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DYNAMIC MODEL (ODSP3) OF THE

PROPOSED WESTINGHOUSE OTEC DESIGN

1. Introduction

This repdrt outlines thé basic features 6f the dynamic model dé;eioped
tb simulate the performance of.the proposed Wesfinghouse OTEC mbdﬁle. Much
o oflthe information herein contained was préviougly submitted‘to'WestinghouSe
during the model developmeht phase. There have, héwéver, been some important
modifications made to the model (iniconsultation with Wesfinghouse) since thaf
timé.‘ "This repbrt includes ali such modifications'and documeﬁts’the'modgl
cﬁrrentiy in use. - | |

The goal'of this modeling work has béen to provide Westinghouse with
a design tool to be used for asce:taining systgm control reliability and for
fradedff studies on system design variables. Pressure drop considerations
- may preclude the use éf'furbine inlet control and stop valves; for,thig rea-
son; a design involving a turbine bypass valve has been proposed as a solution
to the pfoblgmlbf turbine speed control during a ioés of load condition. - In‘.
‘order to evaluate the adequacy of the proposed conﬁrol scheme, the preseﬁtly
proposed Westinghouse OTEC conceptual design was-modularized (as shown in
.Figure 1) and nodeled.

The above model is applicable to a number of particular cases of interest,
predicting system response to various control actions. The control actions
ingluded as options in the model are:

- Opening of the bypass valve in response to a loss of load condition;

- Closing of control valve CV-1 and'openihg of CV-2 in response to

a loss of load;

- A combination of the above two actions;
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-~ Control of turbine Speed and load by manipu]ation of

va]ye§ CV-1 and the bypass valve in various ways.

Section 2 of this report describes the develophent of system
éompbnenf modeTs.' The following gection (3) shows.how, in an overall
Asehsé, these comboneﬁts are fntegrated into the final model. fhe
séquence of calculations for the initié] (steady-state) condition and
those for the traﬁsient case are presented in some defai1. |

Sectfon 4 is the ODSP3 user's manual, sections of which were
h previously submitted to Westinghoﬁse as the ODSP1 user's manual.

This section outlines program input requirements and general program
‘obe}ation. |
Section 5 presents the detailed flow charts for the ODSP3 package.

Appendix 6.1-B presents the results of a sample brob]em.
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2.0 Component Models

2.1 cConventions Regarding Naming of Variables

In the sections which follow, all'process components will be mod-
eled. To as great an extent as possible, the equatiops presented will em-
ploy the same nomenclature as that found in the ODSP-3 code. For the pur-
poses of this report, however, the use of ODSP-3 vaiiable names could make
a few derivations long and awkward to follow; fherefore, a few séctions.
will be written using standard engineering nomenclature, with only the final
result comverted to ODSP-3 nomenclature. |

All program variables (not including constants) are identified
by a 3 character prefix and a 3 character suffix. The following is a list

of prefixes, indicating what type of variable is being measufed:.

™P Temperature (°F)

PRS .Preésure-(psia)

VFR Vapor flow rate (1lbs/sec)

LFR ' Liquid flow rate (1lbs/sec)

TWA Average water- temperature (°F)

TTB Average tube temperature (°F)

TAV Average ammonia vapor teﬁperature (OF)
MAV Mass of ammonia vépox (1bs) A
MAL Mago of ammonia liquid (1bs)

RPM Revolutions per minmute

The 3 character Quffix indicates the device to which ;he variable
relates, and is keyed to the flowsheet shown in Figure 1. The following .

is a list of suffixes:
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pPC2

MXR
PEL
1
1 MSP| EVP ' cve
HWE
m o T )
PUE
PE3
cvy’
sP1 o
sP2
ers PT2
ﬁ)\
—D<t—
CND BPV
HUC
M\ PC1
PUC
Figure 1

FLOUSHEET FOR
OTEC PLRANT

cva

PCI
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CV1l to CV4 Control Valves

BPV Bypass Valve ~ o
EVP Evaporator

QD - Oﬁndense;:'

HWE Evaporator Hotwell N

HWC ‘ Condenser Hotwell

MSP Moisture Separator ’ » ;

TRB " Turbine A

PUE | Ammonia Recirculation Pump, Evaporator Loop
PUC Main Ammonia Condensate Pump

$P1, SP2 Splitters '

MR Mixer

gEci:ggg } Pipelines

PT1, PT2

Stream variables are named for the unit through which the fluid last passed.
For example, the temperature of the vapor leaving the turbine is called TMPIRB.

2.2 Splitters
At tvwo points in the system, the flow of ammonia can be split.

i

in twvo (at SPl and SP2). 'rhe‘governing equations for the splitters are

simple mass balances:
Flow into Splitter = Flow (1) out + Flow (2) out
For the splitter SP1, this condition requires that:

VFRPE3 = VFRPT2 + VFRPTL (splitter SP1 handles vapor)
- : - (SPL-1)

For the splitter SP2, the equation is:

LFRPCL = LFRPC2 + LFRPC3  (splitter SP2 handles liquid)
(SPL-2)

Rl
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Since physically SP1 and SP2 are nothing more than pipe "tees",

1

the thémodynmnic properties of the fluid are unchanged by splitting, {.e.

TMPSP2 = TMPPCL ~  (SPL-3)
PRSSP2 = PRSPCL (SPL=4)
TMPSPl = TMPPE3 . (SPL-5)

PRSSPL = PRSPE3 - - (SPL-6)

2.3 Mixer

There is cne mixing tee in the system (MXR). The gwendng equa-

tions for the mixer are:

Mass Balance LFRMXR = LFRPE2 + LFRPC2 . (MXR-1)"

mC T, +m,C_ T
ks Nt

”‘1°p1+ s

Enthaléy Balance TMPMXR = (MR-2)

where: m, LFRPE2
m, = LFRPC2
'.l.'1 = TMPPE2 - e
T2 = TMPPC2

Cf = CPAL .I('I’MFPEZ) = heat capacity at '1'1
1 \

cP = CPAL (TMPPC2) = heat capacity at '1‘2
2

"Pressure Balance" PRSMXR = PRSCV4 = PRSPC2 (MXR~3)
' It is assumed that the mixer operates adiabatically and offers
no resistance to flow. The resistance of the pipeline between (V4 and MXR

can be included in PE2.
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The function CPAL(T) is user supplied, and gives the heat capacity

of ammonia liquid (at constant P) as a function of temperature.

2.4 pipelines

o \'me moderl considers flow r;sisgance and tz;ansport lags in eight
‘ sectic;ns Q,f p;lpelline.indicat‘éd 1n.Fi‘gulre‘ 1. .of _these eight gect_ions, five |
norﬁaliy ca.rz'y liquid ammonia (PEL, .I';‘EZ, PCl, ’I_’CZ, PC3) while three are .,
vapor iines (fE3, PT}, -PTZ) . Vhile j:hgreI are certginly‘mprie' than eight.
physic@l.ly distinct sections of vpipe in the actual design, it was felt that
these elght resistances would be sufficient for dynamic simulatien purpooco.
' " The cross sectionsl area for fiow through a pipeline assumed to
be running full is of course A = nD2/4, where D is the pipeline diameter.
These quantities receive variable names in Iacc':ord with the previously de-
veloped procedure, e.g. APCl and DPCl. The fluid veloéity is gi.\}en by ;:he

-relationship:

m ® VFRXXX/(DAV 'AW) For vapor line XXX (p-l)‘

or . VEL = LFRXXX/(DAL * AXXX) For liquid line XXX (P-2)
A Loy

DAV (or DAL) is the vapor (or liquid) density in pipeline XXX. The Reymolds

mmber for pipeline XXX can then be_' calculated as
REN = (DAV)(VEL) (DXXX)/(VIS) For vapor line xxx (P-3)
or REN & (DAL)(VEL) (DXXX)/(VIS3) For liquid line XXX (P-4)

The quantity V1S is the vis\;:osity of the ammonia vapor (or liquid), deter-
mincd from uaér supplied input data. The friction factor for the pipeline |

is calculated from the following:
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16/REN , If REN< 2100 . : Lo (P-5)

FRF = o ‘ .
-3 N . . '-0032 '

1.4x107° + 0.125(REN) If REN 2 2100 = (P-6)

" The pressure drop in a pipeline is calculated based on Darey':s Law'a,"with' |
a correction for head change due to an elevatipn differencebetween the in-
let and exit of the pipeline (Z20X) - When the fluid density is given in

‘lbs/ft: » length (LXXX), diameter and elevation change in feet, and velocit.y

in ft/sec, the pressure drop in the pipeline is given'by.

- -4 (FRF)(DAV)(L}GO{)(VEL) (DAV) (ZXXX)
AP = 4.31x10 =) 1+ loo'cx)g T

(B-7)

The above is for pipeline b.e.0.¢ carrying vapor changing DAV to
DAL makes the relation applicable to liquid lines. Implicit: in this .for_-‘
mula is the assumption that flow in the pipeline 1is isothermal and incqx.:Ax-A ‘
pressible. The assumption of incompressibility is applicable even to the
.ammonia vapor case because of the small pressure drops encouni:ered. Pres-
sure veriations are assumed to be transmitted instantaneously. KXXX is
an "equivalepe' length" factor included tolaccount for the additional fric-
tional losses due to‘ "ben;ls" and other fittings (excepti valw-res) iﬁ the pipeiine.
The delay time ef a pipeline is celcelated from the integral-equation:

Time A
J (VFRXXX) dt = (DAV) (LXXX) (Axxx> . For vapor line XXX (P-8)

or. j (LFRXXX) dt = (DAL) (LXOKX) (AXKX) For liquid line XXX  (P-9)
' Time-TAUXKXX. N

The value TAUXXX represents the time required for a parcel of fluid to transit

the pipeline.
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The quantities DAV, DAL, AND VIS are calculated from fluid inlet
properties. The following table matches pipelines (XXX) with the source

of their inlet.

Pipeline Inlet from Unit
PE1 o ﬁxn
PE2 PUE
"pcl T T pye
PC2- - . m
PC3 o ov2
PE3  Mse
¥l 2 O
PT2 SPl

2.5 Valves

There are four valves included in the model, 3 liquid control
valves (CVl, CV2, CV4), and the turbine bypass valve (BPV). The governing
pressure drop equation is: ‘

' 2
8P = 15776.43) (Asqocx) DALy (Liquids) v-1)
. - 2
B - (KX (VFRYYY) . .
or - &P = T5776.43) (asqrc)) (oavy (VePOR) (V-2)

KXXX is the dimensionless valve coefficient for valve XxX, which also has

a throat area (in inchesz) of ASQXXX. The suffix YYY on the vapor and 1liq-
uid flow rates refers to the imlet to or outlet from valve XK. Theoe valves
and their inlets and outlets are matched in the following table:

. Valwve Qutlet to Unit . - Inlet From Unit
(g} A PC2 ‘ SP2
cv2 ~ PC3 I SP2
cv4 : MR PE2
BPV CND ‘ ' PT2

A valve 1is "closed" by assigning it a very large value of the valve coeffi-

cient KXXX.
10
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2.6 Pumps
The pump models ‘include simple mass balances (LFRHWE = LFRPUE
= LFRPE2; LFRHWC = LFRPUC = LFRPC1) and energy balances. The energy bal-

ance on the fluid in the pump is modeled ‘as:

350

' 350 DAV
PHD = 227 mexx>w or pune = 9 (AL Yw ey

wvhere the symbols have the same meanings as before, wu = pump brake (use-
ful) horsepower, and PHD = total ‘increase in pressure head (psia).
The adiabatic temperatui'e rise in the pump has a frictional heat-

ing component (pump inefficiency) and a flow work component:

Q-WU=AH=CPAT

Thus:

. (.1848) (PHD)

e AT

+ TAVCND . (PU-2)

o (.1848) (PHD) -

and | TMPPUE (DAL) (CPA) + TALHWE | (PU-3)
']!he pump 1s assumed to operate at constant speed; the relation-

ehip between increase in head and flow rate is a function of t:he pump it-

self. These data are supplied by Westinghouse

PHD = PHD(LFRXOXX) . - . . L (PU-4)

2.7 Turbine
An energy balance on the turbine'at steady state (design) condi--
tions requires that the power produced in the turbine (TPWRD) either gol in-

.

to generation of electrical power (NPWRD) or 1nto ‘losses (TLOSSD, generally

'frictional) Thus the energy balance at design conditions (subscripted D) is:

11

11



' TPWRD = NPWRD + TLOSSD  (all quantities in KW) (T-1)

NPWRD is input and TLOSgDis calculated from input quantities. This power
is provided by the change in enthalpy of the working fluid on passage through
the turbine (DHD in Btu/lb) at design conditions (vapor flow rate FRD):

3414 Btu/KwH

. DHD = (TPWRD/FRD) ( 3600 sec/hr B ('I'-:Z)

t

The losses at design conditions are assumed to include a thrust beéring
loss (TBLD), a turbine journal bearing loss (TJBLD), a generator journal

bearing loss (GJBLD), a generator electrical loss (GELD), and coupling losses
(CLD), all in kilowatts. Thus

TLOSSD. = TBLD + TJBLD + GJBLD + CLD + GELD  (T-3)

The pressure ratio for the turbine is given by the rat:id of inlet to out-

let pressures at design conditioms:
PRD = PRSPT1/PRSCND . (T-4)

During a change of load, NPWR, the energy balance on the turbine is modi-

fied to include the kinetic energy going into speeding up the turbine itself:

i“—’-‘—‘ft“'i-l = 2.163x10% (TPVR-NPWR-TLOSS) / (RPMIRE * TTRE) (T-5)

where: : ITRB = moment of inertia of the turbine inmput (lbm-ftzj

RPMIRB= rotational rate of the turbine (revs per minute)
RPMD = 1800 =

t = time (seconds)

______ ‘= TBL + TJBL + GJBL + CL + GEL + WL (T-6)

H
&2
7]
8

?

