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FIGURE 2-3. N@TRUMP Interior Metal Node
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The energy conservation equation for interior metal node 1 in NOTRUMP is:

= 1
TL = (T‘:—P)-—’.EQA -ZQS] (2=5)

T? and 13 are defined in Section 2.1.1.
An interior metal node has associated with it a number of important
quantities, The total mass M [lbm] is a constant. The metal tempera-
ture T [°F] is the unknown in the energy conservation equation. The heat
capacity Cp [Btu/1bm °F) and the thermal conductivity k [Btu/sec °F ft]
are specified functions of temperature. The thermal conductivity is

used in determining the heat transfer characteristics of heat links con-

nected to the interior metal node. (See Section 6).

2.1.4 BOUNDARY METAL NODES

A boundary metal node is defined as a control volume containing metal
at a specified temperature T [°F]. A boundary metal node may be connec-
ted with fluid nodes via heat links. A schematic diagram of a boundary

metal node is presented in Figure 2-4.

The metal temperature for boundary metal node i is specified as an

arbitrary function of time.
T =T (0) (2-6)

The other important boundary metal node quantity is the thermal con=
ductivity k [Btu/sec °F ft] which is a specified function of temperature.

\b/:






Boundary metal nodes provide a convenient means of imposing boundary
conditions. A temperature boundary condition uses the specified tem-

perature.

A special type of becundary metal node is used to model the primary
water heater (See Appendix K). For these nodes, the temperature
is given by:

- m -
BeM* Ny (2-7)

where Pig is the control setting for the primary heater and is found
from the controller equations. This special boundary metal node is
used to model the temperature of the heaters as a function of the con=-

trol setting.
2.1.5 NON=CRITICAL FLOW LINKS

A non-critical flow link is defined as a path for fluid flow having asso-
clated with it a momentum conservation equation for the time rate of
change of the total mass flow rate, No mass and energy inventories (only
flow) are assoclated with a flow link. A non-critical flow link always
connects two fluid nodes. A schematic diagram of a non-critical flow

link is presented in Figure 2-5.

The momentum equation for non-critical flow link k, which has fluid node
{ as its upstream node and fluid node j as its downstream node, is:

. 144 g [ |

[ [ — - (P) = (P,), =-C W |W +D

K u'k kT k'k''k Tk
L/,

2=-10




FIGURE 2-5.

(t, P‘, PJ' "k' wp- W)

NOTRIUMP Non-Critical Flow Link
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a,c

1
+
144 ac
-
- .
1
+
144 BC
1
* —
144 8, ] . (2-8)

The first two terms on the right hand side of (2-8) represent the pres-
sure driving force. The third and fourth terms represent frictiom and
elevation terms, respectively. The remaining terms are momentum flux
terms. They are described in detail in Appendix I. Suffice it to say
here that P and q represent flow links which connect with fluid nodes

i and j, respectively, but whose defined flow directions may be either

into or out of those nodes. ‘)

A non-critical flow link has associated with it a number of quantities.
The inertial length, ZL/A [ft-ll. is a constant, The total mass flow
rate, W [lbm/sec], is the unknown in the momentum equation., The liquid
mass flow rate, We [1bm/sec], and the steam mass flow rate, ws
[1bm/sec], are determined by a slip or drift flux model such that

Uf + Hg =W . (2-9)
The void fraction in a non-critical flow link, a [ - ], is determined
from slip and drife flux models. The specific volume, v (ft3/1bn), is

found from the void fraction.

2=-12







FIGURE 2-6. NOTRUMP Critical Flow Link



Critical flow links provide a convenient means of imposing flow boundary
conditions or modeling choked flow at pipe breaks (e.g., steam or feed
line breaks), Remember that all flow links have both upstream and down=-
stream fluid nodes. They can be either interior or boundary nodes. Often
a boundary node is used as a donor node for a critical flow link so that
the enthalpy as well as the flow in the link can be specified as a func~

tion of time,

2,1.7 NON-CRITICAL HEAT LINKS

A non=-critical heat link is defined as a path for energy flow having
associated with it an equation for the energy flow (heat rate). Only
energy flow is associated with a heat link. A heat link always con-
nects a fluid node and a metal node. A schematic diagram of a non=-

critical hLeat link is presented in Figure 2-7,

The equation for the energy flow in non-critical heat link % with node
i as its upsiream node and node j as its downstream node has the gerural

form:

Q= Q (A, Pyy Tyw Py TY) (2-11)

The functional form depends on the heat transfer regime. NOTRUMP in-
cludes heat transfer correlations for all regimes from liquid natural
or forced convection, through nucleate and transition boiling to stable
film boiling or forced convection vaporization, and finally co steam

natural or forced convection.

The major quantities associated with a non-critical heat link are the
heat rate, Q [Btu/sec]. which is obtained from Equation (2-11) and a
constant heat transfer area, 2 [ftZ], which is used in defining the

exact form of Equation (2-11).
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Y -Zu -Zw te1,...,1, (2-18)
i v x 1

Kf,'l.:.’ -U:Ij

Y, o wghe| : g i
Ty MC ) ZQ) qu] i=1,...,7, (2-19)

.~

reT™ s 1@
,cTi A511

Z, = C, (¢, W,

i U, Mo Iu 1) 1-1,- . ,H- (2‘20)

—T —

Equationg (2-17) and (2-18) are coupled to Equation (2-16) through the

equations of state,

- i-l’illI . 2-21)
P1 A (Ui' Mi) (

Furthermore, if Iz or Tt contain critical flow links, then

- k=K+1,...,K* (2-22)
Wk 8y § Pi' Pj)

and Equation (2-21) create further couplings between Equations (2-17) and
(2=-18) and Equation (2-16).

Fivally, if 12 or T? contains non-critical heat links, then

QQ . Ql (Al' pi' Ti’ Pj) TJ) ".199")1‘ (2'23)
together with Equation (2-21) and
T, =<, (U, M) o), seasl (2-24)

i i 1’ 1

create couplings between Equations (2-17) and (2-18) and Equation (2-19).

2-20
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The problem to be considered is the following: Given an initial condi-
tion at t=0 determine the temporal behavior on an interval [0, t] of
the network mass flows, heat flows, energles, masses, metal temperatures,

and control variables satisfying Equations (2-16) to (2-24).

Let L = col [Vi,...,UK,Ul.....UI.HI,...,MI.TL....,TJ.ZI..N.ZH] be a
K+214J4M component column vector and let F=col [’1"""K+ZI+J+M] de=
note the column vector where the components Fi are the right-hand sides
of Equations (2-16) - (2-20). Then these equations may be written in

vector form as

- _P_ (£. l) . (2‘25)

In writing Equation (2-25), it is assumed that Equations (2-22) and (2-21)
have been used to replace the flow rates for critical flow links in
Equations (2-17) and (2-18) by equivalent expressions in terms of energies
and masses. The initial condition corresponding to Equation (2-25) is

y (0) = y°.

