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INTRODUCTION TO VOLUME 2 

The simulation of the High-Temperature Gas-Cooled Pebble-Bed Reactor 

with the DSNP simulation language, required the addition of several new 

«omponenr to the DSNP library. These were components which are specific to 

HTGR, such as the pebble bed core, the once through helical tube steam gener

ator, and other i omponents which will account for compressible flow. Several 

of the existing components in the DSNP library had to be modified to permit 

their use with <ompressible fluid. 

This volume of the report presents a detailed description of the com

ponents that were used in the DSNP simulation of the HTGR. The detailed 

description of the transient analysis of the PNP-500 and the result are 

presented in volume 1. Each component presented in this report describes 

in detail the mathematii al model that was used, and the assumptions that 

were made in developing the model. 

Mosr of the models were developed using basic physical principles with 

the simplification that could be justified on the basis of the requested 

acLUtacy. Most of the models were developed either as one dimensional or 

lumped parameter models. The heat transfer and flow correlations, which are 

mostly based on semiempirical correlations were either provided by KFA or 

were adapted from the available literature. Only the components used directly 

in ".he HTGR simulation are described in this report. Auxiliary components, 

integration schemes, material properties and various correlations, are docu

mented in the various DSNP library documents. 

This volume should therefore be used together WLth the various DSNP 

manuals - see references 1 to 3 at the end of this report. In addition 

this volume contains a short description of DSNP providing also a compre

hensive list of all the statements availabe in Rev. 4.1 of DSNP. 
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1. A SHORT DESCRIPTION OF DSNP 

(D. Saphier) 

The Dynamic Simulator for Nuclear Power Plants (DSNP) " is a special 

purpose block-oriented simulation language by which a large variety of 

nuclear power plants can be simulated The dominant feature of DSNP is the 

ability to transform a power plant flowchart or block diagram directiy 

into a simulation program. The user is required to recognize the symbolic 

DSNP statements for the appropriate physical component, and list these 

statements in a logical sequence according co the flow of physical proper

ties in the simulated power plant At present most of the component 

models in DSNP are of the lumped parameter type Although DSNP is a special 

purpose simulation language, it also has all the features of a general 

purpose simulation language, and in particular a powerful macro processor. 

The use of DSNP is demonstrated in Vol. I by simulating the HTGR pebble 

bed reactor. 

1,1 Introduction 

A computer program to simulate a nuclear power plant might be between 

a thousand and a hundred thousand FORTRAN statements long, depending on 

the degree of sophistication and complexity involved. The corresponding 

human effort invested in such a program also ranged from one man year for 

simple programs to twenty man years for complex and detailed simulation 

programs. Many of these programs have been written in the past, and they 

perform important tasks in reactor dynamic analysis, control system 

evaluation and safety studies. Many of these programs have, however, a 

major drawback, that is, they were developed for a particular power plant 

or reactor type, and for a particular set of transient inducing perturbations. 

The adaptation of any of these simulation programs to a different type of 

nuclear power plant with a different set of transients is at least a very 

time consuming task. The reason for this difficulty is the unflexible 

coupling among the various power plant components, in particular those 

having hydraulic couplings. Different thermohydraulic elements will result 

in a different set of differential equations. In addition, the many 

numerical constants and thermchydraulic correlations usually built into 
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the pr.gt.im adds tr the complexity of the program transformation. 

I'l.e difficulties des. ribed above, and the huge cost of software 

development were the incentives for developing a modular approach to the 

simulation of nuileat power plants. The DSNP language is in principle a 

modular modeling system to solve the problem of power plant simulation. 

It tonrains a library of modules, where eav.h module is a programmed mathe

matical model of a power plant component, or a part of such a component. 

A statement- in the DSNP language will cause the inclusion of such a component 

into the required simulation program- The proper links between a particular 

module and othei components will also be established by the system, and 

the necessary constants and correlations will be added as required. 

By using the DSNP language, therefore a relatively small number of 

statements will produ*e a large simulation program. In addition, the 

inherent I lexibi J it.y of Lhe method permits the simulation of a large 

variety of di fferenc power plants 

The execution times of the piograms are less favorable with the higher 

level languages. This, hew-ever, is offset by r>*e reduction in computer 

time usage during the program development phase. 

In the Injj--,ving sections the basic features of DSNP will be outlined, 

the major features of rhe language will be presented, and a sample problem 

demonstrating rhe use of DSNP will be described. 

1.2 Basic Elements of the DSNP Language 

The DSNP, being a higher level simulation language requires a compiler 

in the same sense as the FORTRAN language requires a compiler for trans-
(3 lating each statement into assembly or machine language. The DSNP compiler, 

or rather "Precompiler", translates each DSNP statement into several (from 

five to more than a hundred) FORTRAN statements. The more powerful a 

higher level language becomes, the greater the number of specific statements 

i t requIres, 

DSNP is a tree field 'anguage except for column 1 which contains a 

control identifying character or symbol, Several statements can be placed 

in a record from column 2 to ?2 inclusive. Each statement must be terminated 

http://pr.gt.im


by a semicolon ";". The DSNP statements are subdivided into the following 

subgroups: 

1) Control ident if K,JT. ion symbols in -.olumn one 

2) Control statements 

3) Structural statements 

4) Input-Output statements 

5) Definitions 

6) Component simulation statements 

7) Material property functions 

8) Auxiliary fumtion statements 

9) Macro instructions 

FORTRAN statements are L^nsidered to be a subset of DSNP and can be 

placed anywhere in the simulation ptogram. Several of the DSNP statements 

can operate on a block of statements rather than on single statements or. 

expressions. A block is defined as all the statements between a period 

in column one and the first semicolon to be found at the eand of a record. 

In the following paragraphs ali DSNP statements are listed in alphabetic 

order. 

I.J Control Identif it at ion Symbols in Column One 

The first column of e^cb record of a DSNP program, is dedicated to 

system control. It controls the precompi1^tion process and the structuring 

of the simulation program. 

A Blank or space indicates a FORTRAN statement and can be located anywhere 

in the program. 

B BEGIN first record of initial condition section. 

C A comment record. 

F First record of the subroutines section. 

L First record of the zero level or user supplied library. 

M Specifies the beginning or macro definition. 

P Indicates that the variables on this record should be printed. 

S SIMULATE first record of the program dynamic segment. 

T TERMINATE the dynamic part and first record of program terminal section. 

A "Period" indicates that the record contains DSNP statements. 

* Indicates the beginning of a DSNP module. 



I . t* Control Statements 

Control statements result in the performing of some noncomputing 

operation sir h as file transmission, or sorting of records on a file, or 

inclusion of a module from the library, and so on. 

APPEND Insert a module following this statement. 

CALL Same function as INCLUDE, but will also cause execution of the 

subprogram 

COM IN Insert a COMMON data block. 

C0M1NALL Include jll the system common blocks 

DEBUG Debug the following module and cause a block of statements tc 

be debugged, that is, every variable in the block that is assigned 

a new value will be printed. 

DEBUGALL Debug in depth, 

DESTROY Destrcv a definition statement type when it is not needed anymore. 

DYMOD Initialize a dynamic module, 

DYNAMIC Defines the dynamic section of a module. 

FUL REBUG Debug the whole DSNP program. 

GOT0 Transfers 'rontrol to labeled statement, 

INCLUDE Include a module from DSNP library into the simulation program, 

RETURN Transfers control from subroutine to the calling program. 

SORT Sort statements from a file and include those with the proper prefix 

STATIC Defines static cr IC part of a dynamic module. 

STOP Unconditionally stops the execution of the program. 

STOPSTM Will stop the process of simulation if certain conditions are met. 

TERMINAL Defines the terminal section of a dynamic module. 

1.5 Structural Statements 

These are exec.^.ble statements controlling the calculation process 

of the simulation program, such as DO or END in FORTRAN. They usually 
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result in the performance of a set of calculations. These statements are 

extensively used in the preparation of the DSNP library modules. 

CNCT Connect two or more variables. 

CONTINUE A nonexecutable statement, serves usually for labeling transfer 

inst ructions. 

CONVERGA Seek absolute convergence for a variable. 

CONVERGR Seek relative convergence for a variable. 

DER1V Calculates the derivative of a variable. 

DO First statement in a loop to be executed several times. 

END Indicates the end of a program, function, or subroutine. 

ENTRY Entry to a subroutine or function. 

ERIROR DSNP error indicator. 

FUNC1ION First statement in a function subprogram. 

IF Arithmetic or logical (IF to conditionally transfer or execute 

a statement). 

1FE-ELSE Extended logical IF operating on blocks of statements. 

INTGRL Integrate a single variable. 

LIMI Limit the integration process between some defined boundaries. 

LNTGRL Integrate a single variable from a vector of variables. 

LOAD Load a function from the library to the program. 

MNTGRL Integrate a matrix of variables from a two dimensional array, 

NOT! Conditional integration (prefixes integration statements). 

NOCOMP Do not search library for the modules listed. 

PROPERTY Generate basic property function for the given material. 

SUBROUTINE First statement of a subroutine subprogram. 

VECTOREQ Assign values to vectors and variables. 

VNTGRL Integrate a vector. 



1,6 Input-Output Statements 

In addition to all the l.'O features provided by FORTRAN, DSNP has some 

special, easy to use I/O statements not requiring any formating. 

BY TO Define the intetvals between subsequent printings. 

DATA Include data into a block. 

DDFILE Input the data stored in a particular file. DSNP statement can 

be inserted as data, which gives additional flexibility to the 

syst em. 

DLIST Copy a file at simulation time. 

Dl'MP TO Output a data block. 

FORMAT Describes the format of input or output. 

P Print rhe variables and vectors listed on this record. 

PLIST Copy a file at compilation time. 

PLOTT Generate a plot for a list of variables. 

READ Input variables according to list and FORMAT. 

STEPRIN Defines the conditions under which a list of variables will be 

printed at each time step. 

WRITE Output variables according to list and FORMAT. 

1 . "I Definitions 

In addition to data forms, as in FORTRAN, several processes or com

ponents in DSNP require a definition prior to their first usage. The 

definitions may include the size or type of components, the mode by which 

they are connected to other components, the materials which flow through 

the component or from which it is constructed. Many of the DSNP components 

are defined by this statement and can be recognized by the first two 

characters DF. In the following definitions "i" indicates a digit and "a" 

indicates an alphanumeric character. These are identification characters 

if several components of the same type can be defined. 



COMON Defines a transferable COMMON block of variables. 

COMMON Defines a block of variables common to several subprograms. 

CNCT Defines a connector. 

DATA Defines values to be assigned to variables. 

DDAT Defines default data values. 

DEFHPIPii Defines a hydraulic pipe segment. 

DFACCUMa Defines an accumulator, usually associated with ECCS. 

DFADAMS2 Defines the parameters to be used with the Adams backwards 

integration scheme. 

DFBOILal Defines a boiler (evaporator). 

DFCAVTa Defines a hydraulic cavity. 

DFCHCAVa Defines a multicompartmenr gas cavity. 

DFCOMPii Defines a compressor or a blower. 

DFCORPBi Defines the characteristics of a pebble-bed core. 

DFDRtTrf Defines a steam drum. 

DFFDWTal Defines a feedwater supply control unit, 

DFFUELa Defines a fuel pin with an equivalent coolant channel. 

DFGPRSal Defines an ideal gas loop average pressure system. 

DFGCAVaa Defines a Control volume-gas cavity. 

DFHTRNSa Defines a system of heat transfer correlation to be used by 

any type of steam generator. 

DFJHXMal Defines an intermediate heat exchanger. 

DFJUNCii Defines a hydraulic junction. 

DFLOWii Defines a hydraulic flow path. 

DFMPPLENa Defines a general type thermohydraulic mixing plenum. 

DFMXPLENa Defines a thermodynamic mixing plenum. 

DFNJ Defines number of junctions in the simulation hydraulics. 
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DFPDIST Defines the power distribution in a core. 

DFPICTal Defines a PI controller. 

DFPIPEaa Defines a thermodynamic pipe or a delay line. 

DFPR'ISRl Defines a pressurizer. 

DFPUMPii Defines a pump. 

DFSGKFAa Defines a quasistatic moving boundary steam generator. 

DFSTGENa Defines a moving boundary four regions steam generator 

DFSTGNi1 Defines a lumped parameter steam generator. 

DFTURBN1 Defines a turbine. 

DFVALVES Defines the number of valves in the system. 

DFWG>V'a Defines a water steam cavity. 

DFXJUNa Defines a hydraulic junction. 

DFZGEAR2 Defines the parameters to be used with the Gear's integration 

scheme. 

DI2DFUNC2 Defines a two dimensional function generacor. 

FNCTj Defines a one dimensional function. 

Defines an integer variabLe. 

Defines a floating point variable. 

INTEGER 

REAL 

SCRAMF Defines a SCRAM initiating variable and it.- maximum value to 

trip the reactor. 

1.8 Component Simulation Statements 

In terms of modeling and computing, these are the most powerful state

ments. Ihey result in a particular component being included in the DSNP 

simulation program. The component model or module is originally stored in 

one of the DSNP libraries or in the user defiend library. 

ACCUMi Simulates an accumulator. 

BOILRI Simulates a boiler (evaporator). 
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CAVTa1 

CHCAVa 

CNTRL1 

COMPii 

CORTP1 or 

CORPB2 

DRUMal 

FDBEK1 

FDKTR1 

FLOWii 

FUELii 

GAMAR1 

GCAVaa 

HPIPii 

IHXMal 

JUNCli 

LPLEN1 

MOTOR1 

MPPLENa 

MXPLENa 

NEUTP1 

NEUTR1 

NEUTS1 

OPVALVii, 
SETVALVii 

PICTal 

PIPEaa 

Simulates a hydraulic cavity. 

Simulates a multicompartment gas cavity. 

Simulates a reactor control system. 

Simulates a compressor. 

2 Simulates core thermodynamics. 

Simulates a pebble bed cote. 

Simulates a steam drum 

Simulates feedback reactivity. 

Simulates feedwater control supply. 

Simulates a hydraulic flow path. 

Simulates a fuel pin and an equivalent coolant channel. 

Simulates radioactive decay heat. 

Simulates a gas cavity. 

Simulates a hydraulic pipe section. 

Simulates a heat exchanger. 

Simulates a hydraulic junction. 

Simulates core lower plenum. 

Simulates an electric motor. 

Simulates a thermobydraulic mixing plenum. 

Simulates a thermal mixing plenum. 

Simulates neutron kinetics, prompt jump approximation. 

Simulates neutron kinetics. 

Simulates neutron kinetics, selfintegrated model. 

Operates and sets a control valve. 

Simulates a PI controller. 

Thermodynamic pipe or delay line. 
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PRESRl 

PUMPii 

SAl'TYl 

SGKi'Aa 

STGENa 

STGNil 

Simu tates 

Simu lares 

Simulates 

Simulates 

Simulates 

Simulates 

IPOWRl or 2 Simulates 

TURBNI 

UPl EN 1 

Simolates 

Simulates 

a pressurizer 

rhe pump hydraulics. 

rhe teaftcr safety system 

a quasistati. steam generator, 

a once through tour regions steam generator. 

a lumped parameter steam generator. 

core power distribution. 

a t Lubine . 

rcattor upper plenum. 

1.9 Material Pr ,-erty tum.ii.>ns 

Simulation of nuclear power piants requires a large quantity of 

material property values such as water-steam properties, sodium properties, 

thermehydraulic < orr elat ions for different coding and heating processes, 

etc. At present DSNP contains over a hundred of these functions, and 

additional functions ate being added on a continuous basis. 

1.9.1 Baste Property Funiti'ins and Materials for u-hiah they aye Available 

The basic material properties such as conductivity - CON, density - DEN 

and specific heat - DCP aie available for the solid materials, and dynamic 

viscosity - DMU is available for all the coolant materials (liquids and gases). 

The material for which these properties are available and their identities 

in DSNP are listed below. 

AL - Aluminum 

C,R - Graphite 

HE - Helium 

PO - Plutonium oxide 

PU - Plutonium 

?7. - Plutonium-Zirconium Alloy (l5%Pu - 10%Zr - 75%U) 

SO - Sodium 

SS - Stainless Steel 
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ST - Steam 

TH - Thorium 

TO - Thorium oxide 

UC - Uranium carbide 

UO - Uranium oxide 

UR - Uranium 

UP - 'Jram'n^-pl'itonium alloy 

WA - Water 

ZA - Zircaloy 2 (1,2-1.7% Sn, 0.07-0.2% Fe, 0.05-0.15% Cr 0.03-0,06% Ni). 

ZR - Zirconium 

The material property function names are constructed from the two ID 

characters of the materia'., the three ID characters indicating the type of 

property and the last digit indicates the DSNP library number in which the 

property is located. For example 

S0C0N1 Computes the thermal conductivity of sodium. 

STDCP1 Computes the specific heat of steam. 

Most of these basic properties are functions of temperature and pressure, some are 

functions of burnup and some of the integrated flux. 

1.9.2 Extended Properties 

Extended properties are provided for reactor coolants. For these, 

extensive thermodynamic properties are needeu and are given by: 

WASAPI Water or steam saturation temperature for given pressure. 

WASAT1 Water or steam saturation pressure for given temperature. 

WASHP1 or 2 Water or steam properties for given enthalpy and pressure. 

WASHV1 Water or steam properties for given enthalpy and spe cific 

volume. 

WASPS1 Water or steam properties for given pressure and entropy. 

WASPT1 Water or steam properties for given pressure and temperature. 

WASPU1 Water or steam properties for given pressure and internal energy. 

WASPV1 Water or steam properties for given pressure and specific volume. 

WASUV1 Water or steam properties for given internal energy and specific 

volume. 
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1 9.3 H-.at 7ri>irf-:r <:•*'•<•> •ati'in 

For the various i.i;i'l,mts present in a power plant flowing either thtough 

a c-.-re or through a heat exchanger of some kind, several heat transfer 

correlations are given tor the different flow regimes 

HEHXP1 Hea! transfer ..i£l!l;i((i[ for hei.uni shell side heat exchanger, 

HEHXS1 Hear transfer v cet r i r lent for helium rube side of the heat 

exchange: r 

S'WXPt Heat transfer -. vfc f t i, lent for sodium shell side heat exchanger, 

SOHXSl Heat transfer coefficient for tube side sodium. 

Si'HXPl Heat transfer coefficient for shelL side heat exchanger using 

st earn. 

STHXSI Heat transfer coefficient for tube side hac exchanger using 

steam '.superheater). 

TPMULl Two. phase sieam-water friction multiplier 

UC0KC1 Core tuel pin to coolant heat transfe, coefficient. 

UC0RL2 Core fule pin to cladding heat transier coefficient. 

WBHXPi Heat t.iansfer coeflicienc in the film boiling section of a 

c-team generator, boiling outside the pipe. 

WBHXSI Heat transfer coefficient in the film boiling section o£ a 

steam generator, boiling inside the pipe 

WAHXP1 Hear transfer coefficient from pipe to water, pipe outer side. 

WAHXS1 Heat transfer coefficient from pipe to water, pipe internal side. 

WAaCHi Critical heat flux correlations, a - indicates author, 

WAaFBi Film boiling heat transfer correlation, a - indicates author. 

WAaNBi Nucleate boiling heat transfer correlation, a - indicates author. 

WAaSC^ Forced convection (liquid) heat transfer correlation, a- indicates 

author . 

WAaSSi Forced convection (steam) heat, transfer correlation, a - indicates 

author. 

1,9.4 Flow and Other Auxiliary Correlations 

RENUP! Calculates Reynolds, Prandt.l and Peclet numbers. 

TPMULl Calculates two phase friction factor correlation. 
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WASLPI Calculates slip ratio and steam volume fraction, 

FRICT1 Calculates fluid friction factors. 

DPHDG1 Calculates pressure drop due to friction, acceleration and 

gravity. 

1.10 Auxiliary Functions 

This is a set of statements providing simple functions such as step, 

ramp etc. They are similar to the functions provided in other simulation 

languages, such as CSMP or ACSL. 

CPUTMl Check CPU time left in simulation. 

DZONE Dead zone. 

FUJJC Get. value of a function. 

GAUSSJ Solves a set of algebraic equations. 

HOLD First order hold. 

LAG First order lag. 

LAGN Nth order lag. 

LAGRN1 Lagrangian interpolation up to 9th order. 

PULSE Produces a unit pulse, 

RAMP Produces a ramp function. 

RPULSE The invers of PULSE 

RSTEP Produces an inverse step function, 

SOLG Second order complex pole. 

STEP Produces a unit step function. 

1.11 Macro Instructions 

One of the most powerful features of DSNP is its macro processor. 

By using macro instructions it is possible to generate new DSNP statements, 

that is, to extend the language. The macro instructions are used to generate 
(3) "Macros" which are used extensively in the generation of the DSNP library. 

M Pattern = Replacement basic macro definition. 

It Indicates a macro parameter. 

& I+\l Increment or decrement I register and replace by value. 

%A Macro deleted after first use. 
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^B B k • king ope tat ion 

%{) Macro stored as a library module, dormant. 

ZE End of embedded ma', to 

%F Copy a d*ta M 1c-. 

%}• Make macro vulnerable 

%M Indi- :it.es beginning ol embedded macro 

"iH No cperati-.n instruction. 

%P Print DSNP statements as '. omments, 

%R Rewind a data file 

tS Set register 

%T Print ma< re translation process. 

X\' Insert a compiler variable into translated text. 

%W Insert a value into a compiler variable. 

%X Prefix output re\ords. 

%& Change concent of register. 

& Change content of register and output. 

; Send next output record to specified data set. 

! Prefix the current output record. 

Embedding mai.ro definitions is permitted to any depth. Control characters 

must be doubled with eu> h It-vel of. embedding 

1.12 Structure of a DSNP Simulation Program 

DSNP is a si ruitural language. That is, a simulation program written 

in DSNP must have a certain structure. It must be composed of certain 

elements written in a specific, sequence. 

A DSNP program tan have up to six basic segments as shown in Fig. 1.1. 

However, only three of the segments must be present in each simulation 

program. These three elements are an initial Conditions segment, a Dynamic 

segment and a Terminal segment. The other segments are optional, and there 

can be mote than one dynamic segment. 

The first segment is the segment of Declarations and Definitions. 

Many of the DSNP components to be used in a simulation require a definition 

prior co their use. These definitions should he grouped in this segment. 

