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ABSTRACT

A non—linear computer model of a U.S. Navy D—Type

boiler was developed using lumped parameters. The program

was coded in IBM CSMP-III simulation language. A companion

routine was also coded to permit the user to implement the

model for a particular boiler using only readily accessible

data. The model was adapted for a Combustion Engineering

Type V-2M boiler for analysis.
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NOMENCLATU RE

English Symbols

A - Area (f t 2 )

Adr - Drum Downcomer Total Cross Sectional Area (ft2)

Ads — Header Downcomer Total Cross Sectional Area (ft2)

AMB - Main Bank Heat Transfer Surface Area (ft2)

Ar 
— Main Bank Riser Total Cross Sectional Area (ft2)

— Screen Riser Total Cross Sectional Area (ft2)

Be - Becker ’s Factor

C - A General Constant

C~ — Specific Heat of Liquid (Btu/ lbm/ °F)

Cm 
— Specific Heat of Tube Metal (Btu/lbm/°F)

C~ — Specific Heat (Btu/].bm/°F)

CR1 - Specific Heat of Flue Gas in the Furnace
(Btu/].bm/°F)

CR1a - Specific Heat of Flue Gas at the Furnace
Exit (Btu/lbm/°F)

CR2 
- Specific Heat of Flue Gas at Superheater Exit

(Btu/lbm/ °F)

CR3 
- Specific Heat of Flue Gas at Main Bank Exit

(Btu/lbm/°F)

C5t 
- Constant used in Rohsenow Correlation

C3-C11 - Constants Used in Various Equations

d — Diameter (f t )

Dd - Sum of the Diameters of the Drum Downcomersr ( f t )

Dd 
- Sum of the Diameters of the Screen Downcomers

(ft)

9
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D - Sum of the Diameters of the Main Bank Tubesr ( f t )

D5 
- Sum of the Diameters of the Screen Tubes Cf t)

EB - Total Heat Input to the Furnace (Btu/sec)

ED1 - Heat Transferred from the Desuperheated
Steam to the Tubes (Btu/sec)

ED2 - Heat Transferred from the Superheater Tubes
to the Steam (Btu/sec)

ER1 - Heat Transfer Rate from the Flue Gas to the
Screen Tubes (Btu/sec)

ER2 — Heat Transfer Rate from the Flue Gas to the
Superheater (Btu/sec )

ER3 - Heat Transfer Rate from the Flue Gas to the
Main Bank (Btu/sec)

ER4 - Heat Transfer Rate from the Flue Gas to the
Economizer (Stu/sec)

E - Heat Transfer Rate to the Riser Liquidwr (Btu/sec)

EW1 - Heat Transfer Rate from the Economizer Tubes
to the Feed Water (Btu/sec)

EW2 - Heat Transfer Rate from the Desuperheater
Tubes to the Drum (Btu/sec )

EW3 - Heat Transfer Rate to the Screen Riser Liquid
(Btu/sec)

EW4 - Heat Transfer Rate to the Main Bank Riser
Liquid (Btu/sec )

I f - Friction Factor

Fdr - Drum Downcomer Friction Factor

Fda 
- Heater Downcomer Friction Factor

F - Main Bank Riser Friction Factor

F
~ 

- Screen Riser Friction Factor

g - Acceleration of Gravity - 32.2 ft/sec2

G — Mass Flow Rate (lbm/sec)

10
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GB — Fuel Flow Rate (lbm/sec)

GD1 - Total Steam Flow Rate fron, Boiler (lbm/sec)

GD2 - Desuperheated Steam Flow Rate (lbm/sec)

GD3 - Steam Condensing from Vapor to Liquid in the
Steam Drum (lbm/sec )

GD4 — Superheated Steam Flow (lbm/sec )

GL - Air Mass Flow Rate (lbm/sec)

GR - Total Flue Gas Flow Rate (lbm/sec )

GS — Screen Riser Circulation Flow Rate (lbm/sec )

Gr - Riser Circulation Flow Rate (lbm/sec )

Gw - Downcomer Circulation Flow Rate (lbm/sec )

GØ - Main Bank Riser Mass Flow Rate (lbm/sec)

Gwr - Drum Downcomer Circulation Flow Rate
(lbm/sec)

Gws — Header Downcomer Circulation Flow Rate
(lbm/sec ) -

HD1 - Enthalpy of Saturated Steam (Btu/lbm)

Hf g - Heat of Vaporization (Btu/lbm)

Ho - Heating Value of Fuel Oil (Btu/lbm)

HNB - Non-boiling Height (ft)

HNBR - Main Bank Riser Non—boiling Height (ft)

HNBS - Screen Riser Non-boiling height (ft)

HW1 - Enthalpy of Saturated Water (Btu/lbm)

HW2 - Enthalpy of Downcomer Liquid (Btu/lbm)

HW3 - Enthalpy of Feed at Economizer Inlet
(Btu/lbm)

HW4 - Enthalpy of Feed at Economizer Outlet
(Btu/lbm)

HW6 - Enthalpy of Water in Lower Drum (Btu/lbm)
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Hxr - Effective Height of Main Bank/Drum
Downcomer Circuit ( f t)

Hxs — Effective Height of Screen/Header Downcomer
Circuit (ft)

k - Thermal Conductivity (Btu/hr-ft- °F)

K — a general constant

Ks - Equivalent Sand Roughness (in)

KR1—KR4 - Constants Used in the Gas Heat Transfer Equations

2. - Length (f t )

L - Tube Length (ft)

LB - Boiling Length (ft)

Ldr - Total Length of Drum Downcomer Tubes (ft )

Lds - Total Length of Header Downcomer Tubes (ft)

Ldlr - Avg. Length of Drum Downcomer Tubes (ft)

Ldls - Avg . Length of Header Downcomer Tubes (ft)

Lr - Total Length of Main Bank Tubes (f t)

Lrl - Avg. Length of Main Bank Tubes ~(ft)

Ls - Total Length of Screen Tubes (ft.)