A class of implicit methods is introduced and their convergent nature
established in Reference 1. A particular implicit method is used here.
Let dE(t,y) = [arilayil denote the K+2I+J+M square Jacobilan matrix

and let 1 denote the identity matrix of order K+2I+J+M. Suppose now
that an appropriate solution of Equations (2-16) - (2-20) is known at
time t. and that it is desired to compute the appropriate solution at
time tn+1-tn+dtn+1 where Atn+1 . e
sufficiently small, the matrix [L - 6t 4 dE(t ",y )] * exists and, if
ggﬁt.z?) has no real positive eigenvalues, then [L'- ot 1 gg;:n,x?)l_l
exists for all A:n+1 >0, The appropriate solution x?+ to Equation
(2=25) 1is generated by the one-step method defined by

is the time step. Then for Atn+1

n+l o
PRSI URRY § SECHRT J e B R 08 T (2-26)

Equation (2~26) may also be obtained by first linearizing Equation (2-25)
about the point (tn,x?) and then applying the "backward" difference

2-21



method to the linearized system, Convergence and stability properties
possessed by the numerical scheme defined by Equation (2-26) are dis~

cussed in Reference 1.

In practice, the inverse (L ~ Atn+1g£5t",1?)]-1 in Equation (2-26) 1is
not computed; instead Equaction (2-26) s written in the equivalent form

(L~ et 4B, g™ 1ag™ = se B, y") (2-27)

1

where A2P+1 - z?+1 - ZP' The determination of z?+ then amounts to

the determination of the increment AXF+1, by the solution of the linear

system, Equation (2-27).

The details ©of the structure of the matrix Equation (2-27) and the solu=-
tion technique are presented in Appendix E. Because of the simple nature

of Equations (2-17) and (2-18), the quantities A§?+1 el can be

and M
eliminated from Equation (2-27). The resultant matrix equation is of

order K+J+M, as opposed Lo K+21+4J+M, the order cf Equation (2-27). [

] Finally, efficient numerical techniques
are used which take advantage of the structure of the reduced matrix

equation, re-ordering the equations and us.ng block elimination.

2.3 NOTRUMP CALCULATIONAL PROCEDURE

In this section, a summary description is given of the NOTRUMP calcula-
tional procedure, NOTRUMP is currently structured as an overlay program
with two overlay levels, a zero and the primary levels. Calculations are
grouped by function into different programs and subprograms. The calcula-
tional procedure is defined by the order in which the zero or ma‘n over=-
lay, program N@TRUMP, calls the five primary overlays and the orc+r in

which these primary overlay programs call various subprograms.

Overlay (0,0) consists of program NOTRUMP and many commonly used sub-
programs. Program N@TRUMP consists simply of calls to the five primary

2-22
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Figure 2-9. NOTRUMP Logic Diagram
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Metal node calculations are performed in subroutine METAL. For each in-
terior metal node, the mass times heat capacity, Hcp. i{s calculated. For

¢ach boundary metal node, the metal temperature is calculated.

Flow link calculations are performed in subroutine FL@W. For each flow
link, the flow composition 1s determined. This includes the 1iquid and
steam mass flow rates, the void fraction and the specific volume. The
friction, elevation, and momentum flux terms for the momentum equation
are also calculated. For each critical flow link, the total mass flow

rate 18 calculated.

Heat link calculations are performed {n subroutine HEAT. Metal node and
f1uid node heat transfer resistances are calculated and combined to find
the energy flow Q for each non-critical heat link. For each critical

heat link, Q is calculated as a function of time only.

Controller calculations are performed in subroutine C@NTRL. This

{ncludes the calculation of the steam generator level.

Subroutine BEF@RE is called before the time step selection process is begun.
It finishes calculations from the previous time step (e.g., calculating
time integrals) and does whatever calculations can be done before the matrix

generation begins in SETUP.

Subroutine DELTSET is called after subroutine CONTRL. It performs several
calculations relating to time step size selection. In addition, at every
time step, a check is maue as to whether a user-specified output or re=
start time will occur within the determined time sten. If so, the time
step size is adjusted so that the user-specified time is obtained exactly

with this one time step. The details of these calculations are given in

Section 10.

Subroutine SETUP is called either directly after DELTSET or after DELTCUT
(if the time step size has been modified). Here the matrix and source
vector for the matrix difference equation are generated. The mathematical

.nd calculational details are given in Appendix E and Section 8, respec-

cively.



1f it is time to print, program PUTQUT is called after subroutine SETUP. The
reason for placing PUTPUT here is that it is immediately before subroutine

S5#LVER. Therefore, all variables at the old time have been calculated.

[f the current problem is at an end (i.e., the maximum time or number of time
steps has been reached), subroutine RESTART and program PUTQUT are called and
then control is returned to N@TRUMP for the processing of the next case.

Otherwise, subroutine SPLVER is called.

Subroutine S@PLVER inverts the matrix equation representing Equation (2-27).
Either Gaussian eliminition or block elimination may be used for the inversion.
The mathematical and calculational details are given in Appendix E and Section

B8, i1espectively.

Subroutine DELTCUT is called directly after S@LVE. It performs several cal-

culations relating to time step size modifications. If the time step size
is to be increased, a check is made as to whether a user-specified output or
restart time will occur within the determined time step. If so, the time
step size is adjusted so that the user-specified time is obtained exactly
with this one time step. The details of these calculations are given in

Section 10,

1f the time step size was changed in subroutine DELTCUT, control is
returned to subroutine SETUP to begin re-doing the matrix equation for

the new time step size. Otherwise, subroucine UPDATE is called.

subroutine UPDATE updates the time step number, the time, and the differ-
ential equation vector (y from Equation (2-25)) to their new time values.
The differential equation vector is simply obtained from the definition

ﬂf :azn+1’ i.e..

ZF#I " 1? + A2P+1. (2-28)

vext subroutine FLOWLIM is called. It limits the mass flow rate in flow
links if necessary and readjusts the appropriate nodal masses and energies
Tie details of these calculations are given in Appendices I, P, and

and Section S.




Subroutine AFTER is called after the time step selection and time advance has

been completed. It currently calculates Mach numbers for all flow links and

certain time integrals.

If it is time to write on the restart tape, subroutine KESTART is called. It

simply writes all variables necessary to restart the problem onto the restart

(See Appendix B for information on how to use the restart capability.)

tape.
after RESTART in order to allow the

Program PUTPUT is always called directly
problem at the time the restart was written.

Because of its

user to see the state of the
One irvortant fact should be noted about this call to PUTQUT.
SPLVE and UPDATE, some variables (those from SPLVE and UPDATE)

placement after
values while others (those from FLUID through

are printed at their new time
SETUP) are still at their old time values.

e code has reached its CPU time limit, it calls RESTART and

Finally, if th
tine FLUID to

PUTPHUT and terminates. Otherwise control is returned to subrou

continue the problem.
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3.0 FLUID NODE CALCULATIONS

In this section, a detailed dascription of the calculations performed
for fluid nodes is given. These calculations occur in subroutines

FLUID, DIST, and STACK.

Subroutine FLUID uses the assumption of thermodynamic equilibrium to
obtain all the thermodynamic properties given two of them. For in-
terior fluid nodes, the two kuown properties are the specific volume
and the specific internal energy; for boundary fluid nodes they are

the pressure and the enchalpy.