TBLD (RPMIRB/RPMD) 2

:

TJBLD CRMRB/RPMD)L7
GJBL = GJBLD (RP:ﬂ'RB/RPbﬂ))l"",

CL = CLD mnmn/m>3
12
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The dependence of the various turbine losses on turbine rotational
rate was provided by Ed Graf of Westinghouse (Sunnyvale) who also suggested

the use of the Stodola Eliipse Law for turbine performance:

Defining T2 = RPMIRB/RPMD

TPWR = TPWRD * T2[Kav! - KaY? * T2 + KAY3 * T2 2 [ .3092 + 1. 897;‘:1)11

-3 1/2
J][Pﬁimmm (e T2,

{rro) ™
(e (PR = >> 1.1 then R ) = 1.1 s used.)

vhere symbols have their previously defined meanings and

y=2+ (B0, (T-8) .
1 _ o [1 - EFFDQ - pRDSIYIMYyg .
('?,:Y')nr 2n PRD ‘ (T=3) -

.Y = CP/CV (calcqalted at T (T-10) ‘

P’L’I‘l)

EFFD = &rbii;e efficiency at design, 1np\;t

TLP = polytropic efficiency | A

('? = constant pressure mass heat capacity of N‘H3 (Btu/1b °K)
o C, = constant volume mass heat capacity of NH, (Btu/lb~°F) _

TID,PID = temperature and pressure at turbine inlet, input,
design condition

The mass rate through the turbine is given by:

LFRPT1 =« /'rm [ "‘;i’.fn ] [ (:.:D)J ] ]1/2 (T-11)

13

13
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At less than 1% turbine design flow conditions, windage losses

of turbine, WL, are non-zero, and are given by:

RPMIRB
100

3
W - 8.25x10™* (HBLADE) (DAV) ( ) (DBLADE)” (T-12)

wvhere HBLADE is the blade height and DBLADE the blade diameter, both in

feet. At the zero flow condition of course TPWR = O.

GEL = the greater of:
GEL = GELD (RPMTRB/RPMD)
or

GEL = GELD [exp (2.8658 log, (RPMIRB/RPMD) - .10748)

14



2.8 MOISTURE SEPARATOR

. The volume of the moisture separator is included in the vapor volume
of the evaporator. Conceptually, the separator is considered as a flow resis-
tance component with inlet pressure, thé same as the saturated vapdr>pressure

in the evaporator. That is,

‘ Py ﬁv :
Pexit = Psat(Tgy) K3~ P, A
or .2
my
Pexit - Psat(Tlv)>' K 2
ZpVA

In terms of the nomenclature used in the computer, it is
PRSMSP = PRSEVP - (KMSP*VFRPE3*VFRPE3)/(9276.43*DAV*APE3*APE3)

2.9 CONDENSER

A lumped system is considered in the dynamic modeling of the condenser,
Essentially, only oﬁé horizontal tube will be considered in the modeling asA
indicated in Figure 2. Where the state variables are: Mv’ Ml’ Mi, Tw’ Tt’ and
Tlv' All thé nomenclatures in modeling the condenser and evaporator are

summarized in Table 1.

Due to the specific design, the following parameters can be evaluated

Do = Di + 28
A. = 7D.LN
i icec
A = A.D /D.
(o} ioi
Mo = [(A*A)/2]00,
2,,..
Mw = (HDi/4’“chpw

Then ‘the transient heat balance ¢f water, tube and ammonia can be formulated.

15

15
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“TABLE 1
Nomenclature Used in the Derivations of

Condenser and Evaporator.Models

Nomenclature ‘ ' . _. ' 'Interpretation
In In )
Derivation - computer . . "Units
code
Ai : - ‘ Heat.tranéfer‘area based .on Di (ft)
A *0OTA Heat transfer area based on D (ft)
c cp Heat capacity BTU/lbm°F,
5 .
Di ITD Inside tube diameter ft
Dy ' 01D Outside tube diameter ft
h . - Heat transfer coefficient
h HWT Heat transfer coefficient, BTU/hr £t? °F
wt ‘
water to tube
htv : ‘HTV Heat transfer coefficient, tube 2
: to ammonia vapor : BTU/hr ft© °F
H H  Enthalpy BTU/1b_
k - Thermal conductivity " BTU/hr ft °F
Le LEN Length of evaporator tube ft
LC , .+ LEN ~ Length of condenser tube ft
ﬁw L ~ WERR Water flow rate lbm/s
ﬁv VFR . NH3 vaporlleaving system lbm/s
ﬁzv FFV , NH3 going from liquid to vapor phase lbm/s
b o . . .- . ‘ . .
ml,opt' LEB - :,NHS l}qu1d:;egv1ng.hotwe11 lbm/s
ﬁll , DRN Excess NH, liquid leaving evaporator
o ' " and goirig”to hotwell. : , lbm/s
AHQ " FWv. - Mass evaporation rate from hot well to b /s
vapor m
: e
v - .ng L o=em,

17

17
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TABLE 1 (continued)

18

Nomenclature Interpretation
In In
Derivation computer Units
code
M MLCRWT_ ~ Molecular weight lbm/lbmole
Mw MW Mass of water in tubes lbm
Mt MT Mass of metals in tubes b
My MAI, Mass of N_H3 in 1liquid on.tubes 1bm
Mz MMX Maximum mass of NH3 liquid-on tubes lbm
L ] .
Ml MAL Mass of NH3 in hot well lhm
M MAV Vapor in evaporator, hotwell, and 1bm '
v moisture separator
e NTB Number of tubes in evaporator .
c NTB Number 'of tubes in condenser
| 4 PRS Pressure of vapor v in the vessel psia
«Q q . s
sat saturation pressurc psia
th QWT Heat transterred from tubes to water BTU/s
Qtv Qv Heat transferred from tubes to ammonia
vapor ‘ BTU/s
| °
R GASR Gas Constant, ;54573 ft lbf/lbmole R
t TIME Time s
Tt TTB Average temperature of tube metal °F
T, TWA Average<temperature'of water °F
TRV TAV Average temperature of both liquid and 'oF
vapor NH3 in system
v VAV Volume of vapor in evaporator,hotwell ft3
and moisture separator
v . . VOL Volume of shell side space in evapora-
; shellside tor and hotwell and moisture separator £
z Length,measured from water inlét ft

18
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TABLE 1 (continued)

Nomenclature ~ Interpretation _
In In . N
Derivation computer Units
: code
Greek Letters
p . | DEN Density lbm/ft3
Y' GMA Transit éime 5
L ZTA Length constant ff
A LMDA ,: Latent heat of vaporization BTU/1b_
s -DTB Tubé wall thickness ff

Subscripts
\'

L

HW

in

Vapor;
Liquid NH3
Water '
Tube

Hot well

Inlet

.Vaporiiation from hot well

19

‘19
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2.9.1 HEAT BALANCE FOR WATER

MC — =-Q. *+mC (T (0,t) - T(L,t))

it is

Q,, = hy Ay (T,-T,)/3600

where Qtw is the heat transferred from tube to water.

(CND-1)

In compatible units,

(CND-2)

The second term at right hand sido of the heat balance equation considers the

incoming and outgoing enthalpies of water of the condenser tube.

The outlet

water temperature T(Le,t) is related to the inlet water temperature Tw(O,t)

and the vapor temperature Tlv(t)‘

This relationship is accomplished by writing the steady state water

and tube heat balances. These balances are, respectively:

" Water heat balance

( ﬁwcw ) dT_(2)
= ~——— =T (z) + T _(z) = 0
nDihwt dz W t
Tube heat balance

hoo(T,(2) - T.(2)) = h (T (2) - T,)

Eliminate Tt(z) to get

_ dTw(z)
¢ dz ' T"(Z) - Tlv
1 1L ](mC
where ¢ = length constant I |t~ + ;= wa
wt tv m i

The solution of this equation evaluated at z

L

[

. Lo/t -L/t]
T, L) = T,(0e € 4 l1-e T, -

20

is

(CND-3)
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This is the outlet water temperature at steady state. To approxi-
mate the dynamic behavior, the transit times of water and vapor are introduced
as time delays. The transit time of water through the condenser tube from

z=0 to z = Le is

M

w
Y = & .
m

(CND-4)
w

The averaged time delay is half of y. As a result, the outlet water tempera-

ture can be presented as

-L, /¢ -L /T

T,(Lest) = T, 0t-v)e & + (@-e T (t-h - (eND-5)

In summary, the water temperature is

dT .
ﬁ = ﬁ-l-é— [- Q¢ * MC,(T,(0,1) -Tw(Le,t))] (CND-6)
W w

where th is stated in equation (CND-2), Tw(Le,t) is in equation (CND-5),

¢ and y are defined in (CND-3) and (CND-4), respectively.

2.9.2 HEAT BALANCE OF TUBE

The heat balance of tube at transient condition is

Ty 1 .
& g, [%t - Qtv] (CND-7)

where =h A (T - Tlv)/3600 ‘ (CND-8)

QtV tvo 't

th is stated in equation (CND-2).

2.9.3 HEAT BAIANCE OF AMMONIA

The enthalpy balance of ammonia vapor, liquid on tube and liquid in

hot well can be stated as
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]
dM d(Mg + Mg) dev

v
H — +H, —M— !
vV dt £ dt * [Mvcv * (ML * Ml)cﬂ,] dt

(BP) _ pt

s () (t) , = (BP)
= Qtv"mv Hv 4'mv Hv JL,outHl

(CND-9)

where superscript t is for turbine, BP for bypass valve .discharges to the
condenser.
To do the calculations, the state equations for the \va_por mass, liquid

mass on tube and liquid mass in hot well have to be presented.

