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ABSTRACT

The three one-dimensional conservation equations of mass, momentum
and energy are solved by a stable finite difference scheme which allows
the time step to be varied in response to accuracy requirements.

Consideration of numerical stability is not necessary. Slip
between the phases is allowed and descriptions of complex hydraulic
components can be added into specially provided user routines. Intrinsic
choking using any of the nine slip models is possible., 2a pipe or fuel

model and detailed surface heat transfer are included.
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1. INTRODUCTION

Computer codes for simulation of loss-of-coolant accidents {LOCA)
in nuclear power reactors have been written at many reactor research
establishments throughout the world. All these codes suffer from one or
more of the following problems.

1.1 Very Short Time Steps

In most codes, the time step is limited in size by numerical
instability; wusually the time step must be less than the time for a
pressure or sound wave to cross one segment in the finite difference
mesh. Because of the high speed of sound, particularly in sub-cooled
water, this time step restriction can lead to very long computation
times.

In 1971, Porsching et al. published an implicit finite difference
method which allowed larger time steps for some calculations. This
method was first incorporated in the FLASH-4 code [Porsching et al.
1969] and, more recently, in RELAP-4 [Moore & Rettig 1973] and FIREBIRD
[Tong 1975]. 1In practice, the method has not removed the time step
problem ([Spinks 1975, Sulliwvan 1975].

The finite difference scheme used in NAIAD has been found stable
for all calculations to date and the time step size can be chosen on
accuracy considerations alone. This finite difference method is a
further development of Turner [19692, 1972] and Turner & Trimble [1974(a)].

1.2 Slip Not Allowed

It is well known that in most two-phase flows the two phases move
at different velocities. In such situations, flow (or mass velocity
weighted) enthalpy

H = <uhd >/

is larger than static (or density weighted) enthalpy
H, =< ha>/p . '

Thus, enthalpy storage and flow cannot both be correct if slip is not
allowed for. UNine slip models are available in NAIAD and others may
eagily be added.

1.3 Inadequate Momentum Flux Treatment

Several codes neglect this term of the momentum equation [Rettig et
al. 1970; Porsching et al. 1969]. The treatment of Moore et al. [1973]
has been incorporated in RELAP-4 [Moore & Rettig 1973]. However, this

model (homeogeneous flow and thermodynamic equilibrium} was shown by



Isbin et al. [1962] to give far too large an acceleration pressure drop
for nearly choked two-phase flows, the flows at which momentum flux is
important. The KECL code RODFLOW [Elliott 1968] satisfactorily includes
momentum flux. The treatment in NAIAD gives reasonable agreement with
the pressure drop measurement of Fauske [1962] for nearly choked flow
[Turner & Trimble 1974 (b)].

1.4 Inceonsistent Choke Flow Treatment

The assumption of thermodynamic equilibrium and the specification
of a slip model fully determine choke flow rate as a function of throat
pressure and quality. In most codes both assumption and specification
are made hence a choke flow function is fully determined. This intrinsic
choke flow rate will only agree with experiment if the slip model is
correct and the assumption of thermodynamic equilibrium hoids. In most
codes, the slip model assumed is homogeneous flow which is well known to
give choke flow rates and pressure drops for near choke flow (those for
which the acceleration pressure drop dominates) which do not agree with
measured values. In these codes a choke flow rate fenction calculated
using a more realistic flow model is applied as a boundary condition,
and near choke flow is avoided as far as possible in the calculation.
Thus one slip model is assumed everywhere except at the throat which
requires another slip model. 1In NAIAD, the chosen slip model is used
both to determine the pressure gradient near the throat and to calculate
the choke flow rate., The fact that such a procedure can give agreement
with steady state measurements of both choke flow rate and near choke
pressure gradients was shown by Nahavandi & Von Hollen [1965], Turner &
Trimble {1974(b)} and Tremblay & Andrews [1971].

2. GENERAL DESCRIPTION

The NAIAD code solves the one~dimensional equations of conservation
of mass, momentum and energy by means of a stable finite difference
scheme., The code is not specific to any reactor type or, indeed, to
any particular pump, steam generator or other hydraulic component. The
components required for any problem are, if possible, described in the
input data in terms of variable area heated flow paths. The description
of these flow paths requires specification of geometric parameters and
selection of friction, slip and heat transfer options. Any components
that cannot be so described must be described in special FORTRAN routines
which are written by the code user for his particular problem or class

of problems.



Thus a NAIAD run consists of two parts. In the first part, the
special routines written for the problem in hand are compiled and linked
with the standard code to form a composite code. For many problems, the
standard code suffices and this step can be omitted. In the second
part, the required calculation is done using the composite code. The
calculations that can be done with composite codes are described in
Sections 2 and 3. The instructions for writing the special routines and
using the composite codes are contained in Sections 4 to 1ll.

2.1 Geometry

The NAIARD code may be used to calculate steady state and transient
behaviour in complex flow networks containing a coﬁpressible fluid in
both single and two-phase states. In the calculation, the flow network
is treated as a set of one-dimensional flow paths each of which begins
and ends at a connection, e.g. the flow network shown in Figure 1 can be
treated as seven flow paths and nine connections. WNodes are placed at
the start, finish and at any required intermediate positions in each
flow path so that an implicit finite difference method can be used for

' FIGURE 1

Connections and Flow Paths for a BWR

C 7 Steaw 1

|

| SEPARATOR (7;') ,
el

@ 9

r-@---1 |
JET |
(P'"""‘ PUMP |I ! ? 3 EUHAE:NELS
: |
| s
L..@___J \ /k
® —O

3 FLOW PATH
(3)  CONNECTION

—e— NODE



each flow path. The only limits on network topology result from upper
limits of 10, 10 and 49 on the number of connections, flow paths and
nodes respectively. A possible arrangement for a Boiling Water Reactor
(BWR) is shown in Figure 1.

There are four types of connections: internal, choked, explicit
and implicit. Internal connections are points at which two or more flow
paths join. Choked connections are placed at points where choked flow
is expected to occur, e.g. at a pipe burst or pressure vessel crack.
Explicit and implicit connections are placed at boundaries of the net-
work, e.g. connections 1 and 8 in Figure 1, and at interfaces between
complex hydraulic components and the network, e.g. connections 2, 3, 9,
5, 6 and 7 in Figure 1.

The behaviour at connections is governed by the connection equa-
tions, The standard code includes connection equations for choked and
internal connections, and for explicit connections at which either the
mass flow rate or pressure is constant. The connection equations
describing the behaviour of more complex hydraulic components are not in
the standard code; they must be put inte finite difference form and
coded into the special routines menticned above., If these difference
equations are explicit, then the connections on the interface are all
specified as explicit in the input data. If the difference equations
are implicit, then at least one interface connection must also be speci-
fied as implicit so that the difference equations can be solved itera-
tively. The sample problem (Figure 6) contains connections of all
types. Special routines written for this problem represent a pump
between two connections, and a pressure controller which varies the
inlet flow at one connection in response to pressure at another con-
nection.

The walls of flow paths in the network may be heated as in a
reactor core, or cooled as in heat exchangers or steam generators. A
single node fuel or pipe wall model is coupled to each hydraulic node.
Heat enerqgy flow is to or from this node.

2.2 Initial Condition Calculations .

The initial condition section of the code is designed for setting
initial values of mass flow rate, pressure, enthalpy and fuel tempera-
ture at every node. The steady state routine for this is useful as a
code in its own right since a whole range of steady states can be calcu-

lated in a single NAIAD run. After all geometry, flow model and fuel



model data have been read, sets of data specifying the initial condition
calculations are read. Each set of data initiates one initial condition
calculation in one flow path. The flow paths may be done in any order
and a particular flow path can be done more than once to give a series
of steady state results. Three parameters must be specified in the
input data set for each flow path calculation: pressure and enthalpy at
one node, and either pressure at another node or mass flow rate in the
flow path. These parameters can be specified by value or by selecting a
node in another flow path at which the parameter has the same value.

For example, a steady state could be set up in the network of

Figure 1 as follows:

. Flow, pressure and enthalpy at a node in flow path 3 is read
and a steady state is calculated for this flow path. This
gives the pressures at connections 4 and 5 and the enthalpies
of fluid entering and leaving the flow path.

. Assuming the flow in both flow paths 2 and 3 is from con-
nection 4 to 5, then the enthalpies of fluid streams entering
flow paths 2 and 3 are egual. The steady state of flow path 2
is then calculated from this enthalpy and the pressures at
connections 4 and 5.

The remaining flow paths are done in a similar way.
If required, a series of initial condition calculations on one or a
group of flow paths can be done and the results printed after each
calculation.

2.3 Transient Calculations

The transient calculation begins from the initial conditions and
proceeds time step by time step. The user has complete control of the
calculation in that major changes in the calculation may be made between
time steps, e.g. input data, boundary conditions and heating power may
be changed and output written. Each time step is essentially a new
calculation in that entries are made into the special routines which
exercise this control at critical points in the calculaticn. Any coup-
ling between nodes not routinely allowed for in the standard code can be
incorporated in these special routines. If no changes are made, then
the time step is done using the same boundary conditions, heating power
and input data as the previous time step. The node couplings in the
standard code are the hydraulic conservation equations, constant pressure

boundary conditions, constant flow boundary cenditions, and choke flow



boundary conditions. Special routines are required for any other
coupling. For example, a calculation of both primary and secondary
coolant loops is done in the test problem. In the special routines for
this problem, the heat flux from one loop to the other through the steam
generator is calculated at the start of each time step using the tempera-
tures from the previous time step. Powers for nodes within the steam
generator are updated each time step and the correct coupling is made.

Special routines can easily be written to do a series of transient
calculations, each one using results from earlier calculations. It is
possible, for example, to do a search for the break size giving the
largest peak fuel temperature.

2.4 Equation of State

Thermodynamic equilibrium is assumed at each node and an equation
of state routine for light water is supplied with the code. This
routine interpolates from tables calculated with the ASTEM code [Moore
1971].

2.5 8lip Model

A slip model must be specified for each node so that momentum flux,
static enthalpy, and kinetic energy density and flux can be calculated.
The slip models in the code are:

Homogeneous flow

CISE [Di Francesco et al. 1971}

Beattie [Beattie 1974]

Jones [Jones & Dight 1962]

. Smith [1970]

Fauske [1962]

Moody [1965]

Small Bubble [Beattie 1975]

Modified CISE
Other slip models may easily be added, including ones which take into
account the local distribution of voidage and velocity. The only
limitation is that at any axial cross section the average mass, energy
and kinetic energy densities and fluxes can be calculated from the
values of mass flow rate, pressure and mean enthalpy at that axial cross
section plus all geometry information. This excludes counter current
flow and any effect of upstream flow structure,

Some of these slip models are well known; others are new [Beattie

1974, 1975] or their use in this way is new [Fauske 1962; Moody 1965].



The selection of the slip model is largely a matter of experience and
evaluation of steady state data. These slip models should only be used
in a calculation if they are physically possible in the range over which
they are applied,

A necessary condition for this is that all three characteristics of
the three coupled first order partial differential conservaticon equations
be real over this range. The regions over which the above slip models
have complex characteristics are given by Trimble & Turner [1976]. Of
course with homogeneous flow there are no complex regions. This is also
true for Beattie slip for flows less than choke flow. Jones, Smith and
CISE all have complex characteristics in the low qﬁality, low pressure,
near choke flow region. Our experience is that calculations in which
many points of the finite difference time-space mesh are in the regions
of complex characteristics are numerically unstable. However in actual
calculations with Jones, Smith and CISE slip we find this to be a rare
occurrence.

2.6 Heat Transfer

A heat transfer package must be specified at each node. This
package gives the surface heat transfer coefficient as a function of the
state and flow of the coolant, the fuel surface temperature and geometry
data. At present, only one package is available; it is designed for
flow in round tubes and contains correlations for most flow situations
including condensation and post dryout.

