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ABSTRACT

A computer code for simulating two-phase compressible flow transients

including loss-of-coolant in a single water cooled channel is described.

The momentum flux term is included and slip between the phases is allowed.

A pipe model and detailed surface heat transfer is included. The conserva-

tion equations are solved by means of an implicit numerically stable finite

difference scheme so that time step size can be chosen on accuracy considera-

tions alone.
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1. INTRODUCTION

Many finite difference digital computer programs have been written to
analyse two-phase compressible flow transients in water cooled nuclear power
reactors. Most of these (Elliott 1968, Redfield et al. 1967, Rettig et al.
1970) are limited to time steps of order of the time taken for a sound wave
to cross one space segment. This is also true of most programs written
to analyse the loss-of-coolant accident in sodium cooled fast reactors
{Sha & Hughes 1970, Carter et al. 1970). In many transients of interest,
conditions arxe changing sufficiently slowly that consideration of accuracy

alone would allow much larger time steps.

This problem is overcome in the family of codes, HYDNA (Currin et al.
1961), POISE (Carver 1967) and SLIP (Moxon 1968), derived from the momentum
integral method (Meyer 1961}. In this method dependence of steam and water
densities on pressure is neglected thus eliminating sonic effects and per-
mitting larger time steps. The codes are suitable only for transients in
which small pressure changes occur; even then neqlect of compressibility is
an uncertainty in the results. The methed is not suitable for loss-of-
coolant analysis where larger pressure changes occur. Thus a finite difference
scheme is desirable which includes compressibility and is stable for large
time steps.

Such a scheme has been given by Turner & Wendroff (1964) for a perfect
gas. In FLASH-4 (Porshing et al. 1969) a partially implicit method is used
which is described by Porshing et al. (1971), but in practice this scheme is
only conditionally stable.

The code described in this report uses a fully implicit scheme for two-
phase compressible flow with slip between the steam and water phases. It is
a further development of the method of Turner (1969) and includes the spatial
acceleration or momentum flux term. The scheme has been found stable for time
steps of any size. Running times are comparable with the momentum integral
codes mentioned above where both methods are applicable.

Input data required are geometric and thermohydraulic descriptions of
the channel from inlet to ocutlet, parameters to determine space and time
step sizes, boundary conditions at the channel inlet and outlet, and specifi-
cation of the initial state of the system. Usually this initial state is a
steady state calculated from input data giving pressure, thermodynamic quality
and flow rate at a specified point in the channel. However, a restart option
is available in which the initial state at every node is taken from input

data.



The calculation consists mainly of computation of pressure, quality,
pipe temperature, etc., at each space node for each time step. Four types
of transients can be computed, depending on the three boundary conditions
specified. These are inlet enthalpy; inlet pressure or inlet flow; and the
boundary condition at the outlet, either outlet pressure or one of the choked
flow conditions. Three such conditions between pressure, enthalpy and flow
at the outlet are incorporated in the code.

The code is so written that the eguations of state for other coolants
are easily added in place of those for light water. Similarly additional
heat transfer relations can be included.

The principal limitation of the code is that flow reversal must not
occur at either the channel inlet or outlet; Reverse flow within the channel
is allowed.

2. CONSERVATION EQUATIONS

Consider a channel or pipe of cross section area a, which is a function
of Z, the distance along the channel. The conservaticn eguations are (Meyer

1960) :

mass a.%% + %g =0
Low , 12 M L2 ay
momentum 2 3t + Y (a +3Z + F + pg & - 0
d
energy g% [apH ~ aP + f% + g%-(E + aK) + Wg a%- = ab

where the pressure P is considered constant over each plane normal to the Z

axis; h, 4 and u vary across this plane; and averages over the plane are

density p = L raaa ,
a a
static enthalpy H = —/hdda |,
pa
mass flowrate W o= Judda ,
a
momentum flowrate %- = Suwr daa ,
a
energy flow E = Juhdda, and
a
kinetic energy flux X = -2}; fdufaa .
a

Flow enthalpy, as distinct from static enthalpy H given above, is E/W.



We assume thermodynamic equilibrium and take the equation of state in

the form (Meyer 1961)

p = plP,H)
3p _ 3F 8H

We assume that M and E are not explicit functions of the channel geometry
or surface heat flux, i.e. given W, P and H the quantities-M and E can be
calculated, excluding such effects as subcooled boiling and diameter effect

on slip ratio. Then the conservation equations may be written

ap oH W
mass aRy 3 +* aRy 3yt 3y = O
Law, 1M 3% , Ma 1, . 3P o O
momentum = o+ 9% 3% 3z | 2 dz (a) 9z T F =-P9 g
- SH W 5P 3E . X 1 9M | 8% B _
energy  ap 3y H 5z 3t 3% 3% | 2a oxX 3¢ T 3z (2K
a
= a¢ - Wg 5%
/0w
& _
where T 9/3P .
3/9H

This form has the édvantage that, except for the time independent derivatives
and g%-(aK) (usually small), only components of X appear in time or space
differentials which therefore can be forward averaged. If this is done

local stability (Richtmyer 1967) of the finite difference scheme, neglecting
the small g% (aK) term, can be proved (Turner 1972). The drawback is that
the derivatives of M and E with respect to P and H may be discontinuous at
the boundaries between the two-phase and single phase regions. This is
discussed in Section 3.