Interic- fluid nodes are described in Section 2.1.1. The fluid equation
of state is discussed in Section 2,1.10., For interior fluid node 1,

(see Figure 2-1), we know, at a given time, the comstant nodal volume,
Vt, the total internal energy, Ui' and the total mass, Mi' Using the
fluid equations of state, Equations (2-14) and (2-15), we see that

the pressure and temperature (and therefore all thermodynamic properties)
are functions only of Vi, Ui' and Hi' The volume is constant, however,

so that
P, =P (U, M) = (U /N, v /), (3-1)
T1 - r1 (Ui. "1) - "”1/“1' vilui), (3-2)

Appendices L and R describe how the "pressure search" is performed to ob-
tain Pi' Ti' and the other thermodynamic properties of regular and accumu-
lator interior fluid nodes, respectively. These other properties are

the specific volume,

(3-3)

»I l .:‘-2



IR Y g

the enthalpy,

u

144 3
; +-3—?1 \"1 = “1 + 0,18511 Piv

i (3-4)

- 2
"
xL::

the saturation properties, CT.‘t)i, (hf)i' (hg)i' (vf)i' and (vg)i;

the thermodynamic quality,

h, = (h,)
1 f'1 ’
X, = . (3-5)
1" T,

for saturated fluid; the derivatives,

(_.‘.1) (_"_T_x) (1‘11) (3.’.; i 1T
aui an " ani . 3"1 , and 3?1 3
M U U1

g My {

and the void fraction,

AP

= (3'6)
i Xt(vz)i + (I"Xi)(vf)i

The liquid mass and gas mass in interior fluid node i are obtained from

(Mf)i = (1 - xi) Hi (3-7)
and
(Hg)1 = xiui . (3-8)

po—



For regular interior fluid nodes, some special logic is employed in sub-
routine FLUID in an attempt to avoid the problem of "water packing". Water
packing refers to the pressure spike which may occur over a single time step
when an interior fluid nodes goes from a two-phase mixture to subcooled
liquid. The magnitude of such a pressure spike varies but is generally
larger for smaller nodes., Water packing is a problem common to all nodal

codes which "back out" nodal pressures from other thermodynamic properties.

Part of the problem is that derivatives at the old time are for two-
phase fluid and are quite different from the derivatives for the sub-
cooled l1iquid which exists at the new time. Even the implicit method
(see Section 2.2) uses the derivatives from the previous time to in-
tegrate to the next time. Therefore, the wrong derivative 1is used
over part of the time step. This may tesult in water packing.
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a,c

Until now, we have been discussing interior fluid nodes. Boundary
fluld nodes are described in Section 2.1.2. For boundary fluid node
i, (see Figure 2-2), we know, at a given time, the pressure, Pt’ from
Equation (2-3) and the enthalpy, hi' from Equation (2-4). Appendix L
desctibss how the other properties are obtained, given the pressure
and enthalpy. These other properties are the temperature, Ti; the
specific volune, vy the saturation properties, Crsat)i' (hf)i’ Ghs)i'
(vf)i' and (vg)i; the thermodynamic quality, Xygo for saturated fluid

(T )
(see Equation (3-5)); the derivative -—1%%-1; and the void fraction,
T (see Equation (3-6)). '

Subrout ine DIST determines the distribution of the phases in a fluid
node. An interior fluid node can be either homogeneous or stratified.

A boundary fluid node can only be homogeneous.

For a non-accumulator fluid node i which is homogeneous or which belongs
to a stack but does not contain the stack's m'xture elevation, the mix-

ture quantities are set to the total nodal gquantities; i.e.,

Vagdy = Voo (3-9)
My = MYy (3-10)
(Emix)i n (E:op)i’ (3-11)
Ogxd s = %y (3-12)
(anx)1 = A, (3-13)

L



and

(v, )"V (3=14)

mix’1

For a saturated stratified non-accumulator fluid node i, the bubble
+
rise model described in Appendix H is used. At a given time - l.

the mass of steam bubbles in the mixture is obtained by explicit inte-

gration; i.e.,

- n+l _ n n+l ] x
mgb)1 (Mgb)i (Mgb)1 + At (Msb)1 (3=15)

where (M is given by Equation (H-16). The other mixture quantities

gb)i
are obtained as follows:

M_.)

(), = £h L . (3-16)
mix’ 1 (Msb)i + (Mf)i
(xm ) (v
( - ix ._JL( £
fatx'e Ot 1Vg)1 * 07 Oty RIMUT e
Vo 0p = M) vy + 0t (v : (3-19)

If node {1 ls a constant area {nterior fluid node, then

(V
nix i =
(Emix)i - (Eboc)i + [ 1':to;a i (Ebot 1 3 (3-19)

1f it is a variable area {nterior fluid node, then

(Eboc L = (v_.) /Vi) . (3-19.1)

Do ™ Byoedy ¥ LCops Fyo (Waix’t

ix"1 1

Pi((V ),/V, is a user-supplied external representing the mixture level
fraction as a function of the mixture volume fraction. (This is, of

course, simply (V‘u)ilv1 for constant area nodes.



T e — - —

(vlix)i

msb)i

(
(

(vnix)i
(E

xmix)i

1u£x)t

mix)i

and
mix)l
For a sup

M
(

gb)i .

xnix)i g

(alix)t

(Vuix)i

L
’ and

' (vmix)i -

-(E

Vasx) g

‘
Py + Oy

For a subcooled stratified interior fluid node 1,

= 0.
- O'
- 0.
= v"

(Etop)l’

erheated stratified interfor fluid node i,

0,
1,

1,

-o’

bot) ¥

For an accumulator interior fluid node i,

| M)y = M)
: (xmix)l i Xg »
(umix)i b | r

(3~20)

(3-21)
(3-22)
(3-23)
(3-24)
(3-23)

(3-26)

(3-27)
(3-28)

(3-29)
(3-30)

(3-31)

(3-32)

(3-33)

(3-34)

(3-35)

R |






4.0 METAL NODE CALCULATIONS

In this section, a detailed description is given of the calculations

performed for metal nodes. These calculations are done in subroutine

METAL.

For each interior metal node i, the mass times the heat capacity,

(HCp)i. is calculated as

MC ), = My ¢ chetal o (4-1)

1" %, "

The function C:‘tal(Ti) is specified as a user-supplied external.
i

For each boundary metal node i, except those used to model the MB-1

primary water heaters, the metal node temperature is calculated as

- metal I
T, =T (). (4=2)

The function T?.t‘l(t) is specified as a user-supplied external.

For each boundary metal node i used to model the primary water

heaters, the metal node temperature 1is calculated as

T o aPH , gPH pPH _ PR PH (4=3)

g Ay g Pin Ayt By Yrearessls

The index j refers one of the five primary water heater boundary metal
m - Yy
nodes which can be used. Pm OF Yyio1+1414 is the primary water heater gas

control setting, (see Appendix K).
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5.0 FLOW LINK CALCULATIONS

In this section, a detailed description of the calculations performed for

flow links is given. These calculations are done in subroutine FLOW,

For flow link k, the u;stream fluid node, i = u(k), and the downstream
fluid node, § = d(k), are found. 7These are based only on the defined
flow link direction.

The upstream and downstream pressures for flow link k are determined next.
If flow link k is a horizontal stratified non-critical flow link, then
they are given by Equations (0-13) - (0-18). If flow link k is a point

contact flow link, then

(r), = [P(O)]1 (5-1)
), * [pw)]j (5-2)
where

[p(R)], =P, + 1 [(BKOP)i st [(Emix)i' (Eu)k + R]
max [(E , ),» (B), +R]-[(E), + ]

(vnix)i

+

and

'(E ), = max [(E )
= £ | __top 4 oix” §
[P(R)]j Pj ’ 144 g max (v ),, v, ]
c $3 2
- i (5=4)
(B, + R] - [(E), +R]

(vmm)j

v (B, + R]

max [(Emix)j

+

1f flow link k is a continuous contact flow link with radius R, then

5-1







where
(yu)k = min(m.ax((Emix)i - (Eu)k, - R), K) (5=7)
and

(yg)y = min (max ((E_, Ry * (Ed) - R), R) (5-8)

x" 3 K’

The integrals are evaluated using Equations (0-5) and (0-6).