2.7 PFriction

A friction relation must be specified at each node for the fric-
tional pressure gradient calculation., At present, eight options are
available; these are described in Section 6., Selection of the friction
model should be based on steady state data.

A friction coefficient to cover pressure drops due to valves,
bends, etc. is required for each segment of flow path between two nodes.
Either an equivalent length or an equivalent fL/D may be specified.

2.8 Choke Flow

Choke flow relations of two types are available from the litera-
ture. In the first type, the choke flow is given as a function of the
stagnation conditions; 1in the second, it is a function of the throat
conditions. Both types may be applied in NAIAD by means of the special
routines. However, as discussed in Section 1.4, it is desirable that

choking be a consequence of the conservation equations and the slip



model, not an external condition imposed on them. This intrinsic

choking is used in NAIAD. Intrinsic choking occurs when either of the

two sonic characteristic velocities is zero [Turner & Trimble 1975].
However, characteristic velocities are not continuous functions of
thermodynamic quality across the single-phase two-phase boundaries,
Nevertheless, it is clear that choking will occur where the characteristic
velocity changes sign. This is the criterion for choke flow used in
NAIAD. A node can be located at the break and the geometric information
and slip model specified for that node used to determine the choke flow
rate.

3. METHOD OF CALCULATION

Each flow path in the problem is treated as one-dimensional and all
quantities are evaluated at every node. All nodes are treated identically.
The finite difference equations are derived in Section 4 from the
conservation equations for the coolant and fuel. These equations,
together with the boundary conditions and the connection equations,
fully determine the system. Once all the coefficients are calculated at
the start of a time step, the difference equations, boundary conditions
and connection equations are solved for the values of the mass flow
rate, pressure, enthalpy and fuel temperature at every node in the
network at the end of the time step. The details of the solution method
are given in Section 5. With mass flow rate, Pressure, enthalpy and
fuel temperature at every node determined, the eguation of state, slip,
friction and heat transfer routines are used to find all the coefficients
for the next time step and so calculation proceeds.

As with any numerical calculation, some errors are to be expected.
Because of the implicit formulation of the finite difference equations,
one effect of these errors is that mass and enexgy are not exactly
conserved. Thus errors arising from the numerical methods can be
evaluated by checking the departure from conservation. As usual, these
errors may be reduced by decreasing the time and space steps.

The computation time per time step per node depends on the problem
being solved. This is because the number of iterations reguired to
converge the network solution at each time step varies, the various slip
heat transfer and friction options take different times, and the number
of choked connections is important. However, on the AAEC's IBM360 model
65, central processor times of 10 to 20 milliseconds per time step per

node have been experienced. The sample problem, which has 22 noedes and



1 choked connection, took 44 and 100 seconds respectively to complete
the coarse and fine time step calculations of the first 25 seconds.

The NATAD code is written in the IBM360 language FORTRAN IV except
for the matrix inversion routine and the AAEC input routine SCAN [Bennett
& Pollard 1967} which are in 360 assembler language. The plot program
uses many local features of the RAEC computing network and transfer of
this program is not envisaged.

4. CONSERVATION EQUATIONS

The set of eguations solved in the standard code are derived in
this section.

4.1 One-dimensional Conservation Equations

Following Meyer [1960], we assume that the pressure P is constant
over any cross-section of the flow path perpendicular to the z or flow
direction, and write the conservation eguations in terms of averages

< > of local density d, velocity u and enthalpy h over such cross

sections.
ap oW
2 3t + dz 0
lﬂq—+£-a— u +3—P=—F-— sinb
a 9t  a 9z \a 3z Pg
3 M 9 _ ,
sg{apﬂs - a°P + 5;0 oA (WH + K) = pg - Wgsinb
where p = <4>,
= alud >,
M = a?<u?d>,
]
pH, = < hd >,
WH = a<hud >, and
a 3
= & >
K 5 < u’d

Many finite difference representations of these equations are
possible. Here, the finite difference equations have been chosen to be
numerically stable and to give good agreement with steady state results,
Local stability analysis was used as a guide to the finite difference
form. This indicated that evaluation of all space derivatives at the
end of each time step was necessary. Actual calculations indicated that
numerical instability could arise also if the friction and heat flux
terms were evaluated at the start of each time step. Thus, implicit

finite difference forms of these terms have been used in the equations
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described below. Further discussion of the form of the finite difference
equation is given in earlier work [Turner 1972; Turner & Trimble 1975].
We first define a slip-equation-of-state combination as the speci-
fication of p, M, HS and K as single yalued functions of both the
geometric parameters (a, eguivalent diameter, roughness, etec.) at this
.or other z locations, and of W, P and H. 2an example of a slip-equation-
of-state combination is Jones' slip [Jones & Dight 1962] together with
the thermodynamic equilibrium equation of state for light water. We can

now write

9 _3p 3w  3p 3P . 3p M _ Ip BX
ot oW ot aF 3t dH dt ~ 99X ° ot
W
where X={p],
H

and write similar expressions for the time derivatives of the other
variables.
Consider a one-dimensional flow path for which the spatial finite

difference mesh is the set of nodes m to n inclusive where

z <z < ... <z

m m+l n
and the finite time step is At. The finite difference equations for
each conservation eguation are described in the following sections.

4.1.1 Mass equation

This may be written

The finite difference equation is:

{. {9 9R .
R\ ox A PPy 4q) axi}' (X]-X;)

1
a, +a, N Wiv1 = W
20t z, -z
ap 3R i+l i
+ {(l—R) (—) + (p,=p. .) = } (X! .-X..,)
X i1 i i+l 3Xi+l i+l Ti+l

for i=m, m+ 1, ..., n~- 1.
The interpolation factor R is one half, and all its derivatives are zero

unless a change of sign of the thermodynamic quality x occurs within the



11

segment. Its value and derivatives in this circumstance are discussed

in Section 4.1.4. The truncation errors [Richmyer & Morton 1967] are

0(Az%) + O(At) .

4.1.2 Momentum equation

The finite difference equation is

R(W! - W.,) + (1-R) (W. - W, )
1 1 . 1 i i i+l i+l
2At Y a a
i i+l 3R , 3R ,
* {ax. SXE X)) Ay B xi+1’} 5= W)
i i+l
-1 { (am) }
_ (M, +|=— . (X! - X. }
| 1 1 a i+l ax 141 i+l i+l
Ha * 2({z Z,)
2 i+l i+l i 1 -
— — —_— LI
: {Mi+(px).' * Xi)}
1
Pl "B
+ 7 T + F + [Rpi + (l_R)pi+l] gSlnei,i+1 =0
i+l i

fori=m m+1l, ..., n-1.

The treatment of the momentum flux term is such that, for incompressible
flow {where the term depends only on the end points), exact agreement
with the Bernoulli equation is obtained. The truncation error for the

momentum equation is

0(Az?) + O(At) .

The friction term F is the sum of contributions from wall friction and

pressure losses due to fittings ete.

w'lc|v £, £K . + K_,
F = ( - f 1 . i el fi

L
wlelv, Fivg  [Finfes * %
| z, - Z,
ei+l i+l i

+
a

i+l

where ve = < u >/G.

Only one of the two types of friction coefficients can be used in any

one segment, so that either Ke or Kf is zero.
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4.1.3 Energy equation

It is essential that the finite difference energy equations are
able to handle the change in number of boundary conditions that occurs
when the direction of flow at either end of the flow path changes. Such
a finite difference scheme was formulated for single phase acoustics by
Rose et al. [1967]. The way in which the present scheme overcomes this
problem is described by TPurner & Trimble [1975]; the scheme is given in
full below.

First, the mass equation is used to eliminate the density deriva-

tive from the energy equation, Then

9H
5 38X oW oP 1l oM X
R T T R I PR ve
WoH K ,
Ll g vy = pq -WgsinB

We evaluate space derivatives over the segment of flow path on the
upstream side of the node, and all other terms at the node. The dif-

ference equation is

a,p, BHS Wi - W5

At \3x /.- i - X+ Hy - H O s

i i 3
CaBTE ) - 6
1 At + 2aiAt ('5?)1 (xi - xi) + wi z, - zj

#

=

9K oK
+ ————— K., +{ +— X! = %) - K, -[|==).tx' - x.
(zi zj) i (Bx)i ( i 1) 5 (Bx)j ( 3 J)

— ’ —-— i
P4} - W, gSLneij
where j =i~ 1Aif Wi =0,
=i+1ifW, <0, ori=mandw =0,
i m

and i takes all integer values such that i and j are in the range m to
n. Thus the number of energy equations depends on the flow directions
at the flow path ends. This is further discussed in Section 4.3. The

truncation error is

O(Az) + 0(At) .
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4.1.4 Boiling boundary

Some of the derivatives of p, M, Hs and K with respect to W, P and
H, are not continuous across the single-phase two-phase boundaries, the
zero gquality discontinuity being of much greater significance than that
at unit quality. Segments which include this zero quality discontinuity
are given special treatment. The position of the boiling boundary is

determined by assuming that
y = H - HR = y(X)

varies linearly over the segment. The density and flow rate are assumed
to be constant over the liguid portion of the segment and to vary
linearly with z over the two-phase portion (Figure 2). Then, for the

segment between nodes i and i+l for which

Yi41 > 0 and Y <0 ,
2iv1
. pdz = [Rpi + (l-R)Di+l](Zi+l—Zi) ‘
1
Y.
where R=1 -~ ET——Ei%——T .
i)"Yy

Similarly, if vy,

= >
ie1 0 and Yy 0

¥y

2(yi-Yi+l)

If no boiling boundary is present, Y, Y4 2 0 and R = 1/2., 1In general,

R = R(Xi,Xi+ ) .

1
This defines the interpolation factor used in the mass and momentum
equations.

The special treatment of the boiling boundary may be removed from
the difference scheme either at the start of or during the calculation

by including the statement
CALL GAMOFF

in the special routines MAIN or BCSETM. After execution of this state-

ment, R is always one half and its derivatives are zero. It is also
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FIGURE 2

Boiling Boundary

possible to include the variation of R at boiling boundary segments but
set all the derivatives of R to zero. This is achieved by execution of

the statement

CALL GAMDOF .
These options are included because we have, as yet, little experience
with the special treatment of the boiling boundary. However, we recommend
using the treatment unless problems arise.
4.2 Fuel
At each node, heat is assumed to be generated in a fuel node
connected to the coolant by a surface heat transfer coefficient. If the

heat capacity A of this fuel node is zero,

ql - Q'J TI - Tlc
and no fuel model calculation is required for this node as all generated
power flows directly into the coolant. If A is not zero, the finite
difference equation (applicable to any geometry) is:

A(T'-T) .
At - Q q -
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The surface heat flux is obtained from

g+ 28 . x-x + & (e,

' =
! X ° aT
where qg = hT(T-Tc) = q(X,T) at each node,
nd h = ? hf
a T T Beh, O

Two ways of obtaining the derivatives of ¢ are available.

4.2.1 Implicit h
As Tc = Tc(x), h = h(X,T) and hF is constant,

3g ahT BTC
- (T Tax T P By ¢
oh
and 9q _ o T
aT (T Tc) 9T + hT ‘

The derivatives of Tc are carried in the equation-of-state tables. The
derivatives of h are evaluated by numerical differentiation of the heat
transfer coeffient correlation used to obtain h. This evaluation can be
quite time consuming and is only necessary for stability when large time
steps are used.
4,2.2 Explicit h
The parameter h is assumed constant in the determination of the

derivatives of g. Then

o
., &
0X T 9X !
g _

and A hT .

This has no significant effect on accuracy as the difference equations
already contain order At truncation errors. With this option the heat
flux g* from the previous time step is used to obtain an estimate of the

fuel surface temperature which is then used to obtain h.