3. FINITE DIFFERENCE EQUATIONS

Finite differencing sets up averages over the space step Z; to Zy and
over the time step t to t'. The space derivative terms of the form Q(Z,W,P,

H) 3R/9%Z are approximated by

(@, + Q) (Ra ~ R}

cee (1)
2 z, - 2,



and the time derivative terms Q(Z,W,P,H) 3R/%t by

Ql (Ri = Rl) + Qz(Ré - Rz)
2{(t' - 1)

where Q, = Q(Zl,Wl,Pl,Hl) etc. The terms containing g%-are treated as

follows:

dy _ oy +p3) [¥, ~ v,
Plaz = 2 Z, - 2,

g .

The power term is approximated by

a, ¢, +a, 9,
ap = > .

The term F in the momentum equation is made up of contributions of friction
at the pipe wall and at an orifice between the nodes. These two friction
terms are specially treated to give better accuracy and to improve numerical
stability at high flow rates; both were assumed to vary as W|W| rather than
to remain constant over a time step. Then

F, +F]  F, W

BF/3W = 2F/W and ~ - .

2 W,

Thus F is represented by

o
Z2y-2, ay a,

i WilGllvpl Iﬂ:g[Gz[vp2 14 .W;|G1|v01 W;lc;zlvoa
P =D a, D *
1 ey 2 Teq

where K, and D, are input guantities and the friction specific volumes Vo and
Vp contain the friction factors. Definitions of Vv, and v, are given in
Section 6.

The coefficients of the derivatives of E and M are also given special

treatment. Consider the exXpression
oF 9E
[w (ax)l + (1 - w) (ax)z]

1 . . - . . .
For w = 7 this expression is the form of finite difference approximation
given in Equation l. The trxuncation error (Richtmyer 1967) in this approxima-
tion is of order
9B 9E 9X
[(ax)l (ax)z] * a7, -

If 9E/9X is continuous this is of order 3Z. If 3E/3X is not continuous the



truncation error on a segment spanning the discontinuity is not small, and
its effect on the solution is not reduced by choosing 82 small. Also in such
cases a steady state solution to the finite difference equations for such a
segment, may not exist. Both these problems are overcome by choosing

- E, "(ax)z' ~ X))

w=e?= for O0g€exgl ese (2)

[(axl-( )}- , - %)

0 for e < 0

l for e >1 .

It

Then, provided 3Z is not too large a steady state solution always exists and
the truncation error is of order 32 plus order 3t.

For single phase flow or if zero slip between the phases is assumed

E = HW
H
9E _
5%\ ©
W
and w = + .,

2
Similarly, an interpolation coefficient 0 £ 8 € 1 is defined for the term

-2 2M
37 such that
Lfl 1Y u -
"2‘;'{*';,1% (M, - M)
_[s on a-s @] .o - .
= [a% (ax) * a2 (ax)%] (%, = %) e 3

Then j;_ﬁﬂ is approximated by
a2 92

S oYy, -8 ( ) ) B
a2 ', aZ (Z, - ;)

The resulting three finite difference equations are such that mass flows from
one segment appear unchanged in the next, and acceleration (including the
effects of area change), friction and gravitational pressure drops in steady
state agree with the usual formulations.
The coefficients Rp, Byge p and other properties needed e.g. void
fraction and temperature, are evaluated in the equation of state routine
M OE

described in Section 4. The coefficients — , X

9 , K and other quantities



such as quality and E, are evaluated in the slip routine described in Section
5. Evaluation of the friction terms is described in Section 6 and of the
power~to-coolant in Section 7.

4, EQUATION OF STATE

The assumption of thermodynamic equilibrium allows the static quantities
required for the difference equation coefficients and slip model to be
determined from pressure and static enthalpy. The guantities are obtained
by interpolation of tables read in from disk at the start of the calculation.
The tables have been generated from the stafe equations for water (Meyer
1967) by means of the ASTEM code (Moore 1971)}. The pressure and temperature
mesh used in the current tables is given in Table 6. Tables with a different
mesh can easily be generated if required. The void fraction is always

calculated from

P~ oy
o """_:"""""" .
Py~ PL

5. SLIP MODEL
In the slip routine quantities P, H and those calculated in the equation

of state routine are used to find flow quality

- W
HL E/
HL B Hv

E, M, K and derivatives 3E/9X and 8M/3X. Both of the two slip models avail-
able make the approximation that u_ and u. do not vary across the pipe cross

section.
5.1 No Slip and Single Phase

If all the coolant is assumed to move at the same speed, then



and x = g—:—;£ .
v L
In the single phase regions the value of x indicates the degree of subcooling
or superheating.
5.2 Jones' Slip (Jones & Dight 1962)
In this case

auv + (l—a)uL

u =
v Y
where y = (0.71 + 0.29P/P ) (L-a¥) + of,
r = 3.33 + (0.18 + 0.46 x 10™ 3P)P/1000

and Pc, the pressure at the critical point, and P are in psia. Now

o - DL
e = T
pv pL

is a function of P and H only. Also

= + (1- .
G apu (1 a)pLuL
. ap
Therefore x = A is also a function of P and H only.
Yo — olp, = p))
2 2 2

- + -

Thus M a [ozpvuv (1 a)pLuL]

(x;g)z]
-

2
[oo, + pL(Y—a)]

