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NOMENCLATURE
Symbol Description Units
A Coolant flow area m?
Acp, Acr Primary and intermediate coolant flow areas in the m?
intermediate heat exchanger
Ak Coolant flow area of element k in a liquid segment m?
Aw Wall area of a compressible volume m?
Ainter Area of liquid-gas interface m?
ao(i) 1/m
ai(i) Coefficients for liquid segment i. 1/m-s
az(i) 1/m-s
as(i) 1/m
ai(j),--a4(j) Coefficients in the simultaneous equations for the J/m?-K
temperature changes at node j in the intermediate heat
exchanger
Aao(k) 1/m
Adai(k) Contributions from element k in liquid segment i to the 1/m-s
Aaz(k) coefficients a (i), .., az (i) 1/m-s
Aas(k) 1/m
bo(j) Coefficients in the pressure change expression for Pa
bi(j) Compressible volume j kg/m-s
bz(j) kg/m-s-
K
Co Cl Specific heat of coolant or liquid J/kg-K
Cw Specific heat of compressible volume or pipe wall J/kg-K
Cp, C; Spatially averaged primary and intermediate coolant J/kg-K
heat capacities in the intermediate heat exchanger
c Spatially averaged coolant heat capacity in the bypass J/kg-K
C1,C2,C3 User-supplied correlation coefficients in film heat- --
transfer calculation
c1(j)--Cs(j) Coefficients in the simultaneous equations for the J/m-K
temperature changes at node j in the intermediate heat
exchanger
Co(L,ic) Coefficients in the expression for core channel kg/s?
Ci(L,ic) flow estimate in channel ic at end L m
Cz(L,ic) L =1 for inlet, 2 for outlet m

ANL/NE-12/4
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Symbol Description Units
C3(L,ic) 1/kg
Cij Matrix in cover-gas pressure change equation
c(l)) Matrix in compressible volume pressure change equation kg
for liquid flow
Ac(1)) Contribution to the matrix c(i, j) kg
D1,D2,D3 Right side of simultaneous equation solution in the cover = W/m
gas, intermediate heat exchanger, and bypass channel
treatments
D,Dy, Hydraulic diameters m
DRACS Direct reactor auxiliary cooling system
dadpdp Reflector thicknesses in the bypass channel m
dsu,dru Shell and tube thicknesses in the intermediate heat m
exchanger
d; Coefficients in coolant-wall temperature J/m-K
dz Calculations J/m?-K
ds m-K/J
d; Right side of cover-gas pressure change matrix equation  Pa
d(j) Right side of liquid flow pressure change matrix equation kg?/m-
s2
Ad(j) Contribution to d(j) kg?/m-
s2
Egrc Heat source W/m3
ei(j),-eolj) Coefficients in the simultaneous equations for the
temperature changes at node j in the intermediate heat
exchanger
eo(L,ic) Coefficients in the expression for core channel kg/s
ei(L,ic) flow estimate in channel ic at end L m-s
ez(L,ic) m-s
Fj Cover-gas flow rate from compressible volume i to kg/s
compressible volume j
Foj kg/s
Fijj Coefficients in the expression for F;; m-s
Faij m-s
f Moody friction factor --
fr Fraction of a coolant node at pipe inlet --

ANL/NE-12/4



Primary and Intermediate Loop Thermal Hydraulics Module

Symbol Description Units
f10),--f8(j) Coefficients in the simultaneous equations for the
temperature changes at node j in the intermediate heat
exchanger
fifz Fractions of reactor power --
G Specific flow rate kg/mz2-s
GH Gravity head m
G2 Pressure drop parameter --
g Acceleration due to gravity m/s?
H Head m
H; Pump reference head m
Hsp,Hpr,Hry Overall heat-transfer coefficients for the intermediate W/m?2-K
heat exchanger
Hup Hpc,Hep Overall heat-transfer coefficients between regions in the ~ W/m2-K
bypass channel
HsnieAsnk Heat transfer coefficient times area W/K
(hA)snk Heat transfer coefficient times area W/K
Hp Steam drum total enthalpy J
hp Specific enthalpy J/kg
hy Liquid specific enthalpy J/kg
hy Vapor specific enthalpy J/kg
hehepher Coolant film coefficients W/m?2-K
hw, A Wall and wall-to-coolant heat-transfer coefficients W/m?2-K
hrs hy. Fouling factors in the intermediate heat exchanger W/m?2-K
IHX Intermediate heat exchanger
Keola A cold leg pressure loss coefficient s?2/m
ke Coolant thermal conductivity W/m-K
ksu,ktu Shell and tube thermal conductivities in the intermediate = W/m-K
heat exchanger
LL; Length m
AL(N) Length-integrated volumetric heat source W/m?
L Length of element k in a liquid flow segment m
Ln Length of a node at pipe inlet m
Lg/Dp Length-to-diameter ratio per bend in an element --
M Mach number for cover gas flow --
Mp Steam drum total mass kg
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Symbol Description Units

M,y Pipe wall mass per unit length kg/m

Om Change in liquid mass kg

om; Change in cover gas mass in compressible volume i kg
during a sub-interval of time

Am,Am Change in liquid mass kg

Amiji Mass of cover gas flowing from compressible volume j to kg
i during a sub-interval of time

m(i) Cover-gas mass in compressible volume i kg

m Number of evaporators in parallel --

my Gas mass in a compressible volume kg

my Liquid mass in a compressible volume at a reference kg
pressure

Am Change in liquid mass in a compressible volume duringa kg
time sub-interval

Np Number of bends in an element --

P,Per,Pa,Pp,Psp, P11 Perimeters m

Ps Power shape for vertical section --

p.p! Liquid pressure in a compressible volume Pa

DPd,Pd1,Pdz Pump head coefficients

pr Reference liquid pressure in a compressible volume Pa

Ap Change in liquid pressure in a compressible volume Pa
during time sub-interval

p(i).pg Cover-gas pressure in compressible volume i Pa

P1,P2 Power shape normalization for Regions 1 and 2

p(IN),p(JX) Inlet and outlet plenum pressures in core flow estimate Pa

Api Change in cover-gas pressure in compressible volume i Pa
during a sub-interval of time

pin(1),Dout(i) Pressures at the inlet and outlet of liquid segment i Pa

op Change in liquid pressure Pa

Aps(i) Frictional pressure loss in liquid segment i Pa

Apwz(i) Pressure loss proportional to the square of the flow in Pa
liquid segment i

Apy(i) Valve pressure loss in liquid segment i Pa

Apgr(i) Gravity head in liquid segment i Pa

App(i) Pump head in liquid segment i Pa

5-xii

ANL/NE-12/4



Primary and Intermediate Loop Thermal Hydraulics Module

Symbol Description Units

ProrQmuLt Reactor power for a time step w

Ps(j) Power shape by nodes --

P1,P3 Power shape normalization factors --

Q40800 Neutron and decay heating sources in reflectors W/m3

QMULT Power multiplication factor --

q,0Q Heat flow from compressible volume walls W/m?

QiNa Region length-integrated sodium heat source w W/m?

Q; Length-integrated volumetric heat source W/m?

Q Heat removal rate -

R Universal gas constant J/kg-K

Re Reynolds number --

Ri Richardson number --

S Slant height ratio of the tube-side in the intermediate --
heat exchanger

s Pump speed 1/s

T Pump torque N-m

TTyg Cover-gas temperature K

T,T, Liquid temperature K

TeTw Coolant and wall temperatures K

Ty Friction torque loss N-m

Tm,Tp Motor torque, pump torque N-m

Tsu, Tru Shell and tube node temperatures in the intermediate K
heat exchanger

Tep, Te; Spatially averaged coolant temperatures in the K
intermediate heat exchange

T() Cover-gas temperature in compressible volume i K

Tin(j), Toue(j) Temperature of the incoming and outgoing fluid at K
compressible volume j

T;i Temperature of the cover-gas flowing from compressible K
volume j to i

Tp Temperature of the flow from a bypass channel to the K
outlet plenum

Tc Temperature of the flow from a core channel to the outlet K
plenum

Tsnk Temperature of the heat sink K

ANL/NE-12/4

5-xiii



The SAS4A/SASSYS-1 Safety Analysis Code System

Symbol Description Units
T, Sodium temperature in the i-th region K
Tout Outlet temperature in outlet plenum K
Tout(t) Steam generator outlet temperature K
oT Change in liquid temperature K
AT Liquid temperature change during a time sub-interval K
AT, Wall temperature change during a time sub-interval K
ATsyATry Shell and tube node temperature changes during a time K
sub-interval
ATcpATcr Coolant node temperature changes during a time a sub- K
interval
At Time-step size S
At 6t Sub-interval of a time step S
U Overall heat transfer coefficient W/m?2-K
u Flow velocity m/s
V(i) Vy Cover-gas volume in compressible volume i m3
Vp Steam drum volume m3
Vp Steam drum specific volume m3/kg
Vi Jet velocity at hot-cold interface m/s
14 Liquid velocity m/s
/A% Liquid volume in a compressible volume m3
Vr Liquid volume in a compressible volume at a reference m3
pressure
AV, Change in cover gas volume m3
AV, Change in liquid volume m3
w Pump flow rate kg/s
w(i) Liquid flow rate in segment i kg/s
w(i) Time-averaged liquid flow rate in segment i kg/s
Wi (1), Time-averaged liquid flow rate into and out from kg/s
Wy (1) compressible volume j
Wpg Average flow rate from a bypass channel into the outlet kg/s
plenum
We Average flow rate from a core channel into the outlet kg/s
plenum
we(L,ic) Core flow rate in channel ic at end L at the beginning of kg/s

the timestep

5-xiv
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Symbol Description Units
Aw(i) Change in the liquid flow rate in segment i during a time  kg/s
sub-interval
Z,Z1,Zref Reference elevation m
Zi Zinter Liquid-gas interface elevation m
ZinZout Height of element inlet and outlet m
ZPLENL Lower plenum elevation m
ZPLENU Upper plenum elevation m
ZIHx Reference height of the thermal center of the m
intermediate heat exchanger
Az,Az(j) Height of the j-th node m
ap Volume pressure expansion coefficient 1/Pa
ar Volume temperature expansion coefficient 1/K
A1y A4 Tri-diagonal matrix coefficients in the cover gas, W/m-K
intermediate heat exchanger, and bypass channel
treatments
Br Liquid sodium compressibility 1/Pa
Pr Liquid sodium thermal expansion coefficient 1/K
Byt Tri-diagonal matrix coefficients in the cover gas, w/m-K
intermediate heat exchanger, and bypass channel
treatments
Y Ratio of specific heat at constant pressure to that at --
constant volume
VN1, VN3 Fraction of neutron power --
Yp1,YD3 Fraction of decay power --
v(i) Factor in the degree of implicitness in liquid segment i --
Ye(Lic) Factor in the degree of implicitness in core channel icat -
end L
Oij Kronecker delta symbol --
ge(k) Pipe roughness factor m
& Factor in equation for cover-gas flow in compressible --
volume i
&y Cover-gas volume fraction --
& Ratio of shutoff head to design head --
p.pI Liquid density kg/m3
Pp, Pr Spatially averaged primary and intermediate coolant kg/m3

densities in the intermediate heat exchanger

ANL/NE-12/4 5-xv
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Symbol Description Units

PLPo Fluid density at element inlet and outlet kg/m3

(pc)su,(pc)tu Shell and tube densities times specific heats in the J/m3-K
intermediate heat exchanger

(pc)a(pc)s(pc)p  Densities times specific heats in the bypass channel J/m3-K

T Cover-gas time constant s

TmTp Motor torque, pump torque N-m

01(i), 6:(i) Degree of implicitness in the time differencing in liquid --
segment i

02c(L,ic) Degree of implicitness in the time differencing in core --

channel ic atend L

Subscripts 3 and 4 appended to quantities refer to the values of those quantities at the
beginning and at the end, respectively, of a time interval.
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PRIMARY AND INTERMEDIATE LOOP THERMAL HYDRAULICS MODULE

5.1 Introduction

The PRIMAR-4 module computes coolant pressures, flow rates, and temperatures in
the primary and intermediate heat transport loops. This module is designed for
analysis of a wide range of transients, from fast unprotected LOF or TOP cases to slow
operational transients or natural circulation shut-down heat-removal cases. Also, an
arbitrary arrangement of components in either a loop-type or a pool-type system can be
treated. Semi-implicit and fully implicit numerical schemes have been developed to
handle the full range of transients efficiently. This chapter describes the physical
models and the numerical algorithms used in PRIMAR-4. As indicated in Fig. 5.1-1,
PRIMAR-4 couples with the driver and blanket subassembly coolant dynamics
calculations in the pre-voiding thermal hydraulics module TSCLO, and the boiling
module TSBOIL. Also, PRIMAR-4 couples with the detailed steam generator model
described in Chapter 7, and with the control system described in Chapter 6.

The PRIMAR-4 module contains both a simple PRIMAR-1 type option and the more
detailed PRIMAR-4 treatment. The PRIMAR-1 option supplies only the minimum
quantities of information required to drive the subassembly coolant dynamics
calculations. It is often used when the more detailed treatment is not required. This
minimum information consists of the inlet and outlet plenum pressures, the
subassembly inlet temperatures, and the outlet plenum temperature in the event of
flow reversal. All of these quantities are computed as functions of time by PRIMAR-1
from user-supplied information independently of what is happening in the core or in
the rest of the primary loop.

The detailed multi-loop PRIMAR-4 treatment models heat transfer and coolant flow
in the inlet and outlet coolant plenums, the pipes, pumps, and valves in the primary and
intermediate loops, the intermediate heat exchangers, the steam generators, and the
pool in a pool system. It utilizes a modular approach. The user specifies the properties
of various components and arranges them in an arbitrary manner. Each type of
component is treated in a separate section of the code. Components can be added or
existing component treatments can be modified without impacting the rest of the code.

The detailed PRIMAR-4 treatment includes both a steady-state initialization sub-
module and a transient sub-module. The main parts of the transient sub-module are a
hydraulic section in which liquid coolant flow rates and pressures are calculated, a
liquid temperature section, and a gas section that calculates gas flow between cover
gasses. For a given time step, the liquid flow rates and pressures are calculated first,
taking into account pressure and flow rate changes during the time step, but ignoring
temperature changes and gas flow changes during the time step. This not only
simplifies the calculations, but it makes explicit use of the fact that the incompressible
single-phase liquid flow rates are more sensitive to pressure changes than they are to
temperature and gas flow changes. Then, with the flow rates known, the liquid
temperatures are calculated for the time step. Finally, with the liquid pressures, flow
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rates, and temperatures known, the gas flow rates and pressures are calculated, and the
liquid pressures are adjusted to account for changes in the cover-gas pressures.