In addition any presimulation statements can be placed in this part of the program. 

http://mai.ro
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The next program segment is the Initial Conditions (l.C.) segment. The 

first statement of this segment is the BE'JIN AT statement. Here all the 

calculations necessary to establish initiai conditions for the simulation 

are included. Most of the DSNP component modules have IC sections and these 

must therefore be called at least once from the IC segment. 

The next segment is a Dynamic segment of which the first statement is 

the SIMULATE statement. This segment is executed once for every time step. 

There can be more than one SIMULATE segment, in which case each can use a 

separate integration method with time steps of different magnitudes. 

The next segment is a Terminal segment beginning with the TERMINATE 

AT statement. All the computation and bookkeeping procedures following the 

termination of the dynamic simulation should be included here. Control is 

transferred to this program segment when either the physical simulation time 

is ended, or the CPU time is about to expire, or a conditional "stopping" 

of the simulation was executed. 

FIRST 
COLUMN 
FLAG 

DECLARATIONS 

I VARIOUS DECLARATIONS OF FUNCTIONS, CONNECTORS, 

PIPES, AND MACHO MODULES. 

BEGIN AT 0 0 
STATIC PART AND I N I T I A L CONDITIONS CALCULATIONS. 

SIMULATE LOOP 01 METHOD T D V 2 • 
I FIRST DYNAMIC SIMULATION LOOP, 

SIMULATE LOOPii METHOD TOV=J 
I ANY OTHER SIMULATION LOOP UP TO A MAXIMUM 

OF MAXLOP SIMULATION LOOPS. 

TERMINATE AT 100 
I ANY POST SIMULATION STATEMENTS TO BE EXECUTED 

AFTER THE DYNAMIC SIMULATION HAS BEEN TERMINATED, 

ADDITIONAL SUBROUTINES 

ANY NUMBER OF SUBROUTINES OR FUNCTIONS CALLED FROM 

OTHER PARTS OF THE PROGRAM CAN BE INSERTED HERE. 

LIBRARY LEVEL ZERO — 
| ANY NUMBER OF ADDITIONAL 
| FORM OF 'NAHETO CAN BE 

LIBRARY 

INSERTED 

MODULES 

HERE, 

IN THE 

Figure 1.1: Structure of a DSNP program by segments. 



1 he next segment wlu.h ha1- the <hardLter "I-'" in column one of its 

firs-r record, in« tudet any ndditi rial subroutines v r functions the user 

wants to prepare I'.i t:xe>ure these loutints they must be called from another 

prcgiam element . 

The last stgnienr having the hara.tei "I." in the lirst column of its 

rirst record is the users "Library" sfgmeiu , Any block or grouping of 

statements van be m.luded here as a DSNP module 

The conventions generating d iru.dule musr be fallowed. Any of the modules 

in this segment will bt included in the final simulation program, only if 

they will be ieferenc ed in another program segnient . 

I 13 Structure of the DSNP Simulation Language 

The structure of the DSNP language is outlined in Fig. 1.2 DSNP can 

be considered a set uf programs and data sets chat will transform a user 

supplied list ot spe.it'i: s'arements into a simulation program written in 

the FORTRAN language 

The inter connt-vti.-n bet ween the different parts ,>f the system is shown 

in Fig, 2.1 The system in-, iudes the DSNP language or rather a program in 

this language, a precompiler and a DSNP library. N.u shown in the figure 

is the document generator whirh is a tomputeri?ed system producing the written 

documents for each of the above parts Tne library can have three levels 

of sophistication, Le^el One including lumped parameter models of power 

plant tomponents, Level Two having intermediate few-node modules and Level 

Three including detailed represenrat ion of components, The level four 

library contains the many material property functions and auxiliary modules, 

In addition, the user < an produce his own library either as part of J sub-

mitted module Level Zero, or as a user supplied library, Level Four, 

The precompiler is the center part of the DSNP operating system. 

It will read the ut>er supplied DSNP statements, search the library for the 

appropriate components and auxiliary modules and then produce the FORTRAN 

program necessary to simulate the power plant of interest. The simulation 

program is executed by using standard FORTRAN compilation and execution 

facilities. The FORTRAN simulation program can be stored and used for 

future simulations of the same system 



- 18 -

1 -14 How to Write a Program in DSNP 

As mentioned DSNP is a block-oriented simulation language. There

fore to set up a simulation of a nuclear power plant, or part of a power 

plant, one should start with a detailed block diagram of the system. 

Next one should identify the blocks with the components available from 

DSKP, and prepare a new flowchart in which physical components are replaced 

by DSNP modules. Modules not available from DSNP should be identified and 

specified. 

Next the modules requiring a definition should be identified and the 

appropriate definitions included in the declarations segment. All the 

components for which IC calculations are necessary are included in the 

IC segment, in a sequence following the flow of fluid and energy. In 

many instances an iterative process is required to calculate the IC. In 

these cases one or more iterative loops are set up using the CONVERGA or 

CONVERGR statements. 

PROGRAM 
IN 

DSNP LANGUAGE 

DSNP 
LIBRARY 

PRECOMPILER 

INPUT 
DATA 

M I N I -
EDITOR 

SIZE 
DATA 

DSNP SIMULATION 
PROGRAM 

BASIC 
DATA 

RESULTS 

Fig. 1.2: Structure of DSNP System and interconnection between i t s components. 
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Next the SIMULATE segments are set up. If till the modules are closely 

coupled then usually a sir.frie dynamic segment will be used with all the 

modules integrated with the same integration method. If, however, the 

different p.irts of the system or different loops are weakly coupled, then 

it is more efficient to include them in different dynamic segments, each 

proceeding with its own time step. 

Following the dynamii segments the Terminal segment is prepared. 

The fitst statement indicates the simulation termination time, and various 

statements the user wishes to execute foolow. Althcugh, 1/0 statements can 

be placed anywhere in the program, it is most convenient to locate them 

in this program segment. The frequency of output is defined by the BY TO 

statement. The integration process will meet the time printing intervals 

precisely. Only in case the user wishes to write his own subroutines and 

modules is it necessary to add the F or L program segments. 
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2. THE PEBBLE-BED REACTOR THERMODYNAMICS 

(D. Saphier and J. Rodnizky) 

The DSNP module C0RPB2 was developed to simulate the thermodynamics 

of the pebble-bed reactor. The PNP-500 reactor core is a large cavity 

located in a prestressed concrete vessel containing about 5-10 graphite 

balls seeded with HO, coated particles. A one-dimensional thermohydraulic 
(2) 

model was developed and included in the level-2 DSNP library. 

2.1 The Model Equations 

A description of the pebble-bed HTGR core model is shown in Fig. 2.1. 

The fuel element is a 5 cm shpere containing compressed graphite and UO 

seeds. The sphere is coated with an additional layer of 0.5 cm pure .. 

graphite. 

Fig. 2.1: Description of a model for a pebble-bed HTGR core. 
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The heat transfer equations for a spherical element are given by 

the partial differential equation 

pC
P £ • h h (kr2 £>+«<*.*> « • » 
r r 

where C = C (r,t) is the fuel specific heat, p = p(r,t) is the fuel 

density, k = k(r,t,B) is the fuel conductivity, T = T(r,t) is the fuel 

temperature, r is the radius, t is the time, B is the fluence or the fuel 

burnup, and q is the volumetric heat production in the inner fuel sphere. 

A finite difference equation for the fuel element is obtained by 

integrating the above equation along the spherical shells shown in Fig. 2.1, 

for internal and external regions. 

The core is then subdivided into K axial regions and the above equations 

are solved for a single average sphere in each region representing Nj fuel 

elements. The mass, energy and momentum balance equations as given below 

are then solved for the coolant fuel interaction in each region. 

Mass balance f§ = " ff (2-2) 

t i 3(p,u) q 3(wh) ,. _•, 
Energy balance *jj> = ̂  ^ - (2.3) 

3w Pv3v IP IF 
Momentum balance ^- = —jr ^— - -75— + gcosBp (2.4) 

w is the flow, h and u are the fluid enthalpy and internal energy, P is 

the pressure and A the flow cross section area. A module C0RPB2 solving 

equations 2,1, 2.2 and 2.3 was developed and included in the level-2 

DSNP library. The momentum equation 2.4 is solved by the DSNP hydraulic 

network solver, and the acceleration term in Eq. 2.4 is neglected. 

The heat transfer correlations governing the heat transfer from the 

pebbles to the He are taken from Ref. 11 and are given as 

ke 1-P 

k 

where Nu is given by 

Nu =i^|- + (1.12-Re0-5 + 0.0056*Re)*Pr1/3 (2.6) 
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and 

Re _I_ WD" 
1-P AP y 

s g 
(2.7) 

k is gas conductivity, D is the sphere diameter, P is the pebble-bed 
8 K 

porosity, u is the gas viscosity, h is the heat transfer correlation, 

Nu and Re are the Nusselt and Reynolds numbers respectively, and Pr is 

the Prandtl number. P is given by: 

1 (2.8) 

The model developed was coupled to the DSNP neutronics NEUTR1, 

control CNTRLl, decay heat, GAMARl, and safety SAFTYl modules to simulate 

the HTGR pebble-bed core response to several transients. The simulation 

flowchart showing the interconnection between the different modules is 

shown in Fig. 2.2. 

2.2 The Core Response to Various Perturbations 

The reactor was perturbed by a step reactivity of $0.1 initiated at 

t=l sec and terminated at t=5 sec. Figure 2.3 shows the response of the 

central node temperatures in the average fuel sphere in each of the six 

axial regions of the core. The most striking feature of the PNP-500 

is the extremely slow response of the system. A comparable transient in 

a LWR is about a hundred times faster. The results compare well with 

previous calculations, as far as the system time constant is concerned. 

The core pressure response 

is shown in Fig. 2.4 with both 

activated and deactivated SCRAM. 

According to the definitions of 

the PNP-500 system, the following 

SCRAM set points were included in 

the simulation 

11I 
CNTRLl 

1 
FDBEK1 

I 1 
NEUTRI 

GAMARl 

i 
SAFTYl 

1 

1 

TPOWR1 — C0RP82 
1) Hot gas temperature > 1050 C 

2) Reactor power >̂  120% 

3) Core pressure > 50-10 Pa 

Fig. 2.2: Flowchart of the DSNP modules 
used to simulate the PNP-500 
core 
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200 300 

Time (sec) 

Fig. 2.3: Normalized temperature tran
sient at the center of an 
average fuel sphere in each 
of the six core regions, 
resulting from a step per
turbation of $0.1 lasting from 
one to five seconds. 

The scram was activated at 

170 sec due to the hot gas temper

ature. As seen from Fig. 2.4 the 

maximum pressure did not exceed 

50-105 Pa. 

Figure 2.5 shows the reacti

vity, power and decay iieat tran

sients resulting from a 5% increase 

in the helium flow through the core. 

It can be seen in Fig. 2,6 that, due 

to the increased flow rate, the fuel 

temperature decreases. Due to the 

fuel and moderator negative reactivity 

coefficients, the reactivity increases. 

This reactivity increase is followed 

by a power increase. The full extent of the transient shows a damped oscilla

tory behavior, with a period of oscillation of about 20 minutes. This time 

constant is large because of the very large heat capacity of the core. 

50 

400 600 800 1000 
Time (sec) 

Fig. 2.4: The pebble-bed core pressure response to $0.1 step change in 
reactivity lasting from 1 to 5 sec. 
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0 

Fig. 2 

200 800 400 600 
Time (sec) 

5: Reactivity, power and decay heat response in the PNP-500 core 
due to a 5% Increase In flow through the core. 

1000 

400 600 
Time (sec) 

800 1000 

Fig. 2.6: Fuel central temperature response in each of the six core regions 
to a 5% increase of flow through the core. 



- 25 -

2.3 Application of the C0RPB2 Module 

To use this module in the simulation, a definition statement giving the 

core geometry and the degree of approximation must be made in the DSNP progran 

definition segment The definition statement has the following format 

. DFC0RPB2(#,#,#,#,#,#,*,#,DLM(#),DOSE(#),NM(#t,PDJ(#),#); 

where # stands for a single parameter and (#) for a vector of parameters as 

given below: 

#01-VC0RE Coie volume, in m . 

#02-RF Radius of the fuel sphere inner region, in m. 

#03-RFE Radius of the fuel sphere external region, in m. 

tfO^-lP Number of fuel regions in spherical fuel element. 

//05-IPE Total number of regions in the spherical fuel element -

minimum IP+1. 

#06-MP Number of core axial regions. 

#07-P Core porosity. 

#08-APW Fraction of the power produced in the core external region, 

#09-DLM(M=l,MP) Lengch of each of the core axial regions, in m. 

#I0-DOSE(M=l ,MP) Average irradiation l'luen;.e of the fuel sphere in each of 
21 2 

the MI core regions, in 10 n/cm . 

tll-MM(M=1,MP) Number of tuel spheres in each of the core axial regions. 

#12-PDJ(M=1,MP) Normalized axial power distribution, i.e. power fraction in 

each of the axial segments 

#13-IPE = MP*IP Size of the core temperature matrix. 

For the module to be included in the steady state and dynamic simulation 

the following statement must be included 

C0RPB2; 

The module is located in library level 2 of the DSNP in the module 

* C0RPB2, 

and when processed by the DSNP precompiler 

SUBROUTINE C0RPA2 (LOOP) 

is created. 
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3. THE CORE NEUTRONICS 

(D. Saphier) 

This module solves the neutron kinetic equations with six groups of 

delayed neutrons with or without the external source. 

3.1 The Model Equations 

The lumped parameter kinetic equations are solved for a given pertur

bation in the reactivity p. The normalized power P is given by 

£ =¥p + ^ i c i + s " . D 

and the delayed neutron precursors C are given by 

dC S 

dT - -rp - V i (3-2> 

where A is the delayed precursor disintegration constant, A centralized 

integration scheme solves equations 3.1 and 3.2 simultaneously with other 

system equations. 

Upon first entry to the module, the initial conditions for P and 

C., are computed by 

P = P (3.3) 

C, - B1P0/IX1 (3.4) 

Subsequent entries will skip initial value calculations. The input that 

drives this module is the total reactivity obtained by summing up the 

reactivities from different sources, 

" " PCN + PSF + PFB ( 3- 5 ) 

where p„, is the reactivity generated by the control system, p_„ is the 

reactivity contributed by the safety system and p is the total feedback 

reactivity. The appropriate modules must be used to generate the above 

reactivity functions. 
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When reactor startup is simulated from subcritical conditions the source 

value S, indicating the strength of the neutron source must be provided as 

well as the amount of negative reactivity present in the core. The initial 

power level is then calculated from 

Po = - S Q i/p (3.6) 

3.2 Application of the NEUTR1 Module 

This module should be used with caution. The kinetic equations have 

one very small time constant l- 10 to 10 , and several time constants of 

1/A=0.1. Together with other system equations they form a set of stiff 

differential equations. Integrators with a constant time step require very 

small time steps to achieve a stable solution. Integrators with a variable 

time step and error control will keep the time step automatically very small. 

Thus long solution times can be expected for the loop in which the NEUTR1 

module is inserted. 

Two stiff integration methods can be used, the STIFF1 method proposed 

by Fowler and Warten andtheZGEAR2 method developed by Gear . Both 

methods improve significantly the solution time for stiff equations. 

Alternatively, the prompt-jump approximation, module NEUTP1, can be 

used. In particular, if system transients are to be simulated for long 

periods of time, and no prompt critical condition occurs, the prompt-jump 

approximation is well justified. 

In addition a self integrating module NEUTS1 is also available. This 

module uses the collocation integration method developed by Kaganov 

If this module is used it should be placed in a nonintegrated loop, (see 

section on integration methods \ To use this nodule in the simulation, the 

following statement should be included, 

. NEUTR1; 

The data inclusion statement 

. DATA (NEUTR) - ; 

must also be used to supply the data necessary for this module. The data 

to be provided include: 
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BETA(l)-8. The delayed neutron fraction of group i and i=l,...6. 

ElAMDA(1)-*. The delayed neutron precursor disintegration constant. 

PNO-P Normalized initial neutronic power level, 
o 

SOURCE-S Strength of neutron source to be given only if reactor startup 

is being simulated, 
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4. THE CORE FEEDBACK MODEL 

(D. Saphier) 

The purpose of t'.us module is tu calculate the total amount of feedback 

reactivity generated in the rea.toi. 

4.1 The Model Equations 

FDBEKJ is a lumped parameter m̂ cici compatible with the neutron kinetic 

equations. This module uses average core temperatures to calculate the 

reactivity feedback. fhe Doppler reactivity, (RKD) is calculated by 

RKD = RKDC * riLOGlOEFA + 273)/"i'EFAO 4 2'3)| (4.1) 

The feedback reactivity effect due to cere expansion (RKE) is calculated by 

RKE = RKEC * (TEFA - TECAO) (4.2) 

The feedback reactivity due to coolant ten.perature is calculated by 

RKS ' RKRC * (TECA - TECAO) (4.3) 

The feedback reactivity due to voiding or partial voiding of the core (RKV) 

in casn boiling takes place in the core, is computed by 

RKV = RKVC * ZVOLFC. (4.4) 

The appropriate reactivity coefficients, RKDC, RKEC, and RKSC, for the core 

must be given as input data. The total feedback reactivity is then calculated 

by summing equations (4.1), (4.2), (4,3) and ('•> A) 

RKFB = RKS + RKD + RKE + RKV. (4.5) 

RKDC, RKEC, RKSS and RKVC are the Doppler, cote expansion, coolant temperature 

and void reactivity coefficients respectively, TEFA is the fuel average 

temperature, TECA is the coolant average temperature and ZVOLFC si the coolant 
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void fraction in the core. 

Initially the total feedback reactivity, RKFB, is assumed to be zero 

since the reactor is at steady state. Upon first entering the subroutine, 

while JTIM=0, this variable is set to zero. On any subsequent entry the 

contribution of each reactivity effect will be calculated by using equations 

(4.1) to (4.5). 

4.2 Application of the FDBEK1 Module 

This module is a simplified model for calculating the reactivity feed

back effects given the core average temperatures. It is usually used with 

the lumped parameter core model. The appropriate reactivity coefficients 

must be precalculated by other methods and given as input data. To use this 

module In the simulation, the following statement should be used, 

. FDBEK1; 

The data necessary for this module are supplied by using the data state

ment 

. DATA(FDBEK) = ; 

One ot more of the following data have to be supplied 

RKDC - Doppler reactivity coefficient 

RKEC - Core expansion reactivity coefficient 

RKSC - Coolant temperature coefficient 

RKVC - CooLant void reactivity coefficient. 
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5. THE REACTOR DECAY HEAT MODEL 

(D. Saphier and D. Gal) 

After the reactor shutdown the sole contributor to power production is 

the decay heat (DH). For a short period of time after shutdown - up to 

3 min., contributions from the delayed neutrons are obtained. These, 

however, are accounted for in the kinetic module. During accident conditions 

the rate of decay heat production is of major concern since the main coolant 

circuit is usually inoperative and the heat has to be removed by the emergency 

afterheat removal system. 

In an operating reactor, between 3% to 8% of the power conies from the DH 

of the fission products (FP). 

The FP residual heat production depends on the reactor power level, 
239 

the history of its operation and the cooling time. The decay of U and 
239 

Np depends on the fuel composition and the neutron spectrum, as well as 

on the power history and cooling time. About 80 different radioactive 

nuclides rescit from the fission of uranium and plutonium. Each nuclide is 

then followed by a radioactive chain, which produce about 200 different fission 

products. The exact solution of the radioactive decay ecuations needed for 
DH calculation, is not practical. Instead the DH is approximated by empirical 

as WE 
(6) 

formulas such as Way and Wigner or Untermayer, or use is made of ANS 

standard curves 

The DSNP module GAMARl has three options to cover the range of available 

models for the residual heat production. These options are summarized below. 

5.1 Exponential Fit to the DH Curve 

In this model the DH curves are reproduced by fitting exponential decay 

constants to any available decay curve. Any number of decay constants can be 

used, but usually 3 to 10 will be sufficient. Assuming J mathematical groups 

of FP emitting Y and 6 radiation, their concentrations can be obtained from: 

dG.(t) 
—i = B.(t)-P (t) - G.(t)A, j = 1....J (5.1) 

dt j n j j 
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where F„(t) is the normalized reactor power, B (t) the fraction of 

FP generated into the jth group and \ is the jth FP group disintegration 

constant. The total normalized DH pwer, P ., is obtaind from: 
nl 

Pnl =Ji V J (5-2) 

The total DH Power, P , in watts is obtained from: 

Ptl " Pnl " Pto ( 5- 3 ) 

where P is the DH Power at full reactor power. The total energy released 

up to time T after shutdown is obtained from: 

t +T 
SC 

E l - | Ptl 
dt (5.4) 

where T is defined by: T = t - t_„ and t g c is shutdown time. 

5.2 The A.N.S. Standard DH Curve 

This option uses the A.N.S. standard DH curve . The energy released 

by the decay of FP is presented as a standard curve (Fig. 5.1) while 

239 239 

equations for the energy released frum U and Np are presented separ

ately. The A.N.S. standard DH curve is inserted into the module in tabular 

form. By using a second order Lagrangian interpolation, the fraction of 

operating power, PFp/
F . due to FP decay is obtained. The DH at any time 

is then calculated from 

J^(to,ts) - f <~,ts) - f (»,tQ + ts) (5.5) 
o o o 

where: 

t • reactor operating time, s 
o 
t„ " reactor cooling time, s 
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and 

Ir should be noted that the right-hand side terms of eq. 5.5 represent 

the standard curve values which ate limited to the hypothetical case of a 

reactor that has operated for an infinite period of time at a constant power 

and is then instantaneously shutdown. 

239 239 
The fraction of power from U and Np decay are calculated separately 

using the following equations 

p c , , 

~P~ (t ,ts) = 2.28'10"
3C- ~ \\ - expf-4.91-10"4t )! exp(-4.9I•10~4t ) (5.6) 

P o 
- ~ (t ,t.) = 2.17-ltf3-C- — 7-10-3 |l-exp<-4.9I-ICT4t )] 
P o' S o, o 
o r 

• (exp(-3.4-l(T6t ) - exp(-4.91-10~4r )) (5.7) 
S b 

+ [l-exp(-3,4l-I0"6t )] exp(-3.41-l(T6t ) 

where: 
239 

P̂ q = decay power from U 
239 

?,q = decay power from Np 
239 

C - conversion ratio, atoms of Pu produced per atom of fissile 

material consumed. 

o = effective neutron absorption cross section of fissile material, 
a 

o, = effective neutron fission cross section of fissile material. 