The upstream and downstream void fractions in flow link k are determined
next. Each void fraction is determined from the mixture void fraction and
mixture elevation ot the appropriate fluid node at the location of contact
between the link and the node. This is given by Equation (F-1) for the
point contact flow link model and Equations (F=2) - (¥=7) for the continuous

contact model.

1f flow link k is a horizontal stratified non-critical flow link, then the
flow area, equivalent diameter, {nertial length, and interfacial shear term
are calculated as described in Appendix O. These quantities are re-

calculated every time step.

1f flow link k is a user-specified time-, pressure and enthalpy-dependent
critical flow link, then

“k - wk (t’ (Pu)k’ (Pd)k' hi’ h.’) (5-9)

9wk 3

T Y & By (B Bys B (5-10)
i uk

3Uk 3

5 = YiN “k (¢, (Pu)k’ (Pd)k’ hi' hj) (5-11)
j d’k

awk 3

EFI = EE: “k (¢, (Pu)k’ (Pd)k' hi’ hj) (5-12)












For a two phase (0 < a, < 1) drife flux flow link, we have

- - 2 - 2
7 M) 7.
L &gk, L LK “]’ (5-28)
(a7 L % K
1-a, (C4)y 2.3
3 2.k 2 (C W), + 1 -0, £k
au sl % ()2 % (Coly 1 - a,(Coy 7 " S
1k e + -
- Vs Vf
- 2 - 2
v (W) v, (W.)
vy, = =3 [J———La £ 5 _fak] : (5-30)
(A ¥ k|
and
1-a, (Coy 03
(c.), W), + 1-a f'k
P [PV2‘§1 - : z‘?%’§ l-ck(C ) (5-31)
K ) 1€l | 1ok
v v
B £

The term Dk for the momen

state critical flow link k, Equation (2-8), 1is calculated next.

link k is not the flow

then

Dk =

If flow link k represents the Peerless separator drains, then

Dk -

tum equation for non-critical or pseudo-steady
1f flow

link which represents the Peerless separator drains,

(Eu)k - (Ed)k

i 55
144 gc

Vi

(B), = (B,

144 8,

1 - VFCPSD

max (ai. VFCPSD)

1 - max (ai. VFCPSD)

(vg)i

-

(vf)i

(5-32)

(5-33)



1




Next, the internally calculated frictional terms are accumulated in Ck'

The calculations performed depend on the {nternally-calculated friction

loss model.

For internally-calculated friction loss models 1 (TRANFL@-type regular con-
nector) and 2 (TRANFL@-type tube bundle cross flow), we have

v A
c Ak (Rek) e’ k
and

respectively, where
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-
where
W
Re .Lkl.ﬁi_)_k. (5=41)
ko Ay Vg
If 1 = 1
where
e L"&!D_i)_k ; (5=43)
k A ug
For friction model & (parallel flow along the outsice of tubes),
L,
[f 0< a, < 1,
b
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L

For friction model 6 (ecro

gss flow in the U-bend region)

5-13







1 k 2:p 1 W
fp « [pV 132 p;r;; Lf pe T, (5-61)
MF
R e v
fp f[pV }jl 14h g if pe I,
MF 3 MF
(Dp % ® 37: (Cp )y (5-62)
k 2.4 1 W
. v .
fq le 132 TZZ—E: if qe Ty
M¥
g N ® (5-63)
[:lelq T if qe 17
q jl 1‘01‘ gc iq 1!
and
MF 3 MF

These quantities are uysed in subroutine SETUP for the inclusion of momentum
flux. The derivatives are used when the non-critical flow links are

treated implicitly.

The last calculations performed in subroutine FLPW calculate the pressure
difference across each flow link to which the reactor coolant pump model
is applied. For pump type m with pump homologous curve type n and point
of application (flow link) k. certain calculations are done in preparation
for calling the pump module. User externals REVPUMP and CSTPUMP are

called to determine, respectively, if reverse speed is currently allowed

and if the pump is currently coasting. If the pump is not currently

coasting, user external RPMPUMP is called to determine the pump speed.
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6.0 HEAT LINK CALCULATIONS

In this section, a detailed description of the calculations performed
for heat links is given. These calculations are done in subroutine

HEAT.

A non-critical heat link always connects a metal and a fluid node. The
first calculation done for non-critical heat link n is to see if the
1ink has an upstream metal node and a downstream fluid node or if it
has an upstream fluid node and a downstream metal node. A sign con-
vention is established such 'ha® the rest of the calculations are done
assuming the former. Appropriate signs are then changed at the end of

the calculations if this is not the case.

If heat link n is a non-critical heat link with internally-calculated
heat transfsr, then the metal node neat transfer resistance is calculated

next. For non-critical heat link type 1, i.e., heat transfer resistance

is given by
o L Di 1n (Dnloi) e o iy
m "~ 2k(T_) U =~}
m =

For heat link type 2 or 3, i.e., heat transfer between fluid and the

outer par: of a tube, we have

D 1n (D /D)
o o m 1
Letmay o T (6-2)
m m

The metal surface resistance is

n -10
R, = max (Rfoul’ A0 (6=3)

where R?oul is a user-specified fouling factor.






The process of determining the heat transfer regime is now begun. If the
fluid is subcooled, then we first check for possible subcocled natural or
forced convection. The heat transfer correlation used for natural con=-

7
vection is the McAdams correlation ’

Nu = 0.13 (cr pr)t/3 ; (6-10)
where
e , (6-11)
k(P,, Tp)
lglecr™% -1,y 1}
Gr = W zn f 3 ’
and
€ (¥, 72 Yu P, T )
Pr & wReseiml Sl (6-12)

k (Pf, Tfj

L is a characteristic vertical length. B is the coefficient of volumetric

expansion.

Defining

GT* o lll m;(ﬁl 0) 2 ’ (6"13)
(Pg' Tf) u(Pf, Tf)

the heat flux for natural convecticn is given by

4/3 (6-14)

I3 4SNC _ o
w

¢
Boxc 0.13k (Pf. Tf)(Gr*Pr) f)
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We assume that this heat flux is equal to the heat flux from the center

of the tube to the tube wall, i.e.,

i SKC
Bsne "7 T~ T
oW

)

Using Equations (6-14) and (6-15) and defining

(6=15)

(6-16)

we can eliminate g, . and solve for X. [z is the largest real root of

We next calculate the wall temperature for subcooled forced convection.

It is givén by

(Tsrc) i rn/nuw - rflfgf/c,)
w ’n 1/R__+ 1/(R_/C.)
ow ol 4

where

R = (De)n 1
t kP, T,)  (0.023 re?'® pe? 4y

6=4

(6-21)

(6-22)

-




for non-critical heat link types 1 and 2, i.e., parallel flow along the

inside or outside of a tube, ana

for non-critical heat link type 3, i.e., crossflow across the outside of
a tube. Tn and Tg are the metal node and fluid node temperatures, respec-
tively, for heat link n. Cf is a user-supplied heat transfer resistance
correction factor. It is often used to account for the effect of baffle
leakage on heat transfer in a steam generator preheater region (see
References 6)., The Reynolds number is calculated using

W _ (@)

Re » bt B K (6=24)

@\, u(Pf.Tf)

NC

We compare the wall temperature assuming natural convectionm, (Ti )n' and

the wall temperature assuming forced convection, (TSFC) » to determine the

SFC SNC
- Tf1<|(Tw)

sC l
wall temperature for convection, (Tw )n' 1f '(Tw)n

chen (1°%) = (T )5FC, otherwise (TSNC) ,
v 'n w w ‘n

The wall temperature, (T:C)n, is compared to the saturation temperature of
the fluid, T
sat

cooled convection. If not, we next check for possible subcooled boiling.