= WZ

and E = a{(l-a)pLuLHL + apvuvHv]

Wi{y-a)p H + ap H ]

[apV + (Y-a)pL]

are functions W, P and H only. As the derivatives of Hv' H are

.’ pV’ pL
obtained in the equation of state routine, the derivatives of M and E with
respect to W, P and H, may be simply obtained. The kinetic energy flux is

given by

= 1 - 3

3
+ )
p +oaegull



6. FRICTION

The friction F depends on the two friction specific volumes, VP {a
function of the relative pipe roughness £/D) and v, (a function of the orifice
coefficient used for orifices and fittings). The latter depends on quality
and the value of ST {an input quantity specifying the friction model) as
shown in Table 1. In single phase regions the orifice pressure drop is
assumed proportional to Gz/p. In the two-phase region two options are
available: if ST = 0 friction corresponding to homogeneogs flow is used;
if ST = 1, a separated flow model is used, except-gt high gquality where the
homogeneous model is used. To remove a discontinuity between separated and
homogeneous flow regions an interpolation region is inserted.

The ¢ in Tables 1 and 2 is the product of approximations from Cowking
& Enderby (1966) to the Martinelli-Nelson (1948) two-phase pressure drop
multiplier and Collier (1964) mass velocity correction term. At low qualities
this product becomes less than 1. If this occurs ® is taken to be 1.

To specify vp we first define a Fanning friction factor £ as a functioh

of Y, a viscosity. The Reynolds number is given by

If Re < 2000, laminar flow is assumed and

16

f(uy = Re

If Re » 4000, the Colebrook equation for the transition and turbulent flow

regions is used.

1 _ . £ 1.26
J? = -~1.73716 &n ET?B-+ EE?? .

Often a Reynolds number of 2000 is taken as the boundary between the laminar
flow equation and the Colebrook equation. To avoid the discontinuity that
such an assumption would introduce, the following interpolation relation,
which gives reasonable agreement with Nikuradse (1933) was introduced for

Reynolds numbers between 2000 and 4000.

flw = %g + [£(Re=4000) ~ 0.004 ) iP?;iE?O) )

The function £(u) is used in Table 2 to define vp. The input quantity Sq

also determines the option used for vp in the same way as for Vg



7. PIPE MODEL
A single region heat storage model was used with forward averaging of

the fuel temperature to improve stability. The finite difference equation

is

MT:St— T) _ q - b (T* - 1) ees(4)
where I hoh_ .

fo] hF + hS !
then ap = ph (T' -T) .

The pipe surface temperature needed to estimate hs for the next time step
is obtained by assuming the heat flux from pipe to pipe surface is equal to

that from pipe surface to coolant:
hF(T - TS) = hS(TS - Tc) ..

8. HEAT TRANSFER

Steady state heat transfer correlations expressed as a function of local
conditions (coclant temperature, pressure, quality and pipe surface tempera-
ture) were assumed applicable to transient situations. This is the local
condition hypothesis of Hassid & Rychlicki (1971) which predicts dryout some-
what sooner than it occurred in experiments.

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 similate a constant temperature heat sink (e.g. heat ex-
changer) by giving the pipe a very large heat capacity. Akers et al. (1959)
gives a Reynolds number of 50 000 for the boundary between their two conden-
sing heat transfer correlations. However, the correlaticns actually intersect
at 76 228 and this value is used here. Also Akers correlations only cover the
two-phase region. McAdams' (p.351 1954) recommendation that heat flux is
almost independent of superheating of the vapour, is followed in the superheat
region. In the boiling non-dryout region, the heat transfer coefficient
cqrresponding to three correlations is calculated and the laréest taken.

This ensures continuity of surface heat transfer rate in this region as a

function of coolant conditions and fuel surface temperature.
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At each heat transfer coefficient calculation, pipe surface temperature
and coolant state are known from the previous time step. The heat transfer
coefficient is evaluated assuming no dryout, then if appropriate, tested to
determine if the dryout limit is exceeded. If it is, the appropriate dryout
heat transfer coefficient is calculated. 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 usged.

An indicator THT is available to show which heat transfer correlations

are used in evaluating the heat transfer coefficient.
THT = £+ m+n

where 2 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. In some
situations, a dryout correlation is not appropriate, e.g. during condensa-
tion; 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 evaluated
using the nucleate boiling correlation;
. the dryout limit on the heat transfer coefficient was determined
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.

9. BOUNDARY CONDITIONS

Three boundary conditions are needed for solution of the 3J-3 difference
equations containing the 3J unknowns, Wi' Pi’ Hi' i=1+to J:

. inlet enthalpy;

. inlet flow or inlet pressure; and

. pressure or a choked flow model W

;= WJ(PJ,HJ) at the outlet.

-These boundary conditions are given in the input data as a function of time.
9.1 Moody Model
The choked or critical mass velocity is contained in tables (Redfield
et al. 1967) as a function of stagnation pressure and enthalpy. Pressure

at the last node is taken as stagnation pressure, and stagnation enthalpy



11

is given by

J J
o W

E_+ a K.J
J

Mass flow at node J is then the product of choked mass velocity and break-
area given in the input data.