Lsl - Avg. Length of Screen Tubes (ft)

LMTD - Log Mean Temperatur~ Difference (°F)

M - Mass (lbm)

MM1 - Mass of Screen Tube Metal (lbm)

MM2 - Mass of Superheater Tube Metal (ibm )

MM3 - Mass of Riser Tube Metal (ibm )

MM4 - Mass of Economizer Tube Metal (ibm)

MM5 - Mass of Desuperheater Tube Metal (lbm)

MR1 - Mass of Flue Gas in Furnace (1bm~

MW1 - Mass of Water in Steam Drum (lbm)
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P - Pressure (psia)

PD - Pressure of Steam Volume in Steam Drum (psi)

PD1 - Saturation Pressure Corresponding to Enthalpy
of Water in the Steam Drum (psi)

PD2 — Pressure at Superheater Outlet (psia)

PD2 - Pressure at Desuperheater Outlet (psia)

Pr - Prandtl Number

Psat — Saturation Pressure (psia)

PW1 - Pressure in Water Drum (psi)

PW2 — Pressure in Screen Header (psi)

q - Heat Transfer Rate (Etu/sec)

R - Tube Radius (in)

Ral - Average Density in the Main Bank Risers
(lbm/ft 3) - -

Ra2 - Average Density in tIie Screen Risers
• (lbm/ft3)

RD1 - Density of Saturated Steam Clbm/ft3)

Re - Reynolds Number

RW - Density of Saturated Water (lbm/f t3)

RS - Density of Two-Phase Mixture at Screen
Outlet (lbm/ft 3)

RØ - Density of Two~Phase Mixture at Main BankOutlet ( ibm/ft

t — Time (sec)

T - — Temperature (°F)

Tsat — - Saturation Temperature (°F)

TD - Temperature of Steam Drum Vapor (°F)

TD1 - Temperature of Saturated Steam Corresponding
to Drum Enthalpy (°F)

TD2 - Superheater Outlet Temperature (°F)

i
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TD3 - Desuperheater Outlet Temperature ( °F )
H TM1 - Screen Metal Temperature (°F)

TM2 - Superheater Metal Temperature (°F)

TM3 - Main Bank Metal Temperature (°F)

TM4 - Economizer Metal Temperature (°F)

TM5 - Desuperheater Metal Temperature (°F)

TR1 - Temperature of Flue Gas in Furnace (°F)

TR2 - Temperature of Flue Gas Leaving Furnace (°F)

TR3 - Temperature of Flue Gas Leaving Superheater (°F)

TR4 - Temperature of Flue - Gas Leaving Main Bank (°F)

TR5 - Temperature of Flue Gas Leaving Economizer (°F)

TRa2 — Average Flue Gas Temperature Across the
Superheater (°F)

TRa3 - Average Flue Gas Temperature Across the
Main Bank (°F) -

-

TRa4 - Average Flue Gas Temperature Across the
Economizer (°F)

TW3 - Feed Inlet Temperature (°F)

TW4 - Feed Outlet Temperature (°F) -

To - Ambient Temperature

Ub 
— Bubble Rise Velocity (ft/sec)

Urn - — Mean Velocity (ft/sec )

V — Volume (ft 3)

VB - Boiling Volume (ft3)

VD1 - Volume of Steam in Steam Drum (ft3)

VENT - Percent Throttle Valve Opening

VNDR - Water Drum Volume (ft3)

• VR — Main Riser Bank Fluid Volume (ft3)

VS - Screen Riser Bank Fluid Volume (ft3) 4

14
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v - Specific Volume (ft 3/lbm)

X - Quality (percent)

XØ - Quality at Main Bank Riser Outlet (percent)

Xs - Quality at Screen Riser Outlet (percent)

Xe - Quality at Riser Exit (percent)

Zl - Drum Downcomer Bend Loss Factor

Z2 - Drum Downcomer Exit Loss Factor

Z3 - Main Bank Riser Bend Loss Factor

Z4 - Main Bank Riser Exit Loss Factor

Z5 - Screen Riser Bend Loss Factor

Z6 - Screen Riser Exit Loss Factor

Z7 - Header Downcomer Bend Loss Fadtor

Z8 - Header Downcomer Exit Loss Factor

Greek Letters

p - Viscosity (lbm/ft—sec)

p - Density (lbm/ft3)

a - Surface Tension (lbf/ft)

~Dal - Average Density in Luperheater (lbm/ft 3)

0Da2 - Average Density in Desuperheater (lbm/ft 3)