A number of significant changes have been made recently to the PRIMAR-4
treatment in SAS4A and SASSYS-1. The detailed steam generator model has been
replaced by a new, faster running version. Also, a Balance-of-Plant treatment of the
water system beyond the steam generator has been added. The new steam generator
and the Balance-of-Plant treatment are described in Chapter 7. Another change is that
multiple inlet plena and outlet plena are now allowed. Previously, all core channels
connected to the same inlet plenum and to the same outlet plenum. This made
modeling of EBR-II difficult, since EBR-II has two separate inlet plena.

core channel flows ———
. TSBOIL
PRIMAR-4
inlet, outlet plenum pressures and temperatures
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Figure 5.1-1. Interaction between PRIMAR-4 and Other Modules
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5.2 Hydraulic Calculations

5.2.1 Compressible Volumes and Liquid Segments

The primary and intermediate loop thermal hydraulics calculations use a
generalized geometry, as indicated in Fig. 5.2-1. A number of compressible volumes are
connected by liquid or gas segments, and each liquid segment can contain one or more
elements. The treatment allows compressible volumes and segments to be connected
in an arbitrary manner. Table 5.2-1 lists the types of compressible volumes used in
PRIMAR-4. Compressible volumes are characterized by pressure, volume, mass, and
temperature. They can accumulate liquid or gas by compressing the cover gas or the
liquid, and it is the pressure in the compressible volumes that drives the flows through
the liquid and gas segments. Table 5.2-2 lists the types of elements that can make up a
liquid segment. Liquid flow elements are characterized by incompressible single-phase
flow, with the possible exception of the core element. The core subassemblies, which

are treated by the coolant dynamics modules, are a special case and are discussed in
Section 5.2.2.

COMPRESSIBLE
VOLUME, GAS

GAS
SEGMENT

COMPRESSIBLE
VOLUME, LIQUID
PLUS GAS

LIQUID SEGMENT
ELEMENT |

ELEMENT

ELEMENT

COMPRESSIBLE
VOLUME, LIQUID

" ELEMENT
LIQUID SEGMENT

Figure 5.2-1. PRIMAR-4 Generalized Geometry
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Table 5.2-1. Compressible Volume Types Used in PRIMAR-4

Type Number Description

1 Inlet plenum

2 Compressible liquid volume, no cover gas

3 Closed outlet plenum, no cover gas

4 Almost incompressible liquid junction, no cover gas

5 Pipe rupture source

6 Pipe rupture sink, guard vessel

7 Outlet plenum with cover gas

8 Pool

9 Pump bowl and cover gas

10 Expansion tank with cover gas

11 Compressible gas volume, no liquid
Table 5.2-2. Liquid Flow Element Types Used in PRIMAR-4

Type Number Description

1 Core subassemblies, SAS channels

2 Core bypass assemblies

3 Pipe

4 Check valve

5 Pump impeller

6 [HX, shell side

7 [HX, tube side

8 Steam generator, sodium side

9 DRACS heat exchanger, tube side

10 DRACS heat exchanger, shell side

11 Valve

12 Air dump heat exchanger, sodium side

13 Annular element

The hydraulic equations for the primary and intermediate heat-transport loops are
solved by a semi-implicit or fully implicit time differencing scheme in which the
pressures and flows for all connected compressible volumes and segments are solved
for simultaneously. By linearizing the equations for each time step, a semi-implicit or
fully implicit solution can be obtained without resorting to iteration techniques.
Linearized semi-implicit or fully implicit methods are most useful for long transients in
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which temperatures and flows change slowly, since in such cases accurate results can
be obtained with large time steps so long as the step sizes are small enough that
changes during a step are small.

Three equations are used in calculating the pressures in the compressible volumes
and the flow rates in the connecting liquid segments. They are the momentum equation
for incompressible single-phase flow in a segment, an expression for the average flow
rate in a segment during a time step, and an expression for the change in pressure in a
compressible volume as a result of flow into it and out from it during a time step. Each
of these equations is taken up in turn.

5.2.1.1 Momentum Equation
The momentum equation for a single-phase incompressible liquid is taken as

16w+1 0 (w? +6p+<6p> _o o1
Adt " A%20z\ p )" 0z \0z)iss (5-2-1)

where

w = the mass flow rate
A = the flow area

p = the density of the liquid

P

p = the pressure gradient driving the flow
z

0
(_p) =the pressure drop from all of the loss terms
0z loss

When Eq. 5.2-1 is integrated over a segment containing several elements, it can be
written as the basic equation for the flow in segment i:

L, dwli . . . . . . .
- Tt()=pm(l)—pom(l)—Apﬁ(l)—prz(l)—Apv(l)—Apgr(l)+ ap, (i) (5.2-2)
k
Here, dw(i)/dt is the time rate of change of the mass flow rate through segment i. The
summation is over the elements in segment i, and Lx and Ay are the length and flow area
of element k. The term piy(i) is the pressure at the inlet to segment i, which is the
pressure in the compressible volume at the inlet of segment i. The term pou(i) is the

pressure at the outlet of segment i, or in the compressible volume at the outlet of
segment i. The term Apg(i) is the frictional pressure change for the segment i, and with
the minus sign in Eq. 5.2-2, it is a loss term. However, this frictional loss term for the
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segment is actually the sum of similar loss terms for each element in the segment. The
same things can be said about the remaining terms in Eq. 5.2-2. Together with their
respective signs, Apwz(i) is any orifice or bend pressure drop proportional to the square
of the mass flow rate, Ap,(i) is any valve pressure drop, Apg-(i) is the gravity-head
pressure drop, and Apy(i) is the pump-head pressure increase from all of the pumps in
segment i.

Equation 5.2-2 has the form:

L, dnli)_
() (52-3)

which can be written in finite difference form

SY TR

=0,(Dfi(w,t) + 0, (D fi(w + Aw, t + At) (5.2-4)

where 61 + 02 = 1. The parameters 01 and 0, determine the degree of implicitness of the
solution. For a fully explicit solution, 81 = 1 and 6, = 0. For a fully implicit solution 81 =
0 and 62 = 1. The degree of implicitness is discussed in Section 5.2.4 and in Appendix
3.1 in Chapter 3.

The linearization consists in making the approximation that

f(w+ 4w, t + At) = f(w, t) +Atg—£+Aw% (5.2-5)
so the flow equation becomes

2 j—’;Aw(i)=At{f(w,t)+ 6, (i)[AtZ—]; + Aw% } } (5.2-6)
which takes the form

ao (i) ai)=a,(1)+ 6, (i )a, () + At [8p(ji)- dpljo) [+ a, 1) andi) § (5:2-7)
or

Anli)=2 , (D1, (0)+ aeap(ji) - Ap(jo)]}

e ()-0.0)e() (>2:6)

where ji and jo are the compressible volumes at the inlet and outlet of the liquid
segment.
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In general, the a's are sums of contributions from each element, k, in the segment.
The terms are

a, =Z Aa, (k) (5.2-9)
Aao(k)=% (5.2-10)
a,=At[p(ji.t)-p(jo.t) [+, Aa, (k) (5.2-11)
Aa, (k)= Ap , (k,t) = Ap,, (k1) = Ap,, (k. t) - Ap, (k.t)+ Ap, (1) At (5.2-12)
az=; Aa, (k) (5.2-13)

0
Aay (k) = At* = [App (k) — Apsr (k) — Apy ()

(5.2-14)
- Apv (k) - Apgr(k)]
a, =Z Aa (k) (5.2-15)
and
8a ()= [ 8p, ()~ 8p, (k)-3p..(6)- 8, (k)= 8, (1) (52:16)

In the above equations, it should be recognized that A is used in three different
ways. First At is the time step, Aw(i) is the change in the mass flow rate in the liquid
segment i during the time step, and Ap(ij) and Ap(jo) are the changes in pressures in the
compressible volumes at the inlet and outlet ends of liquid segment i during the time
step. Second, the Ap’s in Eq. 5.2-2 represent pressure differences, increases or
decreases, along liquid segment i. And third, as seen in Egs. 5.2-9, 5.2-11, 5.2-13, and
5.2-15, the Aa’s are incremental contributions form each of the elements to the a’s for
the whole segment.
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The denominator in Eq. 5.2-8 should never be zero because a3 is negative or zero,
since friction increases with increased flow and pump head decreases with increased
flow.

5.2.1.2 Average Flow Rate

The second main equation used in the hydraulics calculation is an expression for the
average mass flow rate in a liquid segment during a time step. The average mass flow
rate w(i) for segment i is taken as a simple average of the flow rate at the beginning of
the time step and that at the end of the time step.

wli)=[wli, o)+ wli, 2 +A7) ) 2 (5.2-17)

Linearization consists in expanding w(it + At) to two terms and finite differencing
the time derivative to give

wi(i)=wli, )+ Anli) /2 (5.2-18)

Equation 5.2-18 relates the average mass flow rate in a segment during a time step
to the change in the mass flow rate during that time step.

5.2.1.3 Compressible Volume Pressure Changes

The third main equation in the hydraulics calculations is an expression for the
change in pressure in a compressible volume during a time step. The pressure in a
compressible volume can be affected in several ways. Liquid can flow in or out through
the segments connecting the compressible volumes. The entering liquid may be at a
higher or lower temperature than that already there, and the liquid flowing out
removes liquid at the compressible volume temperature. In addition to the changes
related to the liquid flows, the compressible volumes can be heated or cooled
externally, or liquid can be added or withdrawn by an external agent. The flow of cover
gas into or out of the compressible volume will also affect the pressure. The cover gas
flows are treated separately, as in Section 5.6.

The pressure in a compressible volume is assumed to vary linearly with changes in
the mass or temperature of the liquid. Therefore, the change Ap(j) in pressure in the
compressible volume j during a time step is taken as a linear approximation in the
average mass flow rates into and out from that compressible volume as:

Ap()=by (3)+ b (3)] 27 (1) = 2 Wous(4) (5.2-19)
by ()] 3 (1) T = 2P0 T (4) ]

Here 2 w, (]) is the sum of the average mass flow rates into compressible volume j

from all of the attached liquid segments flowing into it. It should be noticed that Eq. 5.2-
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18 is the expression for the average mass flow rate in a segment, and if that segment
flows into compressible volume j, then it is included with all of the other segment

contributions to compressible volume j. Similarly, zv_vom( j ) is the sum of the average

mass flow rates out of the compressible volume j from all of the attached liquid
segments flowing out. The last two sums in Eq. 5.2-19 are the same as the ones just
described except that all of the mass flow rates are multiplied by the temperatures of
the flows: the average mass flow rates flowing into the compressible volume are
multiplied by the temperatures in the respective segments, whereas the average mass
flow rates flowing out are each multiplied by the temperature in the compressible
volume. The coefficients b1(j) and b2(j) include the time-step size and are computed for
each type of compressible volume. The remaining term bo(j) also contains the time step
size and can be used to account for the effects of heat transfer to the compressible
volume liquid from the compressible volume wall or from other components.

5.2.2 Estimated Core Flow

The liquid segments representing the core channels are a special case. In principle,
the coolant mass flow rates in the core channels could be calculated simultaneously
along with the other segments in the primary loop. But after the onset of boiling in the
core, this would unduly complicate the boiling model. Instead, an estimate of the core
mass flow rates is made from information stored by the core channel coolant dynamics
routines during the previous time step, and this estimated flow is included in the
primary loop calculation. After the primary and intermediate loop hydraulics
calculations have been done, the core channel coolant dynamics routines compute the
actual channel flows for each channel independently, using the newly calculated inlet
and outlet plenum pressures as boundary conditions. Then, the differences between
the estimated core flow and the actual computed core flow for a time step is used to
adjust the coolant masses in the inlet and outlet plenums before the start of the
calculations for the next time step.

The mass flow rate for core channel ic at the end L, where L=1 is the inlet and L=2 is
the outlet, is estimated by the momentum equation

1) 1) (1) LN )+ L) () (5:2:20

+C, (L, ic)wc (L, l'c) | w, (L, ic) |

where p(JIN) is the pressure in the compressible volume representing the inlet plenum
and p(JX) is the pressure in the compressible volume representing the outlet plenum.
The rate of change of the mass flow rate is taken as proportional to the inlet and outlet
pressures and proportional to the square of the mass flow rate. The coefficients Co, Cj,
C2, and C3 are the information stored during the previous time step, and are described
in Section 3.11.2 of Chapter 3. The channel mass flow rate w¢(L,ic) is evaluated at the
beginning of the time step.

Equation 5.2-20 can be written in finite difference form as
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At
1—26,.(L,ic)C;3(L,ic)w,.(L,ic)At

Aw,(L,ic) = {Co (L, ic)

+ G (L, i) [pUIN, £) + 05 (L, ic) Ap(JIN)]

+ C, (L, i) [p(X, 1) + 05 (L, ic)Ap(X)] (5.2-21)

+ C3(L,ic)w(L,ic)|lw.(L,ic)| }

where 6;. is the degree of implicitness for core channel ic. Equation 5.2-21 plays the
role for each core channel that Eq. 5.2-8 does for all the other liquid segments in the
primary loop.

Before boiling begins in the core channels, the differences between the estimated
and the actual core flows are very small, largely because Eq. 5.2-20 is equivalent to the
equation used by the pre-boiling core channel coolant dynamics routines, except that
the coefficients in Eq. 5.2-20 do not account for the effects of coolant temperature
changes during the current time step. After boiling begins, rapid changes in vapor
pressures cause rapid changes in the inlet plenum pressure, necessitating a decrease in
the time step size.

5.2.3 Method of Solution

Equations 5.2-8, 5.2-18, 5.2-19, and 5.2-21 constitute a set of simultaneous
equations for changes in the mass flow rates Aw(i) in the liquid segments and for
changes in the pressures Ap(j) in the compressible volumes during a time step.
Eliminating the Aw's, these equations can be written as a single matrix equation for the
Ap's:

ZC(I,J)AP(J)=d(1) (5.2-22)

The coefficients ¢(IJ) and d(I) are sums of contributions Ac(lJ) and Ad(I) from each
segment. From segment i, in which the flow is from compressible volume I to
compressible volume |, the contribution to c(I]) is

Ac(1,J) = —6, (iz)[[b ! (( )) E;JZZ)(] i) ot (5.2-23)

and the contribution to c(J,) is
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e =0 o
The contribution to d(J) is
Ad(T) =w(i,t)+ 2[%((2;892((),-;;(3)] [6,(4)+b,(I)T,,, ()] (5.2-25)

and the contribution to d(/) is

Ad(I)=-w(i,t)- Ta (();0 (l(za;fzz)][ (1)+b, (1T, (¢)] (5.2-26)

The contributions to diagonal terms are

Ac(L.1) = 6, (i)[ b (1)+b, ()T, (i) | As

2[ay(i)-9, (l')agn(i)] (5.2-27)
and
seloor) - B e .

Also, bo(J) is added to d(J) and 1.0 is added to the diagonal terms in c¢. In these
equations Tin(i) and Tou(i) are the temperatures at the inlet and outlet of the liquid
segment.