. 1f (15 <1 , then the heat transfer regime is sub-
w ‘n = "sat

o Tfl’



The heat flux for subcooled nucleate boiling is given either by the Thom

correlation

-2 2

AKT P/630 SNB
N8 " 3600 ° (T, 3" Teae? ° (6=27)
or by the Jens-lLottes correlation[9]
-4 4
ARJL P/225, ,.SNB
sns ™ 3600  © (T, 1= Toue? ° (i)

We assume that this heat flux is equal to the heat flux from the center of

the tube to the tube wall, i.e.,

1 SNB
deyp = i;; (Tu (T, )n). (6=29)

Using Equation (6-29) and either Equation (6-27) or (6-28) and defining
(1 SNB). T
w sat

, o 5
2T -7
m s

, (6-30)

at

we can eliminate . and solve for z.
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- -
We now compare the wall temperature assuming subcooled convection and
the wall temperature assuming subcooled nucleate boiling., If[ ]
[ ]then the heat transfer regime is subcooled convection. If not,
we have subcooled nucleate boiling unless the resulting heat flux, (qSNB)’
is greater than the critical heat flux.,

The subcooled boiling critical heat flux is calculated using the MacBeth

correlationla]:
- w 51
1.7583 (ho=hg) 3600 ¥ O->* 90,000,
(g ) = max [ ( — » . (6-39)
crit'n — 0.1 6 A 3600
o) 10" "n
e'n
If [ ]then the heat transfer regime is subcooled

nucleate boiling. 1f not, we must check fur possible subcooled transi-

tion boiling or subcooled film boiling.



We next calculate the wall temperature assuming subcooled transition
boiling. The heat transfer coefficient for subcooled transition boiling,
USTB' {s calculated using the westinghouse transition boiling correlation

{function HTB[“‘ in the code). Then the wall temperature 1is calculated

using
R +T,U
(15T = T“i/:" T (6-40)
» mw  STB
STB
USTB depends on (Tw )n' however, so an {terative procedure must be

used. We simply iterate between function HTB and Equation (6-40) for

up to ten iteratioms. The ini:ial guess for (Ti?n)n is simply the average
of Tm and Tf. The heat flux assuming subcooled transition boiling is
calculated using

1 STB
(qSTB)n - E;: (Tm - (T“ )n]' (6-41)

We next calculate the wall temperature assuming subcooled film boiling.

The heat transfer coefficient for subcooled film boiling is calculated

la]’

using the Sandberg correlation

SFB
{
(P, (T 0.8 _ 1.23

)
Ugpg = BX [———2 (0.0193 Re "~ Pr )
r ()

e'n (6=42)
- (v vf)0.068. 2.0 ]
(VS)Z 3600.0

We approximate (TiFB)n in Equatior (6-42) as the maximum between Tsac

and the average of Tm and Tf. The wall temperature is obtained using
T IR T
SFB w f 'SFB
(1o %y = 2E . (6=43)
L R+ U
mw SFB

The lieat flux assuming subcooled film boiling is calculated using

1 SFB
(Qepp)n "R [t - O ) ] (6=44)

n .
ow
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1f{ Jthen the heat transfer regime is subcooled
transition boiling; 1if not, it {s subcooled film boiling. This con-

cludes the process of determining the heat transfer regime for subcooled

fluid.

1f the fluid is saturated, we first calculate heat transfer between the
metal node and the saturated mixture in the fluid node. If the metal
node temperature is less than the fluid temperature and the condensation
option is on for the mixture, we assume that the heat transfer regime is
saturated condensation. If not, we check for possible saturated natural
r forced convectiou if the mixture void fraction is less than or equal
to VFCFCV. The wall temperature for saturated convection, (T ) is
found in exactly the same way as for sub.ooled convection, i.e., from

Equations (6-10) through (6-26).

1f (T ) < T ak? then the heat transfer regime is saturated convection.

If not, we check for possible saturated boiling.

We now check for possible saturated nucleate boiling. The metal wall

temperature assuming saturated nucleate boiling is obtained using Equations

(6-31) - (6-38). The heat flux is then calculated using Equation (6-29).
We now compare the wall temperature assuming saturated convection and the
wall temperature assuming saturated nucleate boiling. 1f [

then the heat transfer regime is saturated convection. If not, we have

saturated boiling but we must check further to see what type of boiling.

The saturated nucleate boiling regime is checked next. The saturated
4

boiling critical heat flux is calculated using the MacBeth correlation

1.7583 (h_ = h.) 3600 [w)  + W) ]
(q_,.). = max [——pt— ( z —BBy 0,51

crit'n @) 10 x
e n

(6=45)
90,000 000
- mix)fluid(n))’ 3600 ]
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If[ .]tbcn the heat transfer regime is saturated

nucleate boiling. If not, we must check for possible saturated transi-

tion boiling or saturated £41m boiling.

We next calculate the wall temperature assuming saturated transitiom

boiling. The procedure used for subcooled transition boiling is also

The wall temperature is given by Equation (6-40) and the
saturated transition boiling by Equation (6=41). We
assuming saturated f1lm boiling.
{s calculated

used here.
heat flux assuming

next calculate the wall temperature

The heat transfer coefficient for saturated film boiling
[4)

using the correlation of Dougall and Rohs2now

k(P,,T,) (W) v, + @) v 1) 0.8
U ~ oax {—— 0.023 ( fn f g0 & 20
(De)n Vg - vg(Pf) (6=46)
) &
((Lp)g (Pf) %s;f?f) : ,_2.0 |
ky (Pg) 3600.0

The wall temperature is given by Equation (6=43) and the heat flux

assuning saturated film boiling by Equation (6=44). 1£[ ]
[ ]then the heat transfer regime is saturated transition boiling;

if not, it is saturated film boiling.

¢1uid is greater than VFCFCV, we
The heat transfer

1f the void fraction in the saturated

check for possible forced convection vaporization.
ced convection vaporization {s calculated using the

(%]

correlation of Schrock and Grossman 2

coefficient for for

2.5/R ~
¢ .10 10
.75

]

{
FCV
o 0.1 v 0-5 1 - (x ) 0.9
[(uf) (vf) ( mix fluid(nl) ]

- € (xmix)fluid(n)

(6=47)

The metal wall temperature assuming forced convection vaporization is

then calculated using
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SFC
i, - Tl

heated natural convection, If not, the heat transfer regime is superheated

fuc) )n - Tf. then the heat transfer regime is super-

forced convection, This concludes the process of determining the heat
transfer regime for superheated fluid,

Knowing the heat transfer regime for a non-critical heat link, we now
complete the calculations. It was stated earlier that a sign convention
was established so that the calculations could be done assuming an up~
strean metal node and a downstream fluid node. In the following equa-
tions, the "+" is used to account for the actual defined heat link
direction,

For the subcooled saturated or superheated natural convection heat trans=-
fer regimes we have