239 239 
The total fraction of DH from FP, U and Np decay is obtained from: 

P P P P 
-^ (t ,t„) = 4s- it ,t.) -I- =^(t ,t„) + ~^- (t ,t_) (5.8) 
P o S P o S P o S P o S 

and the total normalized DH power is 
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p vvv , vv» 
n2 = P ' P (5.8) 

5.3 Polynomial Correlations to the DH Curve 

(4) 
This option uses a semiempirial function suggested by W. Rehm ; 

see also Chapter 3, Vol. I. The total fraction of DH is obtained from 

r 'V's'= A ( t s a + K W ~ 3 ) (5.10) 

with the constants A and a given for d i f fe ren t time in t e rva l s 

TIME INTERVAL (sec) A a 

I0" 1 < t < 101 

101 < t < 1.5-102 

1.5-102 < t < 4-106 

4-106 < t < 2-108 

and K = 1. 

0.0603 

0.0766 

0.130 

0.266 

0.0639 

0.181 

0.283 

0.335 

fc id' 
I 

Or" O c 10 I0Z O3 

n—i i 111 H I 1—i M 11 H I 1—i i 111 H I 1—i i 11 i i i | 1 i i 11 11 
10" 

o: IO KT 10" & 10° 
Time after shutdown (cooling time), (sec) 

I09 

Fig. 5.1 •: Standard fission-product decay heat curve for uranium-fueled 
thermal reactors 
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The default values of A, a and K in the GAMARl module are 0,0622, 0.2 and 

-1, respectively. These values correspond to the Way-Wigner equation 

in which 

p 

^ = 0.0622-(t;°-
2 - <ts+tor°-

2) (5.11) 

The total normalized DH power is evaluated by the following approximation: 

P,(t t ) P (t 0.1) 
p p for ts > 0 

P / P 
o / o 

P,(t ,tc) /P,(t_,0) (5.12) 

n3 

P , and E, are evaluated by eqs. 5.3 and 5.4, respectively. 

5.4 Comparing the options for DH Calculations 

The different options for calculating DH were tested under the same 

operating conditions. 

The parameters used in the first test were: 

P = reactor operating power = 10 watts 
o 

P = DH at t = 0 sec = 7.0-10 watts 
to 

t = reactor operating time = 9.47-10 sec = 3 years 

t„. = shutdown ("scram") time = 1,0 sec 

The simulations were performed up to t = 3-10 sec (* month) and the results 

are presented in table 5.1. 

In the second test the same parameters were used except that the reactor 

operating time, t , was set to 1 year (3.15-10 sec). The results are 

presented in table 5.2. Finally, in the third test, t was set to 
o 

t » 1 month (2.59-10 sec) 
o 

The results are presented in table 5.3. 
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Table 5.1: Decay power and total released DH after shutdown using different 

options for DH calculations with t = 3 years. 

TIME 

AFTER 
SHUT
DOWN , s 

1 0 1 

! 0 2 

3 
!0 

io4 

.o5 

io 6 

1 POWER, w 

[EXPONENT 
1 FIT 
| 
6 . 0 1 9 - 1 0 4 

4 
3 . 4 3 5 * 1 0 

4 
1 . 9 4 4 * 1 0 

' . 7 [ 0 ' 1 0 4 

6 . 9 5 3 - 1 0 3 

8 . 5 8 1 - 1 0 _ 1 

ANS 

STANDARD 
CURVE 

5 . 2 6 4 . 1 0 * 
(+20%) 

( - 4 0 % ) 

3 . 5 4 1 - 1 0 4 

(+20%) 

( - 4 0 % ) 
4 

2 . 0 3 3 * 1 0 
(+20%) 

( - 4 0 % ) 

1 . 0 5 3 - 1 0 6 

(-1-10%) 
( - 2 0 % ) 

5 . 2 6 7 - 1 0 3 

(+10%) 
( - 2 0 % ) 

2 . 1 5 0 - I 0 3 

(+10%) 
( - 2 0 % ) 

POLYNOMIAL 

F I T (KFA) 

5 . 6 1 9 - 1 0 4 

( • 2 0 % ) 

2 . 8 5 5 * 1 0 4 

( - 2 0 % ) 

4 
1 . 5 1 3 - 1 0 

(±20%) 

8 . 1 5 6 - 1 0 3 < 

( - 1 0 % ) '; 

4 . 5 2 3 - 1 0 3 

( i l O % ) ! 
f 

2 . 6 2 8 * 1 0 3 

(±10%) 

TOTAL RELEASED ENERGY, 

EXPONENTIAL 

F I T 

5 . 7 8 6 * 1 0 5 

4 . 4 1 5 - 1 0 6 

7 
2 . 5 1 4 * 1 0 

1 . 8 6 4 - 1 0 ® 

1 . 2 0 1 - 1 0 9 

1 . 8 6 9 - 1 0 9 

ANS 

STANDARD 
CURVE 

S 
5 . 2 1 9 * 1 0 
(+20%) 

( -40%) 

4 . 1 9 1 - 1 0 6 

(+20%) 

( - 4 0 % ) 
7 

2 . 6 2 8 * 1 0 
' + 2 0 % ) 

( - 4 0 % ) 

1 . 4 6 2 - I 0 8 

(+10%) 

( - 2 0 % ) 

7 . 5 3 3 * 1 0 8 

(+10%) 
( - 2 0 % ) 

3 . 4 7 3 - 1 0 9 

(+10%) 

( - 2 0 % ) 

J 

POLYNOMIAL 
FIT (KFA) 

5 
5 . 3 1 2 * 1 0 
(±20%) 

3 . 4 8 1 * 1 0 6 

( t 2 0 % ) 

7 
2 . 0 4 5 * 1 0 

(±20%) 

1 . 1 1 1 * 1 0 8 

(±10%) 

6 . 0 7 9 - 1 0 8 

(±10%) 

3 . 4 4 2 - 1 0 9 

(±10%) 

It is expected that theDH Power dt any instant after shutdown should be 

larger when longer operation time is assumed. Only the ANS standard DH 

curve follows this rule while the first option assumes infinite operation 

time and the third option behaves contrary to expectations, that is, the 

power is lower with longer operating time. 

The differences between the ANS standard and the other two options, are 

due to the fact that the ANS standard is an interpolation of experimental 

results while the other two are mathematical functions fit to experimental 

Taking the ANS DH function as a reference the following conclusions can 

be made regarding the other two options: 
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Table 5.2: Decay Power and total released DH after shutdown using different 

options for DH calculations with t = 1 vear. 
o 

TIME 
AFTER 
SHUT-

i DOWN, s 

101 

102 

10 3 

104 

105 

10 6 

! POWER, w 
1 EXPONENT 
FIT 

S . 0 1 9 - I 0 4 

' 3 .435- 10* 

j 

; i . 9 4 4 - 1 0 4 

i 

I 1 . 7 1 0 M 0 4 

; 

6 . 9 5 3 - 1 0 3 

' 

8 . 5 8 1 - 1 0 " 1 

ANS 
STANDARD 
CURVE 

5 . 2 6 0 - 1 0 4 

(+20%) 
(-40%) 

3 . 5 3 3 - 1 0 4 

(+20%) 
(-40%) 

2 . 0 2 2 - 1 0 4 

(+20) 
(-40%) 

1.040-10* 
(+10%) 
(-20%) 

5 . 1 2 1 - 1 0 3 

(+10%) 
(-20%) 

2 . 0 0 4 - 1 0 3 

(+10%) 
(-20%) 

, POLYNOMIAL 
FIT (UFA) 

5.640 IO4 

(±20%) 

2 . 8 5 9 - 1 0 4 

(±20%) 

1 . 5 1 1 ' 1 0 4 

(120%) 

8 . 2 3 7 - 1 0 3 

(HO%) 

4 . 6 5 8 - 1 0 3 

(t)0%) 

2 . 7 8 8 - 1 0 3 

(±10%) 

1 TOTAL RELEASED ENERGY 
1 EXPONENTIAL 

FIT 

5 . 7 8 6 - 1 0 5 

4 . 4 1 5 - 1 0 6 

2 . 5 U - 1 0 7 

1 .864-10 8 

1 .201-10 9 

1 .869-10 9 

ANS 
STANDARD 
CURVE 

5 . 2 1 6 - 1 0 5 

(+20%) 
(-40%) 

4 185-10 6 

(+20%) 
(-40%) 

2 .618 10 7 

(+20%) 
(-40%) 

1 . 4 5 0 - I 0 8 

(+10%) 
(-20%) 

7 . 3 9 2 - 1 0 8 

(+10%) 
(-20%) 

3 . 3 2 6 - 1 0 9 

(+10%) 
(-20%) 

1 

, J 
POLYNOMIAL 
FIT (KFA) 

5 . 3 2 7 - 1 0 5 

(t20%) 

3 . 4 8 1 - 1 0 6 

(±20%) 

2 . 0 3 9 - 1 0 7 

(±20%) 

1 . 1 1 5 - I 0 8 

(±10%) 

6 . 1 9 2 - 1 0 8 

(±10%) 

3 . 5 9 2 - 1 0 9 

(±10%) 

I 
1) For the particular choice of the constants B.(0) and A. in the present 

J J 
study, option-1 is compatible with option-2 (with the permitted error 

boundaries) up to 1000 seconds after shutdown. 

2) Option-3 is compatible with option-2 up to 10 sec cooling time for 

a 1 month operating time and up to 10 sec. cooling time for 1-3 years 

operating times. 

The various options of the GAMARl module were tested and compared with 

each other as shown in the preceding tables. Figure 5.2 shows the decay 

power using the different options, and as can be seen for the particular 

set of data the exponential fit deviates significantly from the ANS standard 
3 

beyond 10 s. The total accumulated decay heat is shown in Fig. 5.3. The 

differences between the different options can be significant when no 

sufficient afterheat removal is available. 
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Table 5.3: Decay Power and total released DH after shutdown using different 

options for DH calculations with t = 1 month. 

TIME 
AFTER 
SHUT
DOWN , s 

101 

1 
10" 

103 

io4 

io 5 

i o 6 , 

POWER, w 
EXPONENT 
FIT 

6 . 0 1 9 - 1 0 4 

3 .435 -10 4 

I . 944 -10* 

1 .710-10* 

6 . 9 5 3 - 1 0 3 

8.58-10"1 

ANS 
STANDARD 
CURVE 

5.230>10* 
(+20%) 
(-40%) 

3 .472-10* 
(+20%) 
(-40%) 

1.934-10* 
(+20%) 
(-40%) 

9 . 3 5 4 - 1 0 3 

(+10%) 
(-20%) 

4 . 0 1 2 - 1 0 3 

(+10%) 
(-20%) 

1 .032-10 3 

(+10%) 
(-20%) 

POLYNOMIAL 
FIT (KFA) 

5 691-10* 
(120%) 

2 . 8 9 8 - 1 0 4 

(-20%) 

1.530-10* 
(120%) 

8 . 6 8 7 - 1 0 3 

(+10%) 

5 , 2 2 7 ' 1 0 3 

(J 102) 

3 . 3 1 6 - 1 0 3 

(+10%) 

TOTAL RELEASED ENERGY, J 
EXPONENTIAL 
FIT 

5 . 7 8 6 - 1 0 6 

4 . 4 1 5 - 1 0 6 

2 . 5 1 4 - 1 0 7 

1 .864-10 8 

1.201-10 9 

1 .869-10 9 

ANS 
STANDARD 
CURVE 

5 . 1 9 7 - 1 0 5 

(+20%) 
(-40%) 

4 . 1 3 7 - 1 0 6 

(+20%) 
(-40%) 

2 . 5 4 1 - 107 

(+20%) 
(-40%) 

1.352 I 0 8 

(+10%) 
(-20%) 

6 . 3 0 7 - 1 0 8 

(+10%) 
(-20%) 

2 .281 - 1 0 9 

(+10%) 
(-20%) 

POLYNOMIAL 
FIT (KFA) 

5 . 3 6 3 - 1 0 5 

(120%) 

3 . 5 0 6 - 1 0 6 

(+20%) 

2 . 0 5 0 - 1 0 7 

(+20%) 

1 .150-10 8 

(+10%) 

6 . 7 1 3 - 1 0 8 

(±10%) 

4 . 4 1 8 - 1 0 9 

(±10%) 

5.5 Application of the GAMARl Module 

To use this module the statement 

. GAMARl; 

must be included in the DSNP program static and dynamic section. In addition 

the user must define the option he wants to use and provide the data for this 

option using the DSNP data statement 

. DATA(GAMAR) = list of GAMAR data; 

To decide which option to use, the value of rhe KOPGA parameter must be set. 

KOPGA/1/ for the exponential fit option 

KOPGA/2/ for the standard ANS DH curve 

K.OPGA/3/ for the polynomial fit co the DH curve. 
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Fig. 5.2: Decay power as a function of cooling time using different models. 
Reactor was shutdown after one year of full operation. 
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Fig. 5.3: Total DH release as a function of cooling time after one year of 
operation. 
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5.5.1 The Exponential Fit Option 

This option has two major advantages over the other two options 

1. It has sufficient flexibility to be adaptable to different reactor 

types and fuel compositions. 

2. This option account for changes in power production during transients. 

This Is of importance particularly for long transients where extreme 

variations in power level can be expected, such as in HTGR. 

The disadvantage of this option is the necessity to properly fit the parameters 

to a given decay curve for sufficiently long periods of time. 

The data to be given for this option are 

IGAM-i number of DH groups 

GAM(IGAM)-X decay constants for the DH groups 

BGM(IGAM)-B fraction of power generating DH into this group 

WGTO decay heat power at steady state, W 

GA fraction of the decay heat liberated in the coolant 

5.5.2 The ANS Standard DH Option 

The version of ANS standard presently available in DSNP is applicable 

only to reactors fueled with enriched uranium. This option therefore is 

the best fit to the ANS standard - however, it does not follow reactor 

transients. It is activated only when TIME > TSCRAM, that is, after the 

reactor scram has been activated. The accuracy of the decay heat curve is 

assumed to be 

3 
for cooling times t < 10 s t = + 20%, - 40% 

S3 7 
for cooling times 10 s < t < 10 s e = +10%, - 20% 
for cooling times 107s < t E = +25%, - 40% 

s ' 

The data to be supplied to this option are 

ZITGA0 - Reactor past operating time, s. 
ZC0NRA - Conversion ratio. 
ZSIGMA - Total absorption cross section, cm 

ZSIGFS - Total fission cross section, cm" , (actually only the ratio 
ZSIGMA/ZSIGFS is of importance). 
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WGTO - Decay heat power at steady state, 

GA - Fraction of power. 

5.5.3 Polynomial Fit to the OH Curve 

This option was Included in particular to fit KFA data given by W. Rehm 

in polynomial form and the simple equations given in the literature such as 
(4) 

the Way-Wigner formulae. This option solves equation 5.11 

P = P A(t"a + K(t-t r a ) for t •' t < t, (5.11) 
o o l r 

The data that have to be supplied with this option are 

ZAAAAK4) - A - Coefficients of the polynomials 

ZAAAA2(4) - a - The exponent of the polynomials 

ZTTTTLC3) - tf- Time divider between conseturive polynomials 

ZKF - Set to -I for Way-Wigner formulae. 
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6. THE CORE CONTROL AND SAFETY MODELS 

(D. Saphier) 

The function of these two modules, CNTRL1 and SAFTY1 is to generate 

external reactivity contributions resulting from control rod motion or other 

sources of poison injection initiated either by the power plant control or 

safety systems. 

6.1 The DSNP Core Control Algorithm 

Any type of external control device can be used to control the reactor 

state variables. A feedback control system can be constructed using standard 

DSNP modules such as PI controllers, delay lines, integrators, first and nth 

order poles etc. They will all produce control signals which are processed 

by the control module to generate the control reactivity function RKCN which 

is then transmitted to the neutron kinetic equations. 

It is also possible to generate arbitrary reactivity changes to initiate 

transients in the reactor. For a step change in reactivity, IEXR=1, and for 

TIEXR(JRC) i. TIME I. TIEXR(JRCH) 

RKCN=RKCN+EXREC(JRC) (6.1) 

For a ramp change in reactivity IEXR=2, and for TIEXR(JRC) <. TIME c. TIEXR(JRCH) 

RKCN=RKRAM+EXREC(JRC)*RAMP(TIEXR(JRC)) (6.2) 

For an arbitrary external reactivity function IEXR=3, a second order 

functional interpolation is performed. 

RKCN--FUNCTHTIEXR.EXREC,TIME) (6.3) 

where TIEXR is a vector of time values of which a specific action is taken, 

RKCN is the control reactivity generated and EXREC is a vector of external 

reactivity values. 

During the IC calculation all external reactivity is zero except when 

startup is simulated. For a dynamic entry, in order to save computations, 
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a new external evaluation is made only if the time of entry is different from 

the lime of previous entry. Then, according to the value of IEXR, either 

of the above three equations is evaluated. 

6.2 The DSNP Safety System Algorithm 

The reactor safety system is activated whenever a plant variable exceeds 

its limits, either maximum or minimum, or if an appropriate operator signal 

is generated. The user can set up any number of trip points that will activate 

the reactor safety system and trip the control rods. These control rods 

then generate a time dependent amount of negative reactivity which will shut 

down the reactor. 

The user has to define by SCRAMF the plant parameters that can activate 

the safety system SCRAM action. He also defines the maximum value of the 

parameter which will activate the SCRAM. The user should also define a 

function, FNCTii, which gives the SCRAM reactivity as a function of time, 

including the initial delays. 

Upon first entry the TSCRAM is set to a large value. Statements testing 

for SCRAM action are inserted by the system for every parameter defined by 

SCRAMF. No testing is performed once the SCRAM has been activated. If a 

SCRAM takes place, the negative reactivity, RKSF, is evaluated for the 

appropriate time after TSCRAM. 

6.3 Application of the CNTRL1 and SAFTY Modules 

Three arbitrary functions of reactivity can be inserted into the core, 

in order to initialize a transient: a step, a ramp, and an arbitrary function. 

Any control algorithm, if required, can be inserted by the user, by writing 

the proper equations and providing by C0M1N the variables that will drive 

the control algorithm. 

In order to initiate a transient, the following values must be supplied 

as input data by the user. 

a) For a step perturbation: IEXR=1, EXREC(l) and TIEXR(l). 

b) For a ramp perturbation: IEXR=2, EXREC(I) and TIEXR(I). 
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c) For an arbitrary reactivity (unction: IEXR=3, KREFUN which indicates 

the number of values given in the reactivity function, KDEGFU which 

indicates the degree cf interpolation to be used with the reactivity 

function, EXREC(I) and TlEXR(l), To use this module in the simulation, 

the following statement should be included, 

. CNTRL1; 

To use the DSNP safety module, the statement 

. SAF1Y1(i 1) ; 

is used. The parameter, li, is a two character name of the SCRAM reactivity 

function defined previously in the definitions section by, 

. FNCTii (K,N,TIME FO ); 

The system variables that can activate the SCRAM have to be defined by 

. SCRAMFCF.Fmax,COMBL); 

where F and Kmax are the appropriate variable and its maximum value acti

vating the SCRAM, and COMBL is the name of the COMMON block in which they 

can be found. Fin<ix can be a variable, a number, or an algebraic expression. 

Any number of SCRAMFs can be defined in the simulation. If a COMBL has been 

included in a previous SCRAMF definition, it must nor be included again, 

instead an asterisk, *, should be placed as the third parameter. 
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7. A GAS CAVITY MODEL WITH SEVERAL INLET AND EXIT FLOWS 

(D. Saphier) 

A basic element in the GCR simulation is a cavity that can have 

several inlet and outlet flows. An energy source can be placed inside 

the cavity and thermal and mechanical energy can be transmitted through 

the cavity boundaries. A schematic representation of such an element is 

shown in Fig. 7.1. 

7.1 The Cavity Mass and Energy Balance Equations 

The basic energy and mass balance equations governing the cavity 

model are given below. 

For the average gas temperature, T: 

dT = 1_ 
dt = pV 

g""^™ + vfT T w - f 5" w ) - T(J w. , - Tw .) + ^-(T -T) 
r T r*.i L

1
v
iT,i * L w

o v V V i n i h exi C m I 

Q„+Q<+B 

' "^ Vini " x i W " i v i "ini ' j"e*j 

(7.1) 

where T i s the average coolant temperature, t i s the wall temperature; 
m 

Q , Q and B are external, internal and mechanical energy sources, -y is 
C /C and w. and w are inlet and exit flows, 
p v in ex 

For the cavity wall temperature T : 

dT _ 
C M -jr2 = U(T-T ) (7.2) 
p dt m 

For the gas dens i ty , p : 

£ - 7 <Kni-KXJ> <"> 

The helium pressure is obtained from the ideal gas equations 

P - RTp (7.4) 

For the initial conditions (IC) the gas temperature is given by 

1 " Tin + («i + Qex + B> /( C
P^in

> ( 7 > 5 ) 
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The pressure in the cavity during IC calculations can be either kept 

constant, or adjusted in such a manner that 

ini fa 1 ' (7.6) 

7.2 The Cavity Transient Response to Flow Perturbation 

Figure 7.2 shows the pressure and temperatue transients in a cavity, 

which result from a step increase in inlet flow at t " 0.5s and a corres

ponding increase in exit flow at t = 6s. The particular transients behave 

as expected and depend on the cavity characteristics, i.e., volume and 

amount of wall material. In this particular cas? all the energy sources 

were zero and there were only one inlet and one exit flow. 

7.3 Application of the GCAVT1 Module 

To use the module in the simulation, a definition statement describing 

the cavity material and geometrical characteristics must be provided. 

w in I — = 

"in 2—= 

»in3-I 

V volume of cavity in m 3 

win inlet flow rate, In kg/s 

"ex exit flow rote, in kg/s 

P pressure,in Pa 

T temperature, In *C 

Q thermal energy, in Watts 

B mechanical energy, in Walts 

Fig. 7.1: Schematic representation of the gas cavity in the GCAVii 
DSNP module 
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The definition statement has the following format 

. DF(XAV#(#,#,#,#,INFLOW ,£XFLO(#),#,#,#,#,#,#,#); 

where # stands for a single parameter and (#) represents several para

meters of the same type as given below 

#01-aa 

//02-P 
o 

#03-V 

//04-QM 

//05-IFIX 

A two character cavity name indicator 

Cavity initial pressure, in Pa (a constant) 

Cavity volume, in m ( a constant) 

- Mass of cavity wall, in kg (a constant) 

- A parameter which determines the mode of pressure calculations. 