The contributions to the coefficients ¢(LJ) and d(I) from the segments representing
the core channel flows are obtained from Eq. 5.2-21, which is re-written as

Aw.(L,ic)=e,(L,ic)+e(L,ic)Ap (JIN )+e,(L,ic)Ap (JX) (5.2-29)
where
eo(Lic)= y C,(L,ic)+C,(Lyic) p (JIN,t)+ C,(Lic) p (JX £)
" (5.2-30)
+C3(L,ic)wc(L,ic) WC(L,Z'C)|
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e,(L,ic)=0,,(L,ic)AtC,(L,ic)/d, (5.2-31)

e,(L,ic)=0, (L,ic)AtC,(L,ic)/d, (5.2-32)
and

d,=1-26, (L,ic)C,(L,ic)| w,(L,ic) | At (5.2-33)

The contribution to d(JIN) is then

Ad(JIN)==[b,(JIN)+ b, (JIN)T, (ic) [[w, (1,ic)+e, (1,ic) /2] (5.2-34)
also,

Ad(JX )= [, (X )+ b, (X)T,, (ic) | [w, (2,ic)+¢,(2,ic) 12 ] (5.2-35)

AC(JIN, JIN )= [b,(JIN )+ b,(JIN)T, (ic) e, (1,ic) /2 (5.2-36)

Ac(JX, JX )==[b,(JIN )+ b,(JX)T,,, (ic) Je, (2,ic) /2 (5.2-37)

ACJIN, JX )= [b,(JIN )+ b,(JIN)T, (ic) Je, (1,ic) /2 (5.2-38)
and

Ac(JX, JIN )= [b,(JX )+ b, (X )T, (ic) |e,(2,ic) /2 (5.2-39)

The contributions to the coefficients c(I,]) and d(]) from all the liquid segments in a
loop have been made at this point, and Eq. 5.2-22 is solved by Gaussian elimination to
yield the pressure changes in all the compressible volumes in the loop during the time
step. With the pressure changes now known, Eq. 5.2-8 is solved for the mass flow-rate
changes in the liquid segments in the loop, and Eq. 5.2-21 is solved for the estimated
channel flow changes during the time step. The pressure changes and the mass flow
rate changes are then added to the values of the pressures and flow rates at the
beginning of the time step to obtain the respective values at the end of the time step.

The above procedure is carried out separately for the primary loops and for the
intermediate loops. The core channel flow segments are included only in the primary
loops.
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5.2.4 Degree of Implicitness

As mentioned in Section 5.2.1, the parameters 61 and 6, determine the degree of
implicitness of the calculation. For small time steps, a semi-implicit treatment with 6 =
0. = .5 is most accurate. For large time steps, a fully implicit calculation with 6; = 0 and
02 = 1 is more accurate and numerically more stable. As discussed in Appendix 3.1, the
degree of implicitness is computed separately for each liquid segment, i, as

N a+by(i)+ (i)
0. ()= 5.2-40
U Sarerlerty o
where
7(i)=-= (l.) (5.2-41)
a, (l)
a=6.12992
b = 2.66054
and
¢ = 3.56284
Then
6,(i)=1-6.(i) (5.2-42)

Note that a3(i) is always negative and is proportional to At, the time-step size.
Equations 5.2-40 and 5.2-41 give the results that 8, approaches 0.5 for small time steps,
0, approaches 1.0 for large time steps, and 82 makes a smooth transition between 0.5
and 1.0 for intermediate-sized time steps.

Liquid segments attached to an almost compressible liquid junction are a special
case. Because such compressible volumes are much smaller than other compressible
volumes, their time constants for changes of all kinds are short; and because of it, these
liquid segments are treated with a fully implicit (62 = 1.0) flow calculation regardless of
time-step size.

The degree of implicitness used in the calculated estimated channel flow for channel
icis
_a+ by, (L, z'c) +7. (L, ic)2

o0, \L,ic)=
26( zc) 2a+c;/C(L,ic)+yC(L,ic)2

(5.2-43)

where y. is given by
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~ 2At
L= Lic) Cy(Lic)

(5.2-44)

5.3 Specific Components: Contributions to Flow and Pressure Equations

In this section, we shall consider the contributions to the mass flow-rate and
pressure equations from the various components in the primary and intermediate
loops. Each compressible volume contributes a bo, a b1, and a bz in Eq. 5.2-19, and each
element in each segment connecting two compressible volumes contributes a Aao, a Aaj,
a Aaz, and a Aaz in Egs. 5.2-10, 5.2-12, 5.2-14, and 5.2-16. We shall consider
compressible volumes without cover gas, compressible volumes with cover gas, pipes,
intermediate heat exchangers, and pumps.

5.3.1 Compressible Volumes Without Cover Gas

A compressible volume with no cover gas is treated as a compressible liquid in an
expandable container. The volume V is assumed to vary linearly with pressure p and
temperature T:

v, li+a,(p-p,)+ a,(7-1,)] (53-1)

where V; is the volume at a reference pressure pr and reference temperature T,. Also
the sodium density p is assumed to vary linearly with p and T:

p=p,[1+8,(p-p,)+B,(T-T.)] (53-2)

where

: - 1oV
ap = the volume pressure expansion coefficient, ——

V op

ar = the volume thermal expansion coefficient, %%

Bp = the sodium compressibility, Lo
o p
. . . 1 dp
Bt = the sodium thermal expansion coefficient, ar
P

The mass of the liquid in the compressible volume is
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m=pV (5.3-3)

Using Egs. 5.3-1 and 5.3-2 in Eq. 5.3-3 and dropping second-order terms gives
m=m,[1+(a,+B,)(p—p,)+(or+B,)(T-T,) ] (5.3-4)

which can be rewritten as

_om/m,—(a, +p,)oT

aP+ﬁP

op (5.3-5)

where

om=m-m,
P=p-p,
ST=T-T

Equation 5.3-5 is a general relationship for the pressure change in a compressible
volume with no cover gas as a result of mass and temperature changes.

To obtain expressions for bo(j), b1(j), and bz(j), which characterize this compressible
volume j, we apply conservation of mass and conservation of energy principles to the
volume with flow in and flow out during a time step. Conservation of mass gives

=8 [Sw,- S, ] (5.3-6)

where Am is the change in the liquid mass in the compressible volume during the time
step At, Ev_vm is the sum of the average mass flow rates into the compressible volume

during At, and 2 W, is the sum of the average mass flow rates out during At.

Conservation of energy gives
out ~ out

(m3+Am)(T3—AT)=m3T3+At[Ev_vam—Ev_v T ]+62At (5.3-7)

where m3 and T3 are the mass and temperature of the liquid in the compressible volume
at the beginning of the time step, AT is the change in temperature of the liquid in the

compressible volume during the time step, 2 w, T, in the sum of the average mass flow
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rates into the volume multiplied by the incoming temperature, 2 oL 1S the sum of
the average mass flow rates out of the volume multiplied by the outgoing temperature,
Q is the heat flow rate from the compressible volume walls and from other components
in contact with the compressible volume liquid, and ¢ is the heat capacity of the liquid
in the compressible volume. Equation 5.3-7 expresses the fact that the energy in the
liquid in the compressible volume at the end of the time step is the sum of the energy
present at the beginning of the time step, the excess of the energy flowing in over that
flowing out during the time step, and the energy contributed to the liquid from the

walls of the compressible volume during the time step.

Solving Eq. 5.3-7 for the change in the liquid temperature during the time step, gives

i amenS i, 7, - ST, |

m; +Am

AT (5.3-8)

To first order, the mz + Am in the denominator is approximated as ms. Inserting Egs.
5.3-6 and 5.3-8 into Eq. 5.3-5 gives

welSm -3l | <am_ﬂ>T}
o+ A [E I +_

out ~ out
ap+/3’p m

(5.3-9)

Comparison of this equation with Eq. 5.2-19 shows that for the compressible volume
with no cover gas

by =— (aT +fr )QAt

(ap +/),p ) me, (5.3-10)
b= A [i+M] (5.3-11)
a, +/3p m,
and
by =— CAT ALY (5.3-12)

a, +/3’p m,

The QAt term in Eq. 5.3-10 is calculated in a manner similar to that described in
Section 5.4.4, except that the value for by is calculated before the temperatures at the
end of the step are calculated, so g is calculated on the basis of temperatures at the
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beginning of the time step. In the present version of the code, the reference mass mr
and the reference temperature T, are taken as the mass and temperature at the
beginning of the time step.

5.3.2 Compressible Volumes With Cover Gas

A compressible volume with cover gas is treated in a fashion similar to that without
cover gas except that the compression of the liquid is neglected compared with the
compression of the gas, so that all of the expansion or compression is attributed
entirely to the gas. The cover gas is assumed to expand or compress adiabatically, and
an increase in the gas volume is equal to the decrease in the liquid volume. The
accompanying rise or fall in the level of the gas-liquid interface is taken as the volume
change divided by the area of the compressible volume. In addition, the conservation of
mass and the conservation of energy principles are observed. The conservation of mass
is applied by taking the increase in the mass of the liquid in a compressible volume as
the difference between the liquid flowing in and that flowing out during a time step, and
the conservation of energy is taken as the increase in the mass of the liquid in the
compressible volume times its temperature as the difference between the mass times
temperature flowing in and that flowing out during a time step.

The liquid pressure at an elevation, z, in the compressible volume is given by
pi=p,+p.glz;-2.) (5.3-13)
where
p = the pressure in the liquid
pe = the pressure of the cover gas above the liquid
p1 = the liquid density
g = the acceleration of gravity
7z = the height of the liquid gas interface
zr = the reference height for the compressible volume

and the change in the liquid pressure in the compressible volume is obtained by taking
differentials of Eq. 5.3-13:

Ap,=Ap, +g(z.-z,)Ap, + p, g Az, (5.3-14)
Adiabatic compression of the cover gas is taken as

p, V] =const (5.3-15)
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where

Ve = the volume of the cover gas

y = the ratio of the specific heat at constant pressure to that at constant volume
for the cover gas

and in differential form becomes:

A AV
e v 22220 (5.3-16)
pe YV

The conservation of liquid mass for a compressible volume gives

Am, =At[ Wi _zwoul] (5.3-17)

where

sz =the liquid mass increase in the compressible volume during the time

step
At =the time-step size

E w,, =the sum of the average liquid mass flow rates into the compressible

volumes during the time step

2 w,, =the sum of the average liquid mass flow rates out from the

compressible volume during the time step.
The conservation of energy for a compressible volume yields
(mé +Am, )(Tz +AT, )=m[ T, + At [EWM T, - zwout T J (5.3-18)

where

m,=the liquid mass at the beginning of the time step

AT, =the increase in liquid temperature in the compressible volume during the
time step

2 w, T, =the sum of the average liquid mass flow rates times temperatures

entering the compressible volume during the time step
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2 w ., T, .=sum of the average liquid mass flow rates times temperatures

leaving the compressible volume during the time step.

In the present version of the code, Am; is neglected in comparison with m, giving
At _ _
AE=;|:EWM T;n_Ewout 7Wom] (53'19)
14

In addition to the above equations, we take

AV, =-AV, (5.3-20)
V,=m,/p, (5.3-21)
Az, =AV, ] A (5.3-22)

where

V,=the volume of the liquid in the compressible volume at the beginning of a
time step

m, =the mass of the liquid in the compressible volume at the beginning of a time
step

P, =the density of the liquid

A =the area of the compressible volume.

Differencing Eq. 5.3-21, we have

Am, m
AV, =——-—Ap, (5.3-23)
14 14
and taking
op
Ap, =ﬁATZ (5.3-24)

we can write the following expression for the change in the liquid pressure during a
time step as
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P, P&
Ap =y LS
Pr (V v, A

A 9 9
A M P AT, |+ g(z,-2,) 22 AT, (5.3-25)
P, p;oT o

Inserting Eq. 5.3-17 for Am,and Eq. 5.3-19 for A7, and then comparing with Eq. 5.2-19,
we see that the values of the b's for a compressible volume with a cover gas are

b, =0 (5.3-26)
P -z

pon )P & pop8l-z) 1(rp g (5.3-27)
V.o a oT m, p\V,p A

b2=ATa—'0 g(Zr——Zl)_l 7/&4_5 (5.3-28)
oT m, p\V,p A

5.3.3 Pipes and Intermediate Heat Exchangers

In considering the flow through a pipe or through an intermediate heat exchanger,
several factors are taken into consideration. The contribution of the element to a, in Eq.
5.2-9 is taken as

Aa,=L/ 4 (5.3-29)
where

L =the length of the element

A =the flow area of the element

The pressure drop contribution of the element to a; in Eq. 5.2-11 is composed of a
number of terms. One of these terms is the frictional pressure drop, which is written as

L v L wlw
oy L L vl

= 5.3-30
D, 2 D, 2pA’ ( )

where

Aps= the frictional pressure drop

f= the Moody friction factor
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L = the length of the element
Dp= the hydraulic diameter of the element
p = the density of the liquid
v = the liquid velocity
w = the liquid mass flow rate
A = the flow area of the element
The Moody friction factor ffor turbulent flow in pipes [5-2] is taken as

1+(Czi+g)

G,

f=C (5.3-31)

D, Re

where
¢1=0.0055

>=20,000

(3=1.0x 1096

C+=1/3

e=the user-supplied roughness of the element
Re=the Reynolds number

For laminar flow, the friction factor fis taken as
f=64/Re (5.3-32)
The Reynolds number in either case is

Dh|W|
Au

Re =

(5.3-33)

where u is the viscosity of the fluid.

A second term is the pressure drop caused by bends in the flow path, and these are
modeled as an additional frictional drop term, written as
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W vl

L
Ap=fD—BNa (5.3-34)

. 2p4°
where
Lg/Dp=a user-supplied input number for an effective length-to-diameter ratio
per bend

Np=the number of bends in the element

A third term is the pressure drop, also proportional to the square of the mass flow
rate, to account for baffles or restrictive orifices which cause greater pressure drops
than would be accounted for by friction or bends above. This term is taken as

wiwl
204°

Ap=G, (5.3-35)

where G is a user-supplied input number.