T

- *
ps = T = /by

h = h(X,TFS) .
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This procedure can be unstable for large time steps and hence it is not
used with the previous option (Section 4.2.1). It can be suppressed by
making hF very large.

4.3 Connections

In general, several flow paths terminate at each connection. At
some of these terminations the flow will be from connection to flow
path; at others it will be from flow path to connection. The con-
nection enthalpy 1 is defined as the enthalpy of fluid passing in the
former direction. The second connection parameter { is called the
connection control and may be pressure or mass flow rate.

Consider a flow path which begins at connection o node m and ends
at connection B node n. The connections o and B are the flow path
boundaries. The conditions within the flow path are calculated from the
conservation equations described above and the flow path boundary
conditions. The form of the boundary conditions depends on the sign of
the flow at the flow path end and on the type of control at the con-

nection. At the o connection, the boundary conditions are:

For o pressure controlled P$ = w& .
For o flow controlled W; = ¢& .

1lso 'o= ' if > .
A Hm nu 1 Wm 0

The number of boundary conditions depends on the direction of flow
between the connection and the flow path - the enthalpy boundary con-
dition is only used where flow is from the connection to the flow path.

Similarly, at the B connection

' = [
Pn wB or

' = ]
Wn wB ; and

' = [ < .
Hn nB if Wn 0

Hence the number of boundary conditions may be two, three or four,
depending on the flow directions. However, the total number of equa-

tions is always 4(n-m+l} as shown in Table 1.
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TABLE 1
FLOW PATH EQUATIONS

Egquation Type Number of Equations
Mass n-m
Momentum n-m

n n

Energy Wm > 0 | n-m n-m-1
W <0 |n-mtl n-m
m .

Fuel n-m+1

Y boundary 2

W =0 W <0
n n

Enthalpy boundary Wm >0 1 2
W <0 0 1
m

Total 4 {(n-m+1)

Consider now a network containing n nodes and b connections. The
4n flow path equations have been described above. These contain up to
2b connection parameters, hence an equal number of connection equations
are required. At internal connections, two equations are always re-
quired, while at other types either one or two equations are required
depending on flow direction. The connection equations for each con-
nection type are described below. Input parameters specify which
connections are of each type.

4.3.1 Internal

An internal connection is pressure controlled and must be common to
more than one flow path. Each of these flow paths has a node at the
common connection and the Y boundary conditions are such that the
pressures at these nodes are all equal to Y. The pressure losses at
such junctions can be included in friction coefficients or area changes
in the last segment of the flow paths joining the connection so it is
unnecessary to include them here. Internal connections are assumed to
have zero volume, hence there is at least one flow towards and one away

from the connection.
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Let node i be a node for which flow at the start of the time step
is towards the connection and let node j be one for which flow is away

from it. 1In this section, the convention is adopted that all flows out

of the connection are positive; thus
W. €0 and W. > 0.
1 ]
As connections have zero volume, the total flow is zero

IW' = 0 .
all
It is assumed that kinetic energy can be neglected and that the stag-

nation enthalpies of all fluid streams leaving the connection are equal.

Therefore

n& =X WH'/L W .
in in
These are the two equations for an internal connection.
4.3.2 Explicit

The connection equations in the standard code are:
'
l’J()t.

t
nO.',

= values at the start of the first time step,

where | is flow or pressure depending on whether connection & is flow or
pressure contrelled.

More complex eguations giving w& and n& in terms of quantities at
the start of each time step, (flows, pressures, qualities, void fractions,
etc.) may be coded in the special routine BCSETM which is called at
every time step. BAn example is provided in the test problem.

4.3.3., Implicit

The connection equations must be coded in the special routine
BPWIMP. These connection eguations are solved by an iterative method
discussed in Section 5. The special routine BPWIMP(KC) is called once
at each iteration for each connection KC declared implicit in the input
data. Any boundary conditions may be applied to explicit and implicit
connections. The difference is that in BPWIMP, the enthalpies, pressures
and flows for all connections at the end of the time step are available,
as well as all parameters at the start of the time step. Thus implicit
connection equations can be used, e.g. in the test problem, a pump model

is set up using one implicit and one explicit connection.



[
4
a

1%

4.3.4 Choked
The conditions for choke flow or zero sonic characteristic velocity

are [Turner & Trimble 1975]

a *

where * means at constant stagnation enthalpy Ho' G and geometric para-
meters (De,s, a, etc.). However, Y is a discontinucus function across
single-phase two-phase boundaries and, in some situations, Yy changes
sign across these boundaries. In these cases, choking occurs at the
boundary, thus choke conditions are those on the surface in W, P, H
space which separatés the positive and negative Yy regions. The zero 7y
suxfaces for liquid, two-phase and superheated steam are parts of this
more general choke flow surface. The liguid and two-phase zexo Y
surfaces are joined by a surface on which x is zero and across which a
step change in Yy from positive (liquid) to negative {two-phase) occurs.
The two-phase and superheat zero Y surfaces are joined by a surface on
which x is one and across which a step change in Y from positive (super-
heat) to negative (two-phase) occurs.

To determine Y, consider
WH = WH + K
o
where H0 is a stagnation enthalpy. This is a function of the components

of X, i.e. W, P and H, hence

| ——
EI-5)
=
=
s}
L 1
»*

1]
QﬂqJ
>

e

o
o‘-’
—~
o] @
L g -
S
-3

oK dK,. [ 9H
P + (W + sﬁo(sg)*

which = 0 as * means constant G, H0 and a.
JH 3K/ 0P .
Therefore,{=— = = =5
'(89)* W+0K/9H

Similarly, M is a function of X hence

'Y,-: 1+LB_M ..3.5
g2 X oP |,
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_, . L [om, om fon
Y 3P+8H(BP)*:|

oM oM 9K/OP
2 | 3P oH (W+0K/0H) '

The value of Y' at the end of the time step is evaluated as a function
of the pressure ¢& at the choke connection. The choking pressure Pé at
the connection is the pressure at which y' changes sign,

Now choking only occurs for throat pressures above the receiver

pressure, hence the connection equation is

1 - ] ',
wu Max (Pr, PC) .

where the receiver pressure P; is linearly reduced to the input pressure
PAT over the break opening time TOPEN. These two guantities are the
input data for a choked connection.

5. METHOD OF SOLUTION

The solution of the set of equations described in Section 4 is done
in four stages.

5.1 Elimination of Surface Heat Flux and Fuel Temperature

The surface heat flux g' appears in the energy, the fuel and the
surface heat flux equations, while T occurs in only the last two of

these three equations. T is eliminated from these to give

9gq v 9q ., At
q,=q+ax"x XN +35r Q3
1499 At

T A

which is used to eliminate q' from the energy equation.

5.2 Solution of Flow Path Equations

Consider a flow path which includes nodes m to n and joins con-
nections ¢, and B. There are 4{n-m+l) equations; elimination of the
fuel temperatures reduces this to 3{n-m+1). In this stage of the network
solution, these equations are solved for all W', P', and H', which are
then determined as linear functions of the four connection parameters.
The first step is to write the 3(n-m+l) equations in groups of three in

the following way:



Ibl

Node

Node

Oonly

Node
Node
Node

Only

Node

g
Node
Oonly

This

)

Group m

m, m+l
n

unknowns

Group J
i-1, 3
j, 3+l

3
unknowns
Group n

n-1, n

n

unknowns

set is now written as the matrix equation:

B C B X! 7
m m m
1

B Bl Cmed 0 m+1

Am+2 Bm+2 Cm+2

L]

0 An—l Bn-l cn—l Xn—l
A B X!

n n | L n _
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boundary condition

momentum equation

boundary condition if Wm > 0
energy eguation if Wm <0

at nodes m and mtl appear.

j = m+l to n-1
mass eguation
momentum eguation
energy equation

at nodes j-1, j and j+l appear.

mass eguation

boundary condition

boundary condition if Wn < 0
energy equation if Wn =0

at nodes n-1 and n appear.

_ ooy, (L (2) 3y, ,
=d +wad +nad +¢ﬁd +n8d

where A, B, C are 3 by 3 matrices and the 4 vectors have 3 (n-m+1)

components.

The A, B and C matrices are removed by forward elimination

and back substitution to yield a solution of the form

X!
J

j:

@

+ nu i

{(0) y (L)
Yj + wa Yj

m, m+tl, ..., n ;

where the Y vectors have three components.

The determinant of a B matrix is a cubic polynomial in 1/A¢.

... (1)

This procedure requires that all the B matrices be non-singular.

We are not

able to make any general statement about the roots of this polynomial,

except that in some situations a positive root exists.

This is only a

(4)

¥
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problem if W, P and H are nearly equal at several equally spaced,
geometrically identical nodes, in which case the B matrices for these
nodes will all be singular for almost the same values of At. 1In prac-
tice, the problem is easily overcome by using unequal node spacings,
thus ensuring that, at most, only one near singular B matrix is present.

5.3 Connection Balance

Next, the connection equations are solved for the connection

parameters
(W&,ﬂ&) for a =1, ..., b .

In the simplest case, the connection equations are those given in
Section 4.3.2, and no solution procedure is needed as the values from
the last time step are correct. For more complex explicit connections,
solution is a simple matter as the connection equations are in terms of
quantities at the start of the time step. These connection parameters
are calculated in BCSETM at the start of the time step.

The remaining connections are solved by an iterative procedure
beginning with the values from the last time step. Each internal,
choked and implicit connection is considered in turn. For internal and
choked connections, the equations in which w& or n& occur are the
matrix equations for flow paths connecting to connection o and the
connection eqguations for connection . At each iteration these equations
are solved for w& and n& using the most recent values of wé, né for B #

0. For each implicit connection the statement
CALL BPWIMP (KC,N,w)

is executed, where KC is the connection number, N the iteration number
and w the relaxation parameter. Thus, the solution procedure for
implicit connection equations must be coded into the special routine
BPWIMP.

In general, ¢& and n& for an implicit connection will not only
appear in the matrix equations for flow paths connecting to o and the
connection equations for ¢, but also in the connection equations for
other connections. For example, in Figure 1 the connecticn parameters
for connection 5 would appear in the connection equations for connections
5, 6 and 7. In this case, one of the group of connections is designated
implicit in the input data and the rest explicit, and all the connection
equations for the group are solved together when the special routine

BPWIMP is called with KC equal to the number of the implicit connection.
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This is essentially a Gauss-Siedel iteration procedure and can be
expected to converge provided the connection groups are sufficiently
independent. The degree of independence will determine the convergence,
or sometimes divergence of the iteration scheme. If the latter occurs,
it is assumed that the connections are made more independent by reducing
the time step. Either a time step is found which gives convergence, or
the final estimate of the connection parameters for the minimum time
step is accepted and an error message printed. We have found the con-

vergence to be almost linear, i.e. if

i1

1

-

w(n)

Wy,
|

is the estimate of the connection parameters after n iterations and

Ay _ oy y (n-1)

then for n sufficiently large,

ay ™ ] = el a1

where e < 1, constant and independent of n.

Hence, an acceleration scheme is used which corresponds to suc-
cessive line over-relaxation in the iterative solution of linear systems.
The relaxation is applied to the calculated change in the parameters.

If at any iteration the change in wa is Awa, the relaxed wa is wa+wAwa.
As highly non-linear conditions may be present at implicit connections,
this acceleration scheme is only applied to internal and choke con-
nections. The relaxation constant w is available in the special xoutine
BPWIMP for use at implicit connections and should be used unless con-
vergence problems arise,

The network convergence criterion is that
b [fap' \? An' \?2
) & 12 < roL? .

a=1 | Vo, "o,
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Both TOL and the maximum number of network interations are input para-
meters. Values of 10°° to 10°!° have been used for TOL and up to 50
iterations allowed. The error in the internal connection balances can
easily be checked from the output. If significant errors are found, the
value of TOL should be reduced.