4/3

. Y SNC
Q, =xA "ok ) - T, . (6-53)
SNC
A TR
S : . SNC, _ 4/3
Q, " +A " CK l(rv )y rfl (6=54)
SNC
(T < Ty,
SNC
3Q (T
n_+5_‘.“.msuc)_”1/3, w_’'n (6=55)
aT -3 n w ‘n f aT
m m
3Q 3Q
-—-n---_& »
arf 3T (6=56)
m
and
3Q
=t = (6=57)
3P,

where CK is given by Equation '6~19) and where, from Equation (6-20),
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aG 3(T )

n i SNB _ w ‘mn -
3?; - Aﬁz' & [(Tw )n Toat (Pf)) 3Tu . (6=68)
3Q

n -
" -0, (6=69)

f

and
2Q
n = . . m -
33; - An - [(Tv )n Tcat(Pf)]
aT___ ()
J SNB, _ i, sat = f
4 £ 'r":(?!)]/630 2 —--———”f } (6=170)

where CK is given by Equation (6=33) or for the Jens-Lottes correlation,

o =+A +ck. (1P - r.;t(rfn“ : (6-71)

-:% “t4eA ok (D) - rmu’tns. _____:;:‘s'm)n , (6=172)

:_:J;. - (6=73)

:—::‘ “tA TG e T 'tm(pf)]3 (6=74)
L -1, (217225 - 4 %—“ﬁi}

£

where CK is given by Equation (6-37) and where, from Equation (6-38),

(6=75)

6-14






30

n .

T 2A U , (6-82)
T

3Q 3Q

arn : arn ’ (6-83)
f m

and
3Qn
ER . . (6-84)

If heat link n is a non-critical heat link with a user-supplied overall
heat transfer coefficient which is modified by mixture height, then we

have
ATTE ::nix:fluidgnz " Byoderutdm) « y v p L1, :
s o top’ flutd(n) - Thot’ flutd(n) O .
{(£~85)
M a - Cadauam T Brer) fruid) . " s
T, =-"a (F_) - (E,_) n =
m top” fluid(n) bot’ fluid(n)
3Q
n 39
- - - (6-87)
T T, ;
and
3Q
n -

If non-critical heat link n has an upstream metal node and a downstream

fluid node, we have

20 30

G . N |
3T aT °* (6-89)
u(n) o
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The wall temperature for saturated vapor natural convection, (Tsc)n, is
found in the same way as for subcooled natural convection, i.e., from

Equations (6~10) through (6-21) except that all thermodynamic and trans-
port properties are those of saturated vapor. The wall temperature for

saturited vapor forced convection is given by

T U +7T.0
SFC) m mw £ "SFC (6-98)

(Tw n - T +7
m f

where the heat transfer coefficient for saturated vapor forced convection,

{s calculated using Equation (6-52). We compare the wall tempera-

Uspe? ot

ture assuming natural convectiom, (T

)n’ and the wall temperature
SFC

) , to determine the wall temperature

SNC sC
- rfl. then (T_™)

assuming forced convection, (T
for ggzvection, (Tzc)q. 183 :(Tw)iFC < Tf|<|(Tw)
(T)-" ", othervise (rsc)n = (Tch)n.

¥nowing the heat transfer regime for heat transfer between the metal node
and the separated vapor space, wi' now complete the calculations, For the
saturated vapor natural convection heat transfer regime, we use Equations
(6=53) = (6-58). For saturated vapor forced convection, we use Equations

(6=59) - (6-66). For saturated vapor condensation, we use Equations (6-59) -
(6=62), (6-64) - (6-66) and (6-80).

Finally, for heat transfer to a stratified saturated fluid node, we com-
bine the heat transfer to the mixture region with the hest =ransfer to the

vaper region. We use Equations (6-89) - (6-96) times a weighting factor
stack

Y = b
((Emix )fluid(n) (Ebot)ny((Etop)n (Ebggigi for the mixture region
and times a weighting factor ((Etop)n - (Em1x )fluid(n))/((Etop)n -

(Ebot)n) for the vapor region. (Etop)n and (Ebot)n are the top and bottom
elevations, respectively, of heat link n. They are not currently input
but rather are internally calculated. Ordinarily these elevations are set
to the bottom and top elevations of the fluid node to which heat link n

is connected. If, however, the metal node to which heat link n is con-
nected is itself connected to another fluid node and if that fluid node
has a lower top elevation and a higher bottom elevation that the other

fluid node, then those elevations are used for both associated heat links.
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7.0 CONTROLLER CALCULATIONS

In this section, a description of calculations performed for controllers

is presented. These calculations are done in subroutine CONTRL.

If controllers are being used or the level option is on, then the mea-
sured steam generator water level, x{:. is calculated according to
Equation (K-1). It i{s used in Equation (K-50) for the feedwater valve

controller.
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8.0 GENERATION AND SOLUTION OF MATRIX EQUATION

In this section, we describe the details of generating and solving
Equation (E-1). Subroutines SETUP and SPLVER perform the calculations.
Before reading this section, the reader 1s urged to read Section -
and Appendix E.

It should be pointed out here that subroutines SETUP and S@LVER are
written such that the vector y given in Section 2.2 can be re-ordered
to take advantage of the structure of the A* matrix through re-ordering

of {ts rows and columns. The re-ordering is calculated during initializa-

tion and saved in various maps. [

] 1f other order-
ing schemes are developed, only the generation of the maps will need to

be modified.

It should alsc be pointed out that the following description applies to
the case where all equations are solved implicitly. If certain equations

are solved explicitly, appropriate simplifications result and are used.

Subroutine SETUP prepares for the generation of the matrix equation by
setting the A* matrix from Equation (E-23) and the B vector from Equa-
tion (E~1) to zero.

Next the B vector is generated, The B vector consists of B from Equa-
tion (2-8), B from tquation (2-1) or (2-17), B from Equation (2-2) or
(2-18), By fron Equation (2-5) or (2-19), and B from Equations (K-42)-
(K=55).

The implicit interior fluid node constants are generated next and saved

for later use. These constants are a,., 811, Y110 %240 821, and Yayq
from Equations (E-48)=-(E-53).
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This concludes the calculations in subroutine SETUP. The éf matrix and

the B vector have been generated.

Subroutine SOLVER obtains the explicit solution to Equatiom (2-25), gen-
erates the B* vector, and solves Equations (E-23), (E-60), and (E-61)
to obtain the implicit solution for selected parts of Equation (2-25).

The end result is the Az?+1 vector.

The explicit solution to Equation (2-25) is simply

Ay_“ﬂ “ae . ¥ " M. (8-1)
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2.0 INITIALIZATION CALCULATIONS

In this section, we give a detailed description of calculations which
{initialize certain quantities at the starting time of a problem and
upon the restart of a problem. These calculations are performed in

subroutine INTT

Certain variables are initialized only for non-restart runs. Various
counters are set to zero., A table for allowable trace variables is ini-~
tialized. It contains the name and location of each trace variable.

The desired trace variables are then checked against this table.

Variables related to the size of the problem are initialized next both
for non-restart and restart runs. They are: the number of interior
fluid nodes, boundary fluid nodes, interior metal nodes, boundary metal
nodes, non-critical flow links, eritical flow links, non-critical heat
links, critical heat links, implicit interior fluid nodes, implicit
{nterior metal nodes, and implicit non-critical flow links.