A fourth item is the second term in Eq. 5.2-1, which is proportional to the square of
the mass flow rate, and is due to the difference in the fluid densities at the inlet and
outlet ends of the element. It has the form

11
Ap=w"| ——— (5.3-36)
Po P

where

po=the fluid density at the element outlet
pr=the fluid density at the element inlet

A final term is the gravity-head term for the element, taken as

Ap=g(zaut _Zin )ﬁ (53-37)

where

Zour=the height of the element outlet
Zin=the height of the element inlet
g=the acceleration of gravity

p =the average of the inlet and outlet fluid densities
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Taking the above five terms together, the contribution from the element to a; is

LoLy o\l wlw
Aa,=-A N G
tf( ,,+DB B)sz2+ * 204
(5.3-38)
+W2(L+L)+g’( out n)l(_)j|
Po Pr

The contribution of the element to az, which is the derivative of the pressure drops

with respect to time, as shown in Eq. 5.2-14, is zero, since the friction factors and the
geometry are assumed not to change independently with time. Hence

Aa, =0 (5.3-39)

The contribution of the element to as, however, which is the derivative of the
pressure drops with respect to the mass flow rate, as shown in Eq. 5.2-16, is obtained
by differentiation. For laminar flow, differentiating Eq. 5.3-32 gives

ﬁ——f/ (5.3-40)
ow

For turbulent flow, differentiating Eq. 5.3-31 gives

of CCC(CL c3)c4‘1

=3 5.3-41
ow Re|w| 2Dh+Re ( )

Taking the derivative with respect to w of each term in Eq. 5.3-38, we have for the
contribution to az

L L 1 of
Aa,=-A = 2 -4
t{(Db D, B)2pa2[ f|w|+w|w|aw]
(5.3-42)
+G, | |+2w( ! +L)}

" pA® P Pr

5.3.4 Pumps

There are three pump choices available in the PRIMAR-4 module: a user-supplied

table look-up, a centrifugal pump, and an electromagnetic pump. There are a number of
options for the centrifugal and electromagnetic pumps.
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5.3.4.1 Table Look-Up

The user supplies a table of relative pump head vs. time, and the code interpolates
linearly between points in the table. The pump head as a function of time is given by

H(t)=H, f() (5.3-43)
where f{t) is the user-supplied table, with f{t = 0) = 1.0, and H; is the reference pump

head for the particular pump. The contribution to the coefficients in Egs. 5.2-10, 5.2-12,
5.2-14, and 5.2-16 are

Aa,=L/ A (5.3-44)

Aa,=At[H(t,)-GH]| (5.3-45)

Aa, =Me[H(t,)-H(t,)] (5.3-46)

Aa, =0 (53-47)
where

L=the length of the pump element

A=the element flow area

At=the time interval

t3,ta=the times at the beginning and end of the time interval
GH=the gravity head for the pump element

5.3.4.2 Centrifugal Pumps

53.4.2.1 Option 1

In this option, the pump head and the pump torque are represented either by
constant values or by polynomial fits, depending upon the pump flow rates or upon the
pump speeds. The flow rates and speeds, and also the pump head and torque, are
expressed as multiples of rated quantities, which are user-supplied. The constant
values and the coefficients in the polynomial fits are also user-supplied.

The pump head and torque are expressed as functions of the parameter x, which is

x=w/5 (5.3-48)
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with
w=w/w, (5.3-49)
§=S/SR (5.3-50)
where
w= the pump flow rate
wg= the rated pump flow rate
s= the pump speed
sg= the rated pump speed
Pump Head

For positive pump speeds the pump head is taken as

Ap,=H,s’ (A1+A2X +A3X2+A4X3+A5X4), if x <A, (5.3-51)

Ap,=H A, W, if |X| > A, and w = A (5.3-52)

Ap,==H,A;W", if |x|>Aandw <-A; (5.3-53)

Ap,=H A, WA if [x|>AgAg>W =20 (5.3-54)

Ap,=—H, A, WA if |x|>A;and0>W >=-A (5.3-55)
where

Ap, =the pump head
Hr  =the reference pump head
As,...Ag =user-supplied coefficients

For negative pump speeds, or flow reversal, the pump head is taken as
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Ap,=H, A,d} if d, =0

(5.3-56)
=H, A, d} ifd <0

with

d, =w-4,s,
where

A1o = user-supplied coefficient
Pump Torque

Next, for positive pump speeds, the pump torque is
T =5%(Ayy + Appx + Az x® + Apax® + Agsx ™), if |g| < 4 (5.3-57)
w
T = A16W2, if ? > A6,W > 0 (5.3'58)
w

T = A17W2, if ? > A6,W <0 (5.3'59)
with

_ T

T = o (5.3-60)
where

t=the pump torque

tr=the reference pump torque

X, w,s =the same as for the pump head

A1, ...A1s=user-supplied coefficient

For negative pump speeds, the pump torque is taken as
T=A,(W-A,5), if w=A, (5.3-61)
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=A, (P-4, 5),  if W< Ay

Pump Speed
The pump speed and pump torque are related by the equation is

ds
IE=T'" -7, -kw

where

I=the moment of inertia of the pump and motor
s=the pump speed

Tm=the motor torque

Tp=the pump torque

ki=constant of proportionality

w=the pump flow rate

(5.3-62)

(5.3-63)

The term -kiw is a drag term proportional to the flow rate. The motor torque 7 is a user-

supplied table look-up.
Rotor Lock-Up

Aa,=L, /4,
Aal =App _IOZg(Zin _Zout)

0
Aa, =(At} —A
a2 (t)at pp

= (At)z %ﬁ
ds ot

0
Aa3=At%App

(5.3-64)

(5.3-65)

(5.3-66)

(5.3-67)

If the normalized pump speed, 5, falls below the value Ao, and if A9 > 0, then the

rotor locks; and the speed is held at zero after that.

Flow Rate Coefficients

ANL/NE-12/4
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The contribution to the a's in Eqgs. 5.2-10, 5.2-12, 5.2-14 and 5.2-16 are then as
follows:

Ly=the length of the pump element
Ap=the flow area of the pump element

App=the pump head

Pi=the liquid density
g=the acceleration of gravity
zin=the inlet elevation of the pump element

Zour=the outlet elevation of the pump element

dAp, s dAp,

a T at aw
under the various conditions of speed and flow

5.3.4.2.2 Option 2

This pump option makes use of the homologous pump curves and should permit
operation of the pump in all four quandrants of pump operations--normal pump mode,
energy dissipation mode, turbine mode, and reverse pump mode. The actual curves
used for the pump head and torque are, at present, built into the model using data
statements and are the three-region curve fit taken from a memo by J. F. Koenig [5-1].

the partial derivatives of pump head and pump speed described above

The pump head and torque values are obtained from

—2 , =2 i
H=H, (% +5 )Zcﬂx (5.3-68)
—2 , =2 : i
T=1, (7 +5)3 D, x (5.3-69)
where
H= pump head

T =pump torque
w = flow rate
s = pump speed

X =T+ tant (W /5)
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and the bar denotes normalization with respect to reference quantities (i.e.,v_v=w/ Wr)
and the subscript r denotes reference quantities. The coefficients Cj; and Dj; represent
the three-region curve fit with

j=1, 0=x=3.14159
=2, 3.14159<x=<4.7124
=3, 47124<x

The value for H; is an input while T is obtained from
T=H w /(s np) (5.3-70)

where 7 is the pump efficiency at reference conditions and p is the fluid density.

At low flow conditions with | v_v| < w, where wc represents a cutoff value specified

by the user, the pump head is calculated as a linear interpolation between the pump
head at zero flow and at the w, flow:

H(w,s)=(H(w.,5)w+H(0,5) (w,-w))/w, (5.3-71)

The value we is specified as an input value in APMPHD (13,IPMP) in input block 18. The
frictional torque losses, Ty, are taken as a three-region quadratic fit over §

T,=T,(A,+A,5+A,5|5|) (5.3-72)
where
j=Ls<s
=2,5<55,
=3,5,<S.

The nine coefficients, A4j;, are specified as input values in APMPHD (L,IPMP) in input
block 18. The cutoff speeds s1 and sz are also input values in APMPHD (L, [PMP).

For the steady-state, the subroutine SSPUMP makes use of a root finder to locate the
pump speed necessary for a specified pump head. It is assumed that steady-state will
be at a flow level above w..

The subroutine PUMPFL includes the following calculations for Aa,, Aai, Aa; and
Aas, with

Aa,=L, | A, (5.3-73)
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Aa,=Hg+H

Aa,=At? IH
ot

Aa, =At iH
ow

(5.3-74)

(5.3-75)

(5.3-76)

where L, A, Hg, H and At represent the length, area, gravity head, pump head and time
interval, respectively. The terms Aa, and Aa; are calculated as in the centrifugal pump

option 1; Aa: is found as follows:

Aaz=A1f2§ o
Jdt ods
where
95
a_i=(Tm _Tp _Tf)/(sr])

T'm= motor torque
I = pump inertia
and from Egs. 5.3-67 and 5.3-70

oH 3 : 3 A
—=2H5 Zcﬂ.x’ -H, chﬂ. ix"™!
as = =

for | w |>w,and

oH
pl

w,,5)w

9H _
o5

for|v_v |<wc.

Aas is found using 5.3-76 and
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(5.3-77)

(5.3-78)

(5.3-79)

(5.3-80)
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0H .-l
—=2H w Y c,x "+H3) C.ix’
ow ’ EO E !
(5.3-81)
oH 1 oH

M _(H(w,,5)-H(0,5))/w, (5.3-82)

for |w |<w,,and

The subroutine PUMPFN includes the pump torque curves in integrating Eq. 5.3-78
to determine s. Approximating Eq. 5.3-78 as

1% T, -1/2(1,+T,)-1/2(,, +T,,) (5.3-83)

Note where the subscripts 3 and 4 denote the beginning and ending times of the At
interval and approximating

T, =T, +£As+£Aw (5.3-84)
as ow
an
Tf4=Tf3+a—S‘AS (5.3-85)

in Eq. 5.3-83, As may be obtained as

T, -T,-1/2 EAW—TB

As = ow
OT T (5.3-86)
T/At+1/2—+1/2—~

as as

5.3.4.2.2.1 Locked Rotor

If As <Az0 where Ayp is the input variable APMPHD (20, [IPMP), and if w <A19 then the
rotor locks and the pump speed is set to zero and held at zero. For a locked rotor the
pump head is calculated as
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={—]}A12W|W|2A13 lf|‘T}|21413 (5 3'86b)

~TA,A,w if |w|<Aj

where A1z and A13 are input in the APMPHD(K, IPMP) array.

5.3.4.2.2.2 Pump Cavitation

In a centrifugal pump, cavitation will occur if the applied net positive suction head
(ANPSH), or pump inlet pressure, is less than the required net positive suction head
(RNPSH). This can occur if there is a break in the outlet pipe from the pump, leading to
an increase in the pump flow rate and an increase in the RNPSH. If pump cavitation
occurs, there will be a drop in pump head. Although there is reasonably good RNPSH
data for many pumps, there is little data on pump behavior in the cavitation range,
mainly because cavitation tends to destroy a pump, so no one wants to operate in that
range. On the other hand, transient pump cavitation can occur for a short time after a
pipe rupture, and the resulting decrease in pump head can have a significant impact on
the flow out the rupture and on the flow rate through the core. The homologous pump
model in PRIMAR-4 tests for pump cavitation and reduces the pump head if cavitation
occurs.

The required net positive suction head is calculated as
RNPSH =5*(C,+C, Z+C, 2> +C,Z* +C,, Z*) (5.3-87)
where
Z=w/s (5.3-88)
Then, if RNPSH > ANPSH, the cavitated head, H,, is calculated as
H =fH (5.3-89)

where H is the normal head, calculated as described in the previous sections, and the
cavitation factor f. is calculated as

f——1 5.3-90
© 141000x> (5:3-90)
where

PSH — ANPSH

ANPSH
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The cavitation factor of Eq. 5.3-90 is somewhat arbitrary; but, as previously mentioned,
there is little data for behavior in the cavitation range, and this expression results in a
rapid drop in pump head as the pump goes farther into the cavitation range. With this
treatment, the expressions used in Eq. 5.3-76 and 5.3-77 for Aaz and Aas are

H [0H

Mo _ o [P 2000 xir & (53-92)
s i as s

H [oH

e 2|2 2000 i (53-93)
ow _Gw ow

5.3.4.23 EBR-Il Pump Model

The third centrifugal pump option in PRIMAR-4 is essentially the pump model used
in the NATDEMO code [5-5] for EBR-II. By adjusting the coefficients in the pump
characteristics curves, this model could probably also be used for other reactors. This
model is somewhat simpler than the option 2 model, in that the EBR-II pump model is
mainly applicable to the first quadrant (positive flow, positive pump speed). This
model can be used for negative flow, but it is probably not applicable to negative pump
speed. Also, for the EBR-II pump model, the user specifies the pump speed as a function
of time; whereas in options 1 and 2, the code calculated the pump speed.

In this option, the pump head is calculated from

H=b,5>+b,5w+b,— |w|" (5.3-94)
W]
where
H=H/H, (5.3-95)
s=s/s, (5.3-96)
w=w/w, (5.3-97)
H=pump head

s=pump speed

and

w= coolant flow rate
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The r subscript refers to the rated value. The coefficients b1 and b are constant, but the

values of b3 and b4 depend on the speed and flow rate:

b,=b,, if 5§ >¢, W
b,=b, if s<e wandw=w,
b, =b,, if s< ¢, wandw<w,

b,=b, if s>¢ worw=zw,

b,=b,, if s<¢e, wandw<w,

(5.3-98a)

(5.3-98b)

(5.3-98¢)

(5.3-99a)

(5.3-99b)

Equations 5.3-98 and 5.3-99 are based on the idea of using a stopped-rotor pressure
drop if s < £, w. Also, the stopped-rotor pressure drop is a laminar value if w<w, , or

a turbulent value if w=w, . The default values for the coefficients are:

5-34

b, =1.1740
b, =.0818
b, =-.2558
b, =—.5923
b, =-.0471
b, =1.9

b, =1.0

(5.3-100a)

(5.3-100b)

(5.3-100¢)

(5.3-100d)

(5.3-100€)

(5.3-100f)

(5.3-100g)
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w, =.06 (5.3-100h)

£, =.55 (5.3-100i)

H, = 358,530 Pa (5.3-100j)

w, = 250.2 kg/s (5.3-100k)
and

s, = 14.5 revolutions / s = 870 rpm (5.3-1001)

This correlation produces a discontinuity in pump head at the switch from spinning
rotor to stopped rotor. With the default values, the pump head is continuous at the
transition from turbulent to laminar flow.

For the steady-state initialization in SSPUMP, the initial normalized pump head, H,
and flow rate, w , are known, and Eq. 5.3-94 is solved to find 5, the initial steady-state
pump speed:

- —b2 \/_VO +[b22 V_Voz _4b1 (b3 "_Vob4 _EO )]‘/2
%0 = 2b,

(5.3-101)

It is assumed that s, >¢&, w,, and the values used for b3 and b4 in SSPUMP are b,, b,,.

The user supplies a table of normalized pump speed vs. time, normalized to the initial
steady-state speed. The code then interpolates linearly from this table to get pump
speeds for the transient calculation.