If IFIX>0 adjust cavity pressure during IC calculations; 

if IFIX=0, pressure is kept constant during IC calculations; 

if IFIX<0 the mass balance equation is not integrated, instead 

average pressure is calculated by some external procedure and 

p Is computed from V and P. 

INFLO(#06)-W - any number of two digit numbers representing flows entering 

the cavity. 

EXFLO(#07)-W - any number of two digit numbers representing flows leaving 

the cavity. 

Fig. 7.2: Response of a gas cavity modeled by GCAVii to a step increase 
in inlet flow. 
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''08 - Molecular weight cf the gas inside the cavity 

#09 - Gas material indicator, (HE - for helium, for example) 

#10 - Heat transfered between the cavity wall and exterior 

#11 - Heat transfered between cavity gas and exterior or any other device 

#12 - Steady state pressure (convergence relaxation factor 

#13 - Metal to gas heat transfer coefficient 

#14 - Cavity wail material indicacor 

The estimate for the cavity initiaj pressure and temperatures can be 

provided by the data statement 

. DATA(CVGaa) = . .; 

These are mainly 

ZPCCaa - Cavity pressure, Pa 

^iGCaa - Gas temperature, C 

ZTMCaa - Wall remperarure, C 
3 

ZRGCaa - Gas density, kg/m 

To use the module in the simulation process the statement 

GCAVaa; 

must be inserted in the DSNP program static and dynamic sections. 
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8. A TWO PAHSE WATER STEAM CAVITY MODULE 

(J. Rodnizky, D. Saphier) 

Another basic module in the simulation is a cavity containing steam 

or rather a two phase mixture of water and steam in equilibrium. The 

model also permits internal and external energy sources to be added to the 

volume energy balance. The schematic description of this component is 

exactly the same as for the single phase cavity in Chapter 7 (see also 

Fig. 7.1), except that a two phase mixture can exist. A major simplifying 

assumption is that there is no separation of phases in the cavity. The 

cavity can have any number of inlet and exit flows. 

The module assumes that the inlet flows are well mixed and the outlet 

temperature is the average temperature in the cavity. 

8.1 The Mass and Energy Balance Equations 

At steady state the outlet enthalpy h is calculated from the average 

inlet enthalpy, h. , and any added internal or external energy sources 

h = h± + (Q± + Qe)/ZWln (8.1) 

where 

Q - internal energy source inside the fluid, W. 

Q - external energy source entering the cavity walls, W. 

W. - mass flow rates entering the cavity, kg/s. 
i ni 

The wall temperature T at steady state is: 

T = T + Q /U (8.2) 
m e 

T - average temperature of the steam, C. 

U - wall-to-fluid heat transfer coefficient, W/C. 

•During transient conditions the differential equation representing the 

fluid energy balance is solved 

4z - K £Q4 + Eh,
 w, - h ™ - u(JW. - rw ) + U(T -T)] (8.3) 

dt pV sl in in ex. in ex m 
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3 
o - steam density, kg/m . 

W - mass flow rate leaving the control volume, kg/s. 

V - cavity volume, m . The fluid density is obtained by solving the 

mass balance equation, 

4r •= „-(*». - rw ) (8.4) 
dt V in. ex. 

i J 

The wall temperature T is obtained from: 
m 

dT 
C M -r-™- = U(T-T ) + Q (8.5) 
p dt m e 

where M is the wall mass and C is the wall specific heat. 
P 

Steam and water properties su: h as C , etc, are calculated by using 
P 

Che DSNP material property functions and specifically defin-J property 

functions. 

8.2 Application of the WQAVT1 Module 

To ".se this module a definition statement must be included in the DSKP 

program. This will define the two phase volume characteristics, and define 

its connection with other modules. 

. DFWCAV* (#,#,#,#,INFLOW,EXFL0(#) ,#,#,#,#,#). 

where the parameters # in the definition have the following meaning 

#01 - A two character identification, aa, for the cavity. 

#02 - Cavity pressure, Pa. 
3 

#03 - Cavity volume, m . 

#04 - Cavity wall mass, kg. 

#05 - The iteration parameter indicating the maximum number of 

iterations permitted. 

INFLO(#06) - A list of flow numbers and temperatures of the incoming flows. 

EXFL0(#07) - Flow number of the flows leaving the cavity. 

#08 - A variable or an expression for the heat transfer from the wacer 

to the wall, W/C. 

#09 - A variable or an expression for the heat transfer between the 

wall and the steam, W/C. 



#10 - Iteration coefi'ii. ieru . 

#11 - Heat transfer coefficient. 

#12 - Wall material name indicator. 

At the present time this module uses special material property functions which 

also require a specific definition. This definition must use the same ID=aa 

that was used for the two phase cavity definition. These definitions, two 

for each of the cavities, will provide the necessary two phase properties 

for the particular cavity. One definition generates thermodynamic functions 

for given pressure P = ZPWCaa and enthalpy H = ZHWCaa 

. DFWPHaal(ZPWCaa,ZHWCaa,ZTWCaa,ZSWCaa,ZXWCaa,ZVWCaa,ZUWCaa); 

where ZTWCaa is the mixture temperature in the cavity, ZSWCaa - its enthropy, 

ZXWCaa - its quality, ZVWCaa - its specific volume, ZUWCaa - its internal 

energy. 

The second function generates the thermo-dynamic properties for given 

specific volume V = ZVWCaa, and internal energy U = ZUWCaa. This definition 

is given by 

. DFWVUaal(ZVWCaa,ZUWCaa,ZTWCaa,ZHWCaa,ZXWCaa,ZSWCaa,ZPWCaa); 

To use the two phase water/steam cavity in a simulation, the following state

ment must be included in the DSNP static and dynamic segments 

. WCAVaa; 
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9. SINGLE PHASE FLUID CAVITY MODELS 

(D. Saphier) 

DSNP contains several types of single phase control volumes that can 

be used in the dynamic simulation process. Some of these include only the 

thermodynamic mixing process, some account for fluid compressibility 

and calculate the pressure changes due to flow variations, some have a 

cover gas pressure above the fluid levels and some will account for fluid 

stratification when ideal mixing leads to erroneous results. These cavity 

modules are briefly described below. 

9.1 A Simple Mixing Plenum Model 

This is an ideal mixing representation of a single volume with a lumped 

parameter model. The model has two nodes, a fluid node and a wall node, 

and it can have any number of inlet and exit flows. The DSNP module MXPLE1 

solves the two energy balance equations. For the cavity metal node 

dT 
C M - ~ = U(T -T ) (9.1) 
m m at r m 

where T is the metal node temperature and T_ is the fluid node teniper-
m r 

ature, M is the metal node mass and C its specific heat. U is the fluid-
' m 

to-wall heat transfer coefficient multiplied by the estimated heat transfer 

area. For the fluid node 

C f V f dT " U ( W + ™inCfTin " Tf ™ex ( 9' 2 ) 

where pf and C f are the fluid density and specific heat given by 

pf = pf(Pf,Tf) (9.3) 

C£ = Cf(Pf,Tf) (9.4) 

which are pressure and temperature dependent material property functions 

available in DSNP. EW. and EW are the summations on all the inlet and 
in ex 

exit flows, and T are the corresponding temperatures of the inlet flows, 
in 
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At steady state the fluid and the wall have the same temperatures 

which are calculated from the average inlet flows temperatures 

TAV - ™m V r w m <9-5> 

The fluid In the cavity is assumed to be noncompressible, that is temper

ature variations will cause change in the amount of fluid present in the 

cavity. Pressure changes are accounted for indirectly - it is assumed 

that an external volume for expansion is provided and that the flow through 

the cavity is calculated by solving the integral momentum equation for the 

loop in which the cavity is present. 

I order to calculate the amount of fluid leaving the control volume 

due to thermal expansion, or entering due to thermal contraction the 

mass derivative is calculated from 

dM£ 3P, 

3T. 
f | (9.6) 
dt 

neglecting the •£ term and the temperature derivative is given by eq. 9.2. 

The 3p/3T term is given by 

3t ~ 2 
3v 
3T 

'p 

where v is the specific volume and hr= is calculated by using DSNP 

thermodynamic property functions 

>p "-'"I 3v 
(9.7) 

and i> is the Helmholtz function. 

9.2 Application of the MXPLE1 Module 

This mixing plenum module has to be defined by a DSNP definition 

statement 
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.DFMXPLEN#1(#,#,#,#,#,INFL0(#),EXFL0<#),#,#); 

where the definition parameters # are 

#01 - A single character identifying symbol. 

#02 - Fluid material indicator. 

#03 - Wall material indicator. 
3 

#04 - Plenum volume, m . 

#05 - Weight of plenum wall and structure, kg. 

#06 - Heat transfer coefficient times the area, between the wall 

and fluid node, W/C. 

INFLO(#07) - List of W.,T. pairs where W. is the ith entering flow and 

T its temperature. 

EXFLO(#08) - List of flows leaving the cavity. 

#09 - The pressure inside the cavity, Pa (calculated externally). 

#10 - A list of DSNP data blocks containing the flow and temper

ature variables. 

To include the module in the simulation process, the statement 

. MXPLENa; 

must be included both in the static and dynamic sections of the DSNP 

program. 

9.3 The Thermohydraulic Mixing Plenum 

In the module described above the pressure changes resulting from 

temperature and density changes were neglected. The module described in 

this section serves as a hydraulic Junction for several entering and 

leaving flows and the cavity pressure is therefore properly calculated from 

the following equation 

dt 3p dt 3p V l u ex> vi-0' 

where 

v?C * 
[i£| » i/ [iZ] . ' "P> (9 9) 
l3PJv J M v

 T *TT + V*Tv 
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where V is the Helmholtz function and the subscripts of f indicate partial 

derivatives with respect to temperature T or specific volume \>. The rest 

of the equations solved in this module are eq. (9.1) to (9.7) as in the 

MXPLE1 module. 

9.4 Application of the MPPLEl Module 

When this module is used in DSNP hydraulic network simulation, initial 

inlet and exit flows must be specified. The sum of all the flows 

e = £W. - EW must be close to zero, otherwise an excessive number of 
in ex 

iterations will be needed for the flow to converge. The MPPLEl module 

requires a definition prior to its first usage 

. DFMPPLEN* ( M , M , M N F L O (//), EXFLO (#)#,//) ; 

and the definition parameters are 

#01 - A single character identifying symbol. 

#02 - Fluid material indicator. 

#03 - Wall material indicator. 
3 

#04 - The cavity volume, m . 

#05 - Weight of metal of the cavity walls, kg. 

#06 - Heat transfer coefficient multiplied by estimated area between 

wall and fluid, W/C. 

INFL0(#07) - W T. n s t of pairs of flows and their temperatures for all the 

entering flows. 

EXFL0(#08) - List of flows leaving the cavity. 

#09 - A static convergence acceleration factor usually set to 0.2. 

#10 - List of data block names containing flows and temperatures 

used in this definition. 
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10. THE DSNP HYDRAULIC NETWORK SOLVER 

(D. Saphier) 

One important aspect in which DSNP differs from other simulation systems 

is in the method of solving the system hydraulic equations. DSNP uses a 

centralized hydraulic network solver. The user defines the hydraulic 

network, using the appropriate DSNP statements for pipes, pumps, valves, 

control volumes etc. The DSNP compiler will create the necessary sub

routines and equations to solve the integral momentum equation for each 

flow path defined. It should be noted that many DSNP components include 

only the mass and energy balance equations, relying on the DSNP hydraulic 

network solver to solve the momentum equations and to provide the flow 

through the particular component. 

10.1 Solving the Momentum Equation in DSNP 

The present model assumes homogeneous flow whether single or two 

phase flow is considered. 

Flow through pipes is calculated from the basic one dimensional 

momentum balance equation. 

fav . 3vl 
[at + v T*\ " 

a2v 
a"? 

- + U — J + pf (10.1) 

where p is the fluid density, v its velocity, u * ;s viscosity, P the 

pressure and f the external force acting on the fluid, usually f = gcosS. 

Integrating the above equation along a pipe segment, one can also write, 

after appropriate simplifications, 

ZAP = rap motive DAP losses 
(10.2) 

where the various AP for single phase noncompressible flow are 

given by the pressure drop due to friction AP, 

AP, C c
 n V 

f rp T 
e 

p2A* 
(10.3) 

PD" 
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which Is Darcy's formula. D and L are the hydraulic diameter and equi-
6 e 

valent length, w is the flow rate in kg/s, and the friction factor 
(12) 

f is given by the Carman-Nikuradze correlation 

— = 0.87 In ( R e ^ - 0.8 for Re > 2200 (10.4) 

AT 

For the laminar flow range Re s 2200 

" - H (10.5) 

and for Reynold's number Re > 30,000, equation (10. 3)is well approximated by 

4f = 0.184 Re" 0 , 2 (10.6) 

where the Reynold's number is given by 

For two phase flow the friction factor f is multiplied by the two phase 

friction factor correlation, R, defined by 

5 = two phase pressure drop . . 
single phase pressure drop ' 

and can be evaluated by using, for example, the Lockhart-Martlnelli or 
(13) 

Armand correlation 

1 + Y + Y2 

R » i 3 *~ (10.9) 

and y is given by 

Y . i-=_* (10.10) 
1 - a 

where x is the fluid quality and a its void fraction. 
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The hydrostatic pressure drop, AP„ is given by 

AFH = pgcosG(Hin - Hex) (10.11) 

The pressure loss due to change in momentum, AP , is given by 

APT = PL£ -fe]£ (!0.12) 
Al dt 

and the tern -r is also defined as the pipe inertance. 

The pressure drop due to the fluid acceleration, AP , is given by 

AP = (p v - p vf )/2 = f-
a ex ex in in 2A (10.13) 

The pressure losses due to bends, valves and fittings are given by 

2 
AP = Kp ~ 
n ^ (10.14) 

Equations (10.1) to (10.14) are stored in the DSNP library as an 

algorithm. The actual equations to be solved depend on the precise 

configuration of the hydraulic network, the flow paths, and the pumps 

and valves present in the system. The change in the fluid content in 

noncompressible flow is also properly accounted for. 

10.2 The Modules Used in Defining Hydraulic Networks and their Application 

The hydraulic network is defined by using the ,DEFHPIPi( ) state

ment to define a hydraulic pipe segment, DFL0Wi(w)=(... ) to define a flow 

path, and .DFJUNCK....) to define a junction. There are several other 

hydraulic components that can be defined. During a steady state calculation 

the user has the option of calculating the static flow distribution for a 

given network, or calculating the setting of specific valves and pipe 

equivalent lengths, to obtain a predescribed flow. The system generates 

the appropriate dynamic equations for the hydraulic network and these are 

then solved for each time step coupled to all the other system equations. 
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10.2.1 Definition of a Hydraulic Pipe Segment 

The hydraulic pipe segment HPIPE is a basic element of the hydraulic 

network. It is used to define a pipe section or any flow passage through 

which flow passes and pressure drops can be expected. 

To define such a pipe section the following statement should be used 

.DEFHPIPW, VJJ.tJJJJ, //,#,#,#,#); 

The parameters of the pipe definition are: 

#01-'' - A two digit identification number. 

#02-ZW - Flow, kg/s. 

#03-TIN - Pipe inlet temperature, C. 

#04-TEX - Pipe exit temperature, C. 

#05-ZXM - Pipe inlet elevation, m. 

#06-ZXHX - Pipe exit elevation, m. 

#07-ZXLP - Pipe length, m. 

008-ZXLE - Pipe equivalent length, m. 

009-ZXDE - Pipe hydraulic diameter, m 
2 

#10-ZAFL - Pipe flow cross section area, m . 

011-ZMAT - Fluid material identifier-

#12-PRAV - Average pressure in pipe section, Pa 

//13-C0MBL - Name of DSNP data block containing TIN and TEX. 

#I4-X - Water steam quality (set -1 for single phase). 

#15-VALV - Valve friction in equivalent length units. 

The pipe segment or hydraulic passage is recognized by its number ii. 

It is usually used with a flow path definition. Each pipe can have two valves, 

an internal valve element ZPVALV(ii) that can be initially set to maintain 

a specified flow rate in a loop-, and. an external valve, i?15, which can be 

used as a control valve. The control valve can be given as any variable 

function changing the pipe resistance. 

The DEFHPIPii definition creates a function which, in addition to 

the pressure drop across the flow section, will also calculate the pipe 

inertance and the amount of fluid in the pipe section during each time step. 
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This last value is needed for calculating the total fluid inventory in a 

particular loop. 

10.2.2 Defining a Hydraulic Flou Path 

A hydraulic flow path is a series of hydraulic elements through which 

the same flow is assumed to prevail. A flow path is always defined between 

two system elements at which the pressure is known, that is, the inlet 

and exit pressures to the flow are known quantities. These pressures are 

calculated externally to the flow at the particular component where flow 

starts or ends. 

The flow path definition is given by 

.DFL0W#(#) = (#,#>//)#,P1PES(//),#S(//)); 

The parameters in the definition statement are 

#01-ii - A two digit identification number of the flow path 

#02-W. - The variable name given to the iith flow 

003-W, - The initial value of the flow 
io 

|?04-P. - Flow path initial pressure 
in 

l'105-P - Flow path exit pressure 
ex 

#06-K - If KMAX>0 this indicates the maximum number of iteration 
max 

needed to adjust the flow to a given AP and a given set of 

components- in the flow path. 

If KMAX<0 this indicates the number of pipe segment, ii, in 

which the internal valve ZPVALV(il) will be adjusted to main

tain a given flow for a given AP. The maximum number of 

iterations in this case is 10. 

PIPES(#07) - A list of identification numbers of pipes segments present 

in this flow path 

#08 - Indicates the device, if present, that provides the flow active 

driving head, and can be either a PUMP or COMP (compressor or 

blower) 

S(#09) - A list of identilication numbers for pumps, compressors or blowers 

This definition creates several subroutines and functions to solve equation 

(10.1) to (10.14). See more details in Ref. 2. For the steady state calculations 
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the system converges either on the flow or on a particular valve resistance 

which will maintain a given flow. 

To activate a flow path either in the static or dynamic section, the 

statement 

.FLOWii; 

must be used in both DSNF program segments. 

10.2.3 Modeling a Hydraulic Junction 

When a condition occurs, in which several flows converge at a cer

tain geometrical point as shown in Fig. 10.1 for example, a hydraulic 

junction has to be defined. This is a geometrical point with "zero" 

volume but several flowpaths begin or end at this point. A"T" is an example 

of a hydraulic junction. The pressure at this junction must be calculated 

by the hydraulic network solver in order to calculate the flows in each of 

the junction branches. 

Integrating eq. 10.1 over a flow 

path the following differential equa

tion for each flow path is obtained 

HW 
£1, §=• = P. - P + EiPipe 
i dt in ex r 

+ SAP + EAP , 
pumps valves 

(10.15) 

Fig. 10.1: Schematic description of 
a flow junction 

Kirchofs junction law for fluids 

where I is the inertance in the ith 

pipe segment. Since the fluid is 

not compressible, one can apply the 

IW, - IU - 0 
in x 

(10.16) 

and also 

rw. - EW - o 
in ex 

(10.17) 
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Defining an equivalent junction inertance 

i L_ + J^ 
j in ex 

- Z l + — (10.18) 

assumes a single exit flow from the junction. The junction pressure P , 

is then obtained from 

P. = l-r-i- (P. - AP. ) + J- (P + AP ) (10.19) 
j I. in in I ex ex J in ex 

where P. are the pressures at the entrance to the inflowing branches 

and P is the pressure at the end of the outflowing branch as shown in 

Fig. 10.1. The flow in each of the incoming branches is calculated after 

P. is evaluated by 

dW. 
I -— = P., - P - AP (10.20) 
in dt in j in 

At steady state eq. 10.16 must converge within £ while during dynamic 

calculations eq. 10.17 must converge. The process is therefore iterative 

and usually converges within a few iterations otherwise an error message 

is printed. 

10.2.4 Defining a Hydraulic Junction 

The number of hydraulic junctions in the system must be defined by 

. DFNJ(n); 

where n is the number of junctions. Each junction is then defined by 

. DFJUNC//(#) = ( INFLOW ,EXFL0(#) ,INPR(//) ,EXPR(#) ,#) ; 

The parameters used in this definition are: 

I'/Ol-ii - A two digit identifying number of the junction. 

//02-PJUN - The pressure at the junction. Pa. 

INFLO(#03) - Flow numbers of the entering flows. 

EXFLOt'W) - The flow leaving the junction (only one). 
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INPR(#05) - A list of variables giving the pressure at the inlet of in

coming flows. 

EXPR(//06) - The pressure at the end of the flow path leaving the junction. 

//07-KFITMX - Maximum number of iterations. 

To include the junction in the static and the dynamic simulation the 

statement 

.JUNCii; 

must be placed in the DSNP stalic and dynamic program segments. If the 

JUNCii statement is present, the statement including a flow path FLOWii 

connected to the junction should not be used since the JUNCii statement 

will invoke the appropriate FLOW statements. To have more than one flow 

leaving the junction it must be defined as a negative incoming flow. 

10.3 Two-Loop Gas Network Response 

To test the validity of the DSNP hydraulic components with compressible 

flow, a test simulation program was prepared to study the pressure and flow 

transients in a simple two-loop gas flow model. 

10.3.1 Description of the Loop 

A schematic description of the simulated system is shown in Fig. 10.2A. 

The system comprises six pipe segments, two compressors, two cavities and 

a valve located between cavity #1 and compressor #1. The two-loop system 

has three branches and hence three distinct flows. In the middle branch 

the flow can be artificially heated. 

Figure 10.2B shows the schematic flowchart of the DSNP program. A 

one-to-one correspondence between the system flowchart and program flow

chart is clearly visible. This similarity is a basic characteristic of 

DSNP. In the simulation the following DSNP modules are used: HPIP, HFLOH, 

HCOMP and GCAV. 

10.3.2 Transient Response of the Two-Loop System 

The transient in the system is initiated by a ramp-like closure of 

the valve in the right-hand branch of the loop. Figure 10.3 presents the 



X 

64 -

flow transients, resulting from the closure of the valve for 2 to 10 s 

and the application of a heat source to the sixth pipe segment from 10 

to 20 s. The flow transients are followed for the first 40 s and are 

characteristic of the system parameters, namely the flow rates, volumes 

and the cavity heat capacities. In Fig. 10.4 the pressure transients in 

the two cavities resulting from the above perturbations are shown. It 

can be concluded that the models perform satisfactorily and can be used 

in describing dynamic changes in compressible flow systems. 