Subscripts

a - Average

- Liquid

• g - Vapor

M,m - Metal

15
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- Far Field Average

r - Main Bank

H s - Screen

dr - Drum Downcomer

ds - Header Downconter

D - Steam

R - Flue Gas

W — Water

-t .
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I. INTRODUCTION

The increasing attractiveness and efficiency of computer-

aided design techniques have established a need for

reasonably accurate computer models of all types of

engineering systems. The design of multivariable control-

lers, in particular, requires the availability of state

• information about a system which is not available from

• conventional transfer function simulations. A number of

computer models of marine boilers have been proposed

(1,2,3,4]. All of these efforts share one or more of the

following features:

a. Lumped parameters are used.

b. Bubble formation effects with respect to shrink and
swell are not modeled .

c. The furnace screen and main riser bank are lumped
together as are their respective downcomers [1,3,4].

d. The model is linearized using a Taylor expansion
or perturbation technique [3].

Use of lumped parameters is dictated by the need to maintain

computational efficiency, particularly when the model is

used in control system design and optimization schemes.

In the past, effects due to vapor formation in the drum

have not been included due to the lack of a suitable model.

A simple model based on the Rohsenow correlation [5] was

developed for use in the current simulation. However, its

contribution to shrink and swell effects was negligible and

17
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it was eliminated from the equation set. Regarding the

tube banks, Haraguchi and A.kasara [2] split out the various

riser and downcomer loops, including intermediate headers.

Considering the general level of uncertainty inherent in

the correlations used in this model, this appears to be an

excessive degree of complication . A compromise position

was taken in the present effort in that the screen and main

riser bank and their associated downcomers were modeled

separately, but intermediate headers within the screen

circuit were not addressed individually since their configura-

tion varies widely from one boiler to another.

The objective of thi s thesis was to develop a general ,

non—linear model of a Navy boiler for use in simulations

covering the full operating range of the propu~.sion . plant.
• However , since a linearized version is normally needed for

multivaria~le controller design , CENTRL , a computer code

developed locally for use with CSMP models , could be used

to generate linearized state space representations described

by the matrix equations:

~ ~~~~~ 4 - t B 3  ~~~~~~~~~~~

~
A
~ S ” 1C ’1 tAX~ #~~b 1t A U . 1

This approach would produce linearized representations

• covering the entire boiler operating range in a piecewise

18 
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fashion , rather than attempting to extend the range of

I 
applicability of a single state space or linear model.

Since this author found the notation used in Reference

[1] particularly readable , it was adopted for use in this

document .

)

F

- 19
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II. DESIGN CONSIDERATIONS

A. D-TYPE BOILER

The single furnace CD—Type), uncontrolled-superheat

boiler was chosen as the basis for the model since it is

the predominant design in the current U.S. Navy inventory .

The nominal operating pressures range from 600 to 1200 psi,

and all designs are conceptually similar. A basic schematic

is shown in Figure 1. These boilers are typified by

relatively fast response times for use in high speed

maneuvering vessels. This puts heavy emphasis on properly

designed control systems. Manual control of these boilers

is essentially infeasible except under the most favorable

circumstances , e.g. steady steaming at low speeds . Current

conventional control systems used by the Navy are of the

same generic type with relatively minor customization except

in hardware from one installation to the n-ext . These

designs have been based on analog models intended to provide

reasonable dynamic responses for pressure, water level, and

steam flow which are the only state parameters measured by

conventional controllers. Although these control systems

have in general proven satisfactory, there is some indica-

tion (6] that multivariable control systems can effect

significant improvement in both response time and demands

on auxiliary equipment.

20
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A typical boiler of this type , the Combustion Engineering

Type V-2M is shown in Figure 2. The main components of the

boiler are the furnace which is surrounded on all sides

except the floor by screen tubes, the superheater, main

riser banks , economizer , water drum, steam drum, desuper—

heater , downcomers , and screen headers. Navy boilers

do not include air heaters and the only air preheating

which occurs is accomplished by passing the incoming air

over the exhaust stack liner. This procedure generally

produces an air temperature of about 100—130°F for an

ambient of 70°F. In contrast to the boilers used as the

• basis for previous models, the desuperheater is located

in the water drum rather than in the steam drum. All of

the steam generated passes through the superheater prior

to being split out as main superheated s-team and auxiliary

desuperheated steam.

All of these boilers are of the natural circulation

type. The “throttle valve” was considered to be in the

superheated main steam line.

B. MODEL FLEXIBILITY

The model was designed to be as flexible as possible

to permit its relatively simple adaptation to a particular

boiler. Since the boiler technical manual or equivalent,

the steam and gas tables, and standard engineering hand-

books may be presumed to be available, the model was designed

to utilize data only from these sources for implementation.

_  
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To convert this input data into the form required by the

model , an interface program was developed to adjust

parameters and determine initial ~onditions at the operating

point for which the input data were extracted . This

approach was taken to avoid the necessity of redesigning

the model for each operating range or specific boiler

design being considered .

C. ?~SSUMPTIONS

To permit tractable computation , a number of simplifying

assumptions were made in the formulation of the model :

1. Feed water entering the drum mixes thoroughly with

the drum liquid .

2. No steam generation occurs in the steam drum except

through mass transfer at the water—vapor interface.