In general, any convergence problems will be due to too close a
coupling between connection groups. This can be overcome by keeping
connections well separated. If this is not feasible, the closely

coupled connections can be placed in a group and solved together in the

special routine BPWIMP,

5.4 Back Substitution

Once all the connection parameters are knowm, the values of w', p'
and H' at all nodes are determined from Equation (1). Then the fuel
temperatures are determined from the fuel equation (Section 4.1.2).

6. DESCRIPTION OF ROQUTINES

6.1 Introduction

The general structure of the code is shown in Fiqure 3. The
routines which make up the code are either service routines, special
routines or ordinary routines.

FIGURE 3

Structure of NAIAD

|—_|:|_:_| SERVICE  ROUTINES

—~{SENDy
~—e-BWIMP ) CONCON o
(—-={UFCATE_] U} SPECIAL ROUTINES
—={CRITIC THROAT }—
DQUADS
SETMAT
DSTM3Z
riegtindad |
—{BCSETM]
Irh;A-I-N_ A NAIAD S5LIP
e e e
COEFFM
FERIC
P STEADZ
- BUMPM L ={COEFF_}
e STEADY — ]
[ =
—mEINTK | == {viscos ]
e —={ FUEL_} {STRANS ]H{HTRANS ]|
e
| (e (|
AL H——
SCAN
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The service routines are those which supply data on the coolant in
the flow network and on the heat transfer. The standard service routines
are for light water. They may need to be changed or extended if prob-
lems outside the range of these standard routines are to be done. For
example, all service routines would need to be replaced for NAIAD to be
used for sodium-cooled networks. The standard service xroutines and the
requirements for new service routines are described in Section 6.2.

The special routines are intended to provide a simple way to expand
the standard code in order to:

. compute and write additional output either for printing or

plotting;
impose time dependent boundary conditions;
include any coupling between connections or nodes not routinely
allowed for in the standard code, e.g. as required to simulate
pumps, steam generators, pressure controllers, etc; and
include NAIAD runs as part of a higher calculational pro-
cedure, e.g. a search for maximum fuel temperature as a
function of break size.
The sample problem includes examples of all special routines except
MAIN. The special routines supplied with NAIAD are given in Section 6.3
together with requirements for new special routines.
The remaining routines are briefly outlined in Section 6.4.

6.2 Service Routines

6.2.1 SSTATE
This is the equation of state routine. The assumption of thermo-
dynamic equilibrium enables the coolant state to be determined from the
pressure and static enthalpy which are the input data. The output is
the remaining items in the call statement argument list which is given

below:

9 )
P:SrDcXS: '5'% ' ﬁ 'TC'TS'G'HR'HV'
P s
aT oT dp
S .S _C Sy g X
pﬂ'pv' L%y’ \ 9P "\ 9H Mg ap !
H s
s P
EE& dHv dHl dTS
dp ‘@ ‘'dp ' dap '
) H -H

where X is static thermodynamic quality

S . In the two-phase
H -H,
v &
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region, all output quantities except S, xs, G, p and its derivatives,
are functions of P only. 1In the single phase region, the saturation
line values are those at pressure P.

The standard SSTATE is for light water over the range 0.045 to 16
MPa and 273 to 1073 K. The required guantities are obtained by inter-
polation in tables read from disk at the first entry to SSTATE. The
tables have been generated from the state equations for water [Meyer
1967] by means of the ASTEM code [Moore 1971]. The pressure/temperature
mesh used is given in Table 2.

TABLE 2
EQUATION OF STATE MESH.

Pressures (MPa)

0.045 to 0.09 at intervals of 0.003
0.090 to 0.200 at intervals of 0.005
0.20 to 0.7 at intervals of 0.01
0.7 to 1.50 at intervals of 0.02
1.50 to 4.00 at intervals of 0.05
4.00 to 10.0 at intervals of 0.1
10.0 to 16.0 at intervals of 0.2

Temperatures (X)

At each pressure point, 5 liquid and

6 vapour points.

Liguid: Tsat Vapour: TSat
Tsat-lO Tsat+10
Tsat—20 Tsat+20
Tsat—SO Tsat+50
273.15 TSat+100
1073.15

6.2.2 Viscos
The liguid and vapour viscosities uf and ug are calculated in this
routine. Two formulae of Bruges & Gibson [1962] are used. The first
(Equation 2, United Kingdom Committee on the Properties of Steam 1970)

specifies the viscosity of saturated liquid light water as a function of
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temperature in the range 375 to 623 K. The viscosity of both saturated
and compressed water are calculated from this formula. For compressed
water, the values are accurate to within a few per cent over the above
temperature range and up to 16 MPa.

The second formula (Equation 4, United Kingdom Committee on the
Properties of Steam 1970) specifies the viscosity ug of superheated
steam, including saturatéd sgeam, as a functian of the vapour density pg

and the temperature Tc in the ranges 375 to 600 K and 0 to 16.5 MPa.

The call statement argument list is

Tc,pg {(input data)

and uf'ug {(output) .

6.2.3 FFRIC

This is the friction routine; in it, the Fanning friction factor
is evaluated. The input data defining the state of the coolant and the
node i at which fricﬁion is to be evaluated is in the call statement

argument list which is

i, w, x, 1-x, pgl Q¢ llfa H :Uhf T , £,

v s

g

where here x equals physical quality which is always in the range 0 to
1, and uh igs the viscosity used in the homogeneous friction model (see
below) .

The input data defining the geometry at node i (roughness, equiva-
lent diameter, flow area, etc.) and the required friction model are
taken from BLANK common. This division of input must be adhered to
when new friction models are added because sometimes W # Wi and
0y * Pui etc.

The standard routine contains four basic models and an optional
boiling wall correlation to allow for regime changes at high quality,
making eight friction options in all. 1In each of the basic models, the
viscosity used to obtain the Reynolds number is calculated in a different
way:

{a) Homogeneous
The viscosity used here is calculated in COEFF.
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(b) Bubbly Flow [Beattie 1973]

% 1.5 4
u=pu.[1 + l + ——— ] ,
£ VePy, ug+uf
X 1l-x . e
where v_ = — + ——  is the flow specific volume.
£ Py Py

(e¢) Wavy gas liquid interface [Beattie 1973]

e.g. annular flow

1 1-x X
U=22==[= u_ . +=—ul .
vf pﬁ £ pv

(d) Small bubble [Beattie 1973]

2.5 x
W=y (1 + ) I
v.p
£f v
De G
In all cases, the Reynolds number Re is Ré = ——Eﬂ , and the Fanning

friction factor f is the solution of one of the following equations
depending on the value of Ré.

Turbulent Flow Re = 4000

1 € 1.255 .
VE = 4 logwe [3.713 TR /f]
e e
Interpolation Region 4000 > R, > 2000

R
£=20, (s, —0.004)[ = —1] .

R 2000
e

where £ is the solution of the turbulent flow equation.

Laminar Flow Re < 2000

i6
f——R"“ .
e

Near Zero Flow R.e < 0.0016
f = 10000 .

Often, a Reynoids number of 2000 is taken as the boundary between
laminar and turbulent flow. The interpolation region removes the dis-
continuity that such a procedure entails and gives reasonable agreement

with the pressure drop measurements of Nikuradse [1933].
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The optional boiling wall friction factor [Beattie 1973] is the

solution of

- 14 log;gp (f We) -10.4 ,
VE
GZD v
e

where the Weber number We is and 0 is the surface tension.

Rather than solve this eguation at every node and time step, the solution
has been evaluated for Weber numbers in the range 102 to 1022 and fitted
as a quadratic polynomial in log We' The liguid surface tension is
calculated from a straight line fit to the saturation line surface
tension as a function of saturation temperature. If the boiling wall
extension is specified, then f is the lower of the friction factors from
the boiling wall extension and the specified basic model.

6.2.4 S8SLIP

This is the slip routine. The call statement argument list is
il' pgl’ pvl‘ Hgl‘ HV! Wl Pl‘ Hl‘ Tsf Uf
which are input data, and

P, K, M, HS' o, k, .<u2'>

£>.

These input data define the state of the coolant. Input data defining

which are the output. The parameter k is the slip ratio < uv>f< u

the slip model and the geometry at node i are taken from BLANK common.
This division of input must be adhered to when new slip models are added
because sometimes P # Pi' Hv * Hvi' etc. The slip routine is only
called for two-phase non-homogeneous flow. Single phase and homogeneous
flow are done in COEFF. In all cases, the quality is

HVHHQ
and the flow void fraction is

XDR.

B = xp£+(l-x)pv

The standard slip routine contains eight slip models. In seven of
these, separated flow is assumed i.e. all vapour moves at velocity U
all liquid at velocity ug. For these either the slip ratio k or the

void fraction o is calculated.
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(a) Jonee [Jones & Dight 1962]

The void fraction ¢ is the solution of

2 - E + (1-E)ar P
B
P P ¥
where r = 3.33 + 0.577 Er-+ 4,735 . ’
c c
P
E=0.71 + 0.29 P and
C

PC = critical pressure (22.12 MPa).

{b) CISE [Di Francesco et al. 1971]

k = 1+E\lMax [ 1+ZV - cv, 0] ,
_B
where vV = I:g P
H 0-19 f P 0-22
GD P
e v

GZDe “g 0+51 pv 0.08

¢ = 00,0273 E'-p— oD 5— , and
e e AL

OR = liguid surface tension.

(e) Beattie
The Beattie slip model is defined as follows. Let

=1
(3.125€) %

f

c

]

w=2ni2(e®1)] -% , and

s = 142 expl[-w-%] .

Then the wvoid fraction is the solution of

- (1- L 5o
(1-) = (1-0) [w + 5 + &n (51 .

In the original form of the model [Beattie 1974], s = @ and w = ¢, which
gave small errors at x = 0 and 1. The forms of s and w given above
eliminate these errors.

(d) Fauske [1962]

k= (0 /p )% .
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(e) Moody [1965]

1
k = (pg/0) /s

(f) Modified CISE

The modifed CISE correlation is the same as the CISE correlation

except that the dimensionless parameter ¢ is replaced by

gg-arctan Ic
ﬂ 2E

Y144V -1

where E = — v and V and ¢ are defined in Section 6.2.4(b) for
the CISE model. This modification was made because of the non-hyperbolic
character of the conservation equations with CISE slip in conditions of
high quality and mass velocity [Trimble & Turner 1976}. The modification
has greatly reduced this non-hyperbolic region and, from a preliminary
assessment, not altered the agreement of the correlation with measureq
density data.

(g) BSmith [1970]

Xp,+E{1-x)p
A v
E +(1-E)j xpV+E(l-x)pv '

]

k

where E=0.4 .
Thus either algorithms for o or k have been given for each of the
seven separated flow slip models. If o has been calculated then
x(l-a)pg

k = -om—e——rn .
(l-x)apv

If k has been calculated then

P k
—_—
xpvk+(1—x)02

Then the velocities are given by

u = 8% u. = S1-x)
v ap, '3 (l-a)pg
and p = apv + (l—a)pg ’
H, = {avav + (1-a)H£p,Ll/p '
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2 3
2 [apvuv

A
il

+ (1ma)ppug]

M az[ap u?
v v

+ (l-a)pguil .

Separated flow is not assumed in the Small Bubble slip model hence none
of these relations apply.
(h) BSmall Bubble [Beattie 1975])

The Beattie small bubble correlation should only be used for void

fractions below about 0.6. It is defined as follows:

Cop = 1 + 2.65/F ,
xpy
% = xp.+(1=x)p JC ’
p,Q, Dv 0
3 P 2 p
K =S| =2- 3| {1 - cz-mx{2- 1),
203 pv v
2 ) o
M= i [ 2 - 1) 1 - oy X - 1) | .
Py P, o,

The density p and static enthalpy HS are given by the separated flow
equations. This slip model should be used with the small bubble friction
option so that the evaluation of the Fanning friction factor f is con-
sistent with the slip model.