A: 

HEATER 

B: 

i—C H P | P 0 3 )" 

C0MP02 

HPIPO4 y 

CAVITY 
# 1 

CAVITY 
# 2 i_*i_r 

GCAVOI 

(HPIP06) 

| HEATER 

( HPIP05) 

GCAV02 

COMPR 
# 1 "® 

-(HPIPOI)-

VALV 

COMPOI 

- ( HPIP02)-

Fig, 10.2: A schematic description of a two-loop compressible flow 
model. A: Schematics of the loop. B: The DSNP flow
chart of the loop. 
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Fig. 10.3: Pressure transients in the two cavities shown in Fig. 10.2, 
resulting from a ramp-like partial valve closure and temper
ature increase in pipe section 6. 
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Fig. 10.4: Flow transients in each of the three branches of the hydraulic 
loop shown in Fig. 10.2, resulting from ramp-like partial valve 
closure and ramp-like temperature increase in section 6. 
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11. A SIMPLIFIED COMPRESSOR MODEL 

(J. Rodnizky and G. Meiron) 

The coolant in a gas cooled reactor is circulated in the loops by 

the compressor or a blower. In the PNP-500 loops there are several com

pressors of different design, working at different operating conditions. 

A simplified model that can be adjusted to different designs and different 

operating conditions was developed and included in the DSNP library. 

11.1 Basic Assumptions 

The following assumptions were made during the model development: 

1. The compression process is polytrophic and the compressor efficiency 

is constant, 

2. The gas being compressed behaves as an ideal gas. 

11.2 The Model Equations 

The compressor velocity u) is obtained from the momentum balance 

equation 

dco 
I -r-=- = M - M 
dt m c 

(11.1) 

where I is '.he combined motor compressor moment of inertia, M is the 
m 

torque developed by the motor and M is the moment to be delivered by 

the compressor, to provide the necessary head for the given flow, temperature 

and pressure conditions. Based on assumptions 1 and 2 above the outlet 

temperature T- is given by 

(Y-D/Y 

where P is pressure and the indices 1 and 2 relate to input and output 

conditions respectively. However, since the process has an efficiency 

n the actual temperature increase in the compressor is given by 
c 

AT = T, 
c 2 

Y 

Vic (11.2) 
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The torque to be delivered by the compra&sor IO maintain flow w at 

the above T is given by 

M = w C iT/u. . 
c c p c 

It is usually impossible to calculate the compressor head tor the P /P ) 

from basic flow equations instead the manufacturer's working curves for a 

given unit are used. It can be shown from dimensional analysis that a 

correlation for the stagnation compressibility ratio P-,/p, can be given t>y 

a correlation of the form 

P02 'W"T01 — — = f' — — in ri P I P * . I UJ.-JJ 

01 ' 01 KI,, ' 

where the subscript, 0, indicates stagnation values, h useiul form of the 

above equation, according to Ret. 14, is 

p , / p , W . T : C 2 C 4 

where P . and P 7 are rated inlet and exit pressures. The constants C , 

C , C and C are obtained by fitting the above equation to the given 

compressor characteristics. This can be done by a least squares lit 

program, for example. 

For the present simulation the compressor characteristics are not yet 

available. Instead a general type characteristic and the actual working 

conditions were used to obtain a preliminary set ot constants. It 

was found that in the vicinity of the compressor operating conditions, the 
2 

expression P,/P. = 1 + C « provides good results- It was found that for 
1 J3 -9 

the unit providing 22.6 m /s at 3600 rpm, C = 10235.10 , and for the 
3 -9 

unit providing 11.3 m Is at 5600 rpm, C, = 2.4254.10 , In Fig. 11 1 the 
compressor torque, speed and P, resulting from a ramp-like flow decrease 
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is shown. These results agree with the approximate compressor character

istics given in Ref. 13. In the future when actual compressor character

istics will be provided, a proper fit -o the given characteristics will be 

made. 

0 2 4 6 8 10 12 14 
Time (sec) 

Fig. 11.1: A compressor response to a ramp flow decrease. 

11.3 Application of the C0MPRS1 Module 

To use the compressor-blower described in this chapter the following 

DSNP definition statement has to be used 

and the definition parameters are: 

#01-11 - A two digit sequential identification number. 

IP02-FL0R - Compressor rated flow, kg/s. 
2 

#03-QC0MP - Moment of inertia of motor-compressor unit, kg m . 

#04-TPIl - Inlet temperature, C. 

#05-PINl - Inlet pressure, Pa. 
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#06-Cl I 

#07-C2 

#03-C3 i 

#09-C4 ' 

fflO-M 
at 

Ml-PIMER 

#12-CREVR 

#13-EFF 

014-TLNR 

#15-DEL0R 

016-ZREVS 

W7-ZRES1 

018-ZRES2 

H9-Z1MPED 

020-ZTDRMX 

#21-ZFL0W 

#22-KTMX 

#23-ZTRNS 

#24-C0MBLK 

- Constants to be determined from compressor characteristics -

• Gas identification characters (HE for helium), 

Rated inlet pressure, Pa. 

Rated compressor speed, s 

Compressor efficiency. 

Rated inlet temperature, C. 

Designed flow rate, fraction of FLOR, 

Synchronous speed, s 

Stator resistance of driving motor, it. 

Rotor resistance of driving motor, r.. 

Motor reactance, a.. 

Maximum moment deliverable by motor. 

Actual mass flow rate kg/s. 

Maximum number of iterations. 

Transmission ratio for motor-compressor gear. 

DSNP data blocks containing variables used in this definition. 

The compressor is included in the simulation when its number is listed in 

one of the flow path definitions. 
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12. A SIMPLIFIED PUMP MODEL 

(D. Saphier) 

The pump is the component producing the necessary positive head to 

drive a fluid through a hydraulic network. It is most difficult to obtain 

a correct pump response model from basic principles. If available, pump 

manufacturer's operating response curves can be used to develop a model 

or to fit the curves to a given expression. The pump model presently in 

DSNP is a simple model to which a variety of existing models and curves 

can be fitted by calculating the appropriate constants. 

12.1 The Model Equations 

The head generated by a pump H is given by 
P 

H p = H R Z + (HR " HRZF> 

1.8 
(12.1) 

whe re IL is the rated head of the pump generated at rated flow, 1U,Z is 

ND and N are the rated and actual the rated pump head at zero flow, 

pump speed, W and W are the rated flow through the pump and the actual 

flow at any time. The pump head is first computed in meters and then 

transformed to Pascals by 

H = 9.81 H p 
pump p 

(12.2) 

where P is the density of the fluid flowing through the pump. 

The pump efficiency, n, which is usually obtained from experimental 

pump curves, is given in this model as a function of normalized flow and 

speed quantities, 

w/w„ 
N/N. 

w/w. 
N/Nr 

(12.3) 

The constants a. and a„ must be provided by the user so that they fit 

the pump efficiency curve. Once the efficiency, n, and pump head, H , 
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are known, the pump required torque T can be evaluated by 

T = ~ S — 
p Nr| 

If the torque delivered by the motor T is known, the pump speed at any 

m' 

instance can be obtained by solving the following differential equations 

for angular motion 

1 £ - T - i (12.5) 
p dt m p 

where I is the pump moment of inertia. The fluid density used in eq. (12.2) 
P 

is usually a function of the fluid temperature and pressure and is evaluated 

using the DSNP material property functions 

P = F(P,T) . (12.6) 

Ac steady state, one assumes that the pump and motor torque are equal, that 

is, c = dN/dt = 0. An iterative process in the module modifies the pump 

speed until the necessary condition is satisfied. It is also possible 

to have the motor deliver at steady the torque requested by the pump, in 
this case T =T and no iterations are needed. This module of DSNP was 

d m 

extensively tested and was found to reproduce well given pump operating 

curves. 

12.2 Application of the HPUMPl Module 

This module is actually part of the DSNP hydraulic network solver, 

'jut can be also used independently. As can be seen in section 10.2.2 

this module is included in the simulation usually by the flow path 

definition, that is, the flow pa* • defined as a combination of pipe 

segments, valves and pumps. 

Prior to its first use the pump must be defined by a DSNP definition 

statement 

.DFPUMP#(#, »,»,*,#,»,»,« J,#,9 J,«, //,#); 

The pump parameters, It, used in this definition are 
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'/01-ii - A two digit number identifying the pump. These numbers 

must be given in sequential order from 01 to 99, 

#02-H -ZHRPU - Rated head generated by the pump at rated flow, m, 
P 

#03-H -ZHRZF- Rated head of pump produced at zero flow, m. 

004-N' -ZREVR - Rated pump speed, rad/s. 

#05-P-ZPPIN - Pump inlet pressure, Pa. 

006-T -ZTORPR - Rated pump torque (not used with the present model) . 
K 

#07-W-ZFLO - Flow through the pump, kg/s . 

//08-W -ZFL0R - Rated flow through pump, kg/s. 
2 

#09-1 -ZIPUMP - Pump moment of inertia, kg m . 
P 

#10-a.-ZPUI - Constant in pump efficiency calculation - see eq. 12.3. 

ttll-aj-ZPUZ - Constant in pump efficiency calculation - see eq. 12.3. 

#12-N-ZREV - Speed of pump, rad/s. 

i/13-T-ZTEPIN - Pump inlet temperature, C. 

i?14-ZPUMAT - Material indicator for fluid flowing through the pump 

(WA - for water, SO - for sodium). 

#15-KITMX - Maximum permitted static iterations. 

//16-COMBLK - List of DSNP data block which contains the temperature used 

to evaluate the fluid material properties. If this data block 

was already defined in one of the hydraulic components it 

should not be defined again. 

The pump definition must precede any flow definition that makes use of the 

pump. The above definition creates a pump function which can be used 

independently as 

FUNCTION HPUMPKKZ.ZFLO.ZPPIN,KITMX,LOOP) 

where HPUMP1 is the head produced by the pump in Pa, KZ the number of the 

pump for which this head is required. 

If the head generated by the pump is not sufficient to overcome the pressure 

drop in the particular loop in which it is located many iteration during steady 

state calculations will be required to modify the parameters until convergence 

is achieved. It is therefore the users responsibility, to match the desired 

pump characteristics to the loop in which it is used. 
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13 A GENERAL PURPOSE VALVE MODEL (D. Saphier) 

In operating nuclear power plant there are probabl> oeveral hundreds of 

valves of many kinds. Only those valves that will be operated on a continuous 

basis during a transient are, however, important in the dynamic analysis 

to be performed with the simulation. A valve it represented in DSNP by its 

resistance to flow, and given usually m equivalent pipe length units A 

fully closed valve should therefore be represented by an infinite resistance. 

Since this is not possible, usually a large resistance is provided. This, 

however, will result always in some very small flow. Tins flow will not 

influence the system dynamics, the user, however, must be aware of its 

existence. If such a flow is not desirable - the integration of this par

ticular flow equation can be blocked by other means as long as the valve 

remains virtually closed. 

13.1 The Characteristics of a General Purpose Valve Model 

For a model to be applicable to many types of valves and to satisfy many 

operating conditions, the following characteristics are needed: 

L) The user can define any number of valves. 

2) The user can define the valve open and valve closed resistance value 

in terms of equivalent length units. 

3) The user can define the initial valve setting. 

M The user can define the time necessary for the valve to open (from fully 

open position). 

5) The user defines the valve characteristics,that is, whether the valve 

should change according to a 

- linear mode 

- exponential mode 

- patabolic mode 

- third order polynomial mode 

- following an arbitrary function. 

6) The user can chose continuous action or define the valve as an ON-OFF 

valve. 

7) The user can supply any control signal to open or close a valve. 

8) For an ON-OFF valve, once the operation is started it can not be stopped 

until the valve is fully open or closed. 



'•) ! lit' valve can be reset, i.e. open/close operations can be repeated. 

10) If an open/close control signal arrives while the valve is in close/ 

upon motion, a warning message will be issued and the operation will 

he cunt inued. 

The valve with the above characteristics was tested under many different 

opt'rat i ng cond i t ions and character is t ics both as cont in nous control valve 

and .t< in ON-OFF valve, and was found to operate well . 

\i,2 The Application of the Valve Model 

The VALVSl module in the DSNP 1ibrary requires severa; DSNP instructions 

in he operational. First the total number of control valves in the system 

must be def incd by 

. l)FVALVES(tf) ; 

vliere •'/ indicates the number of valves to be used. The SE'J'VALVii statement 

which will set the valve is usually included at the end of the static section, 

rather than in the definition segment. The statement structure is given by 

. SKTVALV//0M,M>M,#>; 

where the parameters // are given by 

;/01-ii - A two number digit valve identification number. 

#02-V - valve name - any variable name not used elsewhere in the DSNP. 
name 

This name is included in one of the pipe segment definitions 

to be used in the hydraulic network. 

/'03-VALSET - Value in "£ " for initial valve setting. 

#04-X0 - Value of the valve completely open in "i, ". 

#05-XC - Value of the valve completely closed in " S ^ " . 

#06-TO - Time necessary to fully open the valve (for 0N-0FF valves only) i 

#07-TC - Time necessary to fully close the valve (for 0N-0FF valves only)» 

#08-IT - Indicates the valve type and action, 

IT <_ 10 0N-0FF valve 

IT > 10 regular valve 

.1 = IT or IT-10 

.1 = 1 linear action 
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.1 = 2 exponential action 

J - 3 parabolic action 

J = 4 third order polynomial action 

J = 5 valve characteristics follows an arbitrary function 

The above statement completely defines any type of valve. This definition 

should be included at the end of the static section so that some of its 

variables - particularly VALSET can be the result of some of the computations 

performed in the IC section. For example, one might wish to iterate on the 

value of a particular valve setting to obtain a required flow or a required 

pressure drop. 

Beside the inclusion of the valve name, //02 in a DEFPIPE statement, 

it must also exist in DSNP data block and the user must include it in the 

MAIN05 data block. 

To activate the valve the following statement must be included in the 

DSNP dynamic program segment 

. OPVALV#(#,«JJ); 

where the parameters, #, are defined as 

//01 - the valve number. 

1102 - the valve name. 

#03 - STO - a signal to, open the valve; the valve opens only if STO>0. 

#04 - STC - A signal to close the valve; the valve closes only if STC>0. 

#05 - IRES- If IRES=1, the valve can be reset if ON-OFF operation previously 

performed is terminated. 

If the valve has to be operated only for certain range of variables, for 

example it must open if P>P and close for P<P . , a convenient dead-zone 
max m m 

DSNP function DZONE can be used to define the range for which the valve is 

not operational. 
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14. THE MULTICHAMBER GAS CAVITY MODEL 

(D. Saphier) 

In gas cooled reactors a situation frequently occurs in which several 

cavities of similar characteristics follow each other, or, there is a 

largp cavity for which a detailed multinodal description is desired. A 

nodel CHCAV was developed to describe such a situation. A schematic descrip

tion of the model is shown in Fig. 14.1 The figure shows four cavities of 

volumes V, to V, with cavity walls M. to M,. The cavities are combined 

with three passages having equivalent length L .. to 1 .,, through which 

appropriate flows w _ to w,, exist. The first and last cavity elements in 

the chain can have any number of inlet and exit flows. In Fig. 14.1 the 

first cavity has three inlets and the last has three exit flows. 

14.1 The Energy, Momentum and Mass Balance Equations 

The physical equations solved in this module are the energy, 

momentum and mass balance equations, as shown below. The method can be 

considered as a one dimensional approximation to the homogeneous compressible 

fluid model using the staggered mesh approximation. 

by 

The gas temperature T . in the i-th cavity or the i-th node is given 

dT . 
-Si = _-L_ 
dt p V. 

l l 

exi ^ini l 
" " x + Y(T. .W. , .-T . w. ...) 

C m i i-l,i gi i,i+l 

- T . (w .-w. . ,) 
gi i-l,i i,i-l 

(14.1) 

The cavity wall temperature T . is given by 
mi 

dT 

at in,i p i 
(14.2) 

and the internal heat transfer is Riven by 

Q , = 0,(1 ,-I ,) 
^in.i i mi gi 

(14.3) 
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where U is the heat transfer coefficient between the wall and the cavity 

gas; U can be given as a constant or as function of any of the module 

variables. 

The gas density, P, and pressure, P, are obtained from the mass 

balance equation given by 

d Pi 1 

STm vT (wi-l,l-wi,i+l) 
(14.4) 

and 

P. = RT ,p. 
1 gi i 

(14.5) 

The momentum balance equation, solved for the flow w between two adjacent 

cavities or nodes, is given by: 

T 4? = (P. ,-P,) - AP - AP, - AP + AP„ A dt i-1 i a f v H 
(14.6) 

where L/A is the inertance of the cavity interconnecting section. The 

acceleration pressure drop AP is given by 

AP = (p. v2. - P. , v] ,>/2 =^-2 
a i i l-l i-1 HA 

1 
P. P. , l l-l 

(14.7) 

The friction pressure drop P is given by 

AP, = ?3-A. f A 
(14.8) 

and 

P = (o1_1 + Pĵ J/2 (14.9) 

The pressure drop due to various obstructions in the flow passage such as 

valves and fittings is given by 
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AP = -7— where K = f — 
v D4p D 

(14.10) 

The hydrostatic pressure drop AP is given by 

APh - p-(H._rH.)s (14.11) 

where H and H. are inlet and exit elevations and g is the gravita

tional constant. 

During static iterations the pressures and flows between the cavities 

are so adjusted that steady state conditions prevail. Since the inlet and 

exit flows are calculated by the DSNP hydraulic network solver it is 

possible to adjust the inlet cavity pressure so that the total inlet flows 

2 w. and the total exit flow, £ w are equalized. Note also that in many 

Instances the equivalent length, L , between two adjoining cavities is an 

artificial value inserted to obtain the desired pressure drop. 

alHJL 

Leq,2 
'Hill. 

, Cavity wall 

P2 T2 pz V2 

P3 h Pi VJ 

T4 />« \ 

n,A,nc 

' °J . B3 

• 0 , . B4 

Fig. 14.1: Schematic description of 
CHCAV module describing 
a multichamber gas cavity 

14.2 A Sample Flow Transient in a 

Multichamber Cavity 

In the sample problem presented 

here, the cavity was subdivided into 

5 chambers with the parameters as 

given in Table 14.1. These parameters 

were chosen to represent the PNP-500 

core cavity. The power distribution, 

elevations and partial volumes were 

based on the data of Ref. 15. Note 

the difference between the initial 

pressure estimate in each of the five 

chambers, and the actual pressure as 

obtained during the IC calculations. 

These pressures will provide the 

predetermiend flow of 138.2 kg/s at 

the given conditions and geometry. 

The transient was initiated by 

a 5Z increase in the inlet flow at 



TABLE I. Data for a 5 node core cavity simulation 

Cavity 

1 

2 

3 

4 

5 

Initial Calculated 
pressure ;initial 

estimate i pressure 

40.33*105 

40.24*105 

40.165*105 

' 40.083*105 

40.00*105 
1 

40.33*105 

40.16*105 

39.95*105 

39.70*105 

39.44*105 

Volume 

9.75 

9.75 

9.75 

9.75 

9.75 

Wall 
mass 

8500 

8500 

8500 

8500 

| 8500 

Power 
transmitted 

to cavity 

180.6*106 

134*106 

90*106 

60*106 

j 30*106 

Heat 
transfer 

coef. 

120 

120 

120 

120 

120 

Equivalent 
length 

30 

30 

30 

30 

1 

Equivalent 
diameter 

.051 

.051 

.051 

.051 

1 

Cavity 
elevation 

5.08 

3.81 

2.54 

1.27 

0.0 

Equivalent 1 
flow area ( 

1 

1.4 

1.4 

1.4 
' 

1.4 

i 

He gas (M.W. 4.0023) flowing through the cavity at a rate of 138.2 kg/sec 

Wall material is stainless steel 

All units are SI metric 
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t = 0.5 sec followed by a 5% exit flow increase at t = 6 sec. Figure 14.2 

shows the flow transients between the five cavities. Figure 14.3 sh ws 

the same flow transient between 0.4 and 1.4 sec. The expanded scale shows 

the spring like action on the flow between the cavities due to the gas 

compressibility. Figure 14.4 shows the resulting pressure transients in 

each of the five cavities and Fig. 14.5 shows the appropriate cavity gas 

temperatures. The response of the coolant to pressure and flow changes 

is fast and results in damped oscillations as expecte, _n compressible 

flow situations. The fast transients are the characteristics of the gas 

coolant only; the wall temperature did not change. 

It can be concluded that this module behaves as expected and the 

results obtained for the sample problem show reasonable physical behavior. 

0 2 4 6 8 10 12 
Time (sec) 

Fig. 14.2: Flow transients in a multichamber gas cavity resulting from a 
57. increase in inlet flow at t = 0.5 sec and an appropriate 5% 
increase in exit flow at t = 6 sec. 
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Fig. 14.3: Same as Fig. 14.^ except that the transient is shown between 
t = 0.4 and t = 1.0 sec. 

Fig. 14.4: Pressure transients in a multichamber gas cavity resulting from 
a 5% increase In Inlet flow at t = 5 sec and an appropriate 5% 
increase in exit flow at t •» 6 sec. 
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0 2 < 6 8 10 12 
Time (sec) 

Fig. 14.5: Gas temperature transients in a multichaiiiber gas cavity resulting 
from a 5% increase in inlet flow at t = 5 sec and an appropriate 
5% increase in exit flow at t = 6 sec. 

14.3 Application of the CHCAVl Module 

This component requires a detailed definition prior to its use as shown 

below 

. DFCHCAV#(*,#,#)#,#,#,PRES(#),VOL(//),WALL(#),HWALL(#),#>#,INFLO(#),EXFLO(//), 

ELENTHW ,EDIAM(#) ,HELEV(#) ,AREA(//)) ; 

where the parameters, II, are 

#01-a - A single character unit identifier. 

#02-n - Number nodes or volume subdivisions. 

tfOJ-Mntg - Gas material Indicator. 
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" ( i V M . u w - K a i l ni.it i' r i.i 1 i n d i c . i t , >r . 

•'••Or)-:i - M o l e c u l a r w e i g h t m a t e r i a l i n d i c a t o r , K / I I ' O I . 

-Ml*-)— I , v - i f 0 p r e s s u r e in t h e f i r ^ t c a v i t y w i l l lit' a d j u s t e d I n m a t c h 

.''1)7-

i n l e t ami e x i t f lows . 

S t a t i c convergence c r i t e r i a . 

l'UKSU'OK) - F i r s t e s t i m a t e ol n.ul.il p r e s s u r e s . Pa. 