In PUMPFL where Aao, Aai, Aaz, and Aas are calculated, Aao and Aai, are calculated
using Eq. 5.3-64 and 5.3-65 or 5.3-73 and 5.3-74, as in the other pump options. For this
option

Aa, =At’ dH ds (5.3-102)
ds dt

with

dH _ (2b;S + b,w)H,
ds S,

(5.3-103)

and ds/dt obtained from the user-specified table of normalized pump speed vs. time:
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ds _ S(t + At)—s(t)

as _ 5.3-104
dt At ( )
also,
dH — — 4=
Aa3=AtE=AtHr[b2s+b3b4(w/|w|)|w " ‘] (5.3-105)

5.3.4.2.4 Pump Head vs. Flow Option

One pump option in SASSYS-1 allows the user to specify the normalized pump head
as a function only of normalized flow rate. In this option, the normalization is to the
initial steady-state values. The user supplies a table of normalized pump head vs.
normalized flow rate, and the code uses linear interpolation between the entries in the
table.

For this option, Aap and Aa; for the pump are calculated in the same way as for the
other pump options. Then

Aa,=0 (5.3-106)
and

Aa, e (5.3-107)
dw

with dH/dw being evaluated numerically from the table of H vs.w :

dH _H(W+.01W0)—H(w)
dw 01w,

(5.3-108)

where wy is the initial steady state flow rate, w is the current flow rate, and H is the
pump head.

5.3.4.3 Electromagnetic Pumps
The electromagnetic pump is modeled as a pipe element. The expression for the

pump head for the electromagnetic pump is

Ap,=H ()1-v,, /v,) (5.3-109)

with
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vy, =— (5.3-110)

where

App=the pump head

Hs(t) =the pump stall head

vna =the sodium velocity at the beginning of the time interval
w  =the pipe flow rate

A =the pipe area

p =the sodium density

vsy =user-supplied synchronous magnetic field velocity

The quantity
H,(t)/H,(0) (5.3-111)

is a user-supplied table of normalized stall head as a function of time.

The contributions to the a's in Egs. 5.2-10 through 5.2-16 for the electromagnetic
pump are

Aa,=L,/ 4, (5.3-112)

Aa,=At Ap (t,) (5.3-113)

Aa, =Mt [H (2,)-H, () M1-vy, /v,) (5.3-114)

Aa,=-At H_(t,)v,, (5.3-115)
where

Ly=the length of the pump element
Ap=the flow area of the pump element

Apy(t3)=the pump head evaluated at the beginning of the time interval
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At=the time interval
Hs(t3)=the stall head at the beginning of the time interval
Hs(ts)=the stall head at the end of the time interval

5.3.4.4 LMR EM Pump - Motor Option

A current LMR design contains motor-generators on the primary pumps to extend
the coastdown times of these EM pumps. Since this combination of EM pumps and
motor-generators can not be modeled well with previous SASSYS-1 pump options, a
new pump option was included in SASSYS-1 to handle this configuration. The new
option uses a model similar to that used by General Electric in their ARIES-P code. Itis
based on head and efficiency data obtained by GE and transmitted to ANL (5-29).

In the current LMR design a synchronous motor is running all of the time during
normal operation, but the power to the EM pump does not go through the motor as long
as the normal pump power is available. If normal pump power is lost, then the motor
becomes a generator, and a switch is thrown automatically to supply voltage from the
motor-generator to the pump. The pump coastdown rate is then determined by the
inertia of the motor. The motor is designed such that it will initially supply 60% of
nominal voltage to the pump. Thus, when normal power is lost and the motor-
generator power is switched on there is a sudden drop in pump head and flow followed
by a gradual coastdown.

Pump Head
The pump head is correlated with an expression of the form

— = —\35 — = 5
H=(V/f) h,(W/f)-L,w (5.3-116)

where
H=H/H, (5.3-117)
V=-VIV (5.3-118)
f=flf (5.3-119)
w=w/w, (5.3-120)
H=pump head

H,=rated head
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/=pump voltage

Vi=rated voltage

f=frequency

fi=rated frequency

w=mass flow rate

wy=rated mass flow rate

L~=friction loss coefficient

and h, is a head curve correlated as

5

h o/ )=, o/ 7)

J=

—

with the coefficients a; determined by a least-squares fit to the data.

Pump Efficiency

The pump efficiency, &, is correlated as
e, ~F(7)G(/ F)e,

with

7
F7)=Sb, 7
7=

S
[y
—

lanr)
S
~—

\I

I\

(9

=
=
—

&HI
IA
W

and &5 = rated efficiency

Pump Voltage

(5.3-121)

(5.3-122)

(5.3-123)

(5.3-124)

Before the cut-over to the motor-generator, the pump voltage is assumed to be
constant at its rated value. Also, the frequency is constant at its rated value.
Immediately after cut-over, the voltage drops to a fraction, Vy, of its initial value. Then
the voltage is proportional to the square of the frequency, so after cut-over the voltage

is
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where

V,=0.6

Motor Speed
The equation for the motor speed, s, is

ds (Tp +7T, )

a1

where

Tp=pump torque
Ti=friction loss

I=moment of inertia

Note that the motor speed and the pump frequency are the same:

f=s

The pump torque is given by

Hw
"oTps

where

p=liquid density

The friction loss in the motor is assumed to have the form

7,=7,L,s

(5.3-125)

(5.3-126)

(5.3-127)

(5.3-128)

(5.3-129)

(5.3-130)

where L, is a loss coefficient and 7/, the rated torque is given by equation 14 with rated

values used for all terms.

Correlations to Pump Data

Reference 5-29 transmitted the data taken for the pump. This data has been fit by a
least-squares fitting program to give the parameters listed in Table 5.3-1 for use in
equations 5.3-121, 5.3-123, and 5.3-124. Also a value of .07592 is used for L¢ in

5-40
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equation 5.3-116. Table 5.3-2 lists the data from Ref. 5-29, as well as the head and
efficiency values calculated using the correlations of equations 5.3-116, 5.3-121, 5.3-
122, and 5.3-124 with the coefficients in Table 5.3-1. Also, some of this data is plotted
in Figures 5.3-1 and 5.3-2. It can be seen that the correlations match the data well
except for a couple of points.

Table 5.3-1. Correlation Coefficients for Use with the LMR Pumps

j aj b; Ci

1 1.133 -.148 0.

2 996 7.110 -51.235

3 -2.498 -15.972 684.934

4 6.056  9.942 -3483.628
5 -4.611 12.024 9119.690

6 - -18.536 -13449.761
7 - 6.577 11279.948
8 - - -5014.503
9 - - 915.555

Table 5.3-2. LMR Pump Head and Efficiency

Normalized Normalized Normalized Normalized Head  Efficiency

Voltage Frequency Flow Measured  Fit Measured Fit

1.000 1.000 1.148 0.042 0.041 0.115 0.133
1.000 1.000 1.124 0.250 0.242 0.505 0.469
1.000 1.000 1.086 0.500 0.524  0.781 0.807
1.000 1.000 1.000 1.000 1.000 1.000 0.997
1.000 1.000 0.800 1.483 1494 0928 0.915
1.000 1.000 0.600 1.508 1.514  0.710 0.709
1.000 1.000 0.400 1.399 1.389  0.469 0.468
1.000 1.000 0.200 1.265 1.270  0.229 0.229
1.000 1.000 0.0 1.134 1.133 0.0 0.0

0.627 0.778 0.886 0.042 0.042 0.183 0.256
0.627 0.778 0.862 0.167 0.158  0.551 0.600
0.627 0.778 0.824 0.333 0.314  0.817 0.879
0.627 0.778 0.762 0.581 0.500 0.970 0.932
0.628 0.778 0.762 0.581 0.505 0.970 0.932
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0.312
0.312
0.312
0.312
1.202
0.929
0.820
0.519
0.437
0.251
0.219
0.153
0.071
0.027

0.472
0.472
0.472
0.472
1.111
0.944
0.833
0.667
0.556
0.500
0.389
0.278
0.222
0.111

0.532
0.520
0.495
0.476
1.143
0.952
0.857
0.667
0.571
0.476
0.381
0.286
0.190
0.095

0.042
0.083
0.167
0.227
1.306
0.905
0.734
0.444
0.327
0.227
0.145
0.082
0.037
0.009

0.052
0.097
0.178
0.226
1.144
0.912
0.835
0.415
0.383
0.096
0.143
0.111
0.025
0.010

0.318
0.529
0.773
0.863
1.008
0.998
0.986
0.954
0.917
0.855
0.757
0.567
0.268
0.026

0.381
0.608
0.848
0.884
1.009
1.003
0.981
0.932
0.920
0.789
0.757
0.602
0.255
0.031
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5.3.5 Valves

SASSYS-1 contains a simple valve treatment in which the user can specify the valve
pressure loss coefficient as a function of time. The pressure drop, Apy, through a valve
is calculated as

w|w
Ap (¢)=G, (z)2/|)A2| (5.3-131)

where

w = coolant flow rate through the valve
p = coolant density

A = nominal valve flow area

G, = valve coefficient

The user supplies a table of G2 as a function of time. The table is used to obtain an
average value of G; for each step of the transient. With this treatment, a valve is never
entirely shut; although G, can be made very large so that the flow through the valve
becomes very small.

Some care must be taken in setting the input for a valve. The table of G2 vs. t goes in
the DTMPTB and TMPMTB input arrays, but in addition G2(t=0) goes in the input
variable G2PRDR (ELL) for the element IELL corresponding to the valve. During the
steady-state initialization, GZPRDR may be adjusted by the code if necessary to achieve
a steady-state pressure balance. At the end of the steady-state initialization, if GZPRDR
does not match the table entry for t=0, then a constant value is added to all of the
entries in the DTMPTB table for the valve so that the table does match G2PRDR at ¢=0.
Up to eight valves can be used. Each valve can use its own separate valve coefficient
table. It is also possible to use the same table for two or more valves but this option
must be used with care. All valves using the same table should have the same steady-
state valve coefficients and the same time dependence. Also, if a valve table is adjusted
to achieve a steady-state pressure balance for one valve, the adjustment may not be
appropriate for other valves using the same table.

5.3.6 Check Valves

SASSYS-1 contains a simple check valve treatment in which the user can specify the
valve orifice coefficient as a function of coolant flow rate. Ever time step an orifice
coefficient (G2 in Eq. 5.3-35) is re-set using a user-supplied table of orifice coefficient vs.
normalized flow rate, with a flow rate normalized to its steady-state value. Other than
the variable orifice coefficient, a check valve is treated the same as a pipe, as described
in section 5.3.3.
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5.4 Liquid Temperature Calculations

In Section 5.2, we described how the liquid pressures and liquid mass flow rates are
calculated during a time step, ignoring liquid temperature changes and gas mass flow
rate changes during the same time step. In this section, we shall describe how liquid
temperatures are calculated during a time step while still ignoring gas mass flow rate
changes during the time step.

Currently PRIMAR-4 contains liquid temperature calculations for a number of types
of components. These include pipes, [HXs, steam generators, bypass channels, a general
one-node perfect mixing model for compressible volumes, and a thermal stratification
model for the outlet plenum. For the IHX two models are available: a moderately
detailed model of both the tube and the shell sides, and a simple table look-up model for
the primary side only. Similarly there are two steam generator models available: a
moderately detailed model for both the sodium and the water sides, and a simple table
look-up model for the sodium side only. Currently, valves, check valves, and pump
impellers are treated as pipes when liquid temperatures are calculated.

For temperature calculations, the elements in a liquid segment are combined into
temperature groups. Each temperature group contains one or more consecutive
elements. All of the elements in the temperature group are treated with the same type
of liquid temperature calculation. When the moderately detailed IHX model is used, the
tube-side element and the shell-side element are in the same temperature group, since
temperatures in both sides are computed at the same time. Also, the Lagrangian
calculations used for pipe temperatures are more efficient and accurate if a number of
connected pipe segments are strung together into a single temperature group, rather
than calculating temperatures for each pipe segment separately.

5.4.1 Pipe Temperatures

The pipe temperature model is a slug flow model with heat transfer to the pipe
walls, as indicated in Fig. 5.4-1. The coolant in a pipe is divided into a number of
moving nodes or slugs. The node boundaries move with the coolant flow. All nodes in a
pipe have equal volumes except for the first and last nodes. The inlet node size starts at
zero and grows as the flow continues until it reaches the size of the other nodes. At that
point a new node is started at the inlet. Similarly, the outlet node shrinks and
eventually is removed when its volume reaches zero. The temperature in a coolant
node changes only due to heat transfer to the pipe wall. There is one wall node for each
coolant node. One radial node is used in the pipe wall. Heat transfer from the outside
of the pipe wall is described in Section 5.4.7 on component-to-component heat transfer.
Wall nodes do not move, so the wall node in contact with a given coolant node changes
periodically as the coolant node boundaries pass wall nodes.

All of the elements in a pipe temperature group are handled at the same time as if
they made a single long pipe. The use of equal coolant volumes for each node
determines the locations of the wall nodes. If the region represented by a wall node
spans the boundary between two elements, then weighted averages are used to obtain
the coolant flow area, A, wall perimeter, P., wall mass, My, wall heat capacity, cw, and
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wall heat-transfer coefficient, hw, for the node. The averaging is done so as to conserve
coolant volume and wall mass times heat capacity.
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Figure 5.4-1. Pipe Temperature Calculations
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The primary loop time step is divided into sub-intervals for the pipe temperatures
calculations. The coolant slug is ejected from the end, a new slug is formed at the inlet,
and the node indexes for intermediate slugs are increased by one. In subsequent sub-
intervals, the coolant moves exactly one node per sub-interval until the end of the
primary loop time step is approached. Usually, the coolant does not move exactly an
integral number of nodes in a primary loop step, so in the last sub-interval the coolant
usually moves only a fraction of a node.

For any node except the inlet node, the heat-transfer equation used for the coolant
is:

p.d A e _poy (r,-T) (5.4-1)

c c er wce

and that for the wall is

Moe.=Tecp b (1.-T,)+(hA),, (T,,-T,) (54-2)

w-c er wce

where

Tc= coolant temperature

Tw= wall temperature

pc= coolant density

cc= coolant specific heat
hwe= heat-transfer coefficient between the wall and the coolant
M,,= wall mass per unit length

cw= specific heat of the wall
Tsnk= temperature of a heat sink outside the wall

(hA)snk= heat transfer coefficient times area per unit length for heat transfer to
air or liquid sodium outside the pipe wall

The heat-transfer coefficient hw. contains a coolant film coefficient, h., in series with a
wall heat-transfer coefficient, hy:
— =+ 5.4-3
; ; ( )

or
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L 5.4-4
we hc +hw ( ST )
The film coefficient is calculated as
k D,|wle,\"
h,=—|C/| ———| +C, (5.4-5)
Dh Ackc

(1, (2 and G3= user-supplied correlation coefficients
Dp= pipe hydraulic diameter
w = coolant flow rate
kc= thermal conductivity of the coolant
cc = specific heat of the coolant

The wall heat-transfer coefficient represents heat transfer from the interior of the
wall to the surface in contact with the coolant.