2,9.4 MASS BALANCES

The vapor mass balance is

aM ‘ ;

v . . *+(t) , =(BP)

w mo +m."0 +my . (CND-10)
Mass balance of liquid ammonia on tube is

sz . . ; ' ' '

?t_ = m - My , and (CND-11)
mass balance of liquid in the hot well is

dM;' . ot -

d—t_ = Mgy - ml,out . (CND-12)

2.9.5 DERIVATION OF THE STATE EQUATION FOR VAPOR TEMPERATURE

The state equation for T,, can be derived from equation (CND-9) with
the ussumption that the vapor in the condenser is in the saturated state

and that it also follows the ideal gas law. That is,

psat(TJZ,v) = MV

dM MV 3P P (T,) | dT
Therefore, —~ = = T_l_( sat) ) sat2 v o
dt v T T dt

(CND-13)
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Additionally, equation
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6.1

s (CND-11) and (CND-12) can be combined as (CND-13)

dify e M) L
dt = Myp T M out
Equation (CND-9) becomes
~ dT
e  (t) _ =« (BP) . . ! v
Hv(.mvz tmytem ) ¢ Hpm - ml,out) +C dt
- e (t),(t) , =(BP) (BP) o
= Qy *my CHT ey H, - mz,outﬂl
where C = MC + (M, + M;)cz, (CND-14)
or -(H.-H)m , + C Moy _ +Q o+ @B gy oy (BP) y yn (BP)
v 2 ve dt tv v \AY, v o vli'v o

Using equations

(CND-10) and (CND-13), ﬁvl can be expressed as

L] [ ] L] dM
T L
dt
L] L] A dT
- m(t) . m(BP) - B Lv
v v dt
. MV 3P P __(T,.) *
where B z — L1 [_sat _sat v (CND-15)
R TZV oT T T 2
Ly Ly
In addition, the latent heat of vaporization A can be used. That is,
A = HV - Hz (CND-16)
NGO (t)
and uv' - Hv cv(Tv - Tzv)
(BP) (BP)
Hv - Hv CV(TV - T

2v)
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Finally, the state equation of vapor temperature is

(BP)

o [+Qw + cV(T‘(,t) -_Tzv)ﬁ,\gt) + Cv(T\EBP) - Tlv)';lv . )\(ﬁl‘(’t) f;n‘(,ap))]

dt (AB+C)

where A is stated in equatlon (CND- 16), B is -in equatlon (CND 15), C is

in equation (CND-14) and 0t is in equat1on (CND- 8)

2.10 EVAPORATOR MODELING

The modeling of evaporator is similar to that of condeﬁser. The.
difference between them will be presented here. 1In ﬁodelingAthe perférmance
of the evaporator, the possible flashing of"liquid from»the.tube~and from - -
the hot well will be considered (which is likely to occur when fhe vapor
bypass valve opens rapidly). However, when vaﬁof~pressure,increases, the
condensation of vapor on liquid is assumed to occur at a very slow rate and
is neglected. Therefore, there is one new state variable, Tuw for the
temperature of liquid in hot well, in add1t10n to the six state variables
s M

used in condenser mode11ng (e.g., T W’ 1 0 and M ). The suheméa

Tive

tization of the evaporator model is shown in F1g 3.
The same state equations for Tw and Tt,ln condenser modeling can be

used in evaporator mudeling. Similar state equations for Mv; Mz, MHW can

be constructed as thosé for condenser.

2.10.1 MASS BALANCES

de * * [ ] . . ‘
. LS W W | . (EVP-1)
dMR' . . . .
Tt Ma,in T Mav T Mg B ’ (EVP-2)
dM

HW . . .

dt = Mee T My " M, out (EVP-3)
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CHW -

Figure 3

Evaporator Model .
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2.10.2 HEAT BALANCE OF LIQUID ON TUBE AND VAPOR IN VESSEL

" The enthalpy balance is

EE&-+ H ii-bf!w “M,C, + M.C.) Mgy
L dt v 'dtf“.t A VvV dt

-

Qy * Hy sn™e,in * Huw™v ~ Heee - BTy

or

dr 1
2 Q, *+ Cg 11Ty i7-Tp)0
dt M2C2+MVCV £,in " L,in "’ L,in

* v Hw( HW™ Rv) -Hv -A(Tlv)mle

2.10.3 HEAT BALANCE OF LIQUID IN HOTWELL

4T -
MoCc. — o ¢

HWCHW g T

2 Ty =TawImgg = A(T,

oW Py,

or

ATy

1 , . .
A [Cn(Tznguw)mzz - A(Tﬂw)mﬂv]

2.10.4 CONSIDERATIONS OF FLASHING OF LIQUID

(EVP-4)

(EVP-5)

(EVP-6)

During the operation it is necessary to know about the instantaneous

vapor pressure in the evaporator such that the occurrence of flashing from

liquid which is on the tube or in the hot well can bc monitored.

This is

accomplished Ly assuming that ideal gas behavior for the vapor and the deri-

vations are as follows:

Using P = (MVRTQV)/(MY) (ideal gas law), then the time rate of change

is .
.d-g = P -];_de + 1 dTg'v - .1_2!
dt M, dt Ty dt y dt

where the vapor volume in the evaporator is
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V' " Vehell side - M/Py - Myw/Puw
or

dt Py dt T Py dt

Using the appropriate mass and energy balance equations (EVP 1, EVP-5,

EVP 2, EVP-3), the equation for P becomes

P _ pll (m, + nm
dt M, “av My ~

T mcmey Ryt CeLin(T,in Tew™e, in*Cv, mv Thw T o) Py -2 Ty IMgy)
AV A A AV}
1 1 . . . 1 .
* 71:52 (Mg Mev™e,in) * B g ooy, -y out)}; ' (EVP-7)

By comparing the calculated vapor pressure in the eﬁaporator with the
saturation pressure of the liquid on the tubes or in the hot well, the con-
ditions for flashing, evaporation or condensation can be justified. As stated
before, the condensation of vapor in the evaporator is neglected for the

present treatment. Therefore R

1
(=]

(1) 1£f P> psat(Tlv) then mvg = (EVP-8)

(2 1f£. P> P (T

1
o

) then &Hv = (EVP-9)

Whern flashingvoccursathe liquid ammonia evaporates rapidly while its
teﬁéerature decreases. The rate of pressure reduction in the evaporator will
_be léss than the rate expected by considerihg that fhe vapor and liquid are
.in thermodynamic equilibrium. According to this, the rate of pressure reduc-

tion can be written as

(3) 1If p i-psat(Tl) , flashing will occur and
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dP - apsat dTlv + g G. > 0
dt oT T dt 1° 1 -
v

where o is a "slack" variable whose value must be greater than or equal to

zero. Using the equation (EVP-7) for 14 get the condition

dt ’
For p < psat: (T,Q,v)
P ( a"sat) |
p Tov o JToy. P |
M MC +MC A(Tg,) - Voo | Mav
v el T Yy
P (”sat) , |
T, ~ |\ 9T T
P v v p .
+| — + (9 (T,,-T,.)) -—— |nm
M v,HW* "HW “Lv Vp Hv
v M!,C!L + Mvcv HW
P - (apsat>
I P PR BV WL L '8 S
Vp, Vo L2 tv
HW £ . M!,CZ + M va
P - (apsat)
T oT T .
Lv J'AY p .
- o, + : Cy : (Ty =Ty ) + 50— M, .
1 £,in " £,in "v Vp %,in
MR,CQ, + Mvcv ’ L ’
P . p R 0 ’
|V Prow W T 0 (EVP-10)

Similarly for the hot well of evaporator,

4) If p < psaL(THw) , then flashing will also occur and

dpP - aps at dTHW ‘g G. >0
dt oT T dt .22 *
HW
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Using %% from equation (EVP-7),get

P Tov P e

- | —_—— ] A(T,.) - +— |m
Mv Mzcz + Mvcv v sz Lv
( P ) . (apsat)
N S U 17 (T, -To) - m— + T T
MV MQC2 + Mvcv V,HW* "HW " 2v Vpr MHWCHW
(apsat)
aT
P P TH .
+ - - Co(T, -T..) |Im
Vpr sz MHWCHW LY v "HW Le
T T
Lv v
T v Uy "% v we €y . (Ty . -T, ))
Mncl + MVCv tv 2 MQCR + Mva £,in* £,in v

A D N S
sz Vpr £,out Mv v

(5) Both o, >0, 0,20 are slack variables.

In addition, we have
. : . .

(6) mlv >0, mHv >0, mzz >0 5/

2,10.5 CONSIDERATION OF LIQUID DRYOUT ON TUBES i

AT

HW | "Hv

(EVP-11)

(EVP-12)

(EVP-13)

The evaporator may operate at low recirculation rate, and the tube may

experience. partial or complete dryout during transients:

The heat transfer across the liquid films is mainly controlled by the

heat conduction through the film. -Therefore the heat transfer coefficient

of the film can be related to-the liquid-film thickness f by

29
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.
h = .

\

According to this, the total liquid mass staying on the tubes will have a

maximum amount equal to
* k ’ '
Ml = AF-Aopz Tz o ‘ . (EVP-14)
v : v

Folluwing the lumped modcl of thc cvaporator, when liquid feeding rate
1s hlghux thair that rcqu1rcd for ma1nta1n1ng the max;mum load M the rxYtra
liquid will draln to the hot well instantaneously. That means
i)
dt

(7) If M, >M, , then

o 2 My <0 . (EVP-15)

The other extreme condition is the complete dryout of the film.
That is,

(8) If My 5_9» ’ Fhen mg =0

and My 5-m2,in s (EVP-16)

The heat trancfer coefficient may decrease as the dryout starts to
occur on the tube. However, since we do not know exactly the specific h
and Re relationship during dryout on a horizontal type bundle, it is sug-
gested here to use a constant heat transfer coefficient when tubes are not

completely dried. Thus

) Qtv tho(Tt TEV)/3600 . (EVP-17)

When the tube is completely dried the heat transfer is assumed

as zero.

(1) If @y ; =0 and My <O, then Q =0 . (EVP-18)
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2.10.6 METHOD OF SOLUTIONS

With all the above constréints available, the calculation can be per-
formed with various IF statements in the computer program to select the appro-
priate operation conditions. However, a general scheme is-developed to. sim-
plify the selection procedure. Considering the linear property of the above
constraints (linear in variables'ﬁlé, ﬁi;, ﬁﬂv, Qtv’ o and 02), these ten con-
straints can be included in the overall calculations by solving a simple
linear programming problem. | |

Tested with various operation cénditions, ihe 6bjéctive‘function of.

the linear programming is formulated as
Maximize (Qtv - ucl - Wo, - mzz)‘ ~ (EVP-19)

where pu is a large positive number. Thus one, at least, of the slack variables
o's will be set to zero during the calculations if either or both of the

corresponding constraints (EVP-10) or (EVP-11) are binding.
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3. THE PROGRAM ODSP3

4 Figure'4 gives an overview of the program structure for ODSP3. At the
upper level is the main program which directs the overall activity.needed to
produce a simulation. Four major tasks comprise a simulation: (1) Input of
data, (2) Calculation of thg original steady-state values'for‘al; variables;
(3) Simulation of the dynamic behavior of the system and (4) Output‘of
simulation results.

Flow charts for all the routines are given in Part 5;
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MRIN PROGRAM
INPUT STERDY rN'ns"rP DHF‘C.G
RDARRY||READU FCT cUTPR
SORT [srm.x] [ORDER—I [cm_cz]
VROSAD ouTPUT

MB11RD CALFUN QUTPTIH| [AUTPT2
FCT1 FCT2 FCT3

MAIN STRUCTURE

OF

QDSP3

Figure 4

33



6.1-A"

3.1 DATA INPUT

Data input to set up a simulation occurs using subroutines INPUT, RDARRY,
SORT and READU. The user's manual for ODSP3 appears as Appendix A. This
manual indicates what data are needed and the order and format in which to

enter it. The data entered are the following:

1. Print control flags.
2. Pipeline data, giving geometry of all segments of pipe
which connect the equipment together.
3. Valve data, giving throat areas.
4. Pressure drop constant for moisture separator.
5. Pump head vs. flow rate tables, both pumps.
6. Condenser and evaporator geometric déta, water side
data, heat transfer coefficients.
7. Turbine geometric data, model coefficient data.
8. Initial steady state data.
© 9, Initial dynamic simulétion data.
10. Physical property data tables.
11. Input of independent variables versus time for control
(valve K values and electricai load)’

12. Simulation time data.

The data input is accomplished principally in suBroutine INPUT, with
physical property tabular data read in and sorted (if necessary} using RDARRY
and SORT. Subroutine READU is used to input the independent variables versus

time, items 11 above.
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-3.2 STEADY STATE CALCULATIONS

The_steady state calculations performed for the OTEC model aséuﬁe all
equipment geometry is input by the user. Aisb given are tﬁe amhonia Qapor
flow rate through the turbiné gnd ;he'fléw of liquid ammonia.recifchlating
around the evaporator (through pipeiine PE?).' ‘

The calculations for obfaining a steady state use subroutines STEADY,
VAG5AD, M§11AD, CALFUN and FCT3. STEADY directs the calculations: The
equations are nonlinear and requi:e iteration %o solve some of them, Tﬁe
AERE Harwell subroutines VA@GSAD and MB11AD are used to effect this solution

by iteration. The routine VAPSAD is a sophisticated numerical routine which

can solve the problem

. m
Min :E:'fg(xl’XZ""’xn) .
XpaXge s Xy j=1
When n = m , the routine will adjust n x; variable values to drive n func-
n :
tions fj to zero (as that would be the minimum of I f?(xl,...xd) ). To

j=1

use VA@S5AD, the user supplies initial guesses  for the variables X)»X X

2"
VA@5AD will call repeatedly a user supplied subroutine named CALFUN to
_evaluate ali the functions fj(xl’x2""’xn)' i=12,..,n, for each call.