3. There is a uniform distribution of heat flux in the

generating tubes. 
-

4. The mixture of steam and water in the generating

tubes is homogeneous. -
•

5. Quality varies linearly in the generating tubes.

6. Heat losses to the ambient except through the

exhaust gases are neglected.

7. All downcomers and risers in a particular circuit

have the same length as the average length, and the

shapes and diameters are equal. Also the number of

tubes is the same as in the actual boiler.

8. The slip ratio is 1.0 (no slip) .

22
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Since the feed enters through a long, horizontal feed

pipe, and the drum liquid is in a state of turbulence,

the first assumption is well justified. Although the

second assumption is not strictly correct during transients

when there is a significant change in drum pressure, and

hence saturation temperature, the effect of steam generated

at the drum wall-liquid interface appears to be negligible

based on an analysis of this factor in connection with

this study. The assumption of uniform heat flux is

recommended by Reference [7] as a reasonable alternative

to a stepwise integration over the tube height. The

assumption of a linear change in quality is a consequence

of the assumption of a linear heat load. For a well

designed boiler , heat losses through the casthg are small

compared to the total energy generated . The effects of

any such losses will be reflected in small errors in the

computed heat capacities of the gas and in the heat transfer

coefficients. The assumptions regarding tube geometry are

made primarily for computational simplification. The

last assumption regarding slip is not an essential one,

and higher slip ratios could easily be considered if

necessary to the analysis of a particular boiler design.

In addition to these explicitly stated assumptions, those

inherent in the correlations employed in the model formula-

tion are also considered to have been made.

23
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III. MODEL ANALYSIS

A. GENERAL

The model was envisioned as an assemblage of control

volumes for which the rates of energy transfer are

described by appropriate equations to obtain the rate of

change of energy storage. The resulting differential

equations were integrated to obtain the “state” of the

system. In this way, the states can be chosen to have

specific physical interpretations. The system is shown

diagrammatically in Figure 3.

The following control volumes were considered in the
I

model formulation :

1. Riser tube walls

2. Superheater tube walls

3. Economizer mass

4. Desuperheater tube walls

5. Riser fluid &inetic energy)

6. Riser fluid (thermal energy)

7. Steam drum water volume

8. Steam drum steam volume

9. Water drum

10. Furnace -

B. FLUE GAS AND COMBUSTION SYSTEM

The flue gas and combustion system is shown schematically

in Figure 4. Heat is carried into the furnace through the
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sensible heat of the air and fuel , and the heat released

in combustion. Since the fuel—air ratio is relatively

constant, and the fuel and air have relatively constant

inlet temperatures , the sensible heats were lumped with

the heating value of the fuel. The mass flow rate into

the furnace is given by

and the total heat input is

=

The heat transfer to the furnace screen is primarily through

radiation , i.e.,

~~ ____ — ( T h~i ; ~~~e5
’

J

The hea t balance for the mass of f lue  gas in the furnace is

~~ (Mt t  C~±~~ )= E5 -~~~~~~~~~ 
- 

~~~~~~~ Cg1T~

where the last term represents the heat carried off  by the

flue gas. Heat transfer to the remaining tube banks is

primarily through convection . The heat given up by the

flue gas is given by the general relation

A Cf AT
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and the heat transfer to the tubes may be estimated with

the Grimson Correlation [8]

~ C Rg~ P,. 
‘

~~ R (-7~ —

Since the physical properties in the above equation do

not change significantly over the expected range of

temperature variations , the correlation is used in the

form

~~G~
’ (T~ -T~~)

Since the tube geometry is not known in advance , an n = 0. 6 )

was used as a reasonable average for most geometries found

in practice . The equations for the tube banks were:

1. Superheater

C,,. CaiQ. (Ta~t — Tn.t)

Eg. 2~~ LG Q (T .3., T?.~2~)

1Q04. (-rg,,. ~ T~~;) /~~
.o
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2. Main Bank

~~~ ~ C~~Cc~. ( r~.3 ~~~~
~~~

• Tha3~~ (r ~3 ~ Ta.~) / 2 . 0  -

3. Economizer

~~ C~ 3 (r~ — -rfl )
K.~~ Gg~ (T .~~—T~iq)

~~~~~~ 
(-r~~~4 -ra.~’) / . 2 . o  -

- I The arithmetic average temperature for the gas was used in

the driving potential ~T rather than the log mean

temperature differences (LMTD), because a comparison of

the results obtained for the two methods indicated the

differences were slight for the temperatures involved and

the simpler average was more computationally efficient.

C. WATER-STEAM CIRCULATION SYSTEM

As is shown in Figure 5, the basic circulation system

consists of the steam drum , water drum or header , and the

riser and downcomer tubes. The driving force for circulation
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is the difference in density between the riser and down-

comer loops. The pressure loss around the circuit balances

this driving force. For the downcomers, the force balance is

- (FJr ~4r 
~~~~~

for the drum downcomers, and

-pwt 
~~~ 
. - 

~~~~ ~: ~
Z,+Z 8 t2~~~~~~1~~~-

for the screen downcorner.

For the risers, the equations are:

~~~~~~~~~~~~~~~~~~~~ (F,..~ - -~.i)~~
ø

3’~~~ ÷Z ,2~~’~ ~~~~~~
• f ~o.a 3 14*(+ IZ~i ~Z.” j  (

~
)

- 

~ ( 
r~ ÷ ~

for the screen and main bank, respectively. The friction

factors are calculated from (9]

1

L (i. iq — 2 1., ‘~/K1) .