Finite differencing of Egs. 5.4-1 and 5.4-2 gives

(Tc6_Tc5) P.h

pc Cc Ac 5t = erzwc (TW6_71'6+T S_T'CS) (5'4-6)
and
chw (71"6 — TWS ) = f)e"hWC <Tc6 - Tw6 + TCS - TWS )
St 2 (5.4-7)
+ (hA )snk [T:vnk - (TW6 + ]—:4/5 )/ 2 ]
where

6t=sub-interval time-step size

Tss=coolant temperature at beginning of the sub-interval

Tss=coolant temperature at end of the sub-interval

Tws, Twe=wall temperatures at the beginning and end of the sub-interval

Simultaneous solution of these equations gives
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ld,-d d, (M ¢, +d,)|T+2M ¢ d d T +2d d,dT

T. = 5 " snk _
“ d,+d d. (M c, +d,) (54-8)
and
T =ds (Mw ¢,—d —d; )Tws +d, d; (Tcé +Ts )+2d3 ds T, (5.4-9)
where
d, =%hwc F, (5.4-10)
d2 =10cCcAc
ot
d3 =7(hA)snk
and
ds = 1 5.4-12
> d+M ¢, +d, (5.4-12)

For the inlet node, the wall temperature calculation is the same as that used for the
other nodes, but the coolant temperature calculation is different, since new coolant is
being added to the node. The basic equation used for the coolant temperature is

(r, -1.) (5.4-13)

anCcCACai(frTC)=anCCCA 7_—' afr +L h P f
t

c Tin n ‘we “er Jr
ot

where

L,=length of a full node at the inlet
fi=fraction of a full node at the inlet

frLpy=current length of the inlet node
T"m =pipe inlet temperature

After finite differencing, this equation becomes
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pc cc Ac ~fr6 ’Tc6_pc cc AcﬁS 7—;5
= pc Cc Ac ];n (f;’6_f;5)

(5.4-14)
ot
+ ?hwc Per [.fVS (TWS - ]-;5)+ ré (Tw6 _7—;‘6) ]
where
fis=frat beginning of step
fre=frat end of step.
The simultaneous solution of Egs. 5.4-14 and 5.4-7 gives
T ={(d2 fis=d, [ "'dl2 ds fr6)Tcs
+d1[fr5+ réds(chw_d1_d3)]Tw5 (5.4-15)

+d, (frﬁ_fre)fm"'zfre d, d, d; Tsnk}/
ﬁ6 [d2+d1 dS (Mw Cw+d3):|

and Eq. 5.4-9 is again used for the wall temperature.

If flow in the pipe reverses direction, then the temperature calculations are the
same, except that the outlet node becomes the inlet node and the inlet node becomes
the outlet node.

5.4.1.1 Eulerian Calculations

The slug flow pipe temperature model described above is a LaGrangian treatment
that avoids the spurious numerical diffusion that results from typical Eulerian
treatments. On the other hand, there are situations in which this treatment requires
significantly more computing time than a Eulerian treatment would; and in many of
these situations the effects of numerical diffusion would be small, so there is little gain
from the time consuming LaGrangian treatment. The Eulerian computation time per
subinterval is comparable to the LaGrangian computation time per subinterval, but the
LaGrangian time step subinterval size is limited by the restriction that the coolant can
not be allowed to move more than one node per subinterval, whereas no such
restriction applies in the Eulerian case. Therefore, there is no advantage to a Eulerian
treatment if the coolant flow rates are small and the time step sizes are small; but a
Eulerian treatment is much faster than a LaGrangian treatment if the coolant flow rate
is high and time steps are large enough that the coolant moves many nodes per time
step. Therefore, a Eulerian speed-up option has been added to the pipe temperature
calculations in the code.

The Eulerian speed-up option can be especially useful in the null transient used for
steady-state initialization when component-to-component heat transfer is used. In this
case, the temperature time constants are often large, requiring a long null transient to
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obtain converged temperatures. The temperature solution is numerically stable for
large time steps, so one would use a large time step size in the null transient to reduce
computing time; but much of the benefit from a large time step size is nullified if a
LaGrangian pipe temperature calculation limits the subinterval size to a small value.
Also, the numerical diffusion from a Eulerian solution is small or non-existent in a
steady-state pipe temperature result, so there is no reason not to use the Eulerian
treatment in the null transient.

There are three options for using the Eulerian speed-up. The default option is to
always us only the LaGrangian treatment. The second option is to use the Eulerian
speed-up in the steady-state null transient but not in the regular transient. The third
option is to use the Eulerian speed-up both in the null transient and in the regular
transient. In any case, the LaGrangian calculation is used for small time steps in which
the coolant will move less than two nodes. If the Eulerian speed-up is being used for a
large time step, then first a LaGrangian subinterval is used to move the coolant to the
next node boundary. Next, a Eulerian calculation is used to move the coolant the
maximum whole number of nodes that will fit within the time step. Finally, a
LaGrangian subinterval is used to finish the time step and move the coolant many
fraction of a node remaining. The Eulerian part of the calculation is described in
Appendix 5.6.

5.4.1.2 Annular Element Temperatures

An annular element is treated the same as a pipe except that an annular element has
two walls in contact with the coolant instead of one. The annular element was added to
SASSYS-1 in order to model the coolant flow in an RVACS/RACS system in which a
relatively thin annulus of sodium flows between the vessel wall and an inner liner.
Significant heat transfer occurs between the sodium in the annulus and both the vessel
wall and the inner liner.

For the annular element, the heat transfer equation used for the coolant is

pc cc Ac aa];c =pera hwca (Twa _Tc )+[)erb hwcb (Tlvb _Tc) (54-153)

where Perq, hwea, and Twq refer to wall a, and Pers, hwen, and Twp refer to wall b. Equations
5.4-2 and 5.4-7 are still applicable to each wall. Finite differencing of Eq. 5.4-15a gives

Ts=T1;5) _P,h
pc Cc Ac ( 661_ 5) = 6"“112 — (Twa6 _7—;'6 +Twc15 _’1—;‘5)
(5.4-15b)
I)erb h

+ weh (twbs_Tcs"'T bs_Tcs)

2 w

Simultaneous solution of the finite difference equations for T, Twa, and Tws gives
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T ={[d2 -d,, ds, (M Coo T3, )_dlb ds, (Mwb Cop T d3b)]TcS

wa ~wa

+ 2dla dSa (M ¢ T, + d3a T;nka )

wa ~“wa * wa$s

+ 2d1b dSa (M Cyop Lyas + d3a T;'nkb )}

wb ~wb * was

/[d2+dlad50 (M c +d3a)+dlbd5b (Mwbcwb+d3b):|

wa wa

(5.4-15¢)

The solutions for Tws and Twy are the same as Eqn. 5.4-9. For the inlet node,
simultaneous solution of the finite difference equations gives

To=Ald, £~ (fi~ fy dyds,)~dyy (fi = fy dyy diy ) ITs
+d,, | fs+ [ ds, (Mwa =4y, _d3a)]Twa5
+dy, s+ fods, (Mwb Cp = dy _d3b)] T s
+ dz Tm (fe —1s )"'2f6 [dla d3a dSa Tsnka
+d,dy ds, T, ]}/fs [dz +d,, ds, (Mwa Cpat d3a)
+d,, d, (Mwb Cyp+dy, )]

(5.4-15d)

5.4.2 Intermediate Heat Exchangers: Detailed Option

5.4.2.1 Introduction

The intermediate heat exchanger is characterized by a shell, a primary coolant
channel, a tube, and an intermediate coolant channel. Under normal conditions the
coolant flows down through the primary channel and up through the intermediate
channel. Flow reversal is included, so that the flow can be either way in either channel.
Also, a slant-height parameter is used to permit the flow path through the tube side to
be longer than the flow path through the shell side, and a fouling-factor is included to
allow for reduced heat transfer in the primary and intermediate flow channels.

The intermediate heat exchanger is modeled as shown in Fig. 5.4-2. The shell,
primary coolant channel, tube, and intermediate coolant channel are divided into
between one and 62 vertical sections. The temperatures in the coolants are calculated
at the interfaces of the vertical sections, whereas the shell and tube temperatures are
calculated at the centers of the vertical sections. The flow rates and temperatures at the
beginning of the time step as well as the inlet temperatures at the end of the time step
are taken from COMMON blocks. A set of heat transfer equations is set up and solved
for the temperatures at the end of the time step. In addition, gravity heads for both the
primary and intermediate flow channels are calculated using the resulting temperature
distributions. The final values are then stored in COMMON blocks.
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Figure 5.4-2. Intermediate Heat Exchanger Schematic
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5.4.2.2 Basic Equations

In the configuration shown in Fig. 5.4-2, a heat balance equation is written for every
vertical section of the heat exchanger. Thermal conduction is ignored vertically. The
outside surface of the shell can be in thermal contact with a heat sink representing
other components or air, as discussed in Section 5.4.7. The heat balance for a vertical
section of the shell, which is in thermal contact with the adjacent section of the shell-
side liquid, is

() 8P dyy 3= 00 P H, (T =Ty Jo 22 (1), (7, -5y ) (54-16)
with
Tcs=%[Tcs(j)+Tcs(j+1)] (5.4-17)
1 1 d 1
H e ﬁ s (5.4-18)
haﬁh G M)ZQ (5.4-19)
Dh ACS CS
where

(pc)su=the shell density times specific heat

Az=the height of the shell section

Ps=the perimeter between the shell and coolant
dsy=the shell thickness

Tsy=the temperature of the shell section

Tsni=the temperature of a heat sink outside the shell

(hA)snk=the heat transfer coefficient times area per unit height for heat transfer
to the sink

Tcs(j+1)=the shell-side coolant temperature at the lower end of the vertical
section
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Tcs(j+1)=the shell-side coolant temperature at the upper end of the vertical
section

ksy=the shell thermal conductivity

hrs=user-supplied shell-side coolant channel fouling factor

ks =the primary coolant thermal conductivity at the temperature T‘CS
¢ =the primary coolant specific heat at the temperature T‘CS
| w, |:the absolute value of the shell-side coolant mass flow rate

Dp=the shell-side coolant channel hydraulic diameter
Acs=the shell-side coolant flow area
(1, (2, G3=user-supplied correlation coefficients

The shell density times specific heat and shell thermal conductivity are constants
independent of temperature, whereas the liquid coolant thermal conductivity and
specific heat are evaluated at the average coolant temperature of a vertical section. The
fouling factor is a one-parameter effective film coefficient modeling of the heat transfer
in a fouled heat exchanger.

The heat balance for a vertical section of the shell-side coolant, which is in thermal
contact with the adjacent sections of the shell and of the tube, is

Wy Ces 9Ts
Acs 02 (5.4-20)
=AzPH (TSH _TCS)+AZPST Hg, S(TTU _TCT)

_ _ T
Acs Pes Ces AZG_;S+ACS Az

with

LN S T (5.4-21)
HST hCS 2kTU hFS

where

Pcs=the shell-side coolant density evaluated at the temperature T‘CS

ws=the shell-side coolant mass flow rate

Psr=the perimeter between the shell-side coolant and the tube
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S=user-supplied slant height ratio of the tube vertical section
Try=the temperature of the tube vertical section

The remaining symbols are the same as defined for the shell.

The slant height ratio enables the user to model the tube-side of the heat exchanger
as a coil imbedded in the primary coolant. If no slant height is entered in the input, the
code sets the slant height to one.

The heat balance for a vertical section of the tube, which is in thermal contact with
the adjacent sections of the primary and intermediate coolants is

1 JoT.
AzS=(P., +P. )d, —<
(IOC)TU 2( srt TT) Ay (5.4-22)

=AZSPSTHST (TCS _TIU)+AZSPTT HTT (TCT _TTU)

with
= 1 ) :
Ter =E[TCT (J)"‘TCT (] +1)] (5.4-23)
1 1 dy 1
- +— (5.4-24)
HT[ hCT 2kTU hFT
AT
W, |C
hep=—SL|C,| LT+, (5.4-25)
Dh ACTkCT
where

(pc)tu=the tube density times specific heat

Az=the height of the tube section

drv=the tube thickness

Tcr(j)=the tube-side coolant temperature at the lower end of the vertical section

Tcr(j+1)=the tube-side coolant temperature at the upper end of the vertical
section

kry=the tube thermal conductivity

hrr=user-supplied intermediate coolant channel fouling factor

5-58 ANL/NE-12/4



Primary and Intermediate Loop Thermal Hydraulics Module

k., =the tube-side coolant thermal conductivity at the temperature 7.,
c.r=the tube-side coolant specific heat at the temperature T’CT
| Wy |=the absolute value of the tube-side coolant mass flow rate

Dp=the tube-side coolant channel hydraulic diameter
Acr=the tube-side coolant flow area
Cy1, Cz C3= user-supplied correlation coefficients

The tube density times specific heat and tube thermal conductivity are constants
independent of temperature, whereas the tube-side coolant thermal conductivity and
specific heat are evaluated at the average tube-side coolant temperature of the vertical
section. The fouling factor is similar to that for the shell side.

The heat balance for a vertical section of the tube-side coolant, which is in thermal
contact with only the adjacent section of the tube, is

aTCT + A, AzS WrCer 1 Ty
ot A, S 0z (5.4-26)

=AZSPTT Hpy (TTU _TCT)

ACT ﬁCT ECT AzS

where

P =tube-side coolant density evaluated at the temperature

wr =the intermediate coolant mass flow rate

The remaining symbols are the same as already defined in this section.

After the primary and intermediate coolant temperatures have been calculated, as
described below, the gravity heads for both coolants are calculated by summing terms
like the following for each primary and each intermediate coolant section:

GH=pgAz (5.4-27)

where

GH = the gravity head for each coolant section

p = the average coolant density for a coolant section

g = the acceleration of gravity

Az = the height of the coolant section
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5.4.2.3 Finite Difference Equations

If both the shell-side and tube-side coolants did flow through the intermediate heat
exchanger in the same direction, the solution would be fairly simple. A set of four
simultaneous equations could be solved for each vertical section, and the solutions for
all sections could be found by starting at the inlet end and matching the length of the
heat exchanger to the exit end. With the flows in opposite directions, however, two
approaches are available: iteration or solving a large matrix. Iteration entails guessing
one inlet temperature, solving successive sets of 4-by-4 matrices down the length of the
[HX, comparing outlet temperatures, and repeating the calculation until outlet
temperatures matched. On the other hand, solving a large matrix may involve inverting
a 62-by-62 matrix. The iteration method is chosen for the steady-state initialization
because that is done only once, and solving the large matrix is chosen for the transient
calculation because that is done for each time step.