VAZSAD adjusts the values of X)X X, before each call, searching over

200
these values to find the correct ones to drive all fﬁnctions fj(xl,xz,...xn)
to zero (By driving Zf§ to zero). leutine MB11AD is used by VA@SAD and
need not be described in any detail here. User supplied routine CALFUN ~
however is of interst. A three way switch occurs in CALFUN to caﬁée thé
appropriate routine FCT1l, FCT2 or FCT3 to be called. During steady stateA

‘calculations, the correct routine to be called is FCT3; the other two are

used during the dynamic simulation part of ODSP3. FCT3 receives guesses for

35
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“tear" Yariables xl,xz,..,xn and evaluafe§ a set of tear functions (error
functions) fl’fz""fn appropriate to solve the steady staté nonlinear
equations.

The steady state calculations proceed, briefly, as fﬁllows. First,
because the mass flows are input data, the stgady state mass -flows in all
the pipéline; can‘be'established. The flows are iero in the bypass line
PT2 and in the line PC3. With flows established, the next task is to Qet
the pressure levels in both the evaporator and condensgr so the heat trans—
ferred in each will produce exactly Lhese flows. Tor example thc cvaporator
pressure must be set so that, via the heat transfer mechanism modeled in it
(which invelves AT driving forces), the exact amount of heat transfers as is
needed to vaporize the ammonia flow through the turbine. Pressure affects
the vapor temperature, which must be the saturation temperature corresponding
to the pressure, and the higher it is, the smaller the AT driving force in
the evaporator, and thus the smaller the heat transferred. The vapor flow
out is user specified so the pressure must be set to cause exactly this flow.
Similarly Lhe pressure in the condenacr affocts tho temperature level of the
vapor in thé condenser. Thé lower it is assumed, the lower the saturation

temperature and the smaller the AT driving force to cause heat to flow from

‘the condensing vapor into the cold sea water. Thus, lowering PRSCND (P in

the condenser) lowers the heat transferred. With the flows set, the pressure
must be adjusted to condense all the incoming vapor.

After pressures are established, one must adjust something in each flow
path ( (1) the pipeline from the condenser to the evaporator, (2) the recir-
culation line around the evaporator, (3) the flow from the evaporator throuugh
the turbine to thg condenser) to cause exactly the right pressure drops in

each for the flows required.
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The pressure .losses for thé givén flows are calculated everywhere
except in valves CV1, CV4 and through ihe turbine. The losses in-eagh of
these devices are required to be those just established and for CV1 and CV4
the throat areas of the valves are adjusted. The design pressure ratio of
the turbine is computed and set as the adjustable parameter in its line.
‘Because of secondary but not negligiblé temperaturé effects of the pumps
and turbine, the above calcplations‘are actually imbedded in a computational

loop. The order of the entire steady state calculations proceeds as follows.

(1) All flows are established.

(2) Values are guessed for the tube temperature in the evaporator,
TTBEVP, the temperature of the ammonia vapor in the condenser,
TAVCND and the temperature of the inlet liquid to the evapora-
tor, TMPPEl. These are rescaled by dividing by nominal values

so the variables seen by VA@SAD are 'nominally" 1. in value.

VA@SAD calls CALFUN which calls FCT3 repeatedly to solve basically for
the pressure levels in both the condenser and evaporator. Calculation starts
with the evaporator and moves counterclockwise around the system, The error

functions (eyual in number to the number of guessed variables) are

(1) difference between given and calculated flow of vépor out of
the evaporator (calculated vapor flow reflects heat trans-
ferred in evaporator)

(2) difference between given and calculated liquid flow out of
condenser

(3) difference between guessed and calculated temperature of

liquid stream entering evaporator.
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VAPSAD adjusts the guessed variables (TTBEVP, TAVCND and TMPPEl) to drive
these errors to zero.

After thé'pressure levels are established, control returns from VA@SAD
to STEADY, where thé remaining noniterative calculations occur. These in-
clude setting internal variables.fof;evaporator and condenser, calculating.
pressure losses so the throat areas of CV1 and CV4 can be set and establish-
ing the calculated design pressure ratio of the turbine.

Values for all thelvariables are saved at this point, at a large n;ga-
tive time (-100@¢0 secs), Upon starting the dyhamic simulétion they are
resaved at'time equal zero. Thus for very early iimes in the dynamic simu-
lation; variable values needed, because of time delays, are readily found

even before time equals zero by linear interpolation,.

3.3 TRANSIENT CALCULATIONS

After the steady state calculations are completed, control returns to
the main program. Before initiating the dynamic simulatién,,the times are
found at which any one of the independent variables (K's for valves and also
the electrical load on the turbine) has a step change in its value versus
time. At these times one can be assured of discontinuities appearing in
the derivatives to be evaluated for the state variables. Thus the simulation
will be stopped and restarted at these points in time because the restart
procedure of the integration routine can tolerate these discontinuities,
wheroas the "predictor" "corrector" procedure used after starting will have
numerical problems. The subroutine FNDSTP locates the times for each of
these steps and records them in the table TIMSTP.

The dynamic simulatian uses §ubroutines DHPCG, FCT, SMPLX, ORDER,

CALCZ, VAPSAD, MB11AD, FCT1, FCT2 and OUTPUT.
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- DHPCG is a routine from the IBM SSP package of subroutines, and it is a

Hamming-Predictor/Corrector integration package for numerically integrating
first order ordinary differential equations. Acopy of IBM's documentation
for it is in Part 3.

DHPCG, once started, will integrate forward in time a system of ordi-
nary-first order differential equations (state equations) from an initial

state; the equations are of the form

dxi
'd—t— = fi(xl,xz,..,xn,t)
x.(0) = xo given
i i
i = 1,2,...,n

/A user written routine called FCT is called by DHPCG, repeatedly to evaluate
f;(xl,xz,...,xn,t) for values of xl,xz,...,t . supplied by DHPCG. Because
it is a predictor/corrector scheme, the values of t supplied may repeat or
even decrease as the routine iterates and/or reduces or increases the inte-
gration step size.

Subroutine FCT has the overall task of supplying the RHS's (Right Hand
Sides) fi(xl,xz,...,xn,t) to the state equations. However to do this
really requires solving a moderately large set of nonlinear algebraic equa-

tions at each request as the form of the real simulation problem is

Solve
dxi )
E;— f(xl,xz,..,xn,zl,zz,..,zm,uluz,..,ut,t)
subject to- gj(xi’"’xn’zl""?m’ul""ur) = 0
where i=1,2,..,n, j=12,..,m.

39

39



40

6.1-A

The variables z, to zm;are-algebraic variables whose values are determined
by solving the algebraic equations -gj =0, j=1,2,..,m, They dare thus
functions of the state variables X5 and the variables U The Uy variables

are the user supplied independent variables whose values must be specified

versus time by the user. An example ‘is the user specifying the valve con-

. stant K., versus time. Thus the'uk variables are strictly functions of

time and act a3 paramcters to thc problem, giving the problem the desired
form:
Solve

dx
dt

f(xf,’zj'(xi’uk(t))’t’ £=1,..,n, j=1,..,m, k=1,..,,1r).

n

f(xz,t, 2=1,2,...,n) .

The routines SMPLX, ORDER, CALCZ, VA@S5AD, MB11AD, FCT1 and FCT2 are used
to solve for the variables zj in terms of all X; and LY by solving the alge-
braic equations gj; |

On entry into FCT, the algebraic z variables are Found which are asso-
ciated with the two majo; flow paths ((1) vapor NH3 from the evaporator through

the turbine and bypass lines to the condenser and (2) liquid NH, from the

3
condense; to the evaporator plus the recirculation flow of liquid NHS from the
evaporator hotwell back to the evaporator). The flows, intermediate pressures
and temperatures can be solved along each path separately. Iteration in both
cases guesses flows and adjust these to get the correct total pressure drops.
Thus CALCZ uses VA@SAD once with FCT1 to solve for the conditions in flow
path (1) and FCT2 for flow path (2). With all flows into and out of the

condenser and evaporator known, then control returns from CALCZ to FCT. FCT

then solves in turn for the internal flows of heat and material for the
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. evaporator (using routine ORDER and SMPLX) and for the condenser. The model-
ing equations for the evaporator are in Section 2.10 where a number- of differ -
.. ent operating modes are stated, :such as: (1) the tubes are dry, (2) the tubes
are fully loaded with-NHS, (3) the tubes are partially loaded with NHS’
(4) no liquid is entering the cevaporator, (5) liquid is entering but insuffi-
cient in amount to ﬁatch the vaporization rate or (6) liquid is entéring in

. excess of the evaporation rate, etc. By checking (in routine OUTP) -various
conditions at the start of each complete integration step taken by subroutine
DHPCG, a number of flags are set which indicate which inequality and equality
constraints are to hold during that step. Thus if the tubes are fully loaded

. dam
with NH3 liquid, then the flag is set requiring the ——&-i 0 for the

dt
evaporator, i.e., that the amount of liquid on the tubes cannot increase.
Using these flags the correct inequalities and equalities are set up, all of
them 11near in the internal heat and material flows within the evaporator,

in subroutine order
To decide on internal flows, these constraints are reordered+to put them into

the order: (1) all greater than or equal ;snstraints, (2) all eqﬁaiities,
(3) all less than or equal constraints. -Also any of the iﬁequalities are
reversed if their right hand side is negative by multiplying through by -1.
Equalities are -also multiplied through by -1 if their RHS's are hegative.
The routine SMPLX, an available debugged but not very elegant Linear Program-
ming routine, requires the above order for constraints and also requires
positive right hand sides.

The return from SMPLX gives all internal flows (622’ ﬁ&v’ th) as well

as the heat flux (Qtl)-Within‘the evaporator. The RHS's of the evapdrator

"state variable equations are then calculated.
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The routine FCT continues by solving for the internal heaf and mass
flows within the condenser. Also the RHS's are calculated for the céhdense;.
The last step is to calculate the RHS for the turbine state variable equation A
for d(RPM)/dt; return is then made to DHPCG.

After combletion of an integration step (which usually fequires two
calls but may have invéived several cails to FCT to adjust Lhe Lime slep taken),
DHPCG calls user supplied roﬁtihe OUTP.- In this routine tlie user can write out
results and/or save thém. In the ODSP3 system, results are saved, However
routine DHPCG supplies values for only the state variables so OUTP must call
CALCZ to evaluate the z variables for the two flow lines. It is here thaf
the decisions are made as to whether the tubes are dry or full or partially
full, etc.,, for the evaﬁorator for the next time step. All variables are

saved if the time equals or exceeds the time at which the next saving of values

is requested via the user input (Variable DTSNP).

The last phése of ODSP3 is the printing out of the simulation results,
which is accomplished by the MAIN program calling OUTPUT. OUTPUT simply
decides whether to call.OUTPTl and/or OUTPT2 based on the value of user input
variable PCKOUT. (See first cgrd{ Appendix A.) OUTPT2 outputs all of the
variables and is executed first if requested. The format is inelegant, as
this option is an aiq fbr debugging. OUTPT2 outputs a selected subsct of

variables with English headings;

42



6.1-A

Section 4

User's Manual

PC2 .

I MXR
PE1
I,
{nsP| tvp CvVe
HIJE
g 2 ' PE2
PUE
|PE3
cvx"}E
SP1 .
SP2
IPTs pT2
. l
SN
CND BPV
HuWC
1\ PC1
PUC
Figure 5

FLOWSHEET FOR
OTEC PLRNT
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All program variables (not including constants) are naﬁed in

following manner:

1-

2~

Each name comprises a 3-character prefix and a 3-character suffix.