Vl)l.( -•••()>)) - Volume of each mule , in . 

k'AI.Uv 10) - k'ciKht ol' each nude wall m a t e r i a l , kc,. 

IIKAI,I. (-'-'I I) - Wall t.) «;is hea t t r a n s f e r , W/C. 

•'l.'-u. 
' (n) 

nwer produced by external source in each noile, U'. 

•'•'1 J-li, . - Mechanical or other heat source prodmi-d in each notle, V. 
(n) 

IXI'l.0(:i !•'-!> - K' ,1 , pairs of inlet flows and their temperatures in the 
i t 

first cavity. 

I:N1'I.(I("'15) - K..T., pairs of exit flows and their temperatures in the last 
.1 .1 

cavity. 

Kl.KNTiK:'16) - f (n-1) - n-1 numhers representing the equivalent length 
ec] 

between cavity nodes. 

I-:iHAN(:M7) - I) (n-1) - n-1 numbers represent i ng liamoter of the flow 

passage hetween cavities. 

HKI.l-V(i'ia) - lle(n) - n numbers representing pipe scgmi-its inlet and exii 

elevation. 

AKKA0/I9) - A (n-1) - n-1 numbers representing flow cross section area. 

1'he mnclule can he used in the simulation hv including the 

.CHCV'I'l i ; 

statement in the static ami dynamic section of the PSNP program. 

http://ni.it
http://ic.it
http://ul.il
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15. A GENERAL PURPOSE PI CONTROLLER 

A schematic description of the operation of a PI process controller 

is shown in Yip,. 15.1. 

The process output is 

.1 variable Y that can be con

trolled bv an input variable X. 

Y is the desired output of Y 

and Y the meas ired variable of 

the process product Y. The 

difference between the two is 

the error and the controller 
Fig. 15.1: Schematic description of the , . . . . 

.. . c „T . ., function is to drive this error 
application or a PI controller 

to zero by changing the controlled variable X. This module simulates the action 

of a Proportional-Integral controller. 

"̂  « 
J 

Y' 

PI 
Controller 

X Process 

Instrument 
response 

15.1 The Controller Equations 

The error between the desired value Y, of a state variable and its actual 
d 

value Y is given by 

= ( Y n - V ) / Y D (15.1) 

where Y' is the measured value of Y. 

The proportional part of the controller has a gain of K and the time 

constant of the integral part is T. The controller action is described by 

t 

X = X (1 + KE + Jv dt) (15.2) 

The model assumes that Y is a positive function of X, i.e. if Y increases then 

X will be decreased to reduce Y. The values of K and t must be either given 

by the designer of the control system, or if not known they must be so chosen 

that stable response of the system results. 

In most practical cases the output of the controller will be an electric 

signal driving some motor which will generate the controlled variable X. DSNP 
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transler function modules should he used to represent these components and 

the delays associated with them. 

IS.2 Application of the Controller Module 

Io define a PI controller the following statement should be used 

. i>FPurr*'i(-\-V',*M,M); 

where the parameters, ?/, are given by 

•'Ol-a - A single character name identifying the Pi controller. 

•''02-X - The controlled variable. 

"03-V - The controlled process function V = f(x). 

.-.-04_K - The proportional part gain. 

;fU5-i - Integration time constant 

'•'06-HL - Lower limit of the controlled variable-

•'•'07-BH - Upper limit ot the controlled variable, 

•-•'08-i'nMB A DSNP data block(s) containing the X and Y variables-

\'o activate the controller the statement 

.ITCNTal ; 

Must he included in the DSNP program TC and dynamic section. During the 

initial conditions calculation phase, Y is set to the last computed value 

of Y and X is set to the last computed value of X - assuming that these 

values might change during IC calculations. The controller function is to 

keep the state variable at its steady state value. If a different scheme 

is desired - that is Y should be different from the system steady state 

value of Y, the user should reset this value at the end of the IC section 

lief ore the dynamic calculations are started. 
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If). !HI- llKAI'-GXaiANCFR MODEL 

[he heat exchanger model also termed as an (HX-intermediate heat 

oxrhanger. is the major device used to transmit energy from one coolant loop 

to another. By proper def ini t ion it can he app 1 ied to represent many 

heat cxchang InR devices in the power plant. 

lh . 1 H.isif As sump t ions 

Several heat exchanger units are present in the PN'P-500 power plant. 

I he model existing in DSNP UMS somewhat modified to account for compres

sible flow and also to introduce a fouling factor so that power ratings and 

outlet temperatures can he maintained within designed values. 

The iHXMSl module is a multinodo model which means that it can have 

any number ot nodes in the axial direction and three nodes in the radial 

direction, including the primary and secondary side and a wall node. A 

schematic description oi the model and the node locations is shown in Fig. 16.1. 

It is assumed ttint the flow in the module is always one dimensional and 

homogenous. The model treats the heat transfer of the I MX while the 

hydraulics for the primary and secondary flows arc calculated by the DSMP 

hy ilra ul ic network solver . 

16.2 The Governing Equations 

The heat balance equations solved for each of the IHX nodes are presented 

below 

dT . 
C £, V . -//- w c (T . . - T .) - U (T , - T .) (16.1) 
pp p pi dt p pp pi-1 pi p pi wi 

dT 
C M . -,v = U (f . - T ,) - U(T . - T. .) (16.2) 
pw wi dt p pi wi' h wi hi x ' 

dT 
C , 0. V. t - T — = w. C . (T, ... - T. .) - U. (T. . - T .) (16.3) 
ph h hi dt h ph hi+1 hi h hi wi 

and the average i-th node temperatures are given by 

r . = (T t . + T ,)/2 for the primary side (16.4) 
pi pi-1 pi ' J 
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T. , = (T . + . + T )/2 for the secondary side (16.5) 

C , C and C are the primary, wall and secondary heat capacities, 
pp* pw Ph

 r ' v 

U and U, are the heat transfer coefficients multiplied by the node heat 
P n 

transfer area, p , p. are the primary and secondary coolant densities, and 
M . is the metal mass of the i-th node wall, w and w. are the primary and wi p h 
secondary flowu respectively and T ,, I . and T, . are the primary, wall, 

pi ui hi ' 
and secondary temperatures of the it-th node. 

For the steady state temperature distribution the above equations 

are solved with the derivatives set to zero. An implicit iterative 

technique determines the temperature distributions along the primary 

and secondary fluid and the metal node temperatures. 

f Primary inlet 

\ Primary exit 

n> 
Primary 
side 

» 

Tp 

— I - . -

• * 

Jmax 

— J 

Wall 

• 1 

Tw 

• \-\ 

Jmax 

lr 
Secondary 

side 

• 
» 

T 5 

ml 

— » • - • 

• 

--•Imax 

i 

Secondary exit I 

- Secondary inlet j 

Fig. 16,1: Schematic description of the He-He heat exchanger model 
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The material properties and the heat transfer correlations are obtained 

by using the appropriate DSNP material property functions. 

16.3 Results of Simulating Two Heat Exchangers 

Two heat exchangers belonging to the PNP-500 primary loop were simu

lated in a separate DSNP run in order to test their applicability to the 

full scale simulation. Both static and dynamic results were compared. 

The heat exchangers had the characteristics given in Table 16.1 based on 

the data provided in Ref. 15. There are 2 He-He heat exchangers in the 

primary loop. The He-Gas heat exchanger represents a steam reformer or 

any other device producing process heat. 

The steady state temperature distribution for both heat exchangers is 

shown in Fig. 16.2. The transient in the heat exchangers was induced by 

an inlet temperature ramp of 5 C/sec started at t = 1 sec and terminated 

at t = 9 sec. The primary inlet and secondary outlet temperature are 

shown in Fig. 16.3. Figure 16.4 shows the transient behavior of all the 

primary temperatures. The delays in the temperature transients along the 

primary side and the response of the secondary exit are as expected for 

this particular design. 

1000 

800 

600 

„ 40° 
u 

| 200 
| 5 15 25 35 
;ji Distance from bottom of heat exchanger {m) 
11000 

t-

800 

600 

400 

200 

0 3 6 9 12 15 
Distance from bottom of heat exchanger (m) 

Fig. 16.2: Steady state temperature distribution for the a) He-He and 
b) He-gas heat exchangers used in the PNP-500 primary loop. 

- A Secondary loop temperature 
J I 



X 

- 89 -

Table 16.1: Preliminary data for the He-He heat exchanger and the He-gas 
heat exchanger used for the simulation model 

Number of tubes 

Primary fluid 

Secondary fluid 

i Wall material 

1 Primary flow cross section area 

Tube length 

Tube internal radius 

Tube external radius 

Fouling factor 

Absolute permissible error 

Relative permissible error 

Primary inlet temperature 

Secondary inlet temperature 

Primary outlet temperature 

Secondary outlet temperature 

Primary flow 

Secondary flow 

Primary pressure 

Secondary pressure 

He-He 

1444 

He 

He 

Inconel 

.75 m2 

40.74 m 

.0088 Li 

.011 m 

1.01 

.1 

5*10"4 

o 
948 C 

220°C 

293°C 

894.7°C 

36.9 kg/s 

35.55 kg/s 

40*105 Pa 

42.7*105 Pa 

He-gas 

2000 

He 

* 
He Inconel 

1.5 m 

17 m 

.0075 m 

.0095 m 
** 

.416 

.1 

5*10"4 

948°C 

700.3°C 

330°C 

810.8°C 

73.8 kg/s 

38 kg/s 

40*105 Pa 

42.8*105 Pa 

He is assumed on the secondary side since no data for the secondary 
side gas are available at this time. 

The small fouling factor effectively reduces heat transfer and is due 
to the unknown secondary gas characteristics. 

16.4 Appli-ation of the IHXMSl Module 

To use this module the following definition is needed 

. DFIHXM/U(# ,# ,11 ,# J ,11,11 J J J J ,# J J J) : 

itOl-a - A single character identifier name for the IHX 

#02-IHX - Number of axial segments 
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003-NXW - Number of parallel channels in the heat exchanger. 

#04-ZPZ - Pitch to diameter ratio . 

//05-MAT1 - Primary fluid material indicator. 

#06->IAT2 - Secondary fluid material indicator . 

#07-MATW - Wall material indicator. 2 

008-ARP - Primary side flow cross section area (outside the IHX tubes), m _ 

#09-XWL - Length of the tubes, m. 

tflO-RIN - Tubes internal radius, m. 

#11-REX - Tubes external radius, m. 

#12-FF - Fouling factor, mill tip] ic-s the heat transfer correlation to achieve 

desired steady state temperatures. 

013-ZERAI - Absolute error in solution procedure. 

//14-ZERRI - Relative error in solution procedure. 

//15-IT1MX - Maximum number of internal iterations . 
*16-ITOMX - Maximum number of external iterations during steady state calculations. 

»5 

I-

Primary •nlet lempera' 

Fig. 16.3: Secondary heat exchanger exit temperature due to a ramp increase 
in the primary side inlet temperature. 
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Fi". 16.4: Transient behavior of the primary side temperatures in the PNP-500 
He-He heat exchanger due to a ramp increase in primary inlet 
temperatures. 

In addition some initial values of state variables must be provided by using the 

DSNP data statements for this module 

. DATA(IHXMal)= ; 

The following variables have to be given initial values 

TEaHl - Secondary inlet temperature, C. 

TKaPI - Primary inlet temperature, C. 

ZPIlaA - Secondary average pressure. Pa. 

ZI'PaA - Primary average pressure, Pa. 

FaHl - Secondary side flow, kg/s. 

FaPl - Primary side flow, kg/s. 

To use the module in the simulation process, the statement 

.IHXMal; 

must be included in the IC and dynamic segments oT the DSNP program, and a is 

the particular THX identificntinn character. 
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17. A LIMPED PARAMETER STKAN GENERATOR MODEL 

(I). Gal , D. Saphier) 

The need for a simple lumped parameter steam generator model is twofold 

I. Creating a simple fast dynamic SG module which can be made compatible 

wLth the advanced modules in the following aspects: 

a) The primary and secondary exit state variables - mainly the temper

atures and densities at steady state (SS) conditions should be 

exactly the same as in more detailed models. 

b) The time delay in achieving a new SS condition following a pertur

bation should be comparable with more detailed models. 

c) The new SS temperatures achieved following a perturbation should 

be as close as possible to the temperatures that can be obtained 

with the more advanced models. 

2. Creating a first estimate - general purpose- SG module wLich should be 

used in the first stage of the simulation to estimate system transients. 

17,1 Basic Assumptions 

A schematic description of the model is given in Fig. 17.1. The 

following basic assumptions were made in the development of the lumped 

parameter SG model. 

n) Ideal mixing of the coolant at all locations in the SG is assumed, 

h) The primary and secondary mass flow rates and pressures are constant 

along the primary and secondary sides. 

c) The heat transfer coefficient on the primary side and on the secondary 

side are functions of the flow rate only. The HT coefficients are 

evaluated from the SS power rating, without making use of the different 

correlations. 

d) The model uses weighted heat balance equations. The momentum con

servation equations for the calculation of the flows in the SG, are 

solved separately by the DSNP Hydraulic Network Solver 

The SG is lumped into three nodes as shown in Fig. 17.1, the primary 

side node, the secondary node and the SG metal wall node. The secondary 
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side is subdivided into three axial regions: the economizer, evaporator and 

super-, ̂ ater. The assumed temperature profiles are also shown in Fig. 17.1. 

The SS values of the relative length of the three SG regions can be obtained 

from SS calculation of a more advanced SG model. The relative length of each 

region at the dynamic stage is assumed to be proportional to the enthalpy 

increase along this region. The proportionality factors are evaluated from 

the relative lengths at the initial SS which are supplied as input data. 

Finally, it is assumed that the secondary fluid in an HTGR, or the primary 

fluid in a PWR - flow through a bank of parallel tubes all having the same 

dimensions, wall materials and inlet conditions. 

17.2 The Model Equations 

In the following two sections the model steady state and dynamic equations 

ar. presented. 

17.2.1 Steady State Equations 

The heat balance equations at SS are obtained by equating to zero the 

energy balance equations of the three SG regions. 

Tpi 
WP 

primary 

Tp 

Tpx . 

wall 

Tw 

Tsx H s x _ 

secondary 

Ts 

Tsi 

Tpx 

Tsi 

1 

Hsw Hss^, 

TPi 

— - T « 

^x-T S x 

Xx 

SG temperature profiles 

Hgi ws 

Fig. 17.1: Schematic description of the lumped parameter steam generator 
model. 
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T = T . - W/w C (17.1) 
px pi p p 

H = H . + W/w (17.2) 
SX SI S 

where: 

T = primary inlet temperature 

T = primary outlet temperature 

P 
primary mass flow rate 

secondary mass flow rate 

H . - secondary inlet specific enthalpy 

H = secondary outlet specific enthalpy 

W = steam generator rated power 

C = heat capacity at constant pressure 

T ., W. w , w and the pressures P , P are given as input data for this 
p i p s p s 

module. C and H . are evaluated from the DSNP material property functions 
p si K ' ' 

C = f,(T ,P ) (17.3) 
P 1 P P 

Hsi " f2<Tsi'V <17"4) 

where T is the averagj primary temperature and T . is the secondary inlet 

temperature, f, and f„ are thermodynamic functions which will be described 

later. 

The average temperatures are obtained from: 

T = (T + T )/2 (17.5) 
P pi px 

T = !j(T . + T „)L. + T , Ls + '-2(T + T )L + Zj.1 - T ) (17.6) s si sat' i sat sat sx x f sx sat 
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's(T + T ) (17.7) 
P S 

where the following definitions are used: 

C = correction factor (0 < Cf < 0.5) 

Xi - (Hsw - Hsi)Fl and Li = V * (17"8) 

K m (Hss - Hsw)F2 and Ls = V X (17-9) 

*x = "sx - Hss and Lx • V X <17-10> 

X = \± + Xg + Xx (17.11) 

where H is the saturated water enthalpy, H is the saturated steam 
sw ss _ 

enthalpy, H is the secondary outlet enthalpy, T is the average secondary 

temperature and T is the average wall temperature. 

The enthalpies are calculated from: 

H = f(T „,P ) (17.12) 
sw sat' s 

H = f(T .,? ) (17.13) 
ss sat' s 

H = f(T ,P ) (17. H ) 
sx sx s 

where T is the saturation temperature, T is the secondary outlet 

temperature calculated from T = f(P . H ). 

sx s' sx 

The proportionality factors F and F are constants calculated by 

the following equations: 

F = - H l\A , 1 ssx siw 1 - ' ! - £ ' ' ' (17.15) j I 1 ~ XLS J XLsl 

f - ' t 1 - (^XISJ^-XLT]]^1] < 1 7 - 1 6 > F , = - H /• 2 s s x 

where HLl is the relative econimizer region length at steady state, 

XLS is the relative evaporation region length at steady state and XLX is 

the relative superheater region length at steady state and 
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H . = H - H . At steady state 
siw sw si 

H = H - H At steady state 
ssw ss sw 

H =11 — H At steady state 
ssx sx ss 

Equations (17,15) and (17.16) satisfy the following conditions 

F.ll . 
1 siw 

F,H . + I".,H + H 
1 siw I ssw ssx 

F H 
2 ssw 

H . + F, H + H 
siw 2 ssw ssx 

= XLI (17.17) 

XLS (17.18) 

The heat transfer coefficients h h are assumed to be functions of flow 
P s 

only, both in the primary and secondary channels. The heat transfer 

coefficients are approximated by 

0.8 

- P- / (T - T ) (17.19) 
w / ps w 
poj 

.0.8 
w 
s 

U = h A = W 
P P P 

hsAs = W |„goJ/ (Tw-Ts) (17.20) h\ 
where 

A = heat exchange area - primary side 
P 

A = heat exchange area - secondary side 
s 

The correction factor - C in eq. (17.6) is necessary to avoid the possi

bility that when the result T = T at steady state, then during dynamic 

calculations T > T . which is not acceptable physically, 
sx pi 

17.2.2 Dynamic Equations 

The dynamic response of the steam generator is obtained from solving 

the following differential equations. 
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The primary side heat balance equation is, 

f r- U -t / 
-£ = w (T . - T ) - 7^ (T - f ) / M (17.21) 
t I p pi px C p w J/ p P 

The wall heat balance equation is, 

dT 
1 

dt [^p^p ^^ "sViw LsJ j/ "w^w 
= \\) (T - T ) -U (T - T ) / M C (17.22) 

The secondary heat balance equation is, 

dH 

d 
-T = U (T - T ) - w (H - H .) /M (17.23) 
t |_ s w s s sx si J s 

where M , M and M are the primary, wall and secondary masses respectively. 

C and C are the primary and wall specific heat capacities, H is the 

average secondary enthalpy and T the av-Tage secondary temperature. 

The secondary outlet enthalpy-time derivative: 

dH dH 

-df = 2 d T (17-2*> 

and finally the time delay equations 

dT 

^F-= 7 <TPi " W
 (17-25) 

V " 2Tp " TpiD (17-26) 

where T ._ is the delayed primary inlet temperature and T is the delay time 
plD 

given by 

w 
- = f -2 (17.27) 
T m 

P 
and f is an adjustable constant. 
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The purposee of eq. (17.25) and (17.26) is to form a mathematical time delay 

to account for the physical fact that mixing in the primary side takes 

place in a finite period of time which is of the order of m /w . The 

P P 

delay factor f is a variable to be decided in such a way that the simul

taneous solution of eq. (17.21) to (17.25) will not lead to results which 

are physically uncorrect. For example it can be expected that immediately 
after a positive step change in T the value of T should not decrease 

Pi px 
as is implied by eq. (17.5) in the absence of a proper time delay. 

The evaluation of the secondary mass is made by the following 

calculation: 

M = p • V (17.27) 
s s ss 

where 

V = secondary side volume 
ss ' 

p = average secondary mass density 

P is evaluated from 
s 

(p . + p )-L. + (p + p )-L + (p + 
51 SW' i SW P S S ' S SS 

p ) • ' " I 
sx x| 

where p . = secondary inlet, density, p = saturated water density, 

= saturated steam density and p = secondary outlet density. 

P , p , and p sw* ss' sx 
property functions. 

The densities p ., p , p , and p are evaluated by the DSNP material 
si* sw ss' sx ' 

17.3 Dynamic Response of the Lumped Parameter SG Model STGEN1 

The module dynamic performance was tested under a variety of conditions 

and where possible compared to results obtained from more detailed models. 

Since most of the HTGR simulations were performed with the quasistatic 

steam generator model SGKFA2 (see chapter 18), some of the computations 

were compared to the response of this model. 

Being a quasistatic module - the SGKFA2 does not give any indication 

of the time to achieve a new steady state after the perturbation. Conse

quently only the new SS conditions were compared. 
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Table 17.1: Input parameters for the comparison study of an OTSG used 

with HTGR 

Transmitted power (W) 

Primary inlet temperature (T .) 

Primary pressures (P ) 

Primary flow rate (w ) 

Secondary inlet temperature (T .) 
si 

Secondary flow rate (w > 

Secondary pressure (P ) 

Numbers of tubes 

Tube I.D. 

Tube O.D. 

Tube length 

1.543-108w 

695 C 

40-105 Pa 

73.8 kg/sec 

150 C 

54.7 kg/sec 

135.5-105 Pa 

168 

7.7-10"3m 

1.0-10"2m 

78.61m 

The calculated SS conditions with both models were, 292.4 C for the primary 

exit temperature and 3.461x10 J/kg for the secondary exit enthalpy using 

the input data of Table 17.1. Both models were perturbed by a step increase 

of 40 C in the primary coolant inlet temperature. The quasistatic model 

achieved its new steady state temperature instantaneously, while the dynamic 

model achieved a new steady state after apptoximately 40 s transition period. 

The results are compared in Table 17.2. As can be seen the differences 

are small and they are probably the result of insufficient convergence on 

the one hand and insufficient transient time on the other. 

The effect of chosing the proper time constants for delaying the effect 

of primary input on primary output in the lumped parameter model is shown 

on the figures below. The equations affected are (17.25) and (17.26) and 

the time constant is given by 

M 
T = k x and T = —— 

p p wp 
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Table 17.2: Comparison of the lumped parameter steam generator model 

output variables to the quaslstatic model at t = 41 sec after 

a perturbation 40 C in the primary inlet temperature was inserted. 

SS (new) parameters 

Outlet primary temp - T ,C. 
px 

Outlet secondary temp - T , 

Outlet secondary enthalpy -
Hsx ,J/kg. 

Transmitted power, W. 