9.2 FRodflow Model

This method, taken from Elliott (1968}, uses a function fit to Moody
results to give choked mass velocity at the end of a pipe from a large
reservoir, as a function of stagnation pressure, stagnation enthalpy and
fL/D of the pipe. An fL/D of zero gives results close to those obtained
using the Moody table of 9.1 above, The relation is

, PJ v

S = TlE_ - 300
where I and Y are obtained from Table 4 and the units of Gc' Ho and PJ are
1b £t~2 57!, Btu 1" ! and psi, respectively. The stagnation quantities are
obtained as for the Moody model.

9.3 Fauske Model

Discharge is assumed to occur through a pipe of diameter and length
specified in the input data. Conditions at the end of the pipe are determined
from conditions at node J by assuming the following:

. steady state;

. adiabatic flow;

. thermodynamic equilibrium between phases;

. Jones'® slip correlation;

. annular friction with zerc roughness (Beattie 1973); and
. choked flow as described below at the pipe exit.

These assumptions have been found to give reasonable agreement with Fauske's
measured pressure profiles (Turner & Trimble 1974}).

From conditions at the throat, choked flow is determined as follows. 1In
the quality range 0.0025 to 0.99 the Fauske model, as specified by Hsu (1972},
is used. 1In the single phase regions, flow at sonic speed is assumed. As
problems in which a transfer between the single and two-phase region occurs
can only be handled if choked flow is a continuous function of its parameters
(here gquality and pressure), the following joining functions are used:

G 400x P (1~-400x)

0 < x <0,0025, G, = G 5
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where GF = Fauske choked mass velocity for quality x, and GL = liquid choked

mass velocity for x = 0 at the same pressure;
0.99 < x < 1, Gc = 100 [(l-x)GF + (wa.QQ)GS]

where Gs = steam choked mass velocity for x = 1 at the same pressure.
Liguid and steam mass velocities are both calculated from the usual single
phase speed of sound formulae '
2
(&) =(§..9.) =R+i
G 9P P P
entropy

10. SOLUTICN OF FINITE DIFFERENCE EQUATIONS

The fuel temperature T' at the end of the time step is first eliminated
from the finite difference conservation of energy equation (Section 3) using
the pipe model equation (Section 7). The resulting three finite difference
equations are linear in the values of W, P and H at the end of the time step.

These equations may be written

A.X'. + B.X! = C, r j=l;2;.-.,J-l PR (5)

33 3T J -
J
where the three-component vector X% = Pé '
H!
J

A and B are 3 x 3 matrices and C is a three-component vector. A, B and C
are not functions of Wa, Pé or Hé. The three boundary condition equaticons
involving components of X| and x&, and the (J-1) matrix equations are solved
by an elimination method as follows.

Define matrices D and vectors V such that

Xé + Dj-l Xi = Vj_1 r 3= 2,3,....3 . ... (B)

Eliminating x3 from Equations 5 and 6 we get

x! - 'a.p, x' = B.l(c.-a.v, )
gkl 3 J J-11 J ( J ] 3‘1)
Therefore
D. = =~ BL'A.D, . cee (D)
J J 71 3J-1
= _1 —-— 3 - . —
and V. Bj (Cj Ajvj—l) for 3 2;,3;00.,0-1 .

J

Also from Equations 5 and 6
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1
B, Al

D,

and v, = B]'C, . cee (8)

Using Equations 7 and 8, DJ_1 and VJ_1 can be found. Equation 6 with j = J

and the three boundary conditions are sclved for X; and X&. Then Equation 6

is used to find all Xé. 2J matrix multiplications and (J-1) inversions of
3 x 3 matrices are the main computations required. The quantity
' .th , .
i component of (A.X! + B.X! - C.)
" 2] J_J+1 J
R MAX ]
off .th
i component of cj

for all i j such that the denominator is non-zero, is a measure of accuracy
of the solution of the difference eguations. A message (Section 13.2) is
printed if it exceeds 1077,

This solution procedure assumes that the determinate of Bj is non-zero.
In fact, if this determinate is treated as a function of the time step, it
has 3 ‘zeros. These zeros have been evaluated for limited situations and are

approximated by

8 _ 6 _G,,
P P

26t '

where ¢ is the thermodynamic equilibrium speed of sound. The only case
where the presence of these zeros affected calculation was when a number
of segments of equal length contained fluid in neayxly the same state, so that
the zeros for each B-determinate almost coincided. In these cases, for some
time steps close to one of the zeros, the solution procedure failed and high
values of Rbff resulted. However, changing the finite difference mesh to
segments of unegual length removed this difficulty.
11. INPUT DATA

Input data for a sample problem are shown in Appendix A. Each problem
requires a title card, a control array and a number of tables.

11.1 Title Card - 1 card

Any BO characters.

11.2 (Control Array - 5 cards

Six numbers per card in format 6D12.3, containing:

CC(l) Not used.

cc(2) Initial pressure in psia at node CC(8). This is used only if
an initial steady state calculation is specified, i.e. CC(8)
>0.



cc(3)

cc(4)

cC(5)
cc(e)
cc(?)
cc(s)

cc(9)

cC(1o)

cC(1l)

cc(12)

cc(l3)
to
cc(1e)

14

‘Initial value of the time step(s). This time step is only

used if it satisfies the time step controls CC(13) to CC(le6).

Inlet boundary condition indicator: if CC(4)=0 then inlet

flow is a boundary condition; if CC(4)=1 then inlet pressure

is a boundary condition. All boundary conditions are given

in the boundary condition table (Section 11.3).