6.2.5 HTRANS and STRANS

The surface heat transfer ceoefficient is calculated in HTRANS. The

call statement argument list is h and THT which are the cutput data, and
Del r, G, P, TC' TS’ TFS' pgr pvr X, H‘Q': and HV

which are the input data. In general, a number of correlations are
needed to cover all situations. Such a group of correlations together
with the rules determining which is to be used, is a heat transfer
package. The indicator THT is available to record which correlations
are used in determining the heat transfer coefficient. The package is
used to evaluate the heat transfer coefficient h and its derivatives by
five entries for slightly different values of W, P, H and TFS' As the
package rules only need to be evaluated once, the input value of THT
determines whether these rules are to be used or not. If it is posi-

tive, then the rules are used. If it is negative, the correlation used

on the last entry to HTRANS is used again.
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The standard routine contains only one package which is designed
for round tubes. Steady state heat transfer correlations expressed as a
function of local conditions (coolant temperature, pressure, quality and
pipe surface temperature) were assumed applicable to transient situa-
tions. This is the local condition hypothesis of Hassid & Rychlicki
{1971] which predicts dryout somewhat sooner than it occurred in experi-
ments.
¢ Heat transfer correlations included to cover all situations are
summarised in Table 3. Condensing heat transfer correlations are needed
when steam or two-phase coolant heated in a heated pipe section moves to
sections in which the pipework is considerably cooler. They may be
required also if the pipe model is used to simulate a heat exchanger.
Akers et al. [1959] gives a Reynolds number of 50000 for the boundary
between their two condensing heat transfer correlations. However, the
correlations actually intersect at 76228 and this value is used here.
Alsoc the correlations of Akers et al. only cover the two-phase region.
McAdams [1954 p.351) recommended that heat flux is almost independent of
superheating of the vapour; this is followed in the superheat region.
In the boiling non-dryout region, the heat transfer coefficient corresponding
to three correlations is calculated and the largest taken. This ensures
continuity of surface heat transfer rate in this region as a function of
coolant conditions and fuel surface temperature.

At each heat transfer ceoefficient calculation, pipe surface
temperature and coolant state are known from the previous time step.
The heat transfer coefficient is evaluated assuming no drycut then, if
appropriate, tested to determine if the dryout limit is exceeded. If
this is so, the appropriate dryout heat transfer coefficient is calcu-
lated. In the steady state calculations, heat flux is known and surface
temperature must be determined. Here an iterative procedure is used.
In those steady state calculations where dryout and non-dryout solutions
exist, the latter solution is used.

An indicator THT is available to show which heat transfer corre-

lations are used in evaluating the heat transfer coefficient:
THT = £ +m +n ,

where % and m indicate the correlation used to evaluate the coefficient
assuming no dryout, m indicates the dryout correlation used to determine

if the dryout limit is exceeded, and n the post~dryout correlation used.
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In some situations, a dryout correlation is not appropriate, e.g. during
condensation; zero values of m and n indicate these. Possible values
of £, m and n and their meanings are given in Table 3. For example,
THT = 313 would indicate that:
. the heat transfer coefficient, assuming no dryout, was evalu-
ated using the nucleate boiling correlation;
. the dryout limit on the heat transfer coefficient was deter-
mined from Bernath's correlation;
. dryout was found to be present; and
. Beattie's post-dryout correlation was used to evaluate the
actual heat transfer coefficient used.
HTRANS is coded in Btu, foot, second units and conversion to SI
units is carried out in STRANS.

TABLE 3
CORRELATIONS FOR SURFACE HEAT TRANSFER COEFFICIENT

Heat Transfer Indicator THT = L + m + n

Surface
temperature Quality x
(TS)
XS0 1L>x%x>0 x21
< i i
Ts Tsat Liquid Condensing
Dittus & Boelter [1930] Akers et al. [1959] Re 5 76228 =23
£=1,m=0, n=0 m=0,n=20 Re > 76228 £ =4
Boiling Superheat
Non-drycut
Largest of - subcooled liguid
Dittus & Boelter [1930] £= 5
- nucleate boiling
Tong [1965 p.118] L= 3
- forced convection boiling
Shrock & Grossman [1959) with coefficient L= 2
from Wright [1961]
bryout Heineman [1960]
Ts > TSat x < 0, Bernath - Tong [1965 p.156] m = 10 L=2
X > pv/(pv+pL), Biasi et al. [1967] m=Q
low quality m = 30 n=20
high quality m = 40
Other x, linear interpolation on x between
Bernath & Biasi low quality m = 20
Post Dryout - Dryout limit not exceeded n= 0
x < 0,05 - Tong [L965 p.129]
low speed flow n =100
high speed flow n =200
h D GD %\ 9.8 fC_H D+u
x > 0,05, =% = 0,0192( —= Ak
k u k
v v v
evaluated at temperature TS
Beattie [1972} n =300
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6.3 Special Routines

6.3.1 General
All quantities likely to be used within the special routines are in
the various common blocks described in Tables 4 to 1l. The required
commen blocks must be included in the special routines. The labelled
commons BCONDS and POWERS are of particular importance in that they
contain the connection parameters P and n in the arrays BPW and BHO, and
the flow path powers in PGENP, these guantities being those most likely
to be required. BAny service routine may be called by any special
routine. All arithmetic and REAL arrays are double precision hence an
IMPLICIT REAL*8 (A-H, O-Z)
card must be included in each subroutine. All the standard special
routines consist of the three cards
SUBROUTINE name
RETURN
END
except for MAIN which is
CALL NATAD
STOP
END
Thus, an actual NAIAD run is initiated in the special routine MAIN by
this CALL statement. FEach standard special routine except MAIN is
automatically inserted in composite codes if no other routine of that
name is provided. The standard MAIN is included by using the CINSERT
card described in Section 9.1 and demonstrated in the sample problem.
©6.3.2 BINITM
This routine is called once by NAIAD just before the transient
calculation commences (i.e. after INPUT and STEADM). Any initial
conditions (which are W, P, H and T at all nodes) or input data for the
transient calculation may be modified here. The effects of these modi-
fications appear in the time zerc and subsequent output. Also any time
independent constants in the connection equations should be calculated
here.
6.3.3 TDUMPM
This routine is called each time step immediately after the state
of the flow network has been completely evaluated and printed. Instructions
for any additional output reguired should be placed in TDUMPM. The

call statement argument list contains one variable, IPRINT which indicates

(continued p.42)
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TABLE 4
BLANK COMMON

Variable Description Algebraic
name and symbol
dimension
Z{50) Displacement along pipe z
A(50) Pipe area
DE (50) Pipe equivalent diameter e
GSINT (50) Value of g (acceleration due to gravity) times

A height/Az gsinf
ORIK(50) Value of friction ccefficient if = 0 Ke Ke

< 0 Kf Kf

PD(50) Power distribution (per unit length per unit Q/PGENP

heated wetted perimeter) (nfz)
CP (50) Heat capacity of fuel (J m 2 K 1) A
HP (50) Heated wetted perimeter el
HF (50) Fuel centre to suface heat transfer coefficient hF
W{50) Mass flow rate W
P({50) Pressure P
H(50) Flow enthalpy H
HS (50} Static enthalpy HS
X(50) Thermodynamic quality X
RHO (50) Static density 4]
VOLF (50) Flow specific volume Ve
DEFR (50} Fanning friction factor divided by equivalent £/D

diameter
FK(50) Kinetic Energy Flow (W) K
BM{50) Area times Momentum Flow (kg m? s7?) M
S{(50) Entropy s
CT(50) Coolant temperature Tc
CTSs (50) Coolant saturation temperature TS
TFC (50) Fuel temperature T
TFS{50) Fuel surface temperature TFS
HT (50) Fuel centre to‘coolant heat transfer coefficient hT
THT (50) Heat transfer indicator THT
FLUX (50) Fuel to coolant heat fluxes (W ufz) q
CRSL(50) Saturation ligquid density pg
CR5V(50) Saturation wvapour density pv
CHSL (50) Saturation liquid enthalpy HQ
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TABLE 4 {continued)

Variable Description Algebraic
name and symbol
dimension

CHSV {50) Saturation vapour enthalpy Hv
CRLP (50} dpg/dP
CRVP (50} dp,/dp
CHLP {50) dH, /ap
CHVP (50) dHV/dP
CSSL(50) saturation liguid entropy SR
CSsv (50) Saturation vapour entropy SV
DRDW {50) op/ow
DRDP (50) 9p/oP
DRDH (50) dp/oH
DMDW (50) M/ oW
DMDP (50) oM/ 9P
DMDH {50} oM/ OH
DHDW (50) BHS/BW
DHDP (50) BHS/BP
DHDH (50) aHs/aH
DKDW (50) oK/ oW
DKDP (50) 9K/3P
DKDH (50) 9K/ 0H
DTDW (50) aTc/aw
DTDP (50) aTC/ap
DTDH (50) BTC/BH
DOTDR (50) X.9p/0X
DOTDM (50) X.9M/9X
DOTDH (50) X.BHS/BX
DOTDK (50) X.9K/3X
DOTDT (50) x.aTc/ax
DODW {50) dq/ oW
DQDP (50) 9q/dP
DQDH (50) dg/dH
DODT {50) dq/oT
DOTDQ (50) X.3q/0X
AMAT(3,3,50) A matrices A
BMAT{3,3,50) B matrices B
CMAT(3,3,50) C matrices C
DVEC(3,50,5) Y vectors Y
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TABLE 5
LABELLED COMMON "BCONDS"

Variable Algebraic
Name and Description symbol
Dimension

BPW(10) Connecticn control (pressure or flow)

BHO(10) Connection enthalphy

TIME Time

DELT Time step At
LC(10) Connection type indicator

LCB(10) Boundary condition type indicator

NSN (10) Node number of the first node in flow path

NFN(10) Node number of the last node in flow path

NSC(10) Connection at start of flow path

NFC(10) Connection at finish of flow path

MMAT (10,10) Connection matrix

NP
NC
N

Number of pipes
Number of connections

Total number of nodes

NOTES :
(1)
(ii)
(iii)

(iv)

(v)

The LC and LCB indicators correspond to LC and LCB in the
connection input data.

NSN and NFN are the node numbers at the beginning and end
of each pipe, e.g. pipe 3 beging at node NSN(3) and ends
at node NFN(3).

NSC and NFC are the connection numbers at the ends of
each pipe, e.g. pipe 3 joins connections NSC(3}) and NFC(3).
The connection matrix defines the network. The Ffirst
index is the pipe number and the second the connection
number. If MMAT(KP,KC) is +1 then the first node of

pipe KP joins connection KC. If -1 then the last node of
pipe KP joins connection KC.