The prefix is one of the following:

Yyl Temperature

‘PRS - Pressure

VFR Vapor flow tate

LFR Liquid flow rate

TWA Average water temperature

TTB Average tube temperature )
TAV Average ammonia vapor~temperatﬁre

MAV - ¢ Mass of ammonia vapor °

MAL Mass of ammonia liquid

RPM RPM

The suffix is the 3-character code for the device to which the variable
relates (see Figure 5). S ;

Cvl to &4 Control Valves

DV Bypass Valve

EVP Evaporator

CND - Condcnacr

HWE Hot w?ll, evaporator . v . e
HWC Hot wé}l, condenser S

MSP Moisture separator .- T

TRB Turbiﬁe

PUE Pump for recirculating NHj, evaporator
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PUC Pump for transferring NH, out of condenser

SPl- Splitter for flow through turbine and bypass valve
SP2 . Splitter to allow liquid NH3 éo leave syétem :
MXR- | Miser

PCl-3 . Pipelines following condenser

PEL1-3 Pipelines around evaporator

PT1;2 Pipelines around turbine

4~ The yariables'ére named for either the unit in which they occur or the
units from wuhich they exit, e.g., the temperature of the stream leav-

ing PC1 is called TMP PCl.

Data Input Cards for ODSPI (OTEC Dynamic Simulation Package, Version 1)

The content and format for the data input cards follow. Many of these
data are entefeq in tabular form, with Eﬁe-fable,alwavs entered in . the
following format. Ea ch‘éard for ché tabie'has two entries, the first being
fhe value of the independent variaSle and;the second being the value of tﬁe
dependent variable. Up to 19 pairs of values may be entered. The iﬁput of =2

'table is‘terminated by entering a card containing the number 1.6D2@. The
card formats are -

Table entry (2p10.4)

Termination card (D10.4).

Déta input cards for.ODSPl, OTEC Dynamic Simulation Package, Version 1.
First card ECHO FLAG EUCER T L ' e

. =0 do not ECHO print the input cards

>0 do ECHO print all input cards

<0 do ECHO print ali input cards, -

except those entered  as tables

45
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Next Cards

6.1-A

PCKOUT FLAG

=0 execite pitkit rpitome PITAT;
(outputs a selected set of variables)

=/= 0 execute output routine OUTPT2-

(outputs all wvariables)

FORMAT (215)

One card for each pipeline. Each contains the following

4 data items:

L

K

Length of pipe, ft.

K for fittings, entrance and exit

effects, etc., dimensionless.

Diameter, in.

Vertical rise ip:pipe from entrance to exit

(negative valve says pipeline falls in elevation, ft.

Format (4D10.4)

Enter one card for each of the following pipelines:

Next card

1. Ppcl
2. PC2
3. FC3
4. PEl
5. PE2
b, PE3
7. PTL
8. P12
Acvl
Acv2
ACv4
ABPV

)

Throat area of CV1, in
" " [1] CVZ, ?l
" " 1"t Cv[" [1}

1" " l"~ BPV, "

Format (4D1¢.4)
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Next card

Next cards

Next cards

Card 1
ITD
01D

LEN

CTB

DTB

Ccard 2

VOL

6.1-A

KMSP The equivalent of a valve constant to calculate

pressure drop for the moisture separator, MSP.

Format (D1§.4)

Enter in "Table Format' (See page 1)

mass flow rate (1bm/sec) vs‘pressurc héad,produced (psia)

for the two pumps, PUC and PUE.
Table

1 in vs Head for PUC

2 in vs Head for PUE

Condenser and Evaporator Data Input

Enter two cards for the condenser and then two for the

evaporator, each containing the following data items.

Inside tube diameter, in.

Qutside tube diameter, in.

Length of a tube, ft,

Number of tubes

Heat capacity of tube material, Btu/lbm o.F
3

Density of tube material, 1bm/ft

Format (6D19.4)

Total vapor volume for unit (including vapor volume

of

moisture separator (if appropriafe) and hot wells), ft

Fixed water flow rate through unit, lbm/sec

Inlet water temperatufe, OF '

Water/Tube heat transfer coefficient, Btu/ft2 hr °F

2
Tube/Ammonia heat transfer coefficient, Btu/ft hr

Format (5D1¢.4)
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Ngkt»cqrds Turbine Input Data t; cards)
Card 1 |
1TRB Moment of inertia for turbine plus
| DBLADE Blade diametern fE{'

HBLADE Blade height, ft.

Format (3D16.4)

Card 2
KAYJ), KAY2, KAY3 v KAYI-KAY2*I‘1+KAY3*T1*T1
Next cards Two cards to,défine initial steady state
Card 1
FRD Design flow rgté-of NH, through turbine, 1lbm/sec B

LFRPE2 Flow of liquid NH3'reéirculating around evaporator
through PUE and PE2, 1lbm/sec
RPMD Qesign RPM for tQ:bine
Format (3D16.4)
Card 2
NPWRD  Desigin net power for turbine, kW
TELD |
TJIBLD
' Losses in turbine, kW
GJBLD
CLD
EFFD ﬂ;at design for turbine, diméhsionlessf
Forwat (bDM.&) _ | |
Next card Input to InitialigevT:ansient Qalcﬁiapions
MALHWE Mass of ammonia liquid initially invevgporator hot well,
. .HwE’ b . : o S

MALHWC Ditto for condenser hot well, HWC, 1b
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PRSPC3 Pressure of exit of ch; the pressure of the external NI
Next Cards

Table Independent Variable

‘ 1 L]
o > . o
2. T, F Cp of NH, vapor, Btu/lbm " F
3. T,~°F YlECp/Cv of NH3 vapor, dimensionless
4, T, °F Density of NH3 liquid, lbm/ft3
5. T, °F  Cp of NH liquid, 1bm/£t>
6. T, °F Viscosity of NH3 liquid, 1bm ft/sec
7. T, °F . Thermal conductivity NH3 liquid, Btu/ft hr °F
8. Saturation T, °F Saturation P for NH3,»psia '
9. = saturation T, °F dp__ /dT for NH,, psia/°F
* ? sat’ “sat 3
.10, Saturation t, °F Heat of vaporization for NH3, Btu/1lbm
Next cards 'éontrol Variable Inpuﬁ

6.1-A

storage vessel, psia.

Format (3D10.4)

3

Physical Property Data Tables. Each physical property data

table is entered in 'Table Format" (See pége 1). Enter data

for following physical properties.

o

Dependent Variable

T, F Viscoéity of Ammonia Vapor, lbm ft/sec

Control variable input is given in '"Table Format" (See page 1).

The independenf variable ‘is always "time' (seconds). To repre-

control variable value, the value just before the step and, as

the sacond, the value just aftar the slep.

repeat the time at which the step occurs, giving, as the first

an esample 1is:

. ‘ " .
time - Base Value, BV Amplitude, A Frequency, £

9.0 o2 ol
0.5 2.7 0.1
8.5 ¢.9 0.1
2000, p.0 0.1

49 -
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.sent a step change in the value of the control variable, simply
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The control variable starts at time t=0 around the value 2.7, following the

‘equation: value = BV + A cos (ft); +, sec, continuing in this manner until

time t=0.5 seconds. At that time, the base value switches to @.6 and

remains there until t=20{@.# , a time exceeding any expected simulation to

be run.

Tables must be entered for the following coatrol variables.

1.

2.

KCV1l
KCV2
KCV4
KBEpV

NPWR

K for value CV1, ‘unitless
WoHoon CV2, o m
o om Ccva4, "
mow o w Bpy, "

Net power output of turbine (P), kW

If BV for NPWR is 1.021 at time t=0, then the simulation will hold RPM at

désign and calculate resulting load needed.

Last Card

DTINIG

DISNP

DTPRNT

SIMTIM

-IDBLL

Simulatime Time Data

Initial and also largest time step to be used when integrating
using IBM's SSP routine DHPCG (Double precision Haﬁmipg
Predictor Corrector Routihe). Recominended value is 6.5 seconds.
Increment in time for program to save values of important

simulator variables. Should be an integer multiple of DTINTG.

Recommended value is f.5 sece.
Increment in timé for program to priut cut values of important

simulation variables. Should be an integer multiple of DTSNP,

Total length of dynamic simulation, seconds.

Number of times initial time step can be doubled.

Format (4D10.4,1S)
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Detailed Flow Charts/Algorithms
fbr,

ODSP3

On the (ollowing pages are sample input data prepared as describad above.

Note - the termination card for table input.is included as the last entry in table

fér the control variable input. Therefore, the KCVl data was listed as:

BV for
Time KCvl DKCV1 FCV1
g.¢ g.4 . 0. R
1.6D2¢ 9.4 . 0. , 0.

terminates input
The last card will terminate KCV1 data input as well as give a time for which
the value §.4 holds. (This value is always open with KCV1=@.4 with this data

input.)
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6.1

MARIN PROGRAM

INPUT STEADY FNDSTP| |DHFCG

RDARRY| | READU rFct | |ouTe

]
SORT sanx][ancn][ancﬂ

VAGSAD GUYPUT

MB11AD CALFUN ouTPT1]| louTPT2
 FCTH FcTa FCT3
Tiaure 6.

MRIN STRUCTURE

OF

OLSPES
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6.1-A

3 Iy ~ 3 .
Main Program:

Set Nominal Values
For State Variables; .
and initialize fre-

quently-uscd constants,

CALL INPUT l

Set Parameters
for VA@SAD

l

CALL STEADY

y
CALL FRDSTP

Set accuracy,
beginning and end
of current inte-
gration interval

__ 1l

Get Initial Values
for state variables;
~and error weights

Establish the con-
ditions for the
Lp Routing

["cALL pHPCG
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Main Propgram (cont'd.)

Yes

6.1

A

Ycs

integration
intervals?

A

Issuc Appropriate
Error Message

54

Call Qutput




6.1-A

Subroutine Input

Read .in pipeline data for complete system and control valves arca.

Rcad in flow rate vs. pressure hcad for each pump.

"Read data! for condenser's componcents and calculate the geometric

and heat transfer parameter‘tﬁéu. CND 1 to Equ., CRND-9),.

Read data for evaporator's components and calculate the parameter.
Read turbine geometric data.

Read in steady state FRD, LFRPE 2, RPMD,

Redd turbine characteristic parameter and calculate total turbine power
and total. loss.,

Read in the data required for the transient simulation.
Read in physical properties of NH3 vs. Temp.
Read in control input.

Read in simulation time data.

55
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Subroutines called by INPUT:

SUBROUTINE RPARRY (A, DAY :

Reads a table from the input device and stores it in the two-D array
A. 1Input is terminated when a large number C») ic encountered in the first

field of an input record, - The size of the table is rcturnca in NA,

SURRQUTINE READU (J):

Reads the input data associated with the control input whose index is
J. The data for each control input consists of a table with four columns

ans ohowm balow:

1>
1=

time, t éé
The value of the control input takes the form:

A + DA cos (2 Ft)

The table is terminated with a large number in the first field that
also serves as t = . The control input data is stored in two arrays; a

3-D array SAVU (I,J,K), and a 2-D array TIMU (I,J) having the following

format:
K=l 4 A TR I
K=2 4 bA T : :
K=3 4 F . e _,;X.=2} ' ' R T
[ -1 : ! l t '
T K : o } *!-_J\\_.J
[] ‘ : ‘ I ‘L_ [ \" .
sl ST
I |- o by
t ] J*
SN Y, ’
J , . TIMU (1,.)
SAVU(I,J,K)

SUBROUTINE SORT (A,NA):

Sort's a table according to,its}"kéyh (input variable) into ascending

order.