Finish time(s). | .

Numbexr of spéce nodes J, 2 < J < 50.

Relative roughness pf channel walls g/De.

Initial condition indicator:

. <0 if-conditions at each space node stored in the computer
from a case immediately before are used. (Such a case must
not have fewer nodes than the present.one.);

. =0 if initial conditions at each space node are read in
from the restart table (Section 11.5). (Cards for a
restart are puhched out on.completion of every case.);
or |

. >0 if initial steady state conditions are calculated.

Four input data specify this steady state: mass velocity
for time zero in the boundary condition table; pressure P
and thermodynamic quality x at a specified node given as
CC({2) and CC(10) respectively; CC(8) is the number of the
specified node.

Not used.

Initial thermodynamic guality x at node CC{8). This is only

if initial steady state calculation is specified, i.e.

cc(g) >0.

Number of time entries one to a card in the boundary condition

table; < 24.

Output indicator: 0, if the full printout consists of only

the first row of quantities at each node shown in Appendix B;

-2, if all guantities used in evaluating the difference

equation coefficients are included in each full printout as

shown in Appendix B. (CC(20) specifies how often a full
printout occurs.)

Time step controls. Values of the absolute fractional changes

in pressure P and static enthalpy H are calculated for each

node. If B is the largest of these, then for B<CC(13) the



cC(17)
cc(18)
cc(l19)
€c{20)

cc(2l)

CcC(22)

cc(23)

CC{24)

CC(25)
cc(26)

ccez?)

15

time step is multiplied by CC(14); alternatively if B>CC(15)
the time step is multiplied by CC(16) and repeated. Messages
indicate changes in time step. Values of 0.0}, 2.0, 0.05, 0.5
usually give reasonable accuracy.

Not used.

Maximum number of time steps for this case.

Not used.

At the first, the last and every CC(20)th time step the full
printout as specified by CC(13) is produced. At other time
steps the output specified by CC(21) and the output.table
(Ssection 11.6) is given. '

The number of quantities in addition to time, to be printed
at every time step. Aany quéntity stored in the main common
area DIM (Table 5) may be so printed. The guantities are
specified in the output table (Section 11.6). Any function
of DIM quantities and desired.input data can be specified in
a special qutput routine, SOUT, and stored in the spare AZ
array in DIM. The location of input data in common area DATA
is given in Table 7. SOUT is called by the OUTPUT routine at
every time step.

Choked flow indicators. If €C(23) >0 the boundary condition
at the channel outlet is one of three choked flow models
described in Section 9:

. = 0, Rodflow (CC(22) = fL/D < 20);

. =1, Moody; or

. =2, PFauske.

Choked flow indicator: >0 if the boundary condition at the
channel ocutlet is a choked flow relation with a break area of
cc(23) f£t2.

Break opening time(s}. The break area is assumed to increase
linearly from O to CC(23) ft? over CC(24) seconds and then
remain constant.

Mot used.

Hydraulic diameter of the discharge pipe (ft). Only used

if the Fauske choked flow model is specified, i.e. CC{22) =
-2,

Length of the discharge pipe (ft). Only .used if the Fauske
choked flow model is specified, i.e. CC(22) = -2.
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cc(28) Minimum value of the time step. A message is printed if this

limit is applied.

cC(29) Slip indicator: 0 if no slip, 1 if Jones' slip correlation.

The slip models are described in Section 5.

11.3 Boundary Condition Table

CC{1l) cards in format 6D12.3. On each card . (enter zero if not required) :

(a)
(b)

{c)

(d)
(e)

(£)

time(s);

inlet mass velocity G (l1b s™! £t™2) (only required if CC{4)}=0 or
cc(8)>0);

change in inlet pressure from the initial value {psia) (only
required if CC(4)=1);

change in inlet enthalpy from the initial wvalue (Btu lb'l);
change in outlet pressure from the initial wvalue (psia) (only
reguired if CC(23) <0); and

total power (MW).

11.4 Geometry Table
Two cards per node in format 6D1l2.3. For each node:

(a)
(b)
(c)
(a)

(e)

(£)

{g)

(h}
(1)

(3}

area a (ft?);

length to the next node 82 (ft);

increase in height to the next node 8y (ft);

equivalent diameter De {ft), used in the friction and heat transfer
calculation; _

power into the pipe per unit heated wetted surface area g - in any
units since within the code these numbers are renormalised to give
the total power of the boundary condition table;

orifice coefficient Kb for pressure losses in fittings, bends or
orifices between this and the next node. (Note that the effect

of accelerations due to area changes specified in (a) above must
not be included here. See Section 3.);

heat capacity of fuel per unit heated wetted surface A ({Btu ft~ 2
F-'). (If 0 then no pipe model calculation is needed and the power
if any, is put directly into the coolant.)

heated wetted perimeter p (ft);

pipe surface to pipe centre heéf transfer coefficient hF (Btu s~ *
£t72 F~!) - see Section 7. (Not used if X = 0,};

friction model indicator S_: O if the homogeneous model, 1 if

T
Martinelli-Nelson.