The subscripts of BPW, BHO, LC and ICB are connection
numbers. The subscripts of NSN, NFN, NSC, NFC are pipe
numbers.
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TABLE 6
LABELLED COMMON "POWERS"
Variable
name and Description
dimension

PTCTP{10) Power

PGENP(10) Power

to coolant in each pipe

generated in each pipe

PTCT Total power to coolant
PGEN Total power generated
TABLE 7
LABELLED COMMON "COEFF3"
Variable Algebraic
name and Description symbol
dimension
ROUGH (50) Surface roughness £
IFR(50) Friction correlation indicator
ISLIP(50) Slip correlation indicator
THTRAN(50) Implicit heat flux indicator
TABLE 8
LABELLED COMMON "BALS"
Variable
name and Description
dimension
TOL Tolerance in network balance

ITMAX Max number of iterations in network balance
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TABLE 9
LABELLED COMMON "CRITS"

Variable Algebraic

name and Description symbol

dimension

PAT(10) Pressure of choke flow Pr
receiver

TOPEN(10) Break opening time
PTHROT (10} Throat pressure P

LT(10) Logical variable which is TRUE
if choke flow is present at
the connection

TABLE 10
LABELLED COMMON "HEADS

Variable

name and Description
dimension

HEAD (10) Title card

DAY (3) Date (single precision REAL*4 array)
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TABLE 11
LABELLED COMMON "STEP$"

Variable

name and Description

dimension

SMIN Minimum time step allowed

SMAX Maximum time step allowed

CTAR Target fractional change

CMAX Maximum fractional change

RCMAX Maximum fractional density error at
a phase change

CINC Maximum time step increase

DELTR Estimated time step to achieve "RCMAX"

TMAX Maximum time required in transient
calculation

TSFP Time at which full printout commences

KW (50) Print mask for partial printout

KFP Full printout frequency

KKW Number of nodes in partial printout
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the type of listing that has been produced by the standard code for this
time step:
IPRINT > O full listing
IPRINT = 0 no listing at all
IPRINT < 0 partial listing.
Its use is illustrated in the sample problem.
6.3.4 BCSETM
This routine is called at the start of every time step, including
those time steps which are later rejected for reasons given in Section
7. Any explicit connection eguations should be sclved here. BAlso
boundary conditions and heating power at the end of the time step (at
time TIME+DELT from common BCONDS) can be changed.
6.3.5 BPWIMP
All implicit connection equations must be solved in this routine.
BPWIMP is called once in each network balance iteration for each con-
nection declared implicit. However, as described in Section 5.3,
conditions at connections declared explicit may also be updated in
BPWIMP. This allows connections with strong coupling to be handled
together, one being declared implicit and the others declared explicit.
The pump model in the sample problem is an example of this.
The call statement argument list is
0 the connection number,
N the network balance iteration number, and
w the relaxation constant.
It is recommended that the relaxation constant should be used as des-
cribed in Section 5.3.
Consider node n which is at the junction of flow path k and con-
nection o. WA, Pﬁ and Hé are given as a function of the connection
parameters in a component of Equation (1) (Section 5). During the

network iteration at connection «a, the connection parameters wé, at

nl
B
the other end of flow path k are assumed constant. Therefore from

Equation (1), Section 5;

W' W, W Wy
xt=f ey =17 |+¥

'
H! H, Hy, H,
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W*
where P, Yéo) + wé Y;3) + né Yé4) '
H*
WP WH
PP = Yil) and PH = £2)
HP HH

are all constant.
A subroutine CONCOM is available for calculation of these coefficients.

The argument list for CONCON is k and o (input) and

n, W., W, W P P P H H_, HH’ ¢ {(output) and & m,

* 7 * ! P

p’ "H' P’ "H'
where & m is an error return if pipe k and connection o do not connect,
$ is an orientation parameter, and the other arquments are the coefficients.
The value of ¢ is 1 if node n is the beginning of pipe k and -1 if node
n is the end of pipe k. Thus ¢ W& is positive for flow out of con-
nection o into pipe k regardless of whether o is at the start or finish
of pipe k.
6.3.6 USENDM

This routine is called only at the end of a NAIAD run. Instructions

for any final output should be coded into this routine.

6.4 Other Routines

NATAD
This subroutine, is essentially the mainline of the code. It
controls time stepping and output.
INpUT
Most of the input data are read here., Also the power distributions
are normalised and various other variables and arrays set to their
initial values, |
STEADM
The initial condition input data are read and the required initial
states calculated.
GEOMP
A table of the geometry of the system is printed. Also the con-
nection variables P and 1 are evaluated from the initial condition of

the network.
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COEFFM
This is an interface between NAIAD and COEFF. The output at each
time step is printed.
SETMAT
The matrix equations are set up from the difference equations and
boundary conditions.

SOLVE

The matrix equations are solved and the network is converged.
UPDATE
All the new values of W, P and H are calculated from the converged
set of connection parameters. Also heat fluxes,'power to coolant and
new fuel temperatures are calculated.
CONDIN
This is called by STEADM to read the initial condition input data.
STCBAL
This is called by STEADM to balance a connection.
FUEL

Steady state fuel temperatures are generated.
STEADY
The steady state hydraulic difference equations are solved along a
flowpath.
STEADZ
The steady state, zero-flow mass and momentum conservation equa-
tions are scolved along a flowpath. The enthalpy at each node is re-
quired input data for this.
DSTM33
The block tridiagonal system of 3 x 3 matrices with multiple right
hand sides is solwved.
DQUADS
The relaxation constant w is calculated.
CRITIC
The connection eguations for choked connecticns are solved.
THROAT
The choke flow parameter Y is calculated.
COMNCON

This has been described in Section 6.3.5.
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COEEF

21l the parameters required to evaluate the coefficients in the
matrix equations are calculated. This includes the partial derivatives
of h, Hs, K, p and M which are evaluated by repeated calls to the heat
transfer and slip routines. Thermodynamic equilibrium of the coolant is
assumed.

7. TIME STEP CONTROL

It is usually desirable to take long time steps when conditions are
changing slowly, and small time steps when rapid changes are occurring.

This is done in NAIAD in the following way. Let

- Pl - B
$ = Max (]l -3 |, |l i | ) .

all
nodes
The next time step is chosen to meet the following criteria:
Always in the range SMIN to SMAX.

. Never larger than CINC * (t'-t) ,
CTAR

. Otherwise equal to * (£'-t) .

Thus a new t' is defined and the old t' becomes t.

This time step is then completed to the stage at which the new @ has
been calculated. If & < CMAX or t' - t = SMIN, then the time step is
accepted, otherwise the time step is redone with

CTAR
&

At = Max [SMIN, * (£'-t)].

There is another factor in the time step control which has been
omitted in the above discussion. To derive the finite difference equations,

the approximation

L.

0 ~00 K) e (2)
is used. This is a very poor approximation if there is a change from
liquid to two-phase or vice versa during the time step. If such a
change of phase is estimated to have occurred during the time step, an
estimate of pe, the fractional density error resulting from use of
Equation (2), is obtained as follows. At this stage, all W', P' and H'
are known but no other parameters have been evaluated at the end of the
time step. First, we obtain estimates (indicated by a superscript ¥) of
the saturation line densities and enthalpies at the end of the time

step.
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dH
HE = -d-IT"- (P'-P} + HSL' H* = etc
We also define
]
p* = 3% . (X-X) +p ’
LI A £
Y H HR
and x* = ﬁ;:ﬁ; .
v R

If xx* 2 0 then there is no liguid two-phase transition and p* is a good
estimate of p'. Then pe = Il—p*/p'| = 0,
Two-phase to liguid =x > 0, x* < 0

Because water is nearly incompressible

LI *
P PR

hence P

o = [1-p*/p0,| .

Liquid to two-phase x < 0, x* > 0

We estimate p' from

x* (1-x*)

= —— 4

] * *
P Dv 2]

This rather poor estimate (slip is neglected) is sufficiently accurate

for the present purpose. Then
= -k '
oy = [1-0%/0'] .

Now if we assume that x varies linearly during the time step the exror
in density only occurs (in time) after the phase change has taken place.
The time at which the phase change takes place is estimated as

(t'-t)x

t =t 4
0 X=X*

and it is assumed that pe varies linearly with time in the interwval t,;

to t'. If
f < RCMAX
e

the time step density error is deemed acceptable. Otherwise a time step
of
RCMAX

ZDe

(to~t) + (t'-ty)

is tested against the criteria described in the first paragraph. Aall

the time step contreol parameters (given in capitals above), are specified
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in the input data and stored in the labelled common STEPS.
8. INPUT DATA
8.1 General
The finite difference method relies on the continuity of the deriva-
tives being approximated by finite differences. Unfortunately, some
problems involve discontinuities (or, at least, large spatial derivatives)
in some parameters, e.g. flow path area, surface heat flux. Such discon-
tinuities are best treated by placing nodes close to either side of and
at equal distances from the discontinuity.
Except for the title card, all data are read with the AAEC free
input subroutine SCAN [Bennett & Pollard 1967]. TData may be punched
anywhere on a card with numbers separated by blanks or commas. Alphabetic
comments may be placed amongst the data and comment cards (* in column
one) may be used. Other features are:
repeat notation
e.g. 5%1.47
is equivalent to 1.47 1.47 1.47 1.47 1.47

. fixed increment notation
e.g. 1.(0.5)3.
is equivalent to 1. 1.5 2. 2.5 3.

.. - a decimal point is not needed for real numbers with integral
values
. the data cards are listed in the output.
All input and output data are in SI units.
8.2 Title Card
HEAD Title card
8.3 Controls
NP NP is the number of flow paths in the network. If negative
a printout of the pipe data interpreted by the code is

produced after each set of pipe data is read.

NC Number of connections in the network.
GRAV Acceleration due to gravity, g (m s'z).
TOL Tolerance in network balance (suggest 107 %y,
ITMAX Maximum number of iterations in network
balance (suggest 13}.
SMIN Minimum time step to be used (;)
SMAX Maximum time step to be used (s).
CTAR Target maximum fractional change in P oxr H in a time step

(suggest 0.01).



CMAX

RCMAX

CINC

TMAX

TSFP
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Maximum allowable fraction change in P or H in a time
step (suggest 0.02)..

Maximum allowable fractional density error in a time step
involving a liquid to two-phase transition (suggest
0.01).

Maximum ratio between successive time steps, e.g. 2

means at most double the time step.

Maximum time required (s).

Frequency of full listing, e.g. 5 means full listing
every 5th time step and partial listing at other time
steps. A partial listing covers only those nodes speci-
fied below in KW, and, if KFP positive, details of time
step change and elapsed CPU time. If no nodes are
specified below and KFP is negative, then no partial
listing appears.

A full printout will be produced at every time step after

this time.

A dashed line is printed in the output immediately after this data is

read and printed.

8.4 Flow Path Data

The following set of data is required for each pipe or flow path

beginning with pipe 1. Each set must start on a new card:

NODE
Ka
KB
PGENP
ISLIP

Number of nodes in flow path.
Connection at start of flow path.
Connection at end of flow path.
Total power generated in this flow path (W).
NODE integers specifying which slip relation is to be
used at each node:
0 - homogeneous (no slip)
- Jones
- CISE
- Beattie
Beattie small bubble
- Fauske
- Moody
- ;odified CISE

® 9 & ;s W N
|

- Smith.



IFR

IHTRAN

SINT

DE

HP

ROUGH

CP

HF

ORIK
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NODE integers specifying which friction relation is to be

used:

1+
|
1

homogeneous

bubbly

14
[3%)
1

+*3 - annular

14

small bubbles.
If.negative the boiling wall extension will be used.
NODE integers specifying differencing of the surface heat
transfer coefficient:

0 - explicit heat transfer coefficient

1 - implicit heat transfer coefficient.
NODE integers specifying which nodes are to be printed in
partial printouts:

0 - do not print the node

1 - print it.
NODE value of the axial displacement {(m) along the flow
path (arbitrary origin but strictly increasing).
NODE-1 values of é—EE%EEE for segment of flow path
between édjacent nodes.
NODE values of equivalent diameter.De {m) .
If DE(I) is given as zero it is calculated from A(I)
assuming a round pipe.
NODE values of cross sectional area a (m?).
If A(I) is given as zero, it is calculated from DE(I)
assuming a round pipe.
NODE values of heated wetted perimeters p (m).
If HP(I) is given as zero, it is calculated from DE(I)
assuming a round pipe.
NODE values of absolute surface roughness € (m) .
NODE values of fuel heat capacity A (J m" %2 K !).
If zeroc, generated power passes directly to coolant.
NODE values of fuel centre to fuel surface heat transfer
coefficient h. (W m? K1),
If given as zero set to 10'% (zero resistance).
NODE~1 values of friction coefficient.
If > 0 then taken as Ke

If < 0 then taken as -Kf.
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PD NODE values specifying an equivalent heat flux distribu-
tion PD (m™ ?) (the given distribution is normalised
within the code so that PDi = Qi/PGENP hence
NCDE-1

}( -z,) =1 .,

L (PP +P Ziv17%4

. i pi+1Pis1
i=1

A dashed line is printed in the output after each set of flow path data
is read and printed.