56



A

6.1

Subroutine FNDSTP

To avoid the severe numefical problems that arise if integration of a
function that goes through a step change is attempted, 1t was decidcd that
the totai simulStion length be broken aown into a number of intervals duving
which the funétions to be integrafed‘aré ”weil-behavcd“. Step changes cén
occur in either ﬁhc alpebraic (z) or control (u) variablcs.(thn state variables
have to be continuous functions of time). Upon close examination of the prob-
lem, we came to the conclusion that the exact times at which the z-variables
take step changes cannot be knowvn a-priori (i.e. before the integration starts).
Steps in the control variables, however, are easily found since the control
variables are known functions of time, TIf the times at which step changes occur
in the u-variables are determined, the integration can be carried through over
several time iIntervals that are bounded by the steps in the u-variables,

Subroutine FNDSTP scans all the control inputs, and assembles a vector
called TIMSTf';ﬁathas 53 ifs elements (in ascending order).the points on the
tine éxis ét‘whiéh steps occur in the u-inputs. The last élément of TIMSTP is
set to ﬁold the toﬁal simulated time (SIHTIM), so that the last integfation
interval ends after SIMTIM seconds from the start of the simulation, The size

of TIMSTP is NSTP. A flow chart of FNDSTP follows.
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FNDSTD

1. Scan array T and rccord steptime in S,

2. Steps are detc;tcd'if two consccutive entrics are edual~and store this
message.

3. Sort S into ascending order and gli@inatc redundant entries,

4. If two elemcnfs are equazl, 'compress'. | .

5.

If TIMSTP (I) 5 TIMSTP (I+l), interchange them and set "switch flag"

SW to 1, )
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Solution of a set of 11 non~linecar eqns. in n unknowns:

Two Harwell-Library subroutines (VAB5AD and MBLIAD) are employed in the
solution of systems of non-linecar eqns. They arc documented clsevhere. VAGSAD
basica11§ attempts to minimize $}£L(5))2, and requires, therefore, the evalu-
ation of the function F for git:i values of the indept, variables x. It
assumes the existence of a subroutine calléd CALFUN that will evaluate those
functions,

Since VA@BS5AS is used to solve different sets of qugt in the course of the
simulation, a flag is needed to select the correci set of equations to evaluate.
This flag is called FCTID and can assume.the values i, 2, and 3. CALFUN will
call one of three subroutines depending on the value of FCTID. These subroutines
are called FCT1l, FCT2, and FCT3, and are related to the value of FCTID in an
obvious manner, FCT1l contains the Eqns. for ‘the vapor branch between the evapo-
rator and the condenser (including the turbine). FCT2 has the model Eqns. for
the liquid branch from the condenser to the evaporator (including the recircu-
lator line). FCT3 has the describing Eqns. for the whole system in the steady
state, o |

In the steady-state calculation, subroutine STEADY calls VA@SAD after set-
ting FCTID to 3. This selects FCT3 for the evaluation of the functions that
VAB5AD is trying to minimize,

In the transient calculation, subroutine CALCZ calls VA@S5SAD twice, as the
solution for the z-variables proceeds from the evaporator to the coﬁdcnser in
;he vapor branch, and then from the condenser to the evaporator in the liquid
branch, In the first half of the calculation CALCZ sets FCTID to 1 and FCT1
is Qulected, and in the second half it sets FCTID to 2 whereby FCTZ is chosen.
Separate flow charts for STEADY, CALCZ, FCT1l, FCT2, and FCT3 are given 15ter
showing the computational sequence adopted. The flow chart for CALFUN is given

beloy:
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"qubroutiine CALFUN:

60

CALL FCT1

CALL FCT2

'CALI. FQT3

v

RETURN
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10,

11,

MEOOw

MEY O W

6.1-A

Subroutine Steady

Cchn flow throuwh turbine and in 1cc1rcu1ation linc, calculate the

flows ir the vest of the pipelines.

Cuess and scale TTLEVP, TAVCND, TMPPEL,

CALL Subroutinc VA@SAD
A. If error message return,

STOY

Calculato Lhe following quqntatlcs in evaporator:
A. N3 vapor temp, (heat balancc)

. Avg. water temp,
. Hot well temp.

.- Mass.-of NH3 vapor.

A. Design inlet pressure

B. Design outlet pressure
C. Design pressure ratio:
‘D. Design inlet temp.

E. Design enthalpy change
F. Turbine speed.

Solve for condcnser variables:

. Tube Temperature (heat balance)

. Average water temp. (heat balance)

. Liquid ammonia drain rate’

Calculate volume and mass of ammonia liquid in film
. Calculate volume of ammonia liquid in hot well"

. - Calculate mass of ammonia vapor in condenser.

. Vol. and mass of NH3 liquid in film
. 'Vol. of NH3 liquid in hot well, (Equation of state)

‘Solve for turbine design conditions:

(Equation T=2)

Solve for pressure at outlet of PC2. (mixer pressure)

A, Calculate the reqﬁiréd throat area for CV4, and adjust the input

valve according.

B, If PUE is too small, issue error message and exit.

Solve for pressura at outlet from CVI.

A. Calculate the required throat area for cvl, and‘adjust the input

valve accordingly.

B, If PUC is too small, issue error message and exit,

Store the stcady-state vaiues.
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Subroutine TCT

1. Calculate the z-variables call subroutine CALCZ

2. Calculate the internal flows and net heat transfer in the evaporator
using the linear = Drogramming Routine SMILX

A,

mMEooOw

Calculate densities, heat capacities and heats of vaporization
Calculate the volume of the ammonia vapor in the evaporator
Zero the simuless tableaux

Sct the suitplex constraint to the cquations

Set up the objective functions ‘

Call subroutine SMPLX ‘ '

3., Retrleve the output valuas from the result vector

4, Calculate the derivatives

B (Eqn. CND-13)

5. Calculate ‘
6. Calculate overall heat capacity of vapor + liquid NH3 (Eqn. CND=14)
7. Calculate the drain rate intoluwc

8. Calculate the net power output and mass of liquid NH

62
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Subroutine FCT1

Calculate the density of vapor.NH3Aand pressure at moisture.scparater

Calculate the following quantities in Pipeline PE3
A. Density of ¥iH3 vapor

B, Viscosity

C. Velocity

D. Reynclds

E. Friction factor and pressure at ele from PE3
F. Calculate declay time in PE3

G. -Calculate temperature at exit from PEB

Check the bypass valve; closed? 1If yes, go to 4 .
A. Do the calcuclation for pipeline PT2 (Reference procedure 1)

Do the calculation for pipeline PT1 (Reference procedure 2)A
Do the turbine calculation

A. lLosses (Eqn. T-3)
B. Total power output (Eqn. T-7)
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1‘

2.

3.

If

A.
eB.
C.
D.

6.1-A
Subroutinc FCTZ

CVl and CV2 are closed; return

Calculate the following quantities‘in pressurizing pump PUC

Density of liquid Rilg .

Heat capacity of NH3 at constant pressure
Pressure at cxit from PUC

Temperaturc at exit from PUC

Calculate the following quantities in pipeline PCl

A.
Bu
C.
D.
Eo
F.
.G'

A-

Cl

Density 'of liquid Nli3
Viscousity

Velocity

Reynolds Numbers

Pressure at exit frouum PCL
Temperature at exit from PCl

CV2 is closed; go to 5

Calculate liquid flow rate in PC2

Calculate pressure at exit from CV2 ) :
Do the calculations for pipeline PC3 (reference procedure 3)
Go to 5-B

Liquid flow rate PC2 = Liquid flow rate PCl

1f CV1 closed; go to 6-A

Calculate pressure at exit from CV1

Do the calculation for pipeline PC2 (reference procedure 3)
Go to 6-B

Liquid flow rate at PC2 = 0

If CV4 is closed; go to 7-A

Mass balance in mixer

Do the caleculation for recirculation pump PUE (reference procedure 2)

Do the calculation for PE2 (reference procedure 3)
Calculate the pressure drop across CV4
Go to 7-B

Liquid flow rate at PE2 = (

. Heat halance in mixer

Determine the flow in each line by changing the eonrrul valves CV1,
CV2 and CV4, open or close state
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Subroutiné:¥CT3

Calculate the following quantities in Evaporator

-

oMo >

= >

Outlet 'water temperature

Heat transferred from water to tube

Heat transfcrred from tube to lnqula and vapol anmonia
Armonia vapor temperature

Liquid amnonia temperature in HWE

Vapor pressure

The flows internal to the evaporator

Calculate the vapor density in moisture separator .
Calculate pressure at exit from moisture separator

Calculate the following quantities in PE3

.

OMRYUOW >

Do

A,
B,

Vapor density

Viscosity

Velosity (Eq. P-1)
Reynolds (rq. P-3)
Friction factor {Bq. P-5 or P- 6)
Pressure (gq. P-7)

Temperature at exit from PE3
the same calculation for PT1

Calculate the enthalpy change across the turbine
Calculate temperature of 'subcooled vapor' exiting the turbine

Calculate the following quantities in Condenser

A,
B.
C.
D,
D

Pressure

Qutlet water temperature

Heat transferred from water to tube

Heat transferred from tube to liquid and vapor ammonia
The vapor flow rate out of the condenser

Calculate the following quantities in Pressurizing pump PUC

A.
B.
C.

. D,

L.

Do

Liquid density

Heat capacity of ammonia

Total increase in pressure head (PU-1)
Pressure

Temperature at exit from PUC

the same calculation as in procedure 3 for pipeline PCl

Calculate the temperature at exit from PC2

Do

Do

Do

the calculation for PUE (Reference procedure 7)
the calculation for PE2 (Reference procedure 3)

the heat balance in mixer
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Subroutine CALCZ

Update the state variables of the system,

Solve for z-variables in Evaporator - Hot well:
A. Volume of Nli3 vapor

B. Pressure in cvaporator

C. Heat transferred from water to tube

D, Water outlet tewperature

Solve for z-variables in Condenser:

~A. Pressure in condenser

B. Mleat transferred from water to tube
C. Water vullet temperaturog
D. Heat transferred from tube to liquid and vapor ammonia

Solve for z=variablea in '"Vapor Branch"

A. 1If bypass valve is closed, the vapor flow rale at IT2 equale zero
B, Guess vapor flow rates in PE3 and PT1

C. ' CALL subroutine VA@5AD

Solve for z-variables in Liquid Branch

A, If CVl closed LFRPC2 = 0

. If CV2 closed LFRPC2 = LFRPC1

. If no circulation in Evaporator LFRPE2 = 0

. Guess liquid flow rates in PEl, PC3 and PCl then call subroutine
VA@B5AD. ' .

O Oow

If subrcutine CALFUN called more than 17, give error message

Write Time, FCTID, INDEX, TP,



Subroutine QUTP

6.1-A

( START )

CALL CALCZ

Update the conditions
for the LP coustraints

SNPTIM=SNPTIM+DTSNP
CNTXZ=CNTXZ-+L

CNTXZ: 100

TIMXZ (CNTXZ)=TIME
Save all X and
Z variables

-\~

Issue warnin

/ message

7

2

,fRMT(5)=1.0

I
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Subroutine OUTPUT

68

START

PCKOUT

Y, \
{ CALL OUTPE};

I
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Subroutine OQutput i

Print the adjusted throat area of control valves CV1 and CV4
Print turbine rpm, mass flow rate in turbine, mass flow rate ovt of
CDNIIW, Liquid mass in CNDWW, Liquid mass in evaporator. With respect

to time

Print pressure drop, temp. in evaporator, pressure in evaporator, Temp.

at inlet to evaporator, temp. at CND, temp. at inlet to CXD. All these

with respect to time.
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Subroutine Output 2

Print the adjusted throat areca of CV1 and CV4

Print TWAEVP, TTBEVP, TAVEVP, MAVEVP, VALEVP and MALIWE with respect to

time,

Print the TWACND, TTBCND, TAVCND, MAVCKND, MALCND and MALINWC with respecct
to time.

4
0

Print RPMTRS, TMPPE3, TMPPT1, TMPPT2, IMPPUC and IMPPC1 with respect to
time. . " o

Print TMPPC3, TMPPC2, TMPMXR, TMPPTLl, TMPPUE and TMPFE2 with reccpect to
time.

Print PRSEVP, PRSMSP, PRSPE3, PRSPT1, PRSPT2, PRSCND and PRSPUC with re-
specel to time, _ . . : ‘

Print PRSPCl, PRSCV2, PRSPC3, PRSCV1, PRSPC2, PRSPUE and PRSPE2 with re-
spect to time,

Print VFRPE#, VFRPTl, VFRPT2, LFRPCl, LFRPC3, LFRPC2, LFRPEl and LFRPE2
with respecet to time,

Print TWAEVP, TTEEVP, TAVEVP, TALEVP, TALHWE, ZTVEVP, SIGMAI and SIGMA2
with respect to tiume.