Next, various maps are generated for both non-restart and restart runs.
They map each momentum equation for non-critical flow links, each energy
and mass equation for interior fluid nodes, each energy equation for
{nterior metal nodes, and each control equation into a gpecific row of
Fquation (2-25). Currently, the ordering of only the momentum equations
is changed. They are re-ordered so as to give A* the structure shown

in Equation (E-63), thus allowing the use of bleck elimination. If the
user has specified that the code should choose between Gaussian elimina~-
tion and block elimination, then Equations (E-68) and (E-69) are evalu-
ated in order to make the choice. The code chooses the method which has
the fewer number of multiplications and divisions as estimated by these

equations,






(B s = (Bypoes (9-9)

Vo)t = O (9-10)

(voi)y = Vgr (9-11)

(xmix)i = 1 (9-12)

(a4e)s = 1» (9-13)
and

(M) = O (9-14)

1f interior fluid node i is not an accumulator node and is saturated:

[ min
( o mintéax[(Emix o (E ) ]. (E top)i (9-15)

where (Emix)i on the right hand side is input by the user and where

min
(Emix)i - (Ebot)i * top 1 (Eboc) 1QF - ai). (9-16)
We also have
(B, 0y = (By
mix i ot 1
Voidy = max[Vi(E ; (l-xi)Hi(vf)il. (9-17)

top 1 (Ebot i

V) = (1-x )M (V)
mix’{ 1 £'4
(p1x’y = V0, , (9-18)
(a_, ), /(v)
- mix 1 g1 ~
Otx’1 a1/ (g * (a7 (9-19)
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i
|

gb'1i (Va)i v
and
Vg 2

(v, ), =
mix’1 ?ﬁgb)i + (1-x )M,

For each interior fluid node i, we have:

g = XMy

(Hg)
and
(Hf)

£ *® (l'xi)"t'

1f interior fluid node i is an accumulator node:

(Emix)i " min[max[(smix)i’(sbot)i]’(Etop)f]
v Yool W b (Emix)i ¥ (Ebot)i
mix i i (Etop)i - (Ebot)i
4
mix i
Hi-—-v—-—

U, =M, *h, - 0.18511 - P_ « ( )

i i i i vmix i

M), = (1= xg) " M

)

(Vaix?y * V4

Oaixls = X1

( ), =a

Tmix’ 1 i
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(9-20)

(9-21)

(9-22)

(9-23)

(9-24)

(9-25

(9-26)

(9-27)

(9-28)

(9-29)

(9-30)

(9-31)

(9-32)



(M ’ '\"33)

Sb) = (M)

i g1l

o, oY o L L O 1Y "
Py ((sz)il P [v1 (Vmix)il r (9-34)

For both non-restart and restart runs the following calculations are per-
formed. Vf (P{:) and VS (sz) are calculated. They are the saturated
liquid and vapor specific volumes at the pressure Pi: at which the taps

for water level measurement were calibrated.

If the node stacking and ~='~ture level tracking option is on, then stack=-
ing quantities are init_aliz d. The horizontal stratified flow model

quantities are checked for co ~ectness and are initialized.

Finally, information regarding interdependence of implicit interior fluid
nodes, implicit interior metal nodes, implicit non-critical flow links,
critical flow links and heat links is generated and packed for later un-

packing and used in vectorized versioas of subroutines SETUP and SPLVER.
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The mathematical aspects of this algorithm are described in Appendix S.

The time step size is bracketed between DELTMIN and DELTMAX. If a fixed
print time or restart time occurs during the tentative time step, then the
time step size is adjusted such that the new time is exactly equal to the
fixed print or restart time. This concludes the description of the time

step size setting performed in subroutine DELTSET.

Subroutine DELTCUT is called after subroutine SPLVE. Its purpose is

to either increase the time step size, At if possible or decrease

n+l’
it if necessary. If the time step size is changed, subroutines SETUF

and SOLVE are re-done using the new time step size.

Problems can arise in NOTRUMP because convection terms in the energy
equations, although they involve new time mass flow rates, do involve
scme old time quantities., These problems occur when mass flow rates
change direction, especially if they change direction every time step.
Donor quantities are based on the wrong node when flow changes direction.
If this keeps happening, it can lead to the internal energy in a ncde
either increasing or decreasing until the code "bombs" in the fluid

property routines.

In order to minimize these problems we have developed smoothness criteria
which look not only at the effect of the zeroceth order terms in the
NOTRUMP implicit method but also at the first order terms. For the ori-
ginal time step selection method eight smoothness criteria are used in

DELTCUT. [ Specifically, we calculate

-

10-4













For each non-critical flow link, the mass flow rate is updated, 1i.e., |

+1 +1 |
W Vet i ke, “" (10-41) |

For each interior fluid node, the total internal energy and the total

mass are updated, i{.e.,

(u"“’)l‘+l - ”? i8Rk g (10-42)
i et e ™ te1, 00 (10-43)
HTH = Ht; + AHT*l ol e Ly wd wg o (10-44)
and the values of M:, M?. and vgix are saved as
+
(H:l.d)lz L, (Mg);‘ 2 (10-45)
M HT - o} {10-46) )
yOldyn+l n ,
Vaix’ Votx'y (10-47)
and
@ - o} (10-48)

The first two quantities are used to approximate (l“la)':'1 and (Mf);‘+l in

Equation (H-16) as follows:

. )™ | oldyntl )
o )™ . S . (10-49)













on, the break is essentially flowing all steam, which is flashing from the
quiescent 1iquid and bubbling up to the mixture level. It was found that

the pressure versus the mass remaining in the vessel was quite sensitive to
the separation model. A value of four for the multiplier on vSJ was chcsen
because it resulted in good agreement to the test data, thus indicating that
{t modeled adequately both the natural separation and the inherent separation
of the heater bundle and supports. Tests 7 and 12 also used this multiplier.

11.2 BATTELLE NORTHWEST TEST 8535[11l

The Battelle Northwest BS53B test vessel schematic and the computer model used
are shown in Figure 11-15. The initial pressure for this test was 980 psia,
{nitial water level was 9.4 ft., and the orifice diameter was 1.687 inches.

A discharge coefficient of 0.80 was used.

Experimental results for this test did not include the mass flow rate, but did
{ndicate a water level in the vessel during the blowdown. The experimental
data was taken from a Time Domain Reflectometer probe, which essentially gives
the distance from the top of the vessel to an electronic impedance discon-
tinuity caused by the upper surface of the 1iquid or foam. NOIRUMP predicts
water level using a pressure difference between upper and lower pressure taps,
measuring collapsed water level rather than a froth level. Therefore, this
calculation was not included in this report since no meaningful comparison

could be made between the two results.

Mass and pressure transients are compared in Figures 11-16 and 11-17. It is
{mportant to note that natural separation has a significant impact on these
transients and that the close predictions of pressure and mass remaining in
the vessel are further justification for the drift flux model described in
Appendix G.

111 c1sg tests 12s 131

CISE, as part of the CIRENE-] program, conducted a series of sixteen small
vessel blowdowns at the Betulla plant of C.C.R. Euratom at Ispra. The tests
were carried out on a 3m3 vessel using three different break locations, two

gets of initial conditions, and five different break sizes. A tabulation of
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tion with an initial pressure of 725 psia, an orifice diameter of two inches,
and an inirial water level at the lower edge of the nozzle. A discharge
coefflclent of 0.85 was used in this test. Comparisons of results are shown

in Figures 11-25 and 11-26. Again, agreement between the experimental and

predicted masses and pressures is good.
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FIGURE 11-2 Computer Model Used for Frankfurt/Main Test Calculation
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vertizal slip flow, including counter-current flow, A horizontal strati=-
fied flow model is also availnble. Break models for either subcooled,
saturated, or superheated fluid nodes ars included.

