATg + Caa AT, +Cog AP (8)
Substituting AWB from (1.31) into (1.11) and rearranging ¢

2

ATSW = - bLS'b"s A/OS -( b15' b74+ bié) ATS + b).3 ATsw

+bis.bys AP+ EAZAW{ + by AW,
or,

AT, = Cax AP + Cyy ATg + Cas ATgy + C330Fg
+D,, AWg + D, AW, (c)
substituting AWg from (1.31) into (1.20) and rearranging °

AX « b b, AR + 2  Dyg AT+ bag AX b, AW

$ b+0 ATW + b4i AWwp

or,

AX w €y AP +Cag ATy + Cpg AX +Cyg AW+ Cag AWy

3Cyy ATyy +C43AP6 +Cyuq AT, +Dyy AW; (D)

ué6




Substituting A\“a from (1.31) into (1.25) and rearranging

A;U - = beo’ bn A/os i bso' b74 ATs = b“AX-i- bbzAW+ b60 AWy

+ b67 ATBN +(bé6' b73 * bGi ) APa -564ATW+ 565 Aw._

or,
A\;‘ = Cgy APy + Coa ATg + Cs4 AX + Cs AW + Cgg AW,
+Csy ATgy +Csa AP, + Csg AT, + Dgg AW (E)
Substituting AW, from (1.31) into (1.22) and rearranging ;
A;*,, = ~bgy by, Apg - bso't’m ATg - bae A+ bysaw
4 by, AW, # bgy AT, +(bgo-byq=b44) A Pg
- byg AT, +‘b49 AW,
or,
BV o oCo AP+ €y AT, 4 Cpy AX 4 Con AW + Cop Ay

From (1.29)

ATaw = - bn AT, + b“ ATaw + b72 AF, + bes AW+ brkoa
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or,
ATpw = Cp3 ATgy + Cop AT, +Crg AR+ D,  AWp+ 0,,4%,  (G)

Substituting Awafrom (1.31) into (1.17) and rearranging ;

A PB e !)35. b78 A/DS & b35_‘ 574 ATS + b‘_u AX 4 bao AW

-b,, AW, +( byy + by, bm) AFy + baa ATW-b:u.ANi
Qer,

APB = Cg‘ Afs + cgz ATs +(‘.84 Ax+Cg5 AW-FCQQ AWy

+Cag AFy + Cgg ATy + Dgy AW, (H)
From (1. 15)

AT, - bzsAx + by, AW+ by AW, 4 b AR +b AT, +b,qAW;
or,

L Cou AX + Cos AW +Cgq AW, + Cog ARy +Cog AT, + Dy AW, (T)

From (1.13)

]
Ay = big Ax+ by AW +ba AW, -by AP + by AT, 4 bys AW

or,

AY = CrogBX + Ciog AW+ Cyo AWy + ClosAPb+c‘°sA‘rw+[)“£Wi(J)

us




The state variable eguations from (A) to (J) were rewritten
in matrix notation as shown in Figure 4. The state equations
were soived for various percent step «changes to input
variables ( Axv, A"r' wa) ;using the IBM simulation language
CsMP -II as shown in the next section.

i e e
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III. COMPUTE

From Appendix A , it is seen that the a coefficients are
in terms of steady state values. These values vere -
determined <from the data in Whalleys thesis (2) which are
repeated in Appendix E. A Fortran IV program to f£ind the
a,b,C,D coefficients which appear in the CSMP progranm is
shown in Appendix F,and the calculated values are shown in
Appendix G. Appendix H is the IBM simulation language CSMP
program that was developed. Only input variables were
changed for =2ach computer rurn. For example, results for a 5%
step change of AX,, a 10% step change of A¥Wjand a 10% step
change of AW; were calculated. The output response curvas
were plotted using the NPS CALCOMP PLOTTER.
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A. TRANSIENT RESPONSES FOLLOWING A STEP CHANGE IN THROTTLE
SETTING OF 5%