- 

:~~~
-- 

_ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ - 
-
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The friction factors for the risers are multiplied by

Becker ’s factor [10] to account for two-phase effects

B~ •1. ~ 1~ 078.S8
(
~~
_)

The relationship between riser and downcomer mass flow

rates is given by the continuity equation

The average density in the risers is found from

= + -: 
I

From the assumption that the quality varies linearly , the

density may be obtained as a function of £ from

.1.
— 

S4 + . CI_ bl
4) ~~~~ 

%4s~~ ..UL

Regrouping the terms we get

- £1) (v; —~~
.
~4ws V~ ) #-~ -vç~J

_ _ _ _ _ _ _ _ _ _ _ _ _ _  
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This expression can be integrated in closed form to yield

S1(~oJLIxt&&~ ‘~~~~~
L

~~~~~~~~~
z::

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .:J 
-

Combining terms and simplifying finally yields

ç L~ 
(1) J~~ 

~ 
[ X~~V~ 

~

From this result, 
~av is obtained as

~~~~ 

[
~ 

~~~ ~~~~~~~~~~~ 4
~~~~~~fw~~~i

]

An energy balance on the riser tube banks yields the

quality

~~~~~~~~~~ 
. -4c_~4~~’) }V~

~ r3.W ~~
. — G~ (l~wt + ,. eu, . — 

~~~~~~~~~~~~~

• 1

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~



where VB is the boiling volume, and the last term on the

right accounts for heat added in the non-boiling height

to raise the enthalpy to saturated conditions.

• The non-boiling height is obtained from

• 4

• where q5 is the sensible heat added to the liquid in the

non-boiling height , and is the total heat input. The

ratio is given by

(~Lt4Xs$~j)-~4wv -

The boiling volume is related to the non-boiling height

by

\ 4 =  L~~~~~V

With substitution of the appropriate parameters, the above

equations were applied to both circulation loops.

• The mass balance of the water in the steam drum is

~~~~~~~~~~~~~~ ~~0 (i—X. G~(~-*~) fC,B~ s.&w~~-Gwr-C,,,s

t -

jj~ - S _

3

~ 

- -- 

~~
- 5--
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and the energy balance is given by

-

~~~~~

- (~4wt Mwt)” C,o(t—X .) Hwi + G1 (i~~~) Hwi.

4- GDZ 4- C,wzf4i’~’j — G.~r /Iiv . -G&i l4wz

Since all the incoming feed must be passed through the

riser tubes to be heated , an energy balance on the

downcomers gives

4- # -

~ (Gwr 1. C,i.,~ ) j4w~. •

~~~ (~ wl~ —~4wL) 4 (4uiv~ 4 (,~~) ~~~

~ (~ r~~~~~G.~i&
’j Ww1. -

Solving for HW2 , the downcomer enthalpy , we obtain

— 4. ~~~~
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D. WATER-STEAM HEAT TRANSFER

1. Risers

The heat transferred to the riser tubers is used to

bring the incoming flow to saturation conditions in the

non-boiling height, and then generate steam in the remain-

ing portion of the tube. To permit a tractable equation

set, however, the tube walls were assumed to be at a uniform

temperature, and all the heat was assumed to have been

transferred under fully developed flow boiling conditions.

Since the non-boiling height for the main bank was found to

be small, the assumption was reasonable for that circuit.

The non-boiling heights were higher in the screen circuit;

however, the error in temperature introduced was less than

three percent which was deemed an acceptable level. For

fully developed flow boiling, Tong [11] recommends

~1j3

-

Therefore the heat transfer to the risers was given by

3
~~w3 

• tC.w3 ~ ot (-r~~ —Tøi)
• ~~~ (.

~~ 
_ .~~~)i

The tube metal temperatures were obtained from an

energy balance,
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MtA~ C,,, a;’~ot~1 ~~~~~~~~~~~~~~~~~~

for the screen , and for the main bank

2. Desuperheater

The Dittus—Boelter correlation [12] was used to

determine the heat transfer from the steam to the tubes , i.e.,

ED,. (LM,-b’
~

I
The log mean temperature difference was

L(1b3 -‘Thi ) ..

The energy given up by the steam was obtained from

• ~~~~~~ (m~ — m3~ -

The heat transfer to the water in the drum was

E.~~. ~~~~~~~~~. (T,~~ -T~t~)

______________ ______________________________ 
____________  
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The metal temperature was obtained from the energy balance

~~sCM -

3. Economizer 
-

The Dittus-Boelter correlation gives the heat

transfer from the tubes to the water as

~~ ~~~~t Gw,.’~ LM-rA

• tM-rt~~ 
~~~~~~~~~

- 1

The heat absorbed by the water was -

E~i~ G.w ,. Cw ~~~~~ ~~~r~4
’) 

-

4. Superheater

The heat transfer to the steam was given by

E.Dt • ~~~ ~~~.B ~~~~~~~~~

and the heat transferred from the metal in the tubes

was

35 4
S •5- — -5 - -- - - - — - ~~~~~~~~~~~~~~~~~~~~~~~ — J- —-—- —5 - - 4—

- - - - - - • - - __ _•_~~ _4•t —_—



• ~~~ 
G.~~

8 
LMr~~

LMrD 
TDI Tht
r T104-TDI.