Note that entries for 6%, 8y and Kb for the last node are not used as

there is no 'next node'.
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11.5 Restart Table

Contains 2*CC(6)+1 cards in format 3D24.10.
The first card is
time (s), power (MW);
then two cards per node containing
flow (1b's™}),
pressure (psia)
enthalpy (Btu 1b" 1), and
pipe temperature (F) at the node.
11.6 Output Table - format 6(AB,I4)

The values of quantities specified in this table and the time are printed
at every time step - the first 9 on FORTRAN Unit 10, the next 9 on Unit 11,
the next 9 on Unit 12, etc. Note that the reguired FORTRAN units must be
specified by control cards, e.g. the sample problem in Appendix A. The
quantities are also writteﬁ on Unit 9 in unformatted records suitable for
input to the PLOT program. The first case is put on the first file (FTO9F001) ,
and the second on the next (FTO9F002), etc.

Output guantities are specified by their position in the common area
DIM (Table 5). For each guantity there must be an 8-charactex heading to
appear in the output and an integer giving the position of the quantity in
DIM. Six quantities are specified per card.

12. COMPUTING TIME

The computing time on an IBM360/50 for problems not involving a choked

flow model is approximately

{2.5 + N/10)J seconds
where N is the number of time steps. Choked flow problems may take up to
50 per cent more time. The sample problem in the appendices took 75 s for
a 12 s transient using 14 nodes.

A full printout of the last time step is.always given since the remaining
time before a system abend is monitored and no more time steps are computed
when there is insufficient time.

13.  OUTPUT .

Output from the sample problem is shown in Appendix B. A listing of the
control array appears first followed by a table giving the channel geometry,
the same as -in the geometry table of input data, except that power distribu~
tion data are normalised to Btu ft™2 s~! per MW total power. The output table
is given unchanged. The boundary condition table follows, giving values of-

actual boundary conditions, rather than changes from the initial values as
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was specified in most of the input data boundary condition table. The
remainder of the output consists of quantiéies specified in the cutput table
(Section 11.6) at every time step, and a full printout when specified. Some
columns in this full printout are headed by symbols which are explained in
Table 5. If CC(12) = 0 these columns are not printed.

13.1 Error Messages

The code user specifies the finite difference mesh, i.e. the geometry
and time step size criteria to be used in the calculation. If this mesh is
too coarse the results are inaccurate. The effect of changing the mesh should
be evaluated. If the mesh is very coarse the finite difference scheme breaks
down and extreme pressures or enthalpies may be calculated., This is the most
common cause of code failure. Error messages are:

(a) TIME STEP LIMIT Although the maximum fractional change in
pressure and enthalpy is greater than CC(13), the time step reduction cC(14),
is not made because of the minimum time step restriction, CC(28). The calcu-
lation continues. The effect of this restriction can be evaluated by running
cases with different values of the restriction CC(28). _

(b) **WARNING-ROFF d Rbff is a measure of the error in the solution
of the difference equations (SectionVIO). This message appears if the value

of Ro exceeds 10'7; d is its actual value. Calculation continues. If 4

is off:rder 1 the solution is not acceptable. Changing the mesh to avoid
the singularities discussed in Section 10 has always removed this difficulty.

{(c) RANGE OF TABLE TOO SMALL The time interval covered by the
boundary condition table is insufficient to perform the calculation specified
in the input data. The calculation stops.

(d) NODE i ONLY CONVERGED TC x In the steady state calculation
pressure and enthalpy at each node are obtained by a convergence procedure.
At node i, x is the fractional difference between the pressures or enthalpies
from the last two iterations. If |x|>10'1“ the message appears and calculation
continues with the unconverged value.

(e) LEAKAGE FLOW NOT CONVERGED x y Application of the choked flow
correlation involves an iteration procedure. If the Fauske model is being -
used then x is the sum of the squares of the fractional errors in stagnation
enthalpy and pressure. The message appears if x >107", although convergence
is generally much better than this. For other critical flow nodes x should
be small compared to the critical flow y. Then the message appears if |§|

> 10°%. Calculation continues.
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(f) FUEL TEMPERATURE AT NODE 1 FAILED TO CONVERGE d, T, h 'THT
In the steady state calculation fuel surface temperature 'is calculated by
an iteration procedure. If this fails at node i this message is printed
with values from the last iteration: d is the difference in fuel temperature
between the last two iterations, T is the fuel surface temperature, h is the
fuel surface to coolant heat transfer coefficient and THT is the heat
transfer indicator (Table 3).

{(g) FRICTION FACTOR AT NODE i NOT CONVERGED x y The Colebrook
equation is solved by an iteration procedure. If the procedure fails at

f—0'5

node i the last two values of are printed. Calculation continues.

{h) CRITICAL FLOW FAILED X y For meaningful pressure PJ as calcu-
lated from the finite difference eguations, WJ must be between the limits x,
y. No such choked flowrate was found. Calculation stops. ‘

(1) **H x OUT OF RANGE - EXTRAPOLATING An enthalpy of x Btu 1b™ !,
which was outside the range of the table, was passed to the equation of
state routine. The tables were extrapolated and calculation continued.

(j) **P x OUT OF RANGE - EXTRAPOLATING As for i, but with

pressure (psi).