Heat transfer correlations represent all regimes from subcooled natural or
forced convection, through nucleate and transition boiling, to film boiling
or forced convection vaporization and finally to superheated forced con-
vection, Checks are made for critical hecat flux conditions. A simple
condensation model is also available.

Specific models are used for the mechanical phase separation in the swirl
vanes and Peerless chevron separators, In addition, specific control sys=-

vems are modeled.

Boundary fluid and metal nodes and critical flow and heat links permit a
convenient way of imposing boundary conditions. These may be used instead
of controllers for the modeling of certain transients.

The code has been qualified against experimental blowdown data, Most com=
parisons between the code and experimental data are favorable. For those
comparisons where analytical and experimental results differ significantly,
the reasons for the differences are identified.

NOTRUMP, with its extensive modeling capabilities, is capable of analyzing
thermal hydraulic transients. There have been applications of the code to problems

requiring general thermal hydraulic network analyses,
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APPENDIX A

NOMENCLATURE

Flow area of a flow link or heat transfer area of a heat link.

(e

Effective flow area for a heat link. [ftz]
Matrix defined by Equation (E-2).

Matrix defined by Equations (E-10) - (E-19).

Upstream (with respect to the defined flow link direction)
flow area of a flow link. [ftzl

Downstream (with respect to the defined flow link direction)
flow area of a flow link. [ftzl

Downflow (with respect to the net mass flow direction) flow
area for a flow link. [f:zl

Upflow (with respect to the net mass flow directiun) flow
area for a flow link. [ft2]

Baffle leakage flow are: for a flow link. [f:zl
Number of tube rows in crossflow for a flow link.
Number of sealing strips for a flow link.

Vector defined by Equation (E-4).

A-1



<E ©

<4

=]

Vector defined by Equations (E-20) - (E-22).
Discharge coefficient for choked flow in a flow link.

Correction factor on the forced convection heat transfer

resistance.
Heat capacity. [Btu/lbm~°F)

Feedwater valve coefficient. [gnl/mln—psillzl

Throttle valve coefficient. [gal/min-psillzl

Drift flux distribution parameter.

Sonic velocity. [ft/sec]

Equivalent diameter of a flow link. [ft] /)
Effective equivalent diameter for a heat link. [ft]

Diameter of a continuous contact flcw link., [ft]

Inside diameter of steam generator tubes. [ft]

Midlle diameter of steam generator tubes. [ft]

Outside diameter of steam generator tubes. [ft]

Taylor instability diameter. [ft]



Bottom elevation of a fluid node. [ft]

Downstream (with respect to the defined flow link direction)
elevation of a flow link. ([ft]

Either the upstream or downstream elevation of a flow link.
[£t]

Elevation of lower tap for water level measurement. {2¢)
Mixture elevation in a fluid node. [ft]
Top elevation of a fluid node. [ft]

Upstream (with respect to the defined flow link direction)
elevation of a flow link. [ft]

Elevation of upper tap for water level measurement. [ft]

Vector defined by Equations (2-15) - (2-19).

The fraction of a given end of a continuous contact flow link

which contacts mixture in the appropriate node.

Feedwater valve position. [Z lift]

Throttle valve position. [% 1ift]

Feedwater valve position demand. [7% 1ift]

Throttle valve position demand. [% 1ift]






J*

Number of interior metal nodes.

Joule's constant, 778.1. [ft=1bf/Btu]

Number of metal nodes.

Total volumetric flux. [ftzlsec-ftzl

Liquid volumetric flux. [ft3/sec-ft2]

Drift flux of liquid component. [ft3/sec-ft2]

Vapor volumetric flux. [ft3/sec-f:2]>

Drift flux of vapor component. [ft3/sec—ft2]

Numbe~ of non-critical flow links.

Number of flow links.

Proportionality constant of the level error compensation PI
controller for the MB-1 feedwater valve control. [lbm/sec-
% span]

Proportionality constant of the throttle valve PI controlle:
for the MB-1 throttle valve control. [Z 1ift/Mwth]

Proportionality constant of the feedwater valve PI controller
for the MB-1 feedwater valve control. [%Z lift/(lbm/sec))

Thermal conductivity. [Btu/sec-ft-°F]



L*

L/A

gb

jL

is

nTv

Number of non-critical heat links.
Length of a flow link. [ft)

Number of heat links.

Inertial length of a flow link. [ft 1]

Number of controller equations.

Total fluid mass in an interior fluid node or total metal

mass of an interior metal node. [lbm]

Liquid mass in an interior fluid node. [1bm]
Vapor mass in an interfor fluid node. [1lbm]
Bubble mass in an interior fluid node. [1bm]

Downflow (with respect to the net mass flow direction) Mach
number for a flow link.

Upflow (with respect to the net mass flow direction) Mach

number for a flow link.
Pressure in a fluid node. [psia]

Measured pressure downstream of the throttle valve for the

MB-1 feedwater valve control. [psia]

Measured pressure downstream of the throttle valve for the

MB-1 throttle valve control. [psia]

N



Z: Heater gas control setting for the MB-1 primary water heater

control. [% setting]

Pi:o Demanded heater gas control setting for the MB~1 primary

water heater control. [Z setting]

Pi: Pressure at which taps for water level measurement were
calibrated. [psia)

PLT Pressure at the top of the fluid node which contains the
lower tap for water level measurement. [psia]

PUT Pressure at the top of the fluid node which contains the
upper tap for water level measurement. [psia]

Ptube Pitch of the steam generator tubes. [ft]

Pr Prandtl number.

Q Heat rate in a heat link. [Btu/sec]

q Number of equations not in disjoint chains.

q Heat flux in a heat link. [Btu/aec-ftzl

Re Fluid node heat transfer resistance. ['F/(Btu/sec-ftz)]

Reoul Fouling factor. ['F/(Btu/sec-ftz)]

R, Metal node heat transfer resistance. f’F/(Btu/sec-ftZ)]



R Metal node to metal surface heat transfer resistance. [°F/(Btu

o™
/sec~ft2))

Rw Metal surface heat transfer resistance. ['?/(Btu/sec-ftz)]

RCR Steady state re-circulation ratio.

S8 Vapor production rate in a fluid node. [lbm/sec]

sgb Bubble production rate in a fluid node. [lbm/sec]

SPPH Demanded primary water temperature at heater exit. [°F]

sV Fractional s' irl vane efficiency.

; Temperature in a fluid or a metal node. [°F]

Tg Set of all heat links for which interior fluid or metal node
i is the terminal node.

T Set of all flow links for which interior fluid node { is the
terminal node.

T;gA Measured mixed heater temperature for the MB-l1 primary water
heater control. [°F)

T;zn Filtered measured mixed heater temperature for the MB-~1 primary
water heater control. [°F]

T:gA Measured primary water temperature at heater exit for the

MB-1 primary water heater control. [°F]



THOM Filtered measured primary water temperature at heater exit

for the MB-1 primary water heater controcl. [°F]

'rsac Saturation temperature. [°F]

T, Metal surface temperature. [°F]

t Time. [sec]

U Total fluid internal energy in an interior fluid node. [Btu]
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