8.5 Connection Data

The following set of data is required for all connections which are
not internal. The first set must start on a new card.
KC CONNECTION number
LC CONNECTION type
0 - explicit
1 - internal

2 choked {(burst)

3 - implicit.
Only one flow path can connect to a choked connection, and the con-
nection number allotted to a choked connection must be larger than that
of the connection at the other end of the flow path involved.
If IC = 0 or 3
ICB type of connection control
1 Flow

2 Pressure.

If IC = 2
PAT Pressure downstream of burst (final receiver pressure)
(Pa)
TOPEN Opening time of break(s).

A zero marks the end of the connection data. A dashed line follows the
listing of the connection data in the output.
8.6 Initial Condition Data

The initial condition calculation is a series of steady state
calculations. Any number of calculations may be done on one flow path.
If a steady state calculation is not done on a flow path, then its
initial state must be specified in the special routine BINITM.

In the following specification an asterisk as a superscript on a
flow, pressure or enthalpy means that it is specified by two numbers IP

and Q where



51

IP = Pipe number oOr Zzero.
If IP = 0O
Q = COND = the actual value of the gquantity.
If IP # 0
Q = Node number. Then the condition is set equal to its counter-

part at the Qth node of pipe IP.
Also, this node number Q is the position in the flow path containing the
node, not the node number appearing in the code output. This allows
extra nodes to be added with minimum impact on the input data.-

The following set of data is reguired for each steady state calcu-

lation:
Xp Pipe number.
I0PT Specifies which type of calculation is required.

+1 Conditions known at a single node.

12 Pressure known at two nodes and enthalpy at one
of them.

+3 Zero flow in flow path, enthalpy known at all
nodes, pressures determined from gravitational
head.

*4 Conditions known in all but one of the flow
paths terminating at a connection. The enthalpy
and flow at the terminal node of the unknown
flow path are chosen to give zero net enthalpy
and mass flow through the connection. The
pressure is chosen equal to that of the other
terminal nodes. This process is called a
connection balance.

15 Constant gravity head pump with head and flow
path power determined to give connection balances
at both ends of flow path.

If IOPT is negative, a listing of the calculated steady state for this
flow path will be produced before any further initial state calculations
ére done. '
The data required for each option is given below:
IOPT = *1
J Node number

W3 Flow at node J in flow path KP (kg s“l).
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Pg Pressure at node J in flow path K2 (Pa)
H3 Enthalpy or thermodynamic quality at node J
(J kg'l) in flow path KP.
For example, to produce a steady state in pipe 1 with flow 4 Mg s™! and

at node 2 a pressure and quality of 8.6 MPa and -0.14 respectively

K = 1

IOPT = 1

J = 2

lw; =0, 4.E3
P; = 0, B.6E6

H; = 0, -0.14,
The steady state finite difference equation will then be solved along
flow path XP in both directions from node J.
IOPT = %2
J Node number
WY  Estimate of flow at node J in flow path KP (kg s ?!)

J
P; Pressure at node J in flow path K (Pa)
H; Enthalpy or thermodynamic quality at node J (J

kg~ ') in flow path Kp
K Node number
PE Pressure at node K in flow path KP (Pa).
The flow will then be found by iteration and finally the steady state
finite difference equations solved along flow path KP:
IOPT = 13
J Node number
P*  Pressure at node J of flow path KP (Pa)
H Enthalpies at each node of flow path KP (J kg™ !)
TFC Fuel temperatures at each node
_ of flow path KP (K).
The steady state zero flow momentum equation will then be solved along
flow path KP. Any fuel temperatures specified to be zero are set equal
to the coolant temperature for that node:
IOPT = *4
KC Connection number.
Conditions at the node of flow path KP which connects to connection KC
will be determined from a connection balance. The steady state finite

difference equations will then be solved along flow path Xp:
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i+
un

IOPT =
J Segment at which pump is to be inserted (between
node J and node J + 1}.
conditions at each end of the pipe will be determined by connection
balances. The head (A height) at segment J and power tc coolant are
then varied to achieve the reguired conditions.
Zero marks the end of steady state data. This is the end of the
standard NAIAD input data. Any input for special routines will follow.
9. CATALOGUED PROCEDURES

All three procedures are used in the test problem.
9.1 NAIADCLG
This procedure is used to compile, link and execute a composite
program. The procedure has four steps:
(a} PREP - In this step common blocks and other groups of cards
can be copied intc the FORTRAN source decks by including
"CINSERT" cards in the FORTRAN program. By this means, the
tedious process of duplicating common blocks is avoided. The
format of this card is
CINSERT COM1, comz, COoM3
where the letters CINSERT followed by a blank must be in
columns 1 to 8 of the source card and COMLl, COMZ2, COM3, etc.
are the names of common blocks required in the FORTRAN routine.
Any of the common blocks of Tables 4 to 11 may be inserted in
this way, BLANK common having the label "BLANK". The default
MAIN routine (Section 6.3.1) may be generated with a
CINSERT MAIN
card and the IMPLICIT REAL*8 statement with a
CINSERT R8
card.
(b) FORT - FORTRAN H compilation step
{c) LKED - linkage editor
{d) GO - execution of the composite program load module.
This load module may be placed in a private program library by including
two symbolic parameters LIB and MEM. LIB is the private library name
and MEM the member name under which the load module is to be stored.
9.2 NAIADG

In this procedure composite program load modules specified by the
vy
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two symbolic parameters LIB and MEM can be executed. The GO step is the
only step in this procedure. If LIB and MEM parameters are not speci-
fied, then the standard NAIAD code is executed.

9.3 PROGRUN

The plot program is executed in this procedure. It is used as
shown in the sample problem.

10. SAMPLFE RUN

The sample problem is the blowdown of a CANDU nuclear reactor
through a small hole in an outlet header. The problem has been chosen
to illustrate the use of most NAIAD options, to show simple examples of
special routines and to demonstrate the advantages of NAIAD. In the
sample run, a composite program for this problem is formed, the problem
is run twice with target fractional changes of 10 and 1 per cent, and
graphs are plotted comparing the coarse and fine solutions.

Both primary and secondary coclant loops are simulated together
with their pumps and the steam generator coupling the twe loops. The
flow network is shown in Figure 6. A very coarse spatial mesh is used
to Keep the computation time and output quantity small. The lower part
of the primary system simulates the flow path from inlet header to
outlet header through the feeders and fuel channels. The conditions in
the 195 channels are assumed identical so that they can be combined into
one flow path. Similarly, in the upper part of the primary system, the
15600 steam generator tubes are combined into one flow path and the sets
of six pipes connecting the headers to the steam generators are combined
into one flow path. The secondary system includes a constant volume

pump, the steam generator and a heat sink. The transient is initiated

FIGURE 4

Nuclear Power for Sample Problem

Sle

TIME (s)
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by a burst in the outlet header and it is assumed a reactor shutdown
occurs.

10.1 Nuclear Power

The power generated in the fuel, which is in flow path 2, is
assumed to vary as shown in Figure 4, It is calculated at the beginning
of each time step in the special routine BCSETM.

10.2 Heat Sink

The heat removed from the secondary coclant within the heat sink,
which is in pipe 6, is

T- Tsink 0
Qs = %;—:—;——— Q6
gink
where T = mean temperature of coolant in the heat sink. Qg is calcu-
lated in the special routine BCSETM at the start of each time step using
the coolant temperatures from the previous time step.

10.3 Steam Generator

The heat flow from the primary side {(pipe 1) to the secondary side
(pipe 5) of the steam generator is assumed proporticnal to the mean

temperature difference:

TP-E't
0
Qs = Q1 = epa— Qs '
T - T
P t
where T = mean temperature of primary coolant in the steam generator,

and Et = mean temperature of secondary coolant in the steam generator.
The heat flows are calculated each time step in the special routine
BCSETM.

10.4 Makeup System

The makeup or pressure control system is simulated by a flow
boundary condition at connection 1. The flow {; is a function of the
cutlet header pressure 3 as shown below, except that a limit of 20 kg
s 2 is imposed on the rate of increase or decrease in the flow rate. It
is calculated at the start of each time step in BCSETM.

10.5 Secondary Pump

The secondary pump is represented by connection 7 which is an
implicit flow controlled connection, connection 5 which is an explicit
flow controlled connection, and a special routine BPWIMP. As the flow
is always from connection 5 to 7 via 6, the gquantities to be determined

from the pump characteristic are
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¥, ¢', and 1’ '
7 5 5
which are the connection parameters for connections 5 and 7. Let n

be the node at connection 5 and m be that at connection 7. Then the pump

equations are

1 = '

b=
(the pump is assumed to have zero volume),

1 0

2ot

p! 0

m pm

(the enthalpy change across the pump is constant).
To avoid calling SSTATE and SSLIP to obtain the density of the

coolant at the end of the time step, the following estimate is used

These four equations have introduced new unknowns Wé, P& and Hé. The
required three egquations are components of Equation (1) Section 6.
These equations are obtained by the CONCON subroutine. The seven

equations are solved for Y', {Y', and n; in BPWIMP.
7 5

Note that although connecticn 5 is an explicit connection its
boundary conditions are set in BPWIMP and hence updated each network
balance iteration.

10.6 Primary Pump

The primary pump is represented as a fixed gravitational head. The
head required is determined in the steady state calculation. WNo special
routines are needed. The gravitational potential energy from this head
appears in the primary coolant, hence in the initial steady state the
heat flow through the steam generator is the sum of this gravitational

power and the nuclear power.
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FIGURE 5

Makeup System for Sample Problem
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10.7 Initial State

In the coarse time step calcglation, the first two initial state
calculations demonstrate the use of initial state options 3 and 2
respectively; the rest set the initial state for the transient calcu-
lation using the other threé options,

10.8 Transient Calculation

The transient is initiated by a burst of area 1 cm? in the outlet
header, pipe 3 being entirely within the header. The receiver pressure
at the break is reduced to atmospheric over the first ten milliseconds.
The difference between the receiver pressure and the header pressure is
not sufficient to cause choking until the quality at the break becomes
positive. Once choking occurs, the throat and receiver pressures are no
longer equal and the throat pressure only changes slowly as shown in
Figure 7. The time step in the fine time step calculation (Figure 8)
which is at the lower limit of 0.1 milliseconds before choking, increases
rapidly socn after choking until reaching 0.1 seconds. Roughly, this
time step is maintained for the remainder of the calculation. The flow
at the break rises rapidly to 4 kg s”!. This is not sufficient to
depressurise the system and, in fact, after 0.5 seccnds the makeup
system flow has exceeded the break flow. However, the drop in nuclear
power which begins at 0.5 seconds, coupled with the nearly constant heat
removal to the heat sink, causes a slow decrease in system pressure.

The flow at the break from the coarse and fine calculations are
compared in Figure 2. The difference is guite tolerable for many
applications and illustrates the value of coarse NAIAD calculations
where precise resultslare not required.

10.9 Sample Run Output

A listing of the sample run output is given in Appendix A. A
listing of the input is not given as the SCAN input subroutine lists all
input data as it is read and the FORTRAN compiler lists all the user
routines, Note however that the IMPLICIT and COMMON statements in these
routines were inserted by the CINSERT procedure described in Section 9.
The graphs from this samplie run are shown in Figures 7, 8 and 9.

11. PLOTTING

Graphs are easily produced by including special instructions for
writing a plot data file in the special routine BINITM and TDUMP, and
executing the NAIAD plot catalogued procedure PROGRUN which reads this
plot file and plots the graphs specified in the input data. 1In this
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FIGURE 7

Pressure at Break (Fine Calculation)
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FIGURE 9
Flow at Break
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way, graphs can be produced of data in the pPlot data file from one or
more NAIAD runs, e.g. bressure at a node as a function of time can be
plotted for a number of NAIAD runs, pressure can be plotted against flow
rate, etec. Points or lines of many Kinds can be used and labelled, axes
can be labelled and headings written. also, experimental data can be
plotted for comparison with the NAIAD results.