14, PLOTTING
Any quantity stored in the main common area DIM {Table 5) may be
Plotted against time. One or more quantities may be plotted per graph in
combination with points or curves from input cards. Calculated quantities
to be plotted must be specified in the output table (Section 11.6). Appendix
A contains an example of input data to the PLOT routine. Input data are as
follows:
{(a} Pirst set of cards (6Il2)
NC number of quantitieg t6 be plotted on this plot with scales
and axes as specified below, Must be >0.
KQ(I),I=1,NC Positions in the output table {(Section 11.6) of the
gquantities to be plotted.
(b) Next card (2Fl12.3,I112,F12.3,112,F12.3)
YMIN minimum value on y axis. This is compared with the lowest
value of the gquantity to be plotted and the lower used.
YMAX maximum value on y axis. This is compared with the highest
' value of the quantity to be plotted and the higher used.
NE number of curves to be plotted from cards on this plot

with the scales and axes as specified.
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XMAX the maximum value on the x or time axis is the larger of
XMAX and the time at the end of the calculation.

NU if positive the guantities are plotted on a new plot;
if negative they are plotted on the most recent plot;
however the new x and y scales are not drawn. INU| is
the number of the FORTRAN Unit containing the necessary
OWEN-1 output (Section 11.6).

CF conversion factor. All y values including those from
cards are multiplied by CF before plotting. Y¥YMAX and
YMIN are not changed.

(c} MNext card (2F12.2)

" XS >0, for log scale on x axis, <0 for a linear scale. IXSl
is the length of the x axis in inches.

¥YS same as XS but for the y axis.

(&) Input data curves (I12,/(6Fl12.3))

Only required if NE >0. ‘

Cne set of cards for each of the NE input data curves, containing

NP >0, if lines joining the points are drawn; <0 if only
points are plotted.

Y{(J),X(J),J=1,NP coordinates of points to be plotted.
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TABLE 1

ORIFICE FRICTION SPECIFIC VOLUME Vo

Quality =0 Sqp = 1
x< 0 1
o]
0 < x< 0.8 L
P,
(0.9-x)®/bL
0.8 < x < 0.9 10 1~
+ (x-0.8) ==X +X
P, Py
0.9< x <1 o N
pL pv
xz 1 L
p




TABLE 2
PIPE FRICTION SPECIFIC VOLUME vp

Quality ST =0 ST =1
x<0 - Eug)/e
0<x<0.8 efup)/n.

{0.92-x) ¢f(uL)/pL

0.8 < x < 0,9 10 W
J-x X i L v
+ (x-0.8) (=— + =) f[ — _ ]
PL. Py (1 x)uv * X I
- Ur, ¥
0-9<x <1 (;_x-+ o) f[(l—x? V+ P ]
pL pv 11\;r )"L

x>1 f(uv)/p




TABLE 3
CORRELATIONS FOR SURFACE HEAT TRANSFER COEFFICIENT

Heat Transfer Indicator THT = & + m + n

Surface
Temperature Quality x
T
5
x< 0 1 >x>0 x =1
T, < Tgar Liquid Condensing
Dittus,Boelter (1930) Akers (1959) Ré < 76228 2 = 3
£=1, m=0,n=20 m=0, n=0R, > 76228 § = 4
Boiling Superheat
Non-dryout
Largest of - subcooled liguid
Dittus, Boelter (1930) 2= 5
- nucleate boiling
Tong p.l1l8 (1965) _ L= 3
- forced convection boiling
Shrock & Grossman {1959) with £ = 2
coefficient from Wright (1961)
Dxyout Heineman (1960)
Ts = Tsat X < 0, Bernath {(Tong p.156, 1965) m= 10 g =2
. s , m=0
x > pv/(pv + pL),B1a81 (1967) | n=0
low guality _ m= 30
high quality m = 40
Other x, linear interpolation on x
between Bernath & Biasi low gquality m= 20
Post'Drzout ~ Drxyout limit not
exceeded n=20
¥ < 0.05,Tong p.129 (1965)
low speed flow n =100
high speed flow n = 200
h_ D, GD_x 0°8 fa oMy 04
x > 0,05, = 0.0192 LA
k il k
v A v
evaluated at temperature TS
Beattie (1972) n= 300




TABLE 4
RODFLOW CHOKED FLOW MODEL
{Section 9.2)

fL/b I Y
0 1850 | 1.073
1 1500 | 1.088
2 1140 | 1.175
3 920 | 1.227
4 788 | 1.261
5 674 | 1.290
10 4421 1.373
20 306] 1.359




TABLE 5
REAL*8 ARRAYS IN COMMON AREA DIM

Dimensioned | Location Definition - i, j and k are the first, second and third
Array subscripts respectively

A(3,3,50) 1l Coefficients in the difference equations

B(3,3,50) 451 J;:=1 [Aijkxjk + Biijj (k+1)] = Cyy

c{3,50) 201 k = 1, 2 and 3 for the mass, momentum and energy
equations respectively

X(3,50) 1051 For i = 1,2,3 this is Wy, P4, Hy in1b '}, psia, Btu 17!
respectively at the end of %he gime step

U(50) 1201 | Internal energy Btu 1K

R(50) 1251 Density p 1b ft~?

E({50) 1301 Product of flow enthalpy and flow rate (Section 2)
E Btu s} .

DM(3,50) 1351 3M;/3%; 4 (Section 3)

RLP (50) 1501 dp;/dp 1b £t % psi?

XQ(50) 1551 ' static quality calculated from static enthalpy

T (50) 1601 Coolant temperature Tc (°F)

TS(50) 1651 Coolant saturation temperature (°F)

RH(50) 1701 Ry 1b% £t~% Btu™!