Equations 5.4-16, 5.4-20, 5.4-22, and 5.4-26 are converted into difference equations,
and the temperature changes during the time step are solved for. Time derivatives are
replaced by

dT AT
—=—— AT=T,-T 5.4-28
o A7 =T ( )

where T3 and T are the temperatures at the beginning and at the end of the time
interval At. T1 and T> usually denote the beginning and end of a PRIMAR time step, and
any subdivision of that time step is denoted by 3 and 4. Space derivatives are taken in
the direction of flow. If the flow is down,

ar _1(j)-T(j+1)

5.4-29
0z Az ( )
and if the flow is up,
£=T(j+1) - 7(/) (5.4-30)

0z Az

where T(j) and T(j+1) are the temperatures evaluated at the two interfaces of the verti-
cal section of height Az. The degree of implicitness is introduced by replacing T with

T=6T,+6,T, (5.4-31)

where 01 + 02 = 1, and is described in Section 5.2.4 and in Appendix 2.1 in Chapter 2,
and T3 and T4 are the temperatures at the beginning and end of the time interval At.

After making the above substitutions, the equations for the temperature changes
during At for the j-th vertical section of the IHX for either direction of flow in either
coolant channel can be written as:
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For the shell,

a (j)ATSH (])"' a, (j)ATcs(j)"' a, (j)ATCS (] + 1)=a4 (J) (5.4-32)

For the shell-side coolant,

e, (/)AT 5(j)+e,(7)ATy, (j ~1)+e,(j)AT, (/)
+e,(7)ATy (j-1)+ e, (/) AT, (j)+ e, (/)AT s(j - 1) (5.4-33)
+e7(])ATCS(]+1)= 8(.])_ 9(])ATCT(j_1)_elo<j)ATCT(j)

For the tube,

cl(j)ATTU (j)+C2 (j)ATCS (j)+cs(j)ATcs (j+1)

+¢,(J)AToy () +¢5(J) AT (+1)=c4 () (5.4-34)

And for the tube-side coolant,

AT )+ £,(7)ATy, (G =1)+ /() AT, ()
+f4( AT, (j-1)+ £:(F)AT,, (7 +1) (5.4-35)
= 1.(7) = (AT () - £, () AT (7 +1)

The expression for each coefficient in terms of the quantities defined in Section 5.4.2.2
are given in Appendix 5.1.

5.4.2.4 Solution

The solution of Eqgs. 5.4-32 through 5.4-35 is carried out by a Gaussian elimination
scheme using the zeros present in the matrix. The solution algorithm is given in
Appendix 5.2. The solution yields the temperature changes throughout the IHX during
the interval At, and these values are added to the corresponding temperatures at the
beginning of the time interval and the results are stored in COMMON blocks.

5.4.2.5 Steady-State Temperatures

The steady-state temperature distributions in the intermediate heat exchanger are
obtained from Egs. 5.4-16, 5.4-20, 5.4-22, and 5.4-26 by setting the time-derivative
terms to zero and noting that the temperatures at the beginning and at the end of a time
interval are the same. Because in the steady-state solution an adiabatic boundary
condition is used on the outside of the shell and because of our neglect of any axial heat
transfer, the steady-state shell temperatures are the same as the average shell-side
coolant temperatures for a vertical section. As a result, only a 3-by-3 matrix equation
must be solved for each vertical section in the iterative solution mentioned at the
beginning of Section 5.4.2.3. Also only normal coolant flow, down in the primary and up
in the intermediate, is considered. Finally, once the equilibrium temperature
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distributions have been determined, the gravity heads for the primary and intermediate
flow channels are computed as indicated in Eq. 5.4-27.

The 3-by-3 matrix that must be solved for the j-th vertical section is:

a, +p -B 0 T (]) D,
_/51 a, +ﬁ| +/3)2 _/3)2 Ty (]) =| D, (5.4-36)
0 -b, o+, + B Ter (/) D,
with
_l W,Ces (])_
“2al)s "
a, =p+p,
__l WTECT(j)_
“T2 al)s
1 .
b =§R§T HST(])
Pr==bp Hy (])
p;=0

D =a,T, (j+1)

D, =p T (j"‘l)"‘ﬁz TCT(j+1)
D3=a3TCT(j+l)

where

ws, wr=the positive steady-state flow rates for the shell and tube sides

The other symbols have the same meanings as in Section 5.4.2.2.

The matrix equation 5.4-36 is solved by standard tri-diagonal inversion in
subroutine INVRTS3.

5-62 ANL/NE-12/4



Primary and Intermediate Loop Thermal Hydraulics Module

5.4.3 Bypass Channels

5.4.3.1 Introduction

The purpose of the bypass channel is to model components, like control rods and
radial shields, that do not need the detailed treatment of a SAS channel. The bypass
channel is then considered a part of the primary loop and is not included in the SAS
channel core treatment.

The bypass channel is shown schematically in Fig. 5.4-3. It is modeled as two
reflectors, A and B, a coolant channel, C, and a duct wall, D. The bypass channel is
divided into from 1 to 7 vertical sections, with temperatures of the two reflectors and
duct wall taken at the centers of each vertical section and the coolant temperatures
taken at the interfaces of each vertical section. The outside surface of reflector A is
taken as adiabatic, and heat conduction in the axial direction is neglected. The outside
surface of the duct wall can be in contact with a heat sink that represents neighboring
subassemblies, as discussed in Section 5.4.1.

Heat sources are included in each of the two regions of reflectors A and B and also in
the duct wall, taken as region 3. A vertical power shape for the heat source can be
assigned to the sections in the three regions. Two heat sources are included, a neutron
heat source and a decay heat source. The neutron heat source arises from fissions
caused by neutrons, and is a fraction of the reactor power. The decay heat source arises
from fission product decay which produces no neutrons.

A heat balance equation is written for each vertical section of the bypass channel,
and the temperature changes during a time step are computed. The choice of the
degree of implicitness used in the solution is discussed in Section 5.2.4 and in Appendix
2.1 in Chapter 2. The temperatures at the beginning of a time step are known, and the
coolant mass flow rates at the beginning and at the end of a time step are known from
the hydraulics calculations described in Section 5.2. Also, the heat sources during the
time step are known. As a result, a set of four simultaneous equations is solved for each
vertical section in turn for the length of the bypass channel. In the case of flow reversal,
the series of solutions is carried out along the bypass channel in the opposite direction.
The temperature changes during the time step are added to the corresponding
temperatures at the beginning of the time step, and the final values are then stored in
COMMON blocks.

5.4.3.2 Basic Equations

A vertical section of reflector A, with the outside surface assumed adiabatic and with
axial thermal conduction ignored, is in thermal contact with only the adjacent section of
reflector B. The heat balance equation for the section in A is:

oT
atA =AzP,H (T, -T,)+AzP,d 0, (5.4-37)

(IOC)A AZ])AdA
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Figure 5.4-3. Bypass Channel Schematic
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with
HIAB = ;:A + 2621 (5.4-38)
0, =%ﬁ %(m +7p).  Regionl (5.4-39)
0, =—PTOTAQZMU” £ %(m +Vp,), Region2 (5.4-40)
where

(pc)a= the reflector A density times specific heat

Az = the height of the vertical section

P4= the perimeter between reflectors A and B and between B and C

ds= the thickness of reflector A

T4= the temperature of the vertical section of reflector A

Ts= the temperature of the vertical section of reflector B

dp= the thickness of reflector B

ka= the thermal conductivity of reflector A

kp= the thermal conductivity of reflector B

Qa= the heat source in the vertical section of reflector A
ProrQmurr= the reactor power for this time step

fi = the fraction of the reactor power distributed in reflector A in Region 1 of
the bypass channel

f, = the fraction of the reactor power distributed in reflector A in Region 2 of
the bypass channel

Ps= the power shape assigned to the vertical sections

P1 = the power shape normalization for Region 1

ANL/NE-12/4 5-65



The SAS4A/SASSYS-1 Safety Analysis Code System

yn= the fraction of the reactor power in Region 1 attributed to neutron
heating

yp1= the fraction of the reactor power in Region 1 attributed to decay heating
P>= the power shape normalization for Region 2

ym2= the fraction of the reactor power in Region 2 attributed to neutron
heating

yp2= the fraction of the reactor power in Region 2 attributed to decay heating

The density times specific heat for reflector A and the thermal conductivities for
reflectors A and B are assumed to be independent of temperature. The reactor power
for the current time step, ProrQmut, is described in Chapter 4. The power shape, Py, for
each vertical section is an input value, and the code calculates a normalization factor for
each region in the bypass channel. The decay heat produced in a section of the reflector
or duct wall is taken, in the current version of the code, to be a fraction of the reactor
power, just as is the neutron heating. These fractions, the y's, are input numbers, as are

Ps, f1, and f>.

The heat balance for a vertical section of reflector B, which is in thermal contact
with the adjacent sections of reflector A and of the coolant, is

oT,
(pC)BAZPAdBa_tb=AZPAHAB(TA_TB)
— 5.4-41
+AZPAHBC(TC_TB) ( )
+AzP,d, 0,
with

L1 ds 5.4-42
H,. h. 2k, (G.4-42)
o ke |0 [ Pul e lec CZ+C (5.4-43)
C Dh 1 AC];C 3 .
L=1/2[1.(j) + T.(j+1)] (5.4-44)
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P P .
Oy = M (1 -4 )_3 (J’Nl +7Vpni )9 Regionl (5.4-45)
Az P
P, P .
0, =%ZMULT(1_]CZ)FS(;/NZ +yD2), Region2 (5.4-46)
2

where

(pc)s= the reflector B density times specific heat
Qr= the heat source in the vertical section of reflector B
T:(j) = the coolant temperature at the lower end of the vertical section

T.(j+1) = the coolant temperature at the upper end of the vertical section

k, = the coolant thermal conductivity at the temperature 7,
¢, = the coolant specific heat at the temperature 7,

the absolute value of the coolant mass flow rate

=
I

D= the coolant channel hydraulic diameter
Ac= the coolant flow area
G,G,G= user-supplied correlation coefficients

The remaining symbols are the same as defined above.

The heat balance for a vertical section of the coolant, which is in thermal contact
with the adjacent sections of reflector B and the duct wall D, is

oT, d {we. = _
A Az p c, —C+ACAZ—  T.|=AzP,H, \T.-T
c ctC o az( . c) 4 BC(B C) (5.4-47)
+AZPDHCD(TD_TC)
with
L _1 dy 5.4-48
H, h. 2k, (5.4-48)
where
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P = the coolant density evaluated at temperature T.

w = the coolant mass flow rate

Pp= the perimeter between the coolant and the duct wall
dp= the thickness of the duct wall

kp= the thermal conductivity of the duct wall

Tp= the temperature of the vertical section of the duct wall

The thermal conductivity of the duct wall is assumed to be independent of
temperature. The remaining symbols are the same as already defined.

The heat balance for a vertical section of the duct wall, which, is in thermal contact
with the coolant and an external heat sink is

oT =
(IOC)DAZPDdDa_tD=AZPDHCD(TC_TD) (5.4-49)
+AZPDdDQD+AZ(hA)snk(T;’nk_TD)
with
PO P

0, =—torwur s (L ) (5.4-50)

D AZ })3 N3 D3
where

(pc)p= the duct wall density times specific heat
Qp= the heat source in the vertical section of the duct wall
P3; = the power shape normalization for the duct wall

yn3 = the fraction of the reactor power in the duct wall attributed to neutron
heating

yp3 = the fraction of the reactor power in the duct wall attributed to decay
heating

Tsnk= the temperature of the heat sink outside the duct wall
(hA) snk=the heat transfer coefficient times area per unit height for heat transfer to the sink

The remaining symbols are the same as already defined.
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5.4.3.3 Finite Difference Equations and Solution

The four equations 5.4-37, 5.4-41, 5.4-47, and 5.4-49 are a set of simultaneous
equations that can be solved for one vertical section of the bypass channel. If the
coolant flow is upward (normal flow), then the coolant temperature at the bottom of
the lowest vertical section is known, and the coolant temperature at the top of the
vertical section as well as the reflector and duct wall temperatures are solved for. This
process is repeated up the bypass channel for each vertical section. If, on the other
hand, the coolant flow is downward (reversed flow), the coolant temperature at the top
of the uppermost vertical section is known, and the coolant temperature at the bottom
of the section as well as the reflector and duct wall temperatures are solved for. This
process is then repeated down the bypass channel for each vertical section.

First, however, the above four equations are converted to finite difference equations
and the temperatures at the end of the time step are solved for. The differencing is
accomplished by replacing time derivatives by

T AT
?TfE . AT=T,=T, (5.4-51)

where T3 and T are the temperatures at the beginning and at the end of the time
interval At. The temperatures T1 and T usually denote the beginning and end of a
PRIMAR time step, and any subdivision of that time step is denoted by 3 and 4. Space
derivatives are taken in the direction of flow. If the flow is up,

8T=T(j+1)—T(j)

— 5.4-52
52 Az ( )
and if the flow is down,
T(j)-T(j+1
or _T(j)-T(j+1) (5.4-53)

g Az

where T(j) and T(j+1) are the temperatures evaluated at the two interfaces of the
vertical section of height Az. The degree of implicitness is introduced by replacing T
with

T=6,T,+6,T, (5.4-54)

where 61 + 62 = 1, as described in Section 5.2.4 and in Appendix 2.1 in Chapter 2, and T3
and T4 are the temperatures at the beginning and at the end of the time interval At.

After making the above substitutions, the equations for the temperatures at the end
of the time interval At for the j-th vertical section of the bypass channel can be written
as:
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a, + f - b 0 0
- B a, + B+, -0, 0
0 -5, a, + 5, + f5; - B
0 0 -0 a, + B+ p,
with
a1=(pC)APAdA
a2=(pC)BPBdB
o 22()
a,=A + o, At
3 cp(J)C(]) AZ(j) 2 |W4|
a4=(pC)DPDdD
/))1=R4HABAt62
ﬂ2=R4HBCAtl92
ﬂ3=PAHDCAZHZ
/3)4 =(hA)snk At ‘92
D1=[(/OC)APAdA_PAHABA“91]TA3
+P, H A0 T, +AtQ,
D,=P H,;;AtO T,
+[(pc)3 PB dB_PA HAB Atel_PA HBC At 91]T33
+P, H, ,AOT. +AtQ,
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D3=PAHDCAt61TBS

oy 2cly —
+ Acp(])c(])_MHIAt|W3|_PAHBCAt 6, - P,H, At6 | T,

Az(5) (5.4-66)
25 (i
+P H, AOT,, +&j; ALl6, | wy | Ty +6, | w, Toy|]
D4=PDHDCAtHlTC3
+[(:OC)D PD dD _PD HDC At@l _(hA)snk At 61 ]TD3 +At QD (5-4"67)

+ (hA)snk At T,

The matrix Eq. 5.4-55 is solved by standard tri-diagonal inversion in subroutine
INVRT3, and the node temperatures of reflectors A and B and duct wall D and the
interface temperatures of the coolant are stored in COMMON blocks. In addition, the
gravity head of the bypass element is calculated, using the new coolant temperatures,
and also stored in COMMON blocks.