STGN1 module 
(A lumped para
meter model) 

306.1 

619.5 

3.645-106 

1.644-108 

SGKFA2 module 
(A quasistatic 
model) 

303.4 

626.9 

3.664-106 

1.654-108 

Relative 
difference 
(Percents) 

0.89% 

1.2% 

0.52% 

0.6% 

In Fig. 17.2 the normalized response of the steam generator to a step 

change of 20 C is shown. In this case the time constant nultfplier k 

was chosen as 1. 

5 10 15 iu .•:• JO J5 «0 «S 50 55 bu 
T | M E • I L f C J 

Fig. 17.2: The .Lumped parameter steam generator response to a step change 
of 20 C in the primary inlet temperature - ZTSCPI. The other 
temperatures plotted are ZTSGPX - primary exit, ZTSGP - primary 
average, ZTSGW - wall average, ZTSGSI- - secondary inlet, ZTSGS -
secondary average and ZTSGSX secondary exit. 
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This means that a very small time constant resulting from flow transit 

only is assumed. Note that the primary exit temperature shows an unrealistic 

transient behavior, that is, a sharp rise followed by a decline to initial 

SS value and then a slow rise to the new steady state. 

Figure 17.3 shows the same transient but in this case the time constant 

multiplier k was set to 10. In this case the primary exit temperature 
t/t 

shows a more reasonable behavior but here too instead of a (1 - e ) 

characteristic as expected, the exit temperature reaches a maximum at 30 sec 

followed by a slow decrease for which there is no physical explanation. 

for the primary exit response to be reasonable it should follow the 

primary average temperature and if possible with some delay. Such a 

response is achieved in Fig. 17.4, which shows the same transient with 

the constant multiplier set to 1000. 

17.4 Application of the STGEN1 Module 

To use this module the geometrical characteristics of the lumped 

parameter SG must be defined 

. DFSTGN#1(#,f,ilJ,l)JJJ,$JJ,ttJJJJ, 11,11); 

Fig. 17.3: Same as Fig. 17.2 except t. hit the time constant multiplier was 
set to 10. 
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where the parameters # are 

j/01-ISG 

#02-N 

#03-M 

#04-WSG 

#05-XWL 

#06-XRT 

//07-XRS 

#08-VSS 

009-NPIP 

rflO-WPRIM 

//11-WSEC 

012-PSGP 

#13-PSGS 

#14-XLAMDI 

#15-XLAMSl 

#16-XLAMS2 

#17-XLAMDX 

- Serial ID number of the steam generator. 

- Total number of steam generators in the simulation. 

- Primary fluid material indicator. 

- Power rating of the steam generator, w. 

- Length of tubes in the SG, m. 

- Tube internal radius, m. 

- Tube external radius, m. 
3 

- Shell side volume, m . 

- Number of SG tubes. 

- Primary flow rate, kg/s. 

- Secondary flow rate, kg/s. 

- Primary side pressure, Pa. 

- Secondary side pressure, Pa. 

- Economizer length, m. 

- Nucleate boiling region length, m. 

- Film boiling region length, m. 

- Superheated region length, m. 

Fig. 17.4: Same as Fig. 17.2 except that the time constant multiplier 
set to 1000. 
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#18-DELF - A time constant divider, divides M /w to modify transport 
P P 

delay. 

//19-10PF - If 1 primary side is in tube, if 2 secondary side is in tube. 

In addition to the above definition, it is advisable to provide 

primary and secondary inlet temperatures by using the DSNP data statement 

.DATA(STGN1)= ; 

ZTSGPI(I) - Primary inlet temperature for the Ith steam generator. 

ZTSGSI(I) - Secondary inlet temperature for the Ith steam generator. 

ZCORF(I) - Correction factor necessary to assure that the secondary exit 

temperature will not increase above primary input. This is 

set by default to 0. (This arbitrary increases average secondary 

temperature by increasing the weight of exit temperature in 

calculating the secondary average). 

To use this module in the simulation process the DSNP statement 

.STGNil; 

should be inserted in the IC and the dynamic section of a DSNP program. 
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18. A QUASI-STATIC GENERATOR MODEL 

(G. Meister) 

This module simulates a once through quasi-static moving boundaries 

steam generator. The primary and secondary fluids can f1)w in the same or 

opposite directions. Flow reversal during transient conditions and 

dryout are also permitted. 

18.1 Basic Assumptions 

The module is based on a quasi-steady state approach. This means 

that energy storage effects in the structure and in the fluid are neciected. 

The module, therefore, should not be used to simulate fast transients where 

such storage effects contribute essentially to the systems response. The 

static approach and some other simplifications have been made in order to 

obtain a module which combines reasonable accuracy in many practical 

applications and low computing times. 

The total heat exchanging area of the steam generator is subdivided 

into three parts as shown in Fig. 18.1 They correspond to the subcooled 

region, the evaporation region and the steam superheating region on the 

secondary side. In the subcooled region .single phase water flow is assumed. 

Any subcooled boiling steam generation is neglected. Single phase flow is 

also assumed in the steam superheating region which means that an entrain-

ment of water droplets in the steam flow is not taken into consideration. 

The boundary of the subcooled 

water regi -n is located at that dis

tance from the inlet where the water 

enthalpy reaches the saturation 

enthalpy at the pressure of the 

secondary side. The boundary between 

the evaporation region and the steam 

region is given by the saturation 

enthalpy of steam. The enthalpy of 

Fig. 18.1: Scheme of the moving bound- t h e s e c ° n d ^ y fluid in the evaporation 

ary steam generator model region, therefore, varies between the 

Water { Evaporation Steam 
regie . ' region region 

Heal exchanging oreo — » -
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saturation enthalpy of water and the saturation enthalpy of steam. The 

corresponding fractional steam mass flow (steam quality) varies between 

zero and one. Thermal equilibrium is assumed throughout the evaporation 

region. The fluid temperature is assumed to be constant and equal to the 

saturation temperature. 

The evaporation region is subdivided into two subregions with 

different heat transfer conditions on the secondary side. It is assumed 

that in the first subregion (adjacent to the water region) nucleate boiling 

heat transfer prevails, while in the second subregion film boiling heat 

transfer prevails. The boundary between these two suhregions is given by 

a value of the steam quality at which departure from nucllate boiling is 

expected to occur. The corresponding fluid enthalpy, therefore, is 

h2DNB " hsw + XXDNB ( 1 8-^ 

where h is the water saturation enthalpy and X the latent heat of water, sw r' 

The DNB-quality, X^NR> is evaluated from empirical correlations. The film 

boiling subregion is, of course, missing if the DNB- quality is equal to 

one. 

The locations of these boundaries depend on flow and inlet conditions. 

Therefore, they may vary during a transient. One or more of these bound

aries may even be missing under certain inlet conditions. Thus the number 

of regions actually present on the secondary side may be smaller than four. 

The following additional assumptions had been made to simplify the 

module: 

1. The spatial variation of the heat transfer coefficient on the secondary 

side is small in every region and can be replaced by some suitable 

average. (The heat transfer coefficients for different regions, however, 

may change by more than an order of magnitude). 

2. The spatial variation of the heat transfer coefficient on the primary 

side is small throughout the primary channel and can also be replaced 

by some suitable constant. 

3. The specific heat capacity at constant pressure on the secondary side 

is also nearly constant in every region and can be replaced by some 

suitable average too (the capacities for the different regions may 

be different). 
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4. The secondary fluid flows through a certain numher of parallel tubes 

which all have the same dimensions, wall materials and inlet conditions. 

18.2 The Model Equations 

From the steady state continuity equation it follows that the primary 

mass flow, w, and in the secondary flow, w„, are constant throughout the 

steam generator. 

From a steady state energy balance for the primary and secondary flow 

it follows that 

AH + AH2 = 0 (18.2) 

where AH, and AH- are the changes of the fluid enthalpy on the primary 

and the s jondary side. Since kinetic energy terms are neglected H may 

be expressed by 

H, = w. h. (i = 1,2) (18.3) 
i l l 

where h. is the specific enthalpy of the fluid. 

Equation (18.2) may be written in the form 

w, \u, . - h. ) = - w, (h„. - h0 ) 1 li lo 2 2i 2o (h. . - h, ) = - w,(h,. - h,J (18.4) 

where h_ is the enthalpy of the secondary flow in the plane of the primary 

flow inlet and h in the plane of the primary flow outlet. Eq.(18.4) 

implies a sign convention for the mass flow in that sense that the signs of 

w, and w« must be equj.l for parallel flow and opposite for countercurrent 

flow. Both sides of this equation are equal to the total power transferred 

by the steam generator. 

The energy equation may be split into two equations 

dH dH 

dT = * Sl «1 : d T = S2 <2 (18.5a,b) 

where q, and q_ are local heat flux densities and S., S_ the heat exchanging 

perimeters of the flow channels. Since no heat storage is assumed it follows 
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steam-generator model only for a certain value of Its transfer function. 

For the initial state, therefore, f will be determined in such a manner 

that compatibility of the heat transfer function with the specified primary 

outlet temperature is attained. During the subsequent transient this 

value of f will be kept constant. The value of f, obtained in this way 
A A 

will normally deviate from the theoretical value because this procedure 

alcn compensates at least partially for simplifications in the program 

such as, for instance, the space independence of heat transfer coefficients. 

It may be regarded as an indication that the parameters of the simplified 

model are properly chosen if the value of f determined in this way does 

not deviate more than about 30% from the theoretical value obtained from 

correlations. 

The heat transfer coefficient on the secondary side is different 

for the different regions. In the water region the Dittus-Boelter 

correlation for convective heat transfer is used with the materials 

properties of water taken at the arithmetic mean of the inlet and the 

saturation temperature and with the inner tube diameter as the hydraulic 

diameter (subroutine WAPROP). The same type of correlation is used for 

the steam region »rhere the material properties of steam are evaluated at 

the arithmetic mean of the saturation and the outlet temperature (sub

routine STPROP). 

In the nucleate boiling region a correlation of the type 

T - - T = C q,°-3 (18.17) 
w2 sat BO 2 

is used where C is a pressure dependent factor (17). Since the fluid 

temperature in the evaporation region is equal to T an effective heat 

transfer coefficient may be derived from 

2B0 T - - T _ 
w2 sat 

resulting in 

1 0.7 

(18.18) 

M„ (18.19) 
2B0 C "2 
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For the determination of a^ the program takes the heat f]ux density at 

the boundary of the water and evaporation region. In order to obtain a 

smooth transition of convection and boiling heat transfer the following 

formula is used for the effective heat transfer coefficient in the nucleate 

boiling region 

a2 = /a2B0 + a2conv <18-20> 

where ot- is the heat transfer coefficient in the water region. 
2conv 6 

The steam quality at departure from nucleate boiling is evaluated 

by calling the subroutine WAXCH1. This routine i oased on a correlation 
(18} 

proposed by Wolf, France and Holmes. 

The heat transfer coefficient in the film boiling range is calculated 
(19) 

from a correlation proposed by Bishop, Sandberg and Tong by calling 

the subroutine WAHFBl. Since the coefficient, depends on the local value of 

the steam quality it is calculated for the average quality 

* = 'i ("DHB + l) (18'21) 

The specific heat capacity at constant pressure which relates enthal

pies to temperatures is constant for the primary gas flow. For the 

secondary flow effective values of C , independent of temperature, are 

used. The method of evaluation is described in the following section. The 

independence of the fluid temperature on enthalpy in the evaporation region 

can formally be taken into account by assigning an infinite C to this 

region. For the secondary flow, therefore, three different values of C 
P 

are used: 

water region C _ = C 
p2 pw 

evaporation region C _ = «° (18.22) 

steam region C = C 
6 p2 ps 

where C and G are effective values of C for the water and steam 
pw ps p 

region respectively. 

With regionwise constant values of Q the energy equations (18.10a) 

and (18.10b) may be written in the form 
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dT 
Wl V d F = " a eff ( T l " V <18-23a> 

and 

dT 
W2 °P2 dX"

 = aeff(Tl " V <18'23b> 

These two equations may be combined to 

d(T - T ) 

— 3 5 — ^ " " u(Tl - V (18-24) 

with 

(18.25) efr w. <~ . w, <-
1 pi 2 p2 

with the assumptions being made that [I is a constant in every region. 

When Eq. (18.24) is integrated from A to A . (where A and A ,, are 

region boundaries), one obtains 

(T1 - V n + 1 =
 (T1 - T2>„ e _ U A A ^18-26) 

with AA = A ,, - A . By eliminating T . using the energy balance (18.2) 

in the form 

Vh2n+1 " h2n> " " Wl Cpl<Tln+l " V (18-27) 

h2n+l "
 h2n = Cp2<T2n+l "

 T2n> <18-28) 

one obtains 

aeff(1 " e } 

h, ., - h, = - ^ n (T_ - T9 ) (18.29) 2n+l 2n w. U in 2n 

If the values of h„ , T, and T_ are known then this equation can be used 2n* In 2n 
to evaluate h, .i at the area position A ... If, in turn, h„ ,, is a 
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specified value representing a region boundary, then the area increment AA 

necessary to advance the enthalpy from h. to h„ ,. can be calculated by 

solving Eq. (18.29) explicitly for AA as follows: 

AA = - TJ In 
(h, ,, - H. )w„U 

. 2n+l 2n 2 

eff In 2n 
(18.301 

The corresponding primary temperature may then be obtained from the energy 

balance equation (18.27). 

18.3 The Solution Procedure 

For the water region an effective value of C is evaluated from the 

difference quotient 

h,. - h 

P 2in sat 

if the water at the inlet is subcooled and therefore h„. < h 
2 in sw 

If this equation is not applicable because no subcooled region exists 
then the true value of C on the saturation line is used. For the steam 

P 
region the effective C is calculated from the difference quotient 

fi - h 
r = -JOS. . s8 (iR 32} 
pw T - T ^ U 8 , w 

sc sat 

where h is an enthalpy in the steam region (h > h ) and T the 
sc sc sg sc 

corresponding steam temperature. 

For the initial state h is taken to be equal to the steam outlet 
sc 

enthalpy which is calculated from the prescribed primary outlet temperature 

by using the energy balance equation (18.4). In subsequent transients h 

will be defined by 

h = h + Ah (18.33) 

sc sg sco 

with 

Ah = (h, .. - h ). .... . (18.34) 
sco 2out sg initial 
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i.e. by a fixed distance from the saturation line. This method ensures 

exact reproducibility <{ the solutions for the same boundary conditions. 

Temperatures and enthalpies required by the program are provided by 

calling the following subroutines with the secondary pressure and the 

appropriate temperatures as parameters: 

Saturation temperature: WASAT1 

Inlet enthalpy corresponding WASPTl 
to the water inlet temperature: 

Saturation enthalpy of water and WASPTl 
saturation enthalpy of steam: 

Steam temperature T corresponding 
to the enthalpy h ?c WASHP2 

sc 

To explain the solution procedure used in this module we consider 

first a concurrent steam generator with subcooled feed water supply. The 

flow chart given as Fig. 18.2 may also be used to understand the procedure 

described below. 

The evaluation starts at the inlet (n=l) where all conditions (feed 

water inlet temperature and gas inlet temperature) are known. The routine 

then evaluates the area increment necessary to attain the saturation 

enthalpy of water. If this increment is larger than the available heat 

exchanging area this region is identified as the final region and the 

program will calculate the outlet conditions using Eqs. (18.29) and (18.27). 

If the avialable area is larger than the area required by the first region 

then the program will calculate the temperatures and the heat fluxes at 

the upper region boundary. It subtracts the area consumed by this region 

from the available area and will proceed to calculate the next region 

boundary. In this way a loop is formed, which is terminated if either 

the area increment is alrger than the available area or if the last area 

is the steam region (which has an unlimited area increment). 

If the steam generator is operated with countercurrent flow and if 

not only the initial status is considered, then the solution procedure 

is faced with the problem that at the starting point not all conditions 

This would not be guaranteed if, for instance, C would be evaluated 
ps 

from the secondary outlet enthalpy attained at the previous time step. 
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are known. If the procedure starts, as described above, in the plane 

of feedwater inlet then the corresponding primary fluid temperature is 

the gas outlet temperature, which is one of the dependent variables tc 

be determined. The solution procedure will be started in this case with 

some initial guess for the gas outlet temperature. If this guess is not 

correct then the evaluated temperature at the end of the final region 

will deviate from the prescribed gas inlet temperature. The program 

Set available area = 
total heat exch. area 

Determine type of first region 
from inlet conditions 

Determine enthalpy of upper 
region boundary and evaluate 

area increment A A 

4> iavail area 

< avail, area 

Evaluate temperatures and 
enthalpies at upper region 

boundary 

Evaluate new available area 
by subtracting area consumed 

by region 

Determine type of next region 

J 

Final region: 
evaluate temperatures 

and enthalpies at outlet 

Fig. 18.2: Flow chart of variable boundary evaluation scheme 
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will initiate an iteration procedure which modifies the gas outlet temper

ature and repeats the evaluation procedure until the prescribed boundary 

conditions are satisfied. Convergence is attained and the iteration ter

minated if the absolute value of the difference between the prescribed gas 

inlet temperature and the primary temperature at the end of the final 

section becomes less than a specified error tolerance. 

The iteration process is controlled by the general purpose iteration 

subroutine 1TERA0. This routine determines iteratively that argument 

of a function for which this function becomes equal to zero. It is based 

on a search step procedure which changes over to linear interpolation when 

the zero-point has been bracketed. The same iteration procedure is used 

for determining the heat transfer adaptation factor f. (Eq. 18.16). 

In this case f will be modified until the evaluated and specified gas 

temperatures fit. 

18.4 Application of the SGK.FA2 Module 

The SGKFA2 module is located in the levei-2 DSNP library. To define 

a steam generator the following statement is used. 

. DFSGKFA#(#,dJJJJJJJJJJ,#,#,#,#,#,#,#); 

The # symbols indicate parameters of the SCKFA definition and have the 

following meanings: 

#01 serial number of the steam generator. 

#02 number of steam generators in the sumulated system. 

#03 primary fluid material identifier. 

#04 wall material identifier. 

#05 primary flow, in kg/s. 

#06 secondary flow, in kg/s. 

#07 primary side pressure, in Pa. 

#08 secondary side pressure, in Pa. 

#09 number of steam generator tubes. 

#10 tube length, in m. 

#11 tube internal radius, in m. 

#12 tube external radius, in m. 

#13 adaptation factor for the primary side heat transfer coefficient. 

#14 hydraulic diameter of the primary flow, in m. 
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#15 hydraulic diameter of the .-.̂ condary flow, in m. 
2 

#16 flow cross section area on the primary side, in m . 
2 

#17 flow cross section area on the secondary side, in m . 

#18 maximum permitted iterations. 

#19 initial iteration step size. 

#20 error tolerance for the iteration procedure. 

After the module is properly defined a subroutine is created by the 

DSNP precompiler 

SUBROUTINE SGKFB2 (IG, WPRIM, WSEK, PG, PSEK) 

where IG steam generator serial number. 

WPRIM primary mass flow rate, in kg/s. 

WSEK secondary mass flow rate, in kg/s. 

PG primary pressure, in Pa. 

PSEK secondary pressure, in Pa. 

The module can then be used in the simulation by the following DSNP 

statement: 

. SGKFA2; 

As an example, the tollowing definition was used in the study 

simulating one of the PNP-500 steam generators. 

. DFSGKFA2 (1, HE, SS, Wl, -Wl, PI, P2, 168, 78.6, .0077, .01, 

2., .0314, .0154, 1.654, .0313, 20., 50., 2.); 
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19. THE MOVING BOUNDARIES STEAM GENERATOR MODEL 

(A. Sharon, D. Saphier) 

A model for a steam generator (SG) in a HiRti Temperature Gas Cooled 

Reactor (HTGR) was developed for the purpose of overall plant simulation 

by the Dynamic Simulation of a Nuclear Power Plant (DSNP) computer lan

guage . The model is directed to provide good estimates of the heat 

removal by the water and the temperature distribution in the primary 

fluid during a transient in operation. Since the SG is only one of the 

numerous components in the flow loop, it is required that the model be 

simple and uses little computer time. 

In the primary loop of an HTGR, helium, which serves as a reactor 

coolant leaves the reactor at 1000 C. Part of the heat, between 1000 and 

700 C, is removed by a heat exchanger supplying process heat. The rest 

of the heat, between 700 and 290 C, is used to produce superheated steam in 

a steam generator. The SG is of a once-through, helical tube design. Helium 

flows from top to bottom in the shell, while water and steam flow in the 

opposite direction inside the tubes. Subcooled water enters at 150 C and 

leaves as superheated steam at 540 C and 115 bar 

The difficulty in modelling an SG is the large variations of the ther-

malhydraulic properties in the water side. Subcroled water enters the tubes, 

changes into a two-phase mixture of water and steam and exists as super

heated steam. Consequently, heat transfer coefficients and friction factors 

are changing by orders of magnitude with discontinuities at various 
(21) 

locations 

The moving nodal boundaries model used in this study tracks the loca

tions where the thermalhydraulic behavior changes sharply. Each region 

represents a well defined physical regime, within which physical properties 

and transport characteristics are smooth and slowly varying. This moving 

boundary model results in more complex differential equations, however, 

the results are comparable to more detailed models and the running time is 
(22) 

shorter than in models having many axial nodes 

The SG is represented by three moving internal boundaries (four regions) 
(23) 

which are the phase boundaries and the dryout location . In cases where 

subcooled boiling is important, an additional boundary is required at the 
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boiling incipience. Accuracy can be improved by dividing each region into 

equal length subregions. 

19.1 Description of the Model 

A schematic description of the four regions moving boundary model is 

shown in Fig. 19.1. The detailed physical description of the model is 

given below. 

19.1.1 The Nodal Representation 

The four axial regions in the SG are determined by the steam-water 

thermodynamic quality, x: 

SHELL WALL TUBE 

GHin 
THin 
P H in 

Gsx 
Tsx 
psx 

Superheater 

( i M ) 

Film boiling 

( i = 2 ) 

(post dryout) 

Nucleate boiling 

( i = 3 ) 

Economizer 

( i = 4 ) 

L 2 L , 
THI 

T H 2 

T H , 

M 

Twj' 

do 

TH5 

TSI • Zi 

Tsat 

L*3 

t > 4 

GSSH 
TSOt 

Tsot 
GsFB 

Tsat 

Tsot 

— • 

GHX GS i 

1 r" 
- X= I 

zi 

-XD.o - Dryout 

I Z< 

X in<0 

Fig. 19.1: Schematic description of the steam generator and the thermal-
hydraulic variables. 
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(h - \ ) / \ t (19.1) 

where h is the enthalpy and subscripts I and gJt refer to saturated liquid 

and change of phase, respectively. The four regions represent distinct heat 

transfer mechanisms: 

Economizer x i x < 0 (x. - inlet quality) 
in in ^ 

Heat is transferred to subcooled water. 