Print VFRPE3, LFRPE1l, LFRPE2, DRNEVP, FFVEVP, FWVZVP, DRNCND and FFVCND
with respect to time. '
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Table Lookup:

There are 12 tables that are ﬁrdvidcd as input data by the uscr. Each
table consists of a set of (X,Y) pairs where k is the indcpnnacst variable,
and Y is the dependent variable., It can, therefore, be thought of as.a
function Y = F(x), which is specified at a discrete sct of points Xi, i=l...n.
When the value of the funétion is réquiredvat a ce;tain X7 (that is.-not onec of
the X's), linear interpolation is used to find a value Ve £(XY)

To increcase the flexibility of the cone, gnd allow fqr future additions
each of the 12 taBles has been assigned a unique index which is.used to access

it. The table names their indices and a brief description of them is given

below:
INDEX NAME SIZE DESCRIPTION
1 VISAV  KVISAV Viscosity of NHj vépor vs, temperature
2 CPAV NCPAV Heat capacity of NH3 vapor vs, temperatur
3 GMAV NGMAV Cp/Cv of NH3 vapor vs. temperature
4 DENAL  NDENAL  Density of NH3 liquid vs. temperature
. 5 CPAL NCPAL Heat Capacity of NH3 Liquid vs. temperaturel
6 | VISAL NVISAL Viscosity of NH3 liquid vs, temperatureA
7 PSATA  NPSATA  Psat vs. Tsat.for NH3
8 DPDTA ﬁDPDTA (2Psat/2Tsat) vs. Tsat for NH3
9 . MDA NLMDA Heat of vaporization Qs.'temperature NH3
10 PFRPC NPTRPC  Pressure heat vs, .flow rate for PUC
11 . PFRPE  NPFUPE  Pressure heat vs., flow rate for PUE
liquid vs, temp,

112 TCONL NTCONL Thermal.conductivity for NH,
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Two function subprograms arec involved in table lookup:

a)  FURCITON INITRPZ (T, A, WA, ERR)

Interpolates in array A (sizc NA) to find the value of the function
at T (the indecpt variable)., ERR-is an integer flag that is set as follows:
If T < A(),) ZZ» ERR = -1 and INTRP2 = A(1,2)
If T> ANA,1) D ERR = +1 and INTRP2 = A(NA,2)

IF A(1,1) « T g A(KAS1) - ERR'= 0 and INTRP2 is found
: | by linear interpolation

b) FURCLLUN LOOKUP (I,T)
Selects the table whose index’ is I, and passes it along with T (the
indept variable) to INTRP2, When INTRP2 }eturns, it examines ERR and

issues en appropriate ascerning message if ERR = 41, and finally it

returns the value in INTRP2,

The following charts illustrate the table lookup procedure,
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FUNCTTON T.OOKUP (T,7T)

<0

6.1-A

. \/
Pick Table
with index 1

)

LOOKUP=INTRP2

/
>0

N

Issue Table "Under-
Flow' Message

ERR

Y]

"/ Issue "Table Over- /[
Flow" Message

FUNCTTON LNTRP2 (T,A.NA,ERR)

Do Linear Interpolati
ERR = 0

3

l

W

Al

INTRP2=A(1,2)
ERR= -1

INTRP2=A(NA,2)

ERR= +1
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Evaluation of X,Z, and U variables vs. time:

The system variables are stored versus time in save vectors.
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Computation of time delays in pipelines

Function subprogram DELAY solve by Forward Euler the following cqn,

for t:
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Miscellancous Routines:

FUNCTION DMX (A, NA, INDEX)

Finds the largest clement in the 1=D-array A (size KA) ‘and returns its

value (double-precision) in DMX, and its index in the array INDEX.

LOGICAL FUNCTION EQUAL (X,Y)

Tests for cquality betweren two double-precision numbers X and Y., Re-
turns TRUE, if X and Y are withing E * |X| from each other, FALSE. Otherwise,

e =1x 108,

LOGICAL, FUNCTION LSSEOL (X,¥)

Returns TRUE if x ¢ Y, equality being assumed if EQUAL (X,Y) returns

TRUE, FALSE, otherwise.
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Subroutine GETVAR will get the variables value from the appropriate arfay~

for specific time,

Subroutine INTRP! will interpolate the variables value from tho anpropriatc

array.
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Subroutines HPCG and DHPCG

These subroutines use flamming's modificd
predictor-corrector method for the solution of ;,cn-
cral initial-value problems.

The purpose of HHamming's modified predictor-
correcter methodd is to obtain an approximate solu-
tion ol a peocral system of first-order ordinary
diffcrential equations with miven initial values. It is
a steble fourth-order integration procedure that re-
quirces the evatuation of the right-hand side of the
system only two times per step, This is a great
advantage compurcd with other methods of the same
order of accuracy, cspecialiy the Runge-Kutta '
method, which requires the evaluation of the right-
hand side four times per step. Another advantage is
that at cach step the calewation procedure gives an
estimate for the lozal truncation errvor; thus the pro-
cedure is able, without a siznificant amount of cal -
culation time, to choose and change the step size h.
On the other hand, Hamming's predictor-corrector
method itscif is not self-starting; that is, the func-
tional values at a single previous point are not
cnough to get the functional values ahead. There-
fore, to obtain‘the starting values, a special Runge-
Kulta procedure folluwed by one iteration step is
added to the predictor-corrector method,

Given the general system of first-order ordinary
differcntial equations:

dy.
y'=—1=f(xyy y)
1 dx 1V Iy Jgr e Yy
dy
Yy = o= G0k v,y y)
72 T dx PASIRS LIS LIRRRRI AU
dyn ' :
y;! = ﬁx— = fn(x) yli yZ! LN ] yn)

and the initial values:

Y 0g) = ¥y Yl = Y00 oo )™ ¥n,0

and using the following vector notations:

¥ ) fl(x.Y) 51,0

¥, (x) f(x,Y) ¥
Y(x) = 2 , F(x,Y) = 2 . Yo= 2,0

Yo%) [ (s,Y) Yo, 0

78 78

where Y, F, and ¥ are cotunu vectors, the siven
problem appears as follows:

Y' = % = P Y)with ¥(x ) = Y,

For stability purposcs, the modification by
Hammiag of Milne's classical modificd predictor--
corrcctor method is preferred. Thus, knowing the
results at the equidistant points xj_y, X;_o, N;_y and
xX., the results at point Nigy ® xj + hare compuled
by the formuias below,

. L P ‘e = v .
Predictor: Pj+1 ‘j-S
4h . .
o= 2 - YT+ a2y
3 ( j-1 j-2) (1)
112
HETO W 8 - > - — - .
Mo'dxfu.x. Mj+1 lj+] 121 (l'l’j Cj)'
' = 2
BI,+1 F()\ 1. l j* 1) (2)1 (")
Corrector: C =1 [SY -Y
Tl 8 j j-2
+ 3G+ o2v) - )] (1)
Final value; YJ+1 = ('j*l
) -
METTRETE R (5
where Y, Y', P, M, M', F and C are column vec-

tors with n components,

Formulas (1) and (4) have
looal trunecatinn errars: '

_ M5 () . o
'1'1 q h™ Y (El) with fle (.\j_a. '\j*l)
anl '
.1 5® ; o
T, = 50 h™ Y (52) with £, ¢ ('\j»Z' '\j*l)

respectively, such that

: o
c..-p =12

5 (5) ' . .
17 P Tage M YL@ [5'(";-3' “ju’.l
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-
Assuming that \'(") (x) does not vary to any sreat
catent in the interval ('\‘j-3' .\'j.'l), it follows that:

This formul:x shows that the components of column
vector Piy = Cyyy are measures for the local
truanc: lll("\ crrars in the components of column vee-
tor Y, y, and therelere control of accuracy and ad-
justment of step size h can be done by generating,
the following test value:

n
=0 A b,y oyl (6)
+
o} j+ 1,1 j*1,i
where the cocfficients a; (i=1, 2, ..., n)are

error-weights specificd in the input of the procedure.
If 6 is greater than 2 given toicrance ¢t, incre-
ment h is halved and the procedure computes

Yj+ /2~ that is, Y(xj - -;l) -- after having inter-

v —_ P h ~ r - . 3
polated Xj-l/?. = X(xj —72-) and Xj-3/2 = Y(.\j - Eh)‘
with previous increment h, using the following
sixth-order intcrpolation formulas):

Y = 1 §0Y, + 135Y + 40Y + Y
'j-1/2 = 756 BO¥; + 195Y;, -2 * Y3
h . ]_"i ) 71 ' i
+ > 198 (’1 + 6\J + Yj-z) ()
. o1 ,
\5-3/2 = 325G (12‘)(j + 135}j_1 + 108Yj_2 + Yj-3)
W b3 (Y- 18V oYy ) )
2 128 -1 -2°

If 5 is less than ¢, the result Y., y is assumed to
be correct and 15 handed, togetherw nh X;, ) and the
vector of derivatives YJ = F (\J‘ 1 ¥ J+ 1), to a
uscer-supplicd outpul <ubxouhno.

tNumcrical experience seems to 'show that the pro-
cedure dous not excecd a global relative error ap-
proximately equal to €,

the next step is carricy
however, care is

H & is less than ¢/h0,
out with the doubled incremaent;
taken in the procedure that the increment never pots
greater than the increment h specified as an inpul
parameter, and further, that among the output ard’
all points xg+j - h (whevre j= 0, 1, «e, aned h
is the input step size) which are situated between the
lower and the upper bound of the integration interval,

Chanping the step sine by halving or doubling re-
quires changing ol Pj - C; or l’j_‘ [ Cj.r 1r Tespos-

tively. Usuu, the Iol‘ov ing interpolation formula:
Y =y .+ h(Y' . ¢+ 3Y! . + 3y & ~Y!)’
J -3 8 -3 -2 -1 J

3 .5_(5) ~
gt Y& [53‘ 530 xj)]

. .
aind assuming that Y (x) does not vary to any

great extent in this interval, ’P‘i - Ci can be writlen

as:
242
P. -C, === (Y. ~-Y,
b} j 21 j i-3)
121 , vy avr ,
h(Y + 3Y a 3Yj—2 + Yj-a)

When halving increment h, this formula becomes:

242 -
P -C ~— (Y, - Y.
i -G = O 173/2)
121 .
" 3% (Y * 3Y) 1/2
' 4+ Y
$ 3+ Y g ) (9)
and when doubling:
242
Piv1 "G ® 5 e ™ Yyes)
121
- — s 2 4] '
5 O SY) 1
¢ ) Nt
+ "Yj-S + Yj—s) (1)
- 79
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Starting Hamming's maodified predictor-corrector
mothod requires the functional and devivative values
at four preceding cyuidisiant points; that is, Xgr Xy
Xo and Ny . The values Yy and Yy = Fx,, Yy) are
specilicd by input,  For computation of \ 1+ Y] Yo
Y' \'3 and Y' and for adjustment of the step size b
to accumq 1u;un¢.n cnls, a special Runge-Kutta
procedure sugested by Halston is used,  Starting at
Ny result values at point X, = X + hare compuu d
using the [oliowing for mudilu:

Ky=h-Y; (11)
ky = h PR, + 0.4h, Yj + 0.4K)) (12)-
Kg = b - F(x + 0.45573725421878943h, Y

+ 0,29697760224775360 K

+ 0.16875064497104583 K,) (13)

K =h. F(xj + h, ‘1'}, + 0.21810038822592047K
- 3.0500651186929308 K,
+ 3.8328647604G670103 K3) (14)

1

Y =Y + 0.17476028226269037 K
j+1 } 1

-0.55148066287873294 K2

+ 1.2065355993965235 K3

+ 0.17115478121851403 K4 (15)

where Y)-, Yj+ 1. K1, Ko, Ky and K4 arc all column
vectors with 1t ¢components.

These formulus are noi very stablo; but this does
nét matter bocuuse they are vgod only in three suc-
cessive steps (j = 0, 1, 2). On the other hand, they
have the smallest bound of truncation error of all
fourth-order Runze-Kutta procedures. Therclore
they are best suited to stavt other fnlegrution
methods which are not self-starting.