The metal temperature was found from

• Et~~~E~t

E. PRESSURE DROP CALCULATIONS

For turbulent tube flow, the pressure drop is given

by

Now

50

•

Lumpihg the constants we get
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r t

r~v

Therefore the pressure drops in the superheater and

desuperheater were given by

t P D ~~~~~~” C, ~~~jL

and

~ Cc~ 
~‘‘~~~

~~~~~~

The average dens ities were found from the ideal gas law

under the assumption that the temperature variation can

be neglected , i.e., density is a function of pressure only.

This assumption is motivated solely by the need for compu-

tational efficiency . It is reasonable for the desuperheater

since the temperature excursions Li~.re are small. Although

errors are larger for the superheater density values, they

are still within accuracy overall limits for the model.

The flow through the throttle value was given by

GD q C~~P~l,Ve.,4r
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F. EQUATIONS OF STATE

The following equations , obtained from Reference 113),

were used to determine state properties. Within the range

of pressures for which the model is valid (300-1500 psi),

the results were within a few percent of tabular values in

the worst case. 
-

• • Exp 
~ 

( ~ 
— ~.~~io~ ’

) / . zc.~is ’~. ~

~ E~ P .z.tist tn ?s..~ + ‘i-fl ‘2. 3

— — o.or~et Tio.4 .4. I.~3’2.E—STs...~
— ~.1Sc,e.. 9

Vç~ 
~~~ s e/ -T~ .,~ 

— D.t

hç~ ~~ ~u..i3 — 4. (.~~~a-’-~ ?~o..t

—
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IV. DETERMINATION OF CONSTANTS AND INITIAL CONDITIONS

A. GENERAL

For the model to be useful, it should be possible to

obtain the necessary constants and initial conditions from

the data supplied in the boiler Technical Manual augmented

with reasonable engineering estimates and tabular data from

standard handbooks.

The primary items of interest are heat transfer coeff  i-

cients and initial conditions such as steam flow rates , inlet

and outlet temperatures , circulation rates , etc. While

some of these were directly obtain able from the boiler

Technical Manual , others such as tube wall temperatures

and riser exit quality were not. Therefore , a program was

developed to permit the user to enter known data elements

from the Technical Manual and other sources , and to obtain

as an output the necessary values for the constants and

initial conditions to ensure Static balance at the speci-

fied operating point.

The basic premise under which the program operates

is that the model equations with all derivatives set to

zero form a determinant set with the addition of several

relations which apply under equilibrium conditions. These

relations are :

a. Riser and downcomer mass flow rates in

• each circuit are equal.
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b. Total steam flow from the boiler equals

the incoming feed flow rate.

C. Total heat transfer to the incoming feed

equals the heat transfer to the screen and the

main bank , and the heat removed from the steam

passing through the desuperheater.

d. The net mass transfer at the steam liquid

interface in the drum is zero.

B. PROGRAM EQUATIONS

The total heat input to the boiler was given by

~~
6.L0A3

~ 
4/uc~.c~~~) ~ ~~~~~~~~~~~~~~~~~ ~~ (.~~.3) 

-

If the sensible heats of the oil and air are lumped with

the heating value of the fuel , the heating value is

The heat absorbed by the furnace screen at steady state

was calculated from

I 

- 
• ~~~ (8t~ / se — ct ’)

x ~ eo.4 s cmLe. (c~
)

- -t
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Since the flue gas temperature and the screen tube wall

temperatures were provided , the heat transfer coefficient

for radiant heat transfer to the screen could be determined

from

~~~~~~~~
• ~~/ [ ( ~~~~,~~~eO) ~~~ ( rmi~~ o) ~J -

This result holds for the conditions reported in the

manufacturers technical manual. Degredation due to age or

fouling must be accounted for through the use of appropriate

correlations.

With the enthalpy of the feed water at the economizer
I

outlet and the enthalpy of the steam leaving the dry pLpe,

and the change in enthalpy of the steam flowing through the

desuperheater , the heat transfer to the main bank was

calculated from

• G.~ . (~~~
bt—  ~~~~~~~~~~~~~~~~~~~~~ -

The metal temperature of the main bank risers were obtained

by calculating the constant

and solving the heat transfer equation

F’
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The specific heat of the flue gas passing the main bank

was

CRa.~~ ~~~~~ &r~( )

and the unknown constant in the gas side heat transfer

relation was determined from

~ ~~2.3 / &t2)’ (Th~ .3 —-r~a) -

In a similar manner , the specific heat of the furnace

flue gas is

C.g,t -~ (E o-~~~~~
’) /GQ.Tc~t

and the water side heat transfer coefficient is

E
~
.j / PDt ’ (1~~~ —Th i ) ’.

The heat transferred in the desuperheater was:

&D~. (~~s — I 4~~~~)
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With this value and the temperature difference the specific

heat of the steam was computed from

C D,. ~ E~ 2. / Cp~~. ( Th~ — Tb;~ -

The heat transfer coefficient was calculated from the

Dittus-Boelter correlation Ill]

~~ (.~ii’) 

~~ 
)~~Pr~~i’~

The log mean temperature difference was

LVWr D ~ ~~~~~~~~~~ G~b2.~

and the metal temperature was determined by

- 

~ / 
(~ — ~~)

where:

~~~ ~~~P

With the metal temperature, the water side heat transfer

constant was obtained from

K 1t — ED$/(-y,,~~_~~~j~

S 5- 

- - 

~~~~~~~~~~~~~~~~~~~
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Analysis of the Economizer is more complicated since it is

a multipass heat exchanger with finned tubes. Additionally ,

since we are concerned with energy storage within the metal

of the economizer , the internal and external heat transfer

must be considered separately . -

The heat transferred was given by the change in enthalpy

of the feed water , i.e.,

(
~Dt ()4 U~4 —

The specific heat of the water was

c.v~• ~~~ t/C,Dt  -
~~~-m) .