RP (50) 1751 | Rp 1b £t~ % psi”?

F(50) 1801 .Frictional force/unit volume of coolant F (poundal £t )

D(3,3,50) 1851 Equation 6 of Section 10 is

w{3,50) 2301 Xy +-§Ll Dijkxij = Wi

G{50) 2451 Mass velocity G lb ft~2 g~!

Xs(3,50) 2501 X at the start of a time step

XC(3,50) 2651 X at the start of a time step

RS (50) 2801 Not used

AL (50) 2851 Void fraction

HSL(50) 2901 Saturated liquid enthalpy H; Btu 1k}

HSV (50) 2951 Saturated vapour enthalpy H, Btu 1!

RSL(50) 3001 Saturated liquid density pg, 1b £t~°

RSV (50) 3051 Saturated vapour density p,, 1lb £t 2

XF (50) 3101 Quality x

RM (50) 3151 M 1b £t° 572

RVP (50) 3201 de,/dP 1b £t~ ° psi~?

GS (50) 3251 26|Glv, (section 6)

RITP (50) 3301 Momentum eguation interpolation factor § (Section 3)

{continued)




TABLE 5 (continued}

Dimensioned |Location Definition - i, j and k are the first, second and third
Array subscripts respectively

HVP (50) 3351 dH_/dP, Btu 1b™! psi”!

HLP (50) 3401 dHy /dP, Btu 1b~ ! psi”!

DE(3,50) 3451 an/axij

EITP {50) 3601 Energy equation interpolation factor w. (Section 3)

TPR1 3651 Power at the start of the time step, MW

ROFF 3652 Fractional error in solution of difference equations
(Section 10)

AZ (38) 3653 Not used, available to code user for output from SOUT

X0 3691 Quality at exit of discharge pipe if Fauske choked flow
model used :

HO 3692 Stagnation enthalpy in discharge pipe, Btu 1b~!

P2 3693 Pressure at exit of discharge pipe if Fauske choked flow
model used, psi

H2 3694 Static enthalpy at exit of discharge pipe if Fauske
choked flow model used, Btu 1b~!

DET (50) 3701 Determinate of matrix B for segment i

BI(3,3,50) 3750 Inverse of B for node k

EX(3,50) 4200 Change in Xjj over the time step

Q(3,50) 4350 Working area for solution of the difference equations

TF (50) 4501 Pipe temperature Tp at the end of the time step (°F)

TFC(50) 4551 Pipe temperature Tp at the start of the time step (°F)

HT (50) 4601 1:;9} transfer coefficient hc (Section 7) Btu ft™2 s!

THT{50) 4651 Heat transfer indicator {Table 3)

QC (50) 4701 Power to coolant per unit length along channel, Btu, £t~ !

PC 4751 Total power to coolant, MW

TPR2 4752 Power at the end of the time step, MW

TFS (50) 4753 Fuel surface temperature, TS °F

EK(50) 4803 Kinetic energy flux 1lb s ?




TABLE 6
EQUATION OF STATE MESH

Pressures (MPa)
0.090 to 0.200 at intervals of 0.005
0.20 to 1.00 at intervals of 0.0l
1.00 to 1.50 at intervals of 0.02
1.50 to 4.00 at intervals of 0.05
4,0 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

Ligquid: Tsat Vapour : TSat
Teat-10 Teat+10
Tsat--20 Tsat+20
Tsat-so Tsat+50
273.15 Tsat+100

1073.15



TABLE 7
REAL*8 ARRAYS IN COMMON AREA DATA

Dimensioned] Location Definition Units
Array '
cc(50) 1 Control array
TIME 76 t s
Bouhdary conditions
TI (24) 127 Time s
GI1(24) 151 Inlet mass velocity 1b felgt?
PI1{(24) 175 Inlet pressure .psia
HI1 (24) 199 Inlet enthalpy Btu 1b 1
PIN(24) 223 Outlet pressure péia
POW(24) 247 Power MW
TITLE(20) 271 Title card in A format
) ' Geometry
AR(50) 293 Area at node i £t2
SL(50) 343 Segment length L node i to i+l ft
SH(50) 393 Segment height y node i to i+l ft
sD(50) 443 Hydraulic diameter D, ft IR
PD(50) 493 Power distribution ggutizal :ower
CORIF (50) 549 Orifice coefficient XK, for segment
CP (50) 699 Pipe heat capacity A Btu £t~ 2 °oF !
HP (50) 749 Heated perimeter p ft
HF (50) 799 Heat transfer coefficient pipe to | Btu ft~2 g~ 1 op~1
Pipe surface hp
ST({50) 849 Friction model indicator Sp




APPENDIX A

INPUT DATA FOR SAMPLE PROELEM

In this problem the flow path from inlet to outlet is as follows:

(a)
{b)

(c)
(d)
{e)
(£)
(9)
(h)
(i)
(3)

a constant displacement pump,

a hydraulic damper simulated by a section of large diameter

pipe of correct volume,
a preheater,

feeder,

a throttling valve,

an inlet wvalve,

heated test section,
outlet valve,

riser,

discharge pipe simulated by the Moody

choked flow model.

A graph is required of the fraction of the initial mass still in the

heated test section (calculated in SOUT and stored in A2(2)). Some experi-

mental results are read in and also plotted on the graph.
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APPENDIX B

QUTPUT FROM SAMPLE PROBLEM
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