At a particular steady state operating condition the
threttle valve is suddenly opened while still keeping the
previous air and fuel flow rates and feedwater flow rate
constant. Because of bubble formation in the steam drum
liquid,the steam drum water level (FIGURE 9) swells for
about 40 seconds and then shows a steady falling in level at
higher flow rates of steam. The steam drum pressure (FIGURE
8) immediately begins to fall. Following these suddén
incr=2ases, the steam mass-flow rates from the steam drum and
the superhsater (FIGURES 10 and 11) show slight declines
because of the effect of the decrease in steam drunm
préésure. The superheater outlet pressure (FIGURE 10) acts
in a similar fashion to the steam drum pressure, that is ,it
shows a stezady decline to a new steady state condition but
it is slightly lower than the steam drum pressure because of
system pressvre drops. The supefheated steam temperature and
superheater wall temperature (FIGURES S and 6) both decline,
althouqh the latter temperature is slightly 1lower. Thae
riser tube wall temperature (FIGUREZ 8) and steam drum liquid
quperature (PIGURE 9) also decrease due tc the throttle
change. The superheated steam density (FIGURE 5) shows a
rising characteristic to counteract the loss in superheater
pressure and temperature and the gaia in steam mass-flow
rate from tne steam drum (FIGURE 11). The riser and
downcomer flow rates (FIGSURE 7) are reduced to a lower value
but steam Juality (FIGURE 6) is increased to a higher value
than previously to preserve the energy balance.
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Figure 11 -

STEAM MASS-FLOW RATE FROM STEAM DRUM TO
SUPERHEATER ¢ AWy ) VS TIME
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B. TRANSIENT RESPONSES FOLLOWING A STEP CHANGE OF 10% IN
FUEL FLOW RATE.

The effects due to a change in the fuel flow rate are
less than those due to a <change in the throttle valve
setting. However,the system requires a longer period of time
to reach a new steady state coadition. Because the
combustion rate 1is increased, the evaporation rate is also
increased making both the steam mass-flow rate at the
superheater (FIGURE 17) and the steam mass-flow rate from
the steam drum (FIGURE 18) increase in a similar manner.
Initially, density in the risers falls quickly in response
to the increased firing rate which causes a rise in
superheated steam density (FIGURE 12) . An increase in steam
flow from the steam drum without an increase in the
feedwater flow rate results in a drop in steam drum water
level (FIGURE 16) .The steam drum pressure (FIGURE 15) and
superheater outlet pressure (FIGURE 17) rise monotonically
as time increases. Also superheated steanm temperature
(FIGURE 12) , superheater wall temperature (FIGURE 13) ,
riser tube wall temperature (FIGURE 15) and steam drum
liquid temperature (FIGURE 16) all increase with increasing
fuel flow rate. The abrupt fall in riser mixture flow rate
(PIGURE 14) is probably due to the sudden drop in the level
of the initial density change in the riser.
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C. TRANSIENT RESPONSES FOLLOWING A STEP CHANGE OF 10% IN
FEEDWATER FLOW-RATE

The main effect of increasing fesdwater flow rate while
maintaining tarottle setting and air-fuel flow rate constant
is an increase in the steam drum water level (FIGURE23).
Because fsedwater is added into the steam drum, steam drum
pressure (FIGURE22) suffers a small overshoot followed by a
decline. As a result, a drop in both steam mass—-flow rate
from the steam drum (FIGURE2S) and steam mass-ilow rate at
the superheater outlet (FIGURE24) occurs.Flow around the
riser-downcoamer loop (FIGURE21) is only slightly affected.
Since the firing rate is wunaltered,the riser tube wall
temperature (FIGURE 22) and the stean drum liquid
temperaturs (FIGURE23) decline. The superheated steam
temperature (FIGURE19) and the supsrheater wall temperature
(FIGURE20) rise because of a drop in steam mass-flow rate
fror the steam drum.The quality of steam (FIGURE20) shows a
general lowering. The superheated steam density (FPIGURE19)
shows a decline which is similar in form to the drop in the
superheater cutlet pressure.
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This analysis is only the initial step toward a better
understanding of a naval steam generating plant both from
the dynamic and from the control points of view. The
analysis concerns a boiler system which is divided into four
parts. The major difficulty in the analysis is the fact
that the whole system is very complex and.contains numerous
variables which are extremely unwieldy to manipulate. Large
nunbers of relationships are non-linear so it 1is necessary
to generate a linear form by the methods of perturktation
theory.After setting up the state variable equations, the
IBM simulation language CSMP-II was used to solve for the
open loop transient response characteristics of the state
variables due to variations in input variables. Throughout
these calculatidns,all the variables app=aring in the
transient response curves are not absolute values.
Rather,they represent a small ircremantal change from soae
particular steady state operating condition. also,it is to
be noted that trends in some of these results differ
markedly in form from those appearing in Whalley (2). Future
studies will be undertaken to determine the causes of these
differences. Meanwhile,the benefit one may derive from this
basic analysis is its use in the design and constructicn of
a new type of boiler controller, that is, a multivariable
control systenm.
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