For initial control of accuracy and adjustment of
step size h, in starting the procedure an approxima-

1) .
tion for ¥, = Y(x_ + h), namcd Y,(, ). is computed
using the step size h, and then un"upproximation

" ) ) )
namedd Y( ), using the step size h/2 Lwice. From
these two approximations a test value for accuracy
is generated in the following way:

&) {2) .
|y2 i y2 i a6

It § is greater than e, increment h is halved,
and the procedure starts agin at point o

80 - 80

6.1-A

I 8 is less than ¢, the results \'(1;) = \'(xo R "_:)

and \( °) \(\ + h) arc ussumed to be corie

and llm(l step follows, which computes the results

3 eyl 3
0 ".'!-h -~ that is, \3 = \(.\0 + Eh)' The
step size h/2 of these three steps is hunded as jni-
tial step size h to the predictor-corrector method.

at point X

It is very important that the starting vualues be
as accurate as possible, hecause errors in these
starting values may increase during the (olloxi'ing
predictor-corrector procedure. Therefore the |
starting values computed hy the Runge-Kutta method
are refincd:by one iteration step using the following
fourth-order interpolation formulas:

\ - Y h'! + t '1 ] ’

Yl“o"z::“’,‘o ! mYl 5YY + Y'p) (17)
= Iy i ‘

YZ_Y0+3(YO+411+Y2) (18)

r
Y3 =Y,

Use of these must be considered an iteration
procedure; thatis, first the result values of the
Runge-Kutta method are used in the right-hand side
of formula (17) to compute a refined Yj. After
computing the refined Y'1 = F(x3, Yj), the rcfined
vector Y2 is gencrated using formula (18). Finally,
the refincd Y'2 = F(x2, Y2) is used, together with
the other values, in the right-hand side of formula
(19) to compute the refined vector Y3. During this
iteration, the refined data sets Xj, Yj, y! jare
handed, together with the number of bisections of
e initial atep.sine (epecified hy input), ta the
output subroutine,

It enn be chown that, using this iterative pro-
cedure, the initial column vector P3 - C3 used in
formula {2) for j=3 is equal to zero.

The entire input of the procedure is:

1. Lower and upper buuid of the intcgration
intereal, initial step size h of the independent vari-
able, and upper hound € of the local truncation
error

2. Initial values Yg of the dependent variables
and weights aj (i = 1, 2, ..., n) for the local trunca-
tion cerrors in cach component of the dependent
variables

3. The number n of differential cqu.mohs in the
systemn

4. As external subroutine subprograms, the
computation of the right-hand side of the system of
differential cquations; for flexibility in output, an
output subroutine

5. Anauxiliary storage array named AUN v
16 rows und n columns

gh [ T 2 ] ] (1} .
*jS(Y0+"\ +3)‘2+13) .(19)

1



Output s done in the following wav. H oo set of
apprenimiotions to the dependent vaciables Y(N) is
foued 1o e of sullicient adeuracy, {tis handed --
cgether with 8, the devivative Y' (N), the number
ciLiscctions of the initial increment, the number
of diifcrentinl cquations. the lower and upper. boune
of the interyal, the initiul step size, error bound €,
:,md_.:i parmmeter for terntinating Slql);‘oulilié HecG
ov Dfll’(?G - = to the output sulwoutine, Ry mceans
of this output subroutine, the uscr has the oppor-
tunity to chonsc his own output format, to haadle the

output vulues. as he wants, to change the upper ervor

bound, and to terminate subroutine HHPCG or DIIPCG
at any output point. In particular, the user is able
to droup the output of some intermediate points,
printing only the result values at the special points
3 4 j ¢ h{wherej=0,1,2,,.., and h is the in- -
tinl step size specified by input). The user may also
perform intcrmedinte computations, using the inte-
gration results before continuing the process.. =

6.1-A

Vor reference scee;

n

(

)

A. Ralston/ 118, Wilf, Mathematiceal
AMethods Tor Digital Computers, Wiley,
New York/ London, 1960, pp. 95 -~ 109,

AL Ratston, "Runge-Kutta Maethods with
Minimum Crror Bounds', MTAC, vol. 16,

no. §0 (1962), pp. 431 - 437.
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SOLUTION OF SYSTEM OF EQUATIONS

The nonlinear system equations are linearized in ODSP-3. The resultiqg
system of linear equations is then solved by the following method, using
a least squares technique.

To minimise the sum of sqUares of M given functions, fj,~j=1,2,...H,

each of N variables, l = (xl Xo e XT) M >N, without the use of any

partial cderivatives. 1i.e. to find x to minimise

M | |
F(x) = z‘;][fk(x],x,,,...xN)Jz M3 N
k- N .

The user rmust supply &n initial epproximation to the required minimum
p051L1on X, and & subroutine CALFUIL, to calculate valusas of the functicns
f., j=1,;25...i, for any values of the variables X.

J
AFGUMENT LIST

SUBROUTIHE.VAOSA (M,N,F,X,H,waX,ACC,HAXFUN,IPRINT,H)

A1l variables except F are input arguments and their values nust be set
before YAO5A is called.

F,X,¥, are 1-dimensional arrays, wnicn musL be declared in tne user's
program.

A

M the number of functions fj occuring in the sum of squares

N the number of variables XPsXo e oo Xy
X an array, of lpng‘h at least i, whose elaments are set to the
usér's eslimate of the rcqu1red varizhles x = (x] Ko oeeX

M
where

X(K) = xg K=1,2, .. N

These values are changed by subroutine VAOSA so thet on return

X(X) will Lonta1n an estimate of the required value of L
K=1 2

R a scalar parametar set by the user's progrzm to allow YACSA to
estimate the partiail.cderivetives of eacn o7 the functions rrem
different approximations. In fact the approximation used is

of

1 o o
:;3 A [f (x SELPTERR ; + H,...gN) - fi(x]’XZ"'fo"xN)]/H
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CMAX

ACC

MAXF UM

IPRINT

6.1-A
important that the varatles X| X, ... Xy are scaled to be
similar in magnitude (Ser §4).

8 scalar parametcr which must be set to a generous estimete of the
“distence"” between the ucers initial estimate, and tne required
value of x (sce &4 for definition of “distance")

a scalar parameter spcr1f/1rg the eccuracy requred in the
calculated value of *he sum of squares F(x)

A norm2] return is mage tc the calling progr am wnen it is
predicted that the best calculated vaite of Flx) s not’ more
than ACC greaucr then the minimum value. See 36.

an integer var1c“]e, to ensure thet the subroutine finishes.,
There will be an errcr return if more then MAXFUN calls of

the subroutine CALFUIl are reguired, with the exception that at
Teast N+1 such calls are always made.

as an input parameter, this integer spacifies the printing that
will be obtzined frem YACIA.

IPRINT=0 Mo printing. In this casa IPRINT will be used as an
output argument if an error return occurs.

IPRINT>0 Values of the functions ‘and variables are printed every
IPRINT iterations.

IPRINT<O Values of tne variables only are pr1n ed every | IPRINT|
iterations. T

This p:rameter w111 be used as an output paréweter only if the
input value is zero and an error return occurs. For details of
the errors that may occur see §5, the output values of IPRINT are

IPRINT=1 the sum.of squares F(x) fails to decrease
IPRINT=2 MAXFUN ¢alls of CALFUN have been made

an array of length at least 2i N*2w2~?d+5d, used by VAQZA as
working space. ‘Cn reiurn from VACSA the aporo<1mau1ons to the
partial derivatives are neld in the first M locations of Y, so
that

of .

.33(.;_ T W(N(I=1) +).

The output arguments are F , X, and possibly IPRINT. CFor X,d,IPRINT
see above. ' o :

" a'l-dimensional array, of length M at least, whicn will be set

‘to the values oF the functions at tne vector of variables
‘returned by the subroutine.

CF(K) = £ (X)L, X(2), 00 X(N)) Ke,2, 000
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USER SUFPLITED SULRUUT L CALE Ui

. SUBROUTINE CALFUN (M,N,F,X)

The arquments for this subroutinn nave the same signiticance as for
VAOSA, so that F,X are l-dimensicnal arrays. This subroutine must be
provided by the user and must calculate the values of the functions

’fj(xl,xz,...xu), j=1,2,...M for the given variables x=(x] X, ...xN). These
funct

jof values must be plantad in the array F so that-
F(K) = fK.
Note that this subroutine must not change the values of M,N or X..

Apart from Calfum, Harwell Library subroutine MB11A is called.
CHOICE CF SCALING

The methed uted reovires sume stzo-length control, fer which the
"distance" between two estimates (a],az,...an) and (b] b2 ”"bN) of the
vector (xl,xz,...xN) is

~ Therefore it is important that the usar shall scale the varizbles, parhaps cv
-multiplying them by appropriate constants, so that their magnitucas are

84

similar.

ERROR RETURNS

Two conditions will cause YAOSA to produce an error return to the
calling program:-

(a) More than MAXFUM calls of CALFUN have been made and the required
minimum value has not been found.

(b) A number of consecutive iterations have failed to reduce the sum
of squares F(x). Tnis.may happen i7 ACC has been chosan t00
small, or 17 H has been poorly ¢noscn.

A diagnostic will be printed only if IPRINTZ0, otherwise the errcr
return is signalled by changing this parameter (see 32 above). In eitner
case, control is returned to. the calling program.

. ACCURACY

Mote that a normal return frcm the subroutine aoccurs when 1t 3s

predicted that the required accuricy nas deen obtained. Scmetires this

Prediction méy G2 wrong, wnich nas DEsSn shcun Dy 2n 2:xamole witn M=30,

N=30, having the property that the correct final value o7 the sum of sguares,
F(x), is large. Here the sutroutine finishes too sccn, tut the 7Tinal 2nswar
was very close to tne required one. Experiance witn the stbroutine on 2oout
t21rty other éxamples nas shcwn that tre convergence criterion is usually
acequate. '
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METHOD

The method is a compromise between three different algorithms for
minimising a sum of squares, namely Newton-Raphson, Steepest Descent, and
Marquardt, Moreover it automatically obtains and improves an approximation
to the first derivative matrix following the ideas of Broyden.

85,
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APPENDIX 6.1-B
SAMPLE RESULTS OF ODSP3-DYNAMIC SIMULATION PROGRAM

A dynamic computer simulation of the Primary Power System shown in Figure 1 was de-
veloped. This dynamic performance model is discussed in Appendix 6.1-A in detail.
This computer program analyzes the static and transient response qf this power
system to control operations and plots the resulting characte(is§1g curves.
Sample computer print-outs of characteristic curves for two 51gn1f1gant transient
control operations are presented here to illustrate program capab1]1ty. These are
typical characteristics for a 10 MWe module, based on preliminary input data.

CASE A - MODIFIED, ALL VALVES FIXED. (See Figure 2).

This figure shows the turbine generator overspeed transient follow-
ing sudden loss of electrical load at full rated turbine flow condi-
tions, in which none of the valving provided acts to limit the over-
speed. The turbine By-pass valves remain closed, while the liquid
NH3 feed valve (CV-1) and the circulating flow valve (CV-4) to the
evaporator remain wide open.

This trip situation illustrates the potential overspeed reached for

the worst condition. The computer print-out shows that the turbine

generator would accelerate from 3600 RPM to stightly less than 7200

RPM (100% overspeed) in approximately 30 seconds, after the electrical
}oad is disconnected. Calculation gives final overspeed of 7500 RPM
109%). :

CASE C-BPV AND CV2 OPEN, CV1 AND CV4 CLOSE AT 0.5 SEC.
(See Figures 3A through 3N).

These figures show the system transients following sudden loss of
electrical load at full rated turbine flow conditions, in which four’
valves in the power loop act simultaneously to 1imit the overspeed.

A half second after the electrical load is interrupted, the turbine
By-pass valves go to the wide open position, the evaporator liquid
feed valves CV1 and CV4 to the closed position and valves CV2 to
liquid storage go to a partial PV1 open position.

This valving operation sequence illustrates the best provision for
limiting turbine generator overspeed. Figure 3A shows that the

" turbine generator would accelerate from 3600 RPM to 4974 RPM (ap-
proximately 38% overspeed) in 7 seconds. After 7 seconds, speed
would start to decay. In addition to overspeed protection, this is
the trip operation that would be used for rapid system shutdown, in
the event of any major system component malfunction.

Figures 3B through 3N show the static valves prior to this trip
situation and transient characteristics following the trip for local
flow, pressure, temperature, vapor inventories and liquid inventories
through out the power loop.
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