As in the case of the desuperheater , the inside heat

transfer coefficient was calculated from the Dittus—

Soelter correlation as . 
-

~~~~~~~~~~~ ~~~~~~~~ ( 4 ~~ )
‘8 pr 9A. 

-

From this the LMTD was obtained as

L~~rt~. ~~~~~~~~~ ~~~~~~
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Finally the metal temperature was determined from

T ,M=  (Th~~~~~~ 1~~)3)/ ( I71)

~~~~~~~~~~~~~~~~~~~ 
-

The outside heat transfer constant was

• E~,t / CR. (Tç~~~ -TMq ’)

where

1~ 
T~~+r~~ 

.

The specific heat of the flue gas passing the economizer

was

* Ewi. / &L (Tr~ —T~.~~)

The superheater heat transfer was obtained from the change

in enthalpy of the steam, i.e.,

~~ - 
~4Di~ 

-

With this value and the known metal and gas temperatures ,

the specific heat of steam , the specific heat of the flue

- -  - -  

. 

-

~~~~~~~~~~~~

•

~~~~~~~~~~

— 

~~~~~~~~~~ ~ TT ~



gas passing the superheater, and the inside and outside

heat transfer constants were determined as

CDt. = Ebt /&bj (.-roL-To~.)

~~~~~ ED~~/ Gf l  (T~&-mi)

/ ~~~~~ LM’rD

K-~.t~~ ~~/ c~t~ ~ra.&i- 1,~.)