11.1 Plot Data File

This file is a sequential data set, each record corresponding to a
single time step and containing up to 200 double precision words.
Output from several runs may be assembled into one long file with the
start of each pseudo file marked by TIME equal zero. Thus, the first
item of each record must be the variable TIME.

Two routines are available for writing the plot data file. They
are TAPSET which locates the required pseudo file and TDUMP which writes
a record.

' The routines are used as follows:
{i) CALL TAPSET (IU,NF)
where IU - FORTRAN logical unit number;
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NF - output contreol;

NF#0 - replace NFth pseudo file with results of
this run. All old files past this point
will then be lost; and

NF=0 - add output of this run to the end of existing
file.

TAPSET is normally called from the special routine BINITM.
(ii) CALL TDUMP(IU,TIME,l,Al,Nl,AZ,NZ,...,AK,NK)
where IU - FORTRAN legical unit number;
al,...,AK - variable or array names; and
Nl,...,NK - number of data items to be written from
the corresponding variabkle or array.
TDUMP is normally called from the special routine TDUMPM.
Both these routines are used in the sample problem.

11.2 Plot Program

This program is separate from NAIAD and runs in two phases, a data
input phase and a plot phase. The data input phase requires the follow-
ing data (all read using SCAN):

IFN - pseudo file number;

NENT - number of items in each record (max. 200);

NG - number of these items actually required for plotting
(max. 20); and

NP - an array of NG numbers giving the positions in the

NAIAD output record of the NG items required.
For example, considering the sample problem (Section 10) which has

22 nodes and 6 flow paths, the record structure is

TIME position 1
W ‘ positions 2 to 23
P positions 24 to 45
X positions 46 to 67
PTCTP positions 68 to 73
PTCT position 74
DELT position 75

The input data needed to retrieve TIME and flow, pressure and
quality at the break (node 12) are:
1 75 4 1 13 35 57
The total number of words that can be retrieved in this way is limited

by storage to 5000.
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When we enter the plot phase, the items retrieved are identified by
the numbers 1 to NG rather than their initial positions in the NAIAD
record. Thus in the above example, TIME is now item 1, flow at the
break is item 2, etc. The plot phase is controlled by 'keyword and data'
cards. Each individual plot is initiated by a card begihning with the
keyword PAPE (a PAPE card). This card defines the graph paper required.
The PAPE card defines the plot axes explicitly or implicity. The
explicit form is:

PAPE Xp YP XMIN XMAX YMIN YMAX
" where |XP| = length of x-axis in inches,
|YP| = length of y-axis in inches,
XP, YP < 0 linear scale, or

> 0 log scale,

XMIN = minimum x (usually time) value required,
XMAX = maximum x value required,

YMIN = minimum y value required, and

YMAX = maximum y value required.

The implicit form is:

PAPE O XP YP {Nx IX (1),...,IX(NX)f \NY I¥(1),...,IY(NY)

O XMIN XMAX } {o YMIN YMAX }
where the upper and lower lines inside the braces are alternatives. In
this form, the x limits are either on the PAPE card (NX = 0) or they are

:the range of a specified subgroup of the items loaded in the input
phase. NX is the number of items in this subgroup and the item numbers
are IX. The y limits are specified in the same way. Returning to our
example

PAPE O -10 -8 1 1 1 4
specifies 10 in. x 8 in. linear graph paper with the x limits given by
the range of TIME values and the y limits given by the range of quality
values. If NY is negative, the cards

LINE IX(1}) IY(1l) 1

LINE IX(1) IY(2) 2

LINE IX{(1) IY(NY) NY
are executed after the PAPE card. If the x limits were given explicity,

‘then IX(1)=1 is assumed. The LINE card is described below.

Once the PAPE card has been read, data may be plotted on the graph
by means of LINE or PNTS cards.
LINE IX Iy NL
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connects the given data by straight lines

where IX = item number for the x variable,
IY = item number for the y variable,
NL = 1line type, where NL=1 is a solid line, and

NIL=2,...,10 are distinct dashed lines.
" LINE O NP NL X(1),¥Y(1},...,X(NP),Y(NP)
connects the NP given data pairs by straight lines of type NL. This
card can be used for plotting experimental results.
PNTS IX I¥Y NS ISIZE
draws a plot symbol at each data point,

wherxre IX = item number for the x variable,
I¥Y = item number for the y variable,
NS = plot symbol number, where NS=l,...,8 are distinct
plot symbols,
ISIZE = plot symbol size, where the actual size is 0.04*

ISIZE inches.
PNTS O NP NS ISIZE X{1), Y{l),...,X(NP), Y(NP)
draws a plot symbol at each given data point.
The plot can be labelled by the following keyword cards:

HEAD "TITLE FOR PLOT"
NAMX "y AXIS LABEL"™
NAMY "y AXIS LABEL"

where the required labels are placed between the double guote
characters ".

Legends describing the plot symbols or lines (see Figure 8) may be
added to the plot by use of further keyword cards. Bach legend entry
consists of two fields. The first field contains a symbol or line while
the ‘second contains text.

LEGO HO Vo
defines the top left hand corner or 'origin' of the legend. HO and VO
are given in inches from the bottom left hand corner of the graph. If
this statement is omitted, HO = IXP| + 0.5, VO = |YP| - 0.5 is assumed.

LEGH "HEADING" provides a heading for the legend.

LEG K "LABEL" generates a legend entry, where

K = 1 gives the latest plot symbol followed by LABEL
= 2 gives the latest line type followed by LABEL

0 just gives LABEL starting in the symbol

or line field.
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LEGS SIZE WIDTH SPACE
enables changing of the controlling parameters.
SIZE - character height in inches (default 0,14)
WIDTH - width of symbol or line field in inches
(default 1.2)
SPACE - entry spacing (vertical) in inches (default 0.25).
The data may also be scaled for plotting by use of the statement
CONS A B
where all 'y-ordinate' data will be scaled so that the plotted data is
A + By. The scale remains in force until a new PAPE or CONS card is
read.
Finally, it is possible to return to the data input phase by use of
the command
DATA
This allows a new set of data to be read which can then be plotted
either on a new graph or on the previous graph if no new PAPE card has
been read.
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APPENDIX A
PARTIAL LISTING OF SAMPLE RUN QUTPUT

J/GDTNATAD JOB (*PHL13994/P22PHLCAY yN1) 4G D« TRIMBLE, Jog 322
i CLASS=B,

/7 TIME=T

7/ EXEC NATADCLGPARM.FORT='0PT=2°,L19='GDV.NATADP', MEM=TESTCASE

/45YSIN LD * GENERATED STATEMENT

IeF1421 - STEP wWA> EXECUTED ~ COND CODE 0000

1EF373[ STEP /PREP / START 76L45.1752

1EF3741 STEP /PREP / STOP T76145.1752 CPY OMIN 02.305EC MAIN 40K LGS 0K
#%% CCNOITICN CUDE = QUOLHEX)

IEF1421 - STEP wA> EXECUTED - CUND CODE 0000

1EF373! STEP /FURF¥ / START T6145.1752

ItF3tal STEP /FURT / STOP T76145.1752 CPU JMIN 04.645EL MAIN 240K LCS 0K
¥ CCNCITION CODE = OQUOCHEX)

[£Fl4e1 - STEP WA> EXECUTED - COND CODE 0000
[EF3731 STEP /LKED / START T6145.1752

IEF3741 STEP /LKED J STUP Tb6145.1753 CPU OMIN 03.525&C MAIN 96K LCS gK
¥4 CCNLITION COUE = QOO(HEX)

//GULFTCBEOOL DD USN=GDT JFESTPLT,DISP=0LD

//SYSIN bD * GENERATED STATEMENT

TEFL421 - STEP WAS EXECUTED -~ COND CODE 00060

1€F3731 STEP /GU / START 76145.1753

1EF3741 STEP /GO / STOP T6145.1759 CPU OMIN 54 .80SEC MAIN 220K LGS 0K

#*¢ CCNGCITION CODE = OQOOQ{HEX)
// EXEC NAIADG,MEM=TESTCASE.LIb="GDT.NAITADP?
//GC.FTCBFCOL DD DSN=GOT.TESTPLT,DISP=0LD

//SYSIN oo * GENERATED STATEMENT

IEF142]1 =~ STEP wWAS EXECUTED - COND CDDE 0000

FEF3731 STEP /GO / START 76145.1759

JEF3741 STEP /GO / STOP Tal4a5.1804 CPU 2MIN 07 .92SEC MAIN 220K LCS oK
#3% CGNDITION CODE = OOO{HEX)

f/ EXEC BUFFPROG,PRG=VPLUT
//5Y5UT2 CC SYSULT=F
JEFL421 - STEP wAS EXECUTELD - COND CODE 0000

1EF2731 STEP /PGM / START 76145.1804
1EF374] STEP /PGM / STUP Tol4b.1804 CPU OMIN OU.Z245EC HMAIN 14K LGS UK
#%¢ COCNCITION CODE = OOUIHEX)

/¢ EXEC PROGRUN,LIB='GDT.NAIAD' 4MEM=PLUTPGM,REGGD=140K
//GL.AEPLGT DD SYSOUT=F
//GO.FTOBFO0L DD DSN=GOT LTESTPLT,DI5P=3SHR

//SYSIN [HIN GENERATED STATEMENT

1€F1421 - STEP WA EXECUTED - COND CODE 0000

1EF3731 STEP /GU / START 76145.1804

TIEF3741 STEP /GO / S5TDP 76145.1804 CPU OMIN 05.225:C MAIN 110K LCS 0K

#ax CONDITION CODE = Q0OQ(HEX)

TEF375] JOB /GDTNALAD/S START 76145.1752

IEF376] JOB /GDTNALAD/ STUP T6l45.1804 CPU IMIN 18 .245EC
RIGHEST CONDN CODE = OQOO0{HEX)
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&« INPUY FILE STRUCTURE
o

& VARTARLE

L

& TTHME

# FLOWS

@ PRESSUKRES

® QUALITIES

L] POWEKRS

@ TOT POWER

“ TIME STEF

#

# DATA INPUT PHASE FOR
o

FILE 1 T5 ENTRIES
GET 2 1 13

*

# PLOT PHASE

&

PAPE @ -8B =A } 1 ~1 2

LEGO & b

LEG 2 "COARSE CALCN."
HEALD “FLUW AT BREAK®
NamMXk HTIME (SECONDS)IY
NAMY “FLOW (KG/SIM™
# RETURN TO INPUT PHASE
DATA
FILE 2 75

4 1 13 3575

A2}

I

wr

HOSITIONIS)

1
2=23
2445
bb=h7
6E=T3
T4
75

COARSE CALCULATION

TO ACCESS OUTPUT OF FINE CALCN

# THIS GUDES ON PREVIOUS PLOT

LINE 1 2 2

LEG 2 "FINE CALCN."

# NMOW COMMENCE NEW PLOT

PAPE B =p 1.F=4 25 0 10

# SCALE PASCALS DOWN TO MPA

CONS 0 l.E=&

LINE 1 31

HEAD "“PHESSURE AT HREAK (FINE CALCULATION)T
NAMA MYTIME (SECONDS)Y

NAMY VPRESSURE (MFGAPASCALS)Y

PAPE 8 6 lak=a 25 1,E=5 ]

LINE 1 o ]

HEAD “TIME STEP (FTINE CALCULATIOM)™
NAMX "TIME (SECONDS)M

NamY "TIME STEP (SECONDS)®

END OF FILE ON UNIT ]

FAFCUTION TERMINATFD