- Pre-dryout 0 < x < x^ (x„ - dryout quality) (also termed Nucleate 

Boiling region) 

Heat is transferred by boiling and two-phase forced convection in annular 

flow. 

- Post-dryout x < x < 1 (also termed Film Boiling region). 

Heat is transferred through a steam film adjacent to the tube wall. 

Super heater 1 < x < x ._. v exit 
Heat is transferred to superheated steam. 

In the present study the wall heat flux is rather low due to the large 

heat resistance on the helium side. Consequently, the subcooled boiling 

regime takes only a small fraction of the total heat transfer area and thus 

can be ignored in a simplified model. 

In the radial direction the SG is divided into three regions: 

1) Shell side - helium 

2) Wall - (r. and r are the inner and outer radii) 
1 O 

3) Tube side - water/steam. 

The twelve (four axial by three radial) regions of the steam generator 

and the thermal-hydraulic variables are shown in Fig. 19.1. 

19.1.2 Moving Boundary Representation of the Conservation Equations 

(21) The general one-dimensional form of the conservation equations 

is given by: 
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where the index i denotes the axial region (i = 1-4), p is the density 

and G is the mass velocity, B, y and 6 are defined below 

for continuity: 

for momentum: 

for energy: 

B = Y = 1 ! 

B = Y = V | 

B = u ; y --

[6 = 0 
3P 

! T - - jj - Pg 

• h ; S = q'/Af 

- F 
r 

(19.3) 

where V is the fluid velocity; g is the gravitational acceleration in the 

flow direction; u is the internal energy; 3P/3z is the pressure gradient; 

q' is the rate of heat transfer per unit length; A, is the flow cross 

sectional area and F is the frictional pressure loss. 

Integrating equation (19,2) along the two moving boundaries L.(t) 

and L ,.(t) in the flow direction, and applying the Leibnitz rule, leads to: 

d(pB)i (pB) i + 1 - (P8)i dL ± + 1 (pS). - (pB)i dLt 

+ T. ~dtT 

(19.4) 

dt Z dt 

(GY)± - (GY)±+1 _ 
+ ^ — + «. 

Zi 

where: 

i+ 

X T 

(pB)4 = $- (PB) dz (19.5) 

"i 

and 

Zi " Li+1 "
 Li 

Assuming that the average can be expressed by a linear approximation: 

(pB) + (PB)H+1 
(pg)i ^ m (19.6) 
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equation (19.4) becomes 

dCpB^ (PB)i+1 " <PS)i dLi (Gy)i - (Gy).+1 

Hr^m T. dt" + z~^+6i < 1 9 - " 

where 

4 = (L. + 1 + L^/2 (19.8) 

At steady-state eq. (19.7) (or eq. (19.4)) becomes: 

G. = G.,, = G (continuity) 
l l+l 

and (19.9) 

19.1.3 Applying the Moving Boundary Equations to a Steam Generator Model 

The simultaneous solution of the three conservation equations at each 

region consumes a lot of computational efforts. The short characteristic 

times associated with the momentum equation require small time steps in the 

integration process, while the energy and continuity equations have a 

rather long time constant and permit large time steps. Consequently, a 

stiff integration scheme is required for the solution. Only the thermo

dynamic equations are solved in the SG module. The momentum equations are 

solved by the DSNP hydraulic network solver. This method is used in most 

DSNP modules. In this model, short time responses _o a large step change 

in operational parameters, such as water side blow-down, are not handled 

accurately. These fast transients are usually out of the scope of interest 

of the overall plant simulators, and should be handled by detailed codes 

designed for these specific purposes. 

In the gas side, density changes during transient are relatively 

small, therefore the energy equation governs the temperature response. 

In the water-steam side, on the other hand, the large change in density 
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due to the change of phase makes it necessary to consider both energy and 

continuity equations simultaneously. Equation (19.7) for continuity 

becomes: 

dp. p ± + 1 - p. dL. G. - G ± + 1 

dt Z. dt Z 

and for energy: 

+ y (19.10) 

C K P U ) , ( P u ) m - (pu). dL. (Gh), - (Gh).+1 Q. ( 1 9 > u ) 

dt - Z. dt Z. A f Z t 

Q., the overall heat transferred in region i, is calculated by: 

Q. = — , ; / - • > 2nZ.n (19.12) 
i , £n(r /r.) l 

—L + °_J_ 
H, r. 2k i I w 

where n is the number of tubes; k is the wall thermal conductivity and 

H is the heat transfer coefficient calculated by appropriate correlations 

listed in section 19.6. 

Other major assumptions and simplifications are: 

Complete thermodynamic equilibrium exists between liquid and vapor in 

the two-phase region. 

- Uniform pressure is assumed in the tubes on the water side. 

- The dryout quality is calculated at each time step by an appropriate 

correlation; however its rate of change is assumed negligible for 

transients that involve changes in flow rate and heat flux. 

- Pressure drop in the gas is negligible. 

Gas flow is uniform in the shell. 

- The wall is represented by its temperature at half of its thickness 

(see Fig. 19.1). 

- The wall energy changes due to the moving boundaries are negligible. 
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Bv limit i..g the model to slow transients on tho secondary side (mainly 

pressure and inlet temperature) eqs. (19.10) and (19.11) can be further 

simplified. The derivatives of P and u at the water side hoiindaries (except 

at the steam exit) can he neglected because the boundaries are chosen at 

locations where these properties are assumed to be constant. Tho detailed 

equations are listed in section \9.3 and are similar to those derived by 
(23) (22) 

iie in and Yahal om and May and S i ngor 

19.2 Method of Solution 

The general solution procedure is to determine t lie length and the heat 

transferred at each region from tho water side equations. This information 

is then substituted into the wall and helium energy balance equations to 

determine their respective temperature distribution. The data required 

for the solution are the operating conditions, design data and the heat 

transfer correlations. The operating conditions include the water and gas 

inlet temperatures, pressures and flow rates. The design data include the 

SC length, the rated power and the number of tubes. 

The St; model has an initial condition (1C) section and a dynamic section. 

In the steady state section the rated power is used to determine the steam 

outlet enthalpy and the heat transferred at each region eq. (19.9). The 

gas and wal1 temperatures at each region are determined and the 1ength of 

each region is then calculated by eq. (19.12). Iterations are required 

since some hen* transfer coefficients are dependent on the wall temperature. 

The detailed equations are given in section 19.i The calculated tube length 

can be different from the designed value, and a correction factor has to be 

introduced as the ratio of the designed to the calculated length. The heat 

transfer resistances and the region's length are modified by this factor. 

The dynamic calculation follow the 1C calculations using the IC values 

of state variables. The twelve differential equations, listed in section 19.3 

are integrated to obtain the gas and wall temperature distribution, the 

steam outlet temperature and the length of the axial regions as a function 

of time. The heat transfer at each region and the water/steam flow rate 

distribution are also determined at each time step by eq. (19.12) and 

eqs. (19.20, 19.2i) and (19.28). 

If the transient response tends to the disappearance of the super

heater, or even the two-phase regions, the length of the last region, h., 
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is determined by L-L._, (or dL. = -dL. ,/2). Equations (19.10) and 

(19.11) are then used to calculate pu and thus the exit water-side 

enthalpy. 

19.3 Detailed Water Side Equations 

19.3.1 Economizer 

We denote this region by i = 4. In this region dL,/dt = dZ,/dt; 

p = const and T = T Hence eq. (19.10) becomes: s, sat 

i;sin = G s 3 <19"13> 

andeq. (19.11): (T4 = ( T ^ + T^/2): 

dT , T -T . dZ. G . C.(T . -T .) Q, 
_ . d sat sin 4 sin 4 sin sat' , 4 ,,a ,,., 
C A F = % 2Z -̂dt- + T. + A 7 7 ( 1 9 - U ) 

M 4 f 4 

For a constant P . and T . df /dt = 0, and eq. (19.14) becomes: s in sin 4 * n 

dZ, 2G . 2Q. 
4 sin 4 dt - P4 - A f P 4 C 4 ( T s a t - r g . n ) (19.15) 

Q, is calculated by eq. (19.12) and at steady state: 

T - T 

G . A,C,(T -T , ) = Q. = sin f 4 sat sin 4 Z TI'2TT 
''sin'W sat lsin' Hk . Hn(r /r.) 4 

— — + ° . x 

h.r. 2k 
4 in w 

19.3.2 Nualeate Boiling Region (also termed Pve-dryout Region) 

Equation (19.10) for this region is: 

d p3 PDO " P£ d L3 A
 Gsin-GFB 

dt Z. dt Z •f ""' ^ (19.17) 
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For a constant pressure d(pu) = d(ph) - dP = d(p['i) and equations (19.11) 

becomes: 

d (Ph>3 (Ph)^ -(Ph)£ --:3 (Gi), - (Gi)D_0_ Q3 

+. - ^ + _^_ (19.18) dt Z 3 dt Z 3 A f2 3 

The average properties can be calculated by the average void fraction 

a3: 

J «• J &*• (19.19) 

<Ph)3 = (ph\ + a3(ph) . 

where subscript gJl refers to the. difference between the saturated gas and 

liquid properties. 

After some algebraic manipulations, eqs. (19.17) to (19.19) lead 

to: 

h D o P g l - ( P « g l < 1 9 - 2 0 > 

and for d ,/dt = 0 (constant pressure and slowly varying flow rate) 

^ 3 «H ,, 2(GFB - Gsin) (19.21) 
dt " " dt P g £a D 0 

at s.s.,G„D = G . and eq. (1<>.20) leads to: 
r D Slu 

GsinAf(hD0 " V = Q3 (19.22) 

where 

hD0. = h£ + XDO \ l 
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19.3.3 Film Boiling Region (also termed Post—Dryout Region) 

With similar assumptions as for the pre-dryout region, the flow rate 

to the superheater is: 

G 
( Q 2 P B t / A f ) + c F B f hD Q P K t - < P h ) e t ] 

SH h P . - (Pli)„. (19.23) 

and for dp?/dt = 0 the rate of change of the region's length is: 

dh ±1 +
 2(GSH-GFB) 

dt " " dt P g,d-« C H F) (19.24) 

At s.s. 

G,„ = G . and G . (h - li ) = Q„ (19.25) 
FB sin sin g DO 2 

19.3.4 Superheater 

Equations (19.10) and (19.11) for a constant pressure are: 

dpt px-pg dL2 GgH-Gsx ( 1 9 2 6 ) 

dt 2Z dt Zj 

dCpfc^ _ (Ph)x-(ph)g dL, (Ch)R - (Gh)x ^ _ (19>27) 

dt ~ 2Z. dt z A_Z 

I f we assume t h a t dT. = dT /2 and t h a t d (ph ) = pdh + hdp = [pC + h ( 3 p / 3 T ) ]dT 
1 x P P 

e q s . ( 1 9 . 2 6 ) and (19 .27 ) become: 

= Ci|< - A» 
sx D* - Bi). ( 19 .28 ) 

and 

x - A" ~ C B n o ?q\ 
d t ~ ' D* - B* ( 1 9 . 2 9 ) 
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where: 

i|i = (3p/3T) (evaluated from steam tables 

* = P c + H.i|> 
i Pj i 

A Z dt Z1 

B = 2/Zx 

c _ (ph)x-(ph) dLj + 2 ^ _ + 2GSHhg 

z i d t Vi zi 

(19 

(19, 

(19, 

(19. 

(19 . 

(19 . 

.30) 

.31) 

.32) 

.33) 

.34) 

35) D = 2h /z. 
x 1 

At s.s. 

Gou = G = G . (19.36) 
SH sx sin 

G , A.(h -h ) = Q 
sin f x g sl 

19.4 Detailed Primary Side Equations 

In view of the previously discussed assumption, eq. (19.11) for the 

gas is: 

fi W V W , Qoi . V V l f i (19.37) 
d t ' W l AfHZiVi Zi d t 

At s . s . 

W y V r V • Qoi (19-38) 

where 

T - T 
M i H j 

Q o i = " T . Hn(r / r . ) V ' 2 1 1 (19.39) 
ti „ + o i 
o o 2k 

w 
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19.5 Detailed Wall Equations 

The wall energy equation, ignoring the changes in stored heat due to 

the moving boundaries is: 

dTw. Q. + Q . 
i = l oi 

dt (ApC) Z (19.40) 

2 2 
where A is the wall cross sectional area Ti(r - r.). At s.s. 

w o i 

Qoi + Qi = ° (19.41) 

from which the wall temperature is calculated as: 

fcn(r /r.) , Hn(r /r.) 

o o 
fcn(r /r.) 

i i w l o_o w i (19.42) 

L +_L_ x_ .\o_l' 
H.r. H r k 
1 1 O O W 

19.6 Thermohydraulic Correlations 

19.6.1 Heat Transfer Correlations 

Single phase fluid (Dittus Boelter correlation (Water, superheated 

steam and gas) 

Nu = 0.023 Re°-8Pr°-4 for Re > 104 (19.43) 

Pre-dryout heat transfer (Thorn's correlation) 

li = (T -T )exp(2.302-10~7p + 7.587) (19.44) 
w sat 

Post dryout heat transfer (Bishop's correlation) 

, m in"2 „ 0-8 1.23 , , .0.68 , , ,0.068 ,,„ ,c. 
Nu = 1.93-10 Ref Pr£ (p /p) (p /p ) (19.45) 
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where subscript f denotes steam properties at average film temperature, 

and p is the average mixture density, calculated by eq. (19.50). All the 

correlations are recommended by Refs. 21 and 22. 

19.6.2 Dryout Conditions (Wolf, France and Holmes, Ref. 18) 

0.994(1-P/P J1-054 

*D0 = - ^ 3 ^ 0 ^ (".46) 

where P is the critical pressure (222.6-10 Pa) and G is the mass velocity. 

19.6.3 Average Density 

The average density in a two-phase region is taken as: 

x 

A -X, 
O 1 ' 

P dx (19.47) 
TTl 

X . 

where P is the mixture density calculated by 

p = ap + (l-a)p (19.48) 
m g *• 

The void fraction a is related to the quality by: 

i + i ^ 6 
(19.49) 

where 6 = (p /<OS and S is the slip ratio. Substituting (19.49) into 

(19.48) and (19.47), assuming a constant S, the average density is 

calculated by: 

p 6+x (l-<5) , 6+x (1-6) 

P • ^ x 7 ( i ^ £n a+x°(i-6) + 77772 I U - S H V V " " n ™ i 1 1 ( 1 5 ' 5 0 ) 

o i i ( l -o j i 
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19.7 Results and Discussion 

The operating conditions at designed steady state are listed in 

table 19.1. The resulting temperature distribution is shown in Fig. 19.2. 

Table 1: Operating conditions at designed steady-state 

inlet temp. C 

pressure, 10 Pa 

flow rate kg/s 

water 

150 

115 

54.7 

gas 

695 

40 

73.8 

Rated power: 154.3 MW 

Tube length: 73.61 m 

700 

6 0 0 -

~ 5 0 0 -

•400 

300 

2 0 0 -

Heal transfer area (%) 
36.6 51.9 

T s x . 554.1 

30 40 50 
Tube length (m) 

Fig. 19.2: Temperature distribution at designed steady state. 
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It should be noted that at the given steam pressure only 28% of 

the total heat is transferred in the two-phase regions (36% of the total 

heat transfer area). The economizer and the superheater are rather long 

(36.6 and 26.8% of total length, respectively) and considerable percentage 

of the heat is transferred in these regions. The heat resistance in the 

gas side is rather large (5-10 times the water side resistances) and 

hence the results are not sensitive to the water side heat transfer 

coefficients. The large overall thermal resistance leads to a pitch 

temperature difference of 84.4 C which is much larger than the pitch 

temperature in typical PWR steam generators (order of 7-10 C). 

The model was tested with six different transient events. At each 

test a step change of 10% at t=l sec in one of the SG inlet variables 

was made. The variables that were changed are the helium and water flow 

rate and the helium inlet temperature. Each perturbation was inserted 

once as a positive and once as a negative step. 

The SG response to a positive 10% step in the gas flow rate is shown 

in Fig. 19.3 to 19.7. The helium exit temperature (Fig. 19.3) increases 

rather slowly indicating an increase in overall heat transfer due to the 

increase in the Reynolds number. The steam exit temperature, on the other 

hand, decreases initially by ^1% and then slowly increases. This initial 

decrease is due to the initial increase in evaporation rate in the two-phase 

regions leading to a sharp increase in steam flow rate (shown in Fig. 19.7). 

II 

S ID 

10 

Steam exit 

Helium exit 

20 30 

Time (sec) 

40 50 

Fig. 19.3: Steam and helium exit temperature response to a 10% step 
increase in helium flow rate at t=l sec. 
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The sharp increase in steam production will lead to some increase in pressure 

drop which was not accounted for by the model. Decrease in inlet flow rate 

might change this short term transient. A few seconds later the steam 

flow rate returns slowly to the water inlet flow rate and the gas excess 

energy results in an increase in the steam temperature. 

The heat transfer in each region increases initially, as shown in 

Fig. 19.4. As the steam fLow returns to the inlet flow, the heat transfer 

in the economizer and the two phase regions return to their initial values 

while an increase in the superheater is experienced. The total heat 

transferred in the SG goes through a maximum and achieves a new steady 

state value. The relaxatio?! time of the heat transfer in each of the 

regions is rather long (>30-50 sec), while the total heat transfer rate 

reaches a new steady state value after MO-15 sec. Similar results were 

observed in other transients. 

0 10 20 30 40 50 
Time (sec) 

Fig. 19.4: Rated heat response to a 10% step increase in helium flow 
rate at t = 1 sec. 
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The boundary locations and their length are shown in figures 19.5 

and 19.6. The economizer length (Z,) is decreasing by M 5 % while the 

superheater length is going through a minimum, immediately after the 

perturbation, and then to a new steady state about 30Z longer than its 

initial value. The minimum is the result of the increased steam production. 

The response to a positive 10% step in water inlet flow rate is shown 

in figures 19.5-19.11. The decrease in helium temperature is due to the 

increase of the overall heat transfer (^3%). As previously, the total heat 

transfer rate reaches a new steady state (s.s.) after ^10 sec while the 

heat transferred at each region approaches s.s. after 30-50 sec. As one 

might expect, the economizer length increases while the superheater length 

decreases. The length of the two phase regions does not change signi

ficantly (Fig. 19.10). 

In figure 19.12 the exit temperatures due to a positive and negative 

step in helium inlet temperature are shown. The response to a positive 

step is almost a mirror image of a negative step. The responses of the 

other parameters are as expected, with minor transients following the step 

change. 

19.8 Conclusions 

The dynamic response to perturbations in the operation conditions are 

as expected. The response of most of the variables is characterized by a 

100 

60 

6 0 -
.2 
B 

a 
>s40 
o 
C 

O 

" 2 0 

I 

Superheater 

Film boiling (post dryout) 
Dryout boundary 

Nucleate boiling 

Economizer 

I 
0 10 20 30 

Time (sec) 
Fig. 19.5: The change in boundary location due to a 10% step increase 

in helium flow rate at t = 1 sec. 
the feed water entrance. 

40 

L.(t) is measured from 

50 
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slow time scale of the order of 50 sec. A much shorter time constant is 

observed in the response of the total heat transfer rate (MO sec). 

The steam exit flow rate has a fast response shortly after the perturbation, 

however, its relaxation time is long. This behavior leads to some small 

amplitude transients in several variables shortly after the perturbation. 

These transients disappear after about 5 sec and the steam generator slowly 

approaches its new steady state. 

The model thus describes properly the long term response to a step 

perturbation. The short term response should be considered only as a first 

approximation since changes in water side pressure may modify the inelt 

flow and saturation temperatures. 

19.9 Application of the STGEN2 Module 

This module is located in the level 2 DSNP library. To use this 

module in a DSNP simulation program, the following definition should be 

included in the program definitions segment 

. DFSTGEN#(#,#,#,#,#,*,#,#,#,#,#JJJ,#); 

0 O 20 30 40 50 
Time (sec) 

Fig. 19.6: The change in length of each region due to a 10% step increase 
in helium flow rate at t = 1 sec. 
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where the parameters # are given by 

#01 - A single character identifier of the SG . 

#02 - Shell side fluid indicator. 

#03 - Wall material indicator. 

#04 - SG tube length, m. 

#05 - SG height, m. 

#06 - Number of SG tubes. 

#07 - Tube internal diameter, m , 

#08 - Tube external diameter, m , 

#09 - Shell side hydraulic diameter, m. 

#10 - Power rating of steam generator, W. 
2 

#11 - Flow area shell side, m . If >0 shell side is primary, if <0 

shell side is secondary water/steam, 

#12 - Absoluter error (not in use), 

#13 - Relative error (not in use). 

#14 - Maximum static iterations (not in use) . 

0 10 20 30 40 50 

Time (sec) 

Fig. 19.7: The response of tube side mass velocity to a 10/i step increase 
in helium flow rate at t = 1 sec. 
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#15 - Not in use 

#16 - Helium Atomic weight (not in use) 

In addition to the above definitions it is advisable to provide 

initial values to some of the inlet variables which are usually supplied 

by other modules. This should be done by the DSNP data statement 

. DATA(STEGa5)= ; 

where a is the steam generator identifier. 

ZFCSla - Flow rate into the tube side, kg/s. 

ZFCHIa - Flow rate into the shell side, kg/s. 

ZPGSla - Pressure at inlet to tube side, kg/s. 

ZPGHIa - Pressure at inlet to shell side, kg/s. 

ZTGSIa - Temperature at inlet to tube side, C. 

ZTGHIa - Temperature at inlet to shell side, C. 

0 10 20 30 40 50 
Time (sec) 

Fig. 19.8: Steam and helium exit temperature response to a 10% step increase 
in feed water flow rate at t - 1 sec. 
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Fig. 19.9: Rated heat response to a 10% increase in feed water flow rate 
at t = 1 sec. 
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Fig. 19.10: The change in length of each region due to a 10% increase 
in feed water flow rate at t = 1 sec. 
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Fig. 19.11: The response of the tube side mass velocity to a 10% step 
increase in helium flow rate at t = 1 sec. 

20 30 
Time (sec) 

Fig. 19.12: Steam and helium exit temperature response to a 10% step 
increase and decrease in helium inlet temperature at t = 1 sec. 
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