where:

- ~~~~~~~~~ — --ru.
LWv rOI~~ .. -

Tt’~i. -- ‘I~ tIn 1LTI~ -T~~

and

TQ*t * ~~~~~~~~ /~ -°

The superheater and desuperheater pressure drop constants

were evaluated from the known equilibrium pressures as

•- . C.1 ~ (~~Dt — PDt ‘) FL~ /a~ ~
C~ 

-s 
~~—‘~bs) Pb..z / ao~.

2
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_ _  - 

I

Similarly, the constants used in the calculation of the

average steam densities were obtained from:

CS C PD’t 4?Di. ) / (

and

c.~0 -s (~~t 4Pr~ ‘~ / ( f ~i. 4f ~3 )

Finally the steam value flow constant was computed from

C.3 C,b4

4

C. CIRCULATION BALANCE

Since they are not normally provided by the manufacturer ,

values for the fr iction factors , and bend and entrance

loss coefficients must be assumed . The values do not appear

to be particularly critical, and tables found in engineering

handbooks may be used to determine reasonable values for

these parameters. -

An iterative procedure must be used to adjust the various

flow values involved to achieve a steady state balance.

Since the riser exit quality for boilers of this type

generally lies in the range of .02 to .04, a starting trial

value for the circulation flow rate may be obtained from :
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where XE is the exit quality , Er is the heat transfer to

the riser, Gr is the flow rate, and MPG is the heat of

vaporization. With this trial value, the following

balancing procedure is used :

1. Set HW2 (Downcomer Enthalpy) = HW1

2. Calculate HWG = HW2 + ED2/GØ

3. Calculate the riser exit quality :

• ~~~ / ~~~~

4. Determine the non-boiling height:

~4gg (,4~ t-l.L~~ / ( l ~wi ~ x0 ’t4ç~ —~~~w~~)

5. Compute the average riser density :

~

‘-  
[~~~*

.

_
~

4
,:;L 

In ( ~•“ ... + f~ 
Hwsa.

6. Obtain the outlet density : 
•

~0~~~ t .o / ( v 4~~~X .V4~~

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



7. Compute the friction factor:

1.14 -
~ a to, (J-~-/s~.’) 

.

~

- 

~ 1. # I(Po1$, ~~ I

8. Next the riser loss factor is computed :

• ~~~~~~ t~) R.ii4/ ç~i~ 4Z ,/ t?4~ # Z
~J.7A~

.’ ~~o

9. Finally we may calculate Gd’:

• ~
- 
(L1 —~~~~~~~~~

‘ 

~~ ~ / , 

1/ 2.

where ClOO is the downcomer loss factor.

10. Compare GØ and GØ’ if equal go on, otherwise

update Gd: 
-

._ G o - C ’ -o

and return to step 2.

11. Assume a trial value for Gs (first pass only).

12. Compute Xs:

X c * Cro Xo ) /C~s
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13—19 Same as for the main bank risers. Return to

12 if reiteration necessary .

20. Obtain HW2 ’ from:

~ 
(~~ ‘~ 

— M ~ t )  i. ~~ t

21. If HW2 ’ = HW2 go on , otherwise update HW2:

~ ~-L~
’—M~a. ~

and return to step 2.

Upon exit from the iteration loop, equilibrium value s

of the flow parameters will have been established . With

these and the previously calculated heat transfer parameters ,

the program generates the list of constants and integration

initial conditions required by the dynamic model. The

program listing and a sample output is given in Appendix B. - -
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V. RESULTS AND CONCLUSIONS

A. OPEN LOOP RESPONSES

The output curves for 10% increases and decreases in

throttle valve opening and fuel flow are given in Figures 6-

33. Ramp inputs of approximately 1.5% per second were used

to simulate flexibility test conditions. Only one input

parameter was varied for each run wi th all others held

constant. The results were similar to those presented in

[3] and [4] insofar as general trends were concerned . Since

the boilers invo lved were of widely di f ferent geometries

and sizes , a quantitative comparison was not possible.

Since CSMP uses only single precision arithmetic packages

and integration algori thms , the high frequency noise in the

outputs is attributable to the roundoff error inherent in

the wide variations in magnitudes of numbers used in the

model, e.g., quality (order of 0.01) and riser mass flow

rate (order of 1000). In common with the results of [3]

and ( 4 ] ,  the “swell effect” in response to an increase in

throttle opening is negligible. It should be noted that the

swell exhibited in the data of Whalley [3] is more apparent

than real, inasmuch as the scales in his graphs are very

magnified and the rise is actually only 0.01 inches. The

sudden increase in riser mass flow rate shown in [3] is

also not present in the current model.
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Since “shrink ” and “ swell” effects are of some concern

to controls designers , an attempt was made to model for

such effects. Four possible causes for the phenomenon

were considered.

1. Homogeneous Nucleation in the Steam Drum Liquid

This effect is caused by a difference between the

saturation temperature corresponding to the actual drum

pressure, and the actual liquid temperature . The super-

heat required for such nucleation is qui te high however and

nucleation will occur at the hea ting surfaces at much lower

superheats. Therefore this was considered to be an unlikely

cause for  the ef fec~ .

2. NucleateBoiling at the Drum Wall-liquid Interface

The dr iving force for this phenomenon is also the

temperature difference between the drum surface and the

saturation temperature. Since the temperature difference

will be slight except under large drum pressure excursions ,

the impact of this factor should be slight . The Rohsenow

correlation ( 5] may be solved in terms of a rate of vapor

generation to yield

= 

{ C~~~~~~~~
l_ 1 

~J ?&~~fv) ,~~~~ 

-

It was assumed that the vapor formed would be uniformly

distributed bubbleswhich would rise to the surface with a
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velocity given by [14]

which is a conservative estimate since interaction effects

tend to increase the rise velocity . The bubble diameter

is given by [14]

t-

This gives Ub as .25 ft/sec. The average liquid depth is

15 inches , so the transit time is 5 seconds . The effect

was modeled crudely by assuming the entrained bubble

mass was 5.0(q/hfg) ibm . The impact of this model on shrink

and swell values was negligible , since no large pressure

excursions were developed .

3. Expansion and Contraction of Varpor Bubbles Entrained
in the Riser Fluid

- An attempt was made to model thi3 effect by including

the riser tubes in the control volume used as the basis for

liquid level determination. The equation used was

= Mwt /~~ ~ ~~~ 
— i~~v~ 4 

~~~ 
—~)Vs~

where RaLx and Ra2x are the average riser densities computed

using the specific volume for the satura ted vapor corresponding

53

_--. -- —-  --5.—
~~~~- -— 5- -- - -  — -- -  -

~~~~~~ 
--5-- - - - p-- -— - __ _ _.5 —



to drum pressure , while Ral and Ra2 were computed from

the liquid temperature saturation conditions . The

effects were insignificant.

4. Transient Deviation of Riser and Downcomer Mass
Flow Rates

The small swell effect obtained by Whalley [3]

can be attributed to the temporary increase - of riser mass

flow rate over downcomer mass flow rate. The period over

which this imbalance could be sustained is short and would

fai l  to account for the longer duration of “ shrink ” and

“swell” effects observed in practice. It may , however

trigger one of the two phase flow instabilities common to

natural circulation loops e.g., flow oscillations [10,13].

The analysis of these effects was not exhaustive , and the

modeling attempts were crude. In the case of the first two,

however , t~ie contribution to swell is probably not signifi-

cant. ModeJing difficulties with the latter two effects

precluded any specific conclusions.

B. CONCLUSIONS -

As with all simulations , the information available from

the model is extensive. Notably , in this study , main bank

and water-screen circulation values can be separately

evaluated. Hence, the contribution of each of these ele-

ments to overall boiler operational response and efficiency

can be determined .

The model simulates the responses of a Naval boiler

quite well. Unfortunately , open loop data is unavailable
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for the actual boiler and insufficient information was

available to develop a model of the existi~~ LHA-~l control

system as a basis for comparison studies. As such, however ,

the model forms a basis upon which future studies involving

modern control system designs can be established . Moreover ,

while considerable refinement of the model is possible ,

the advantages of greater accuracy must always be Weighed

against increased computation costs. In this regard , the

implementation of more efficient integration algorithms

would be particularly beneficial.

I
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