5.4.3.4 Steady-State Bypass Channels

The steady-state bypass temperature calculations, performed in subroutine SSBYPS,
differ from the transient calculations in that the time derivative terms in Eqgs. 5.4-37,
5.4-41, 5.4-47, and 5.4-49 are set to zero and in that the steady-state power input into
the reflectors and duct wall for each vertical section must be conducted to the coolant in
that section. The coolant temperatures are calculated at the interfaces of each vertical
section, marching up the bypass channel and iterating over the temperature-dependent
thermal properties. From these coolant temperatures, the node temperatures of the
reflectors and duct wall are then determined. In addition, the gravity head is calculated
from the average coolant density for the whole channel, and the power normalization
factors are calculated for all three regions.

5.4.4 Compressible Volumes

The liquid temperature for a compressible volume other than the outlet plenum is
computed as a one-point perfect mixing model. If cover gas is present, its contribution
to the liquid temperature is ignored because of the small heat capacity of the gas, and
the calculation is carried out as though no gas were present. In Eq. 5.3-8 of Section
5.3.1 for the liquid pressure calculation in a compressible volume, the heat flow from
the walls was ignored. Here in the liquid temperature calculation it is included in the
energy balance equation.

For the temperature calculation, the heat flow is taken as

QAt:At[alW (Tw3 _T3 )+62W(TW4 _T4)] hw Aw +Esrc (54_68)
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where

Tw = the compressible volume wall temperature

hw = the effective heat-transfer coefficient

Aw= the compressible volume wall area

02w = the degree of implicitness
T3 = the liquid temperature at the beginning of the subinterval
Ty = the liquid temperature at the end of the sub-interval

Esrc= heat flow to the liquid from other components

Also, the wall temperature is determined by

)= - QAt + At Hsnk Asnk (T

xnk

mch(Tw4+T

w3

-6, T,-0,T.,) (5.4-69)

Iw w3

where

my= the mass of the compressible volume wall
cw= the heat capacity of the compressible volume wall

Tsni= the temperature of a heat sink representing heat loss to sodium or air
outside the compressible volume, as discussed in Section 5.4.7

Hsnik= the heat transfer coefficient from the compressible volume wall to the
heat sink

Combining Egs. 5.4-68 and 5.4-69 gives

Tw4 = {TW3 [mw CW - 61 w At (hw Aw + Hsnk A.mk )]+ At hw Aw (le T; + 02\4/ T4)
+AtH AT }/ [m,c,+6,, A(h, A, +H  A,)]

snk ““snk * snk

(5.4-70)

for the wall temperature at the end of the time interval.

The 2 w,, T, termin Eq. 5.3-8 involves a compressible volume liquid temperature

averaged over the time step. For the hydraulic calculations in Section 5.2, this term is
evaluated using the temperature at the beginning of the step as the average; but for the
compressible volume temperature calculations this term is evaluated as

D s T = 2, 0 @) s Q)| T 4.6, 1), | T, (5.4-71)
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where the summation is over all liquid segments, i, in which the flow is out of the
compressible volume. Then

At{z"_"m T, - Ewout T }=S3 +S, T, (5.4-72)

where

S, = AtZ[Hl (k)] w5 ()| T (1) 405 (K)| w2 (k) | () |

—AtZHl (k)| wy (k)| T,

(5.4-73)

Si==At 36, (i) w, () (5.4-74)

T3ex, T1ex=the temperature of the liquid leaving liquid segment k at the beginning
and end of the time semiinterval

In Eq. 5.4-73 and Eq. 5.4-74 the k summations are over all liquid segments in which
the flow is out of the compressible volume. Combining Egs. 5.3-8, 5.4-70, and 5.4-72
gives

T, = {m3 T, +S3 +d1 d3 ds (ka_gl]—g)_}_ E,. + dl dz ds (Tw3 _01WT3)} /
¢ ¢ ¢
(5.4-75)
d, d;
m, =S, +—— (dz +0,, d; )
14
where

d =Ath, A, (5.4-76)

d,=m,c, (5.4-77)

de=AtH,, A, (5.4-78)

1

(5.4-79)

d —-_—
> d,+0,,d +6, d,
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dy=0,,,d; (5.4-80)

Esre = a heat source due heat transfer other components the volume liquid, as
section 5.4.7.

In the code, first Eq. 5.4-75 is solved for T4; and then Eq. 5.4-70 is solved for Twa.

5.4.5 Table Look-Up for Steam Generators or Intermediate Heat Exchangers

Table look-ups for steam generators or intermediate heat exchangers are used when
the behavior of these components is known from other sources or when the details of
the temperature distributions within the components are not important for the case at
hand. The user supplies a table of normalized temperature drops vs. time and also a
table of elevation of the thermal center vs. time. The thermal center of the steam
generator or intermediate heat exchanger is the point above which the circulating fluid
is assumed to have the density corresponding to the inlet temperature and below which
it is assumed to have the density corresponding to the outlet temperature.

The outlet temperature of the steam generator or intermediate heat exchanger is
calculated from the inlet temperature by

T, (1)=T(t)+ f(1)[T...(r=0)-T,, (¢ =0) | (5.4-81)

where f(t) is obtained by linear interpolation from the user-supplied table of
temperature drops. Also

f(t=0)=1.0 (5.4-82)

For the table look-up steam generator there is an option in the code for the user to
specify the steam generator outlet temperature directly instead of specifying the
temperature drop. For this option the user supplies a table of steam generator outlet
temperature vs. time.

The gravity head is calculated from

Ap, (6)=p, ()elz, () - 2, ]+ po (g2, - 2. ()] (5.4-83)

where

L (t), Lot (t)z the densities of the inlet and outlet fluids at the inlet and outlet

temperatures

z:(t)= the user-supplied table of the elevation of the thermal center as a
function of time
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Zin,Zour=the inlet and outlet elevations
g= the acceleration of gravity

5.4.6 Component-to-Component Heat Transfer

SASSYS-1 accounts for heat transfer between components or from a component to a
constant temperature heat sink which might represent the air. The code accounts for
heat transfer from a core channel duct wall to a core channel duct wall or to a constant
temperature heat sink. Also, it accounts for heat transfer from a pipe wall, a bypass
channel duct wall, an IHX shell, or a compressible volume wall to the liquid in a
compressible volume, to a RVACS (Radiant Vessel Auxiliary Cooling System), or to a
constant temperature heat sink. This heat transfer is usually a small effect at normal
operating conditions, but it is often important at decay heat power levels. Currently,
component-to-component heat transfer is only accounted for in the transient
calculations; a null transient, as described in Section 5.9.5, must be run to account for
steady-state component-to-component heat transfer.

The component-to-component heat transfer is controlled by user input. The user
specifies which components are in contact with which other components, as well as
specifying the heat transfer coefficients and areas involved in component to component
heat transfer. If the user does not list a component in the component-to-component
heat transfer tables, then an adiabatic boundary condition is used on the outside of the
component.

The core channel-to-core channel heat transfer is described in Chapter 2. The
implementation of component-to-component heat transfer in PRIMAR-4 was carried
out in two main steps:

1. Terms Tsuix and (hA)snk or Hsni Asnk were added to the temperature equations
for the annular element, the pipe wall (Eq. 5.4-2), the bypass channel wall
(Eq. 5.4-4a), the IHX shell (Eqg. 5.4-16), and the compressible volume wall
(Eq. 5.4-69) to account for heat flow to adjacent components. Also, a heat
source term, Es, was added to Eq. 5.4-68 for the temperature of the liquid in
a compressible volume.

2. The T terms are re-calculated for each time step of the transient to
correspond to the current temperatures of neighboring components. Also,
contributions to the E. term are added for each participating component for
each time step.

If a pipe wall is in contact with the liquid in a compressible volume I, then Tsu for
the pipe wall temperature calculation is set equal to the compressible volume liquid
temperature at the beginning of each PRIMAR time sub-internal, and (h4)su« is set to a
user-specified value. The contribution to Esc from node N of the pipe wall to the
compressible volume liquid is calculated as

AE,, (1)=[1, (N)-T,,; (n4),, AL(N) (5.4-84)

w snk

ANL/NE-12/4 5-75



The SAS4A/SASSYS-1 Safety Analysis Code System

where
Tw(N) = the pipe wall temperature at node N
and
AL(N) = the length of node N.

Each node in the liquid element representing the pipe adds a similar contribution to
Egc(I). Also, if a bypass channel wall, IHX shell, or the wall of another compressible
volume is in contact with the liquid in compressible volume I, it also adds similar
contributions to Esr(1).

If a constant temperature heat sink is used for a component, then the user supplies
the values for Tsux and (hA)snk or Hsnk Asnk.

The RVACS model supplies Tsnk and Hsak Asnk for components involved in the RVACS,
and component temperatures are supplied to the RVACS routine.

5.4.7 RVACS/RACS Models

Two RVACS (Reactor Vessel Auxiliary Cooling System) or RACS (Reactor Air Cooling
System) Models have been included in SASSYS: a simple model in which the user
supplies the relevant information on air-side performance, and a more detailed model
in which air temperatures and flow rates are calculated by the code. The sodium-side
treatment and the representation of the reactor vessel wall are the same in both
models. The vessel wall is represented by a combination of compressible volume walls
and the walls of pipes and annular elements. The component-to-component heat
transfer capability described in Section 5.4.7 above is used to remove heat from the
reactor vessel walls, and the two models are used to set Tsnk, Hsnk, and Asnk, for the wall.

5.4.7.1 Air Side Treatment, Simple Model

For the simple model the representation of the RVACS stops at the reactor vessel
wall. The user supplies a single air temperature and a table of effective heat transfer
coefficient vs. vessel wall temperature. For each axial node in the reactor vessel wall,
the code then sets the sink temperature, Tsux, to the air temperature. The sink heat
transfer coefficient, hsi, is re-calculated each time step based on the current vessel wall
temperature at the node.

5.4.7.2 Detailed Air Side Model

Figure 5.4-4 shows the general RVACS model and noding scheme. Wall temperature
nodes are used for the reactor vessel, guard vessel, finned shell (inside and outside),
outer wall, and a constant temperature deep in the concrete or the ground. Air nodes
are included for the down-comer and for the up-flow section. An air inlet section and
an outlet stack are also included. Either vertical or non-vertical sections of vessel wall
can be treated.

The reactor vessel wall can be made up of a number of SASSYS components,
including a hot pool wall, a cold pool wall, a pipe wall, or an annular flow element wall.
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The annular flow element is a new type of liquid flow element that has recently been
added to SASSYS-1, mainly for modeling the RVACS and for modeling multi-dimensional
effects in pools.
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Figure 5.4-4. SASSYS-1 Model of an RVACS/RACS System
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Both radiative and convective heat transfer from the reactor vessel to the guard
vessel are modeled. Radiation from the guard vessel to the finned shell as well as
convective heat transfer to air from the guard vessel and the finned shell are treated.

The finned shell is assumed to be insulated, but less-than-perfect insulation can be
treated. Temperatures on both sides of the insulation are calculated. Heat transfer from
the inside of the to the outside, and from the outside of the finned shell to the incoming
air, is treated. Radiation from the finned shell to be outer wall is treated as well as
convective heat transfer from the outer wall to the incoming air. Also, conduction from
the outer wall to a constant temperature node deep in the concrete or in the ground is
handled. With perfect insulation on the finned shell and little heat transfer into the
concrete, the calculation of air and wall temperatures on the down-comer side would be
unnecessary; the air temperature at the bottom of the up-flow side could be set to the
outside air inlet temperature. The model with heat transfer to the incoming air allows
consideration of the impact on RVACS-RACS performance of limited insulation between
the downcomer and the up-flow side.

As indicated in Fig. 5.4-4, one axial node is included above the liquid level in the
vessel. This node is included to account for heat transfer through the finned shell
between incoming and outgoing air. For this node, the heat transfer coefficient between
the reactor vessel and the guard vessel is set to zero.

54.7.2.1 Basic Equations
A. Wall Temperatures

1. Reactor Vessel

The basic equation for the reactor vessel wall temperature is

dT,

m,, C #=h1vw1 Ay (TN -Ty, )+hw12 A (Twz _Twl) (5.4-85)

w wl

where

my1= reactor vessel wall mass per unit length
Cw1= reactor vessel specific heat
Tw1= reactor vessel wall temperature
t= time

hywi= heat transfer coefficient between the sodium inside the vessel and the
vessel wall

Anw1= inner perimeter, or heat transfer area per unit length, of the vessel wall

Tn= sodium temperature
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hwiz2= heat transfer coefficient between the reactor vessel and the guard vessel,
including both radiation and convection terms
Aw12= outer perimeter of the reactor vessel
Tw2= guard vessel temperature

2. Guard Vessel

d71w2

m,,C,, ’ =N, Auia (Tw1 _Twz)

(5.4-86)
+hw23 Aw23 (Tw3 - ’1-:1/2)+hw2a Aw2a (’1—;41 _TWZ)

where
mwz= guard vessel mass per unit length
Cw2= specific heat of the guard vessel

hwz3= radiation heat transfer coefficient between the guard vessel and the
finned shell

Awz3= outer perimeter of the guard vessel

Tws= temperature of the finned shell inner node

T.1= air temperature in the up-flow section
hw22= heat transfer coefficient between the guard vessel and air
Awza= perimeter between the guard vessel and the air

3. Finned shell, Inner Node

dT
7W3=hw34 A (Toa =Tz )+l As (T,0-T,5)

+hw3a Aw3a (T;tl _]-;\/3)

m .C

w3 ~ w3

(5.4-87)

my3= mass per unit length for the inside of the finned shell
Cwz= specific heat of the inside of the finned shell
Tw3= finned shell inner node temperature

hu3s= heat transfer coefficient between the inside and outside of the finned
shell
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Awzs= perimeter of the finned shell
huwza= heat transfer coefficient between the finned shell and the upflowing air
Awza= perimeter between the finned shell and the upflowing air

Twa= finned shell outer node temperature

4. Finned Shell, Outer Node

dT,
m,, C, 7“=hw45 Ass (Tws _Tw4)+hw34 A (T -T 4)

e (5.4-88)
+ h’w4a A‘W4a (]-;42 - Tw4)

mus= mass per unit length for the outside of the finned shell

Cws= specific heat of the outside of the finned shell

Tws= concrete wall inner node temperature
hwas= heat transfer coefficient between the finned shell and the concrete
Awss= finned shell outer perimeter

T.2= temperature of the down-flowing air

hwsa= heat transfer coefficient between the finned shell outer surface and the
down-flowing air

Awsz= perimeter between the finned shell outer surface and the down-flowing
air

5. Cavity Wall, Inner Node

dT
m,sC,s—22=h, A, (Tw() _Tws) +hus As (Tw4 _Tws)

dt (5.4-89)
+ tha AwSa (TaZ - 7’1‘)5)

mys= mass per unit length for the inner cavity wall node
Cws= specific heat of the inside of the cavity wall

Twe= constant temperature deep in the concrete or ground
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hwse= heat transfer coefficient between the cavity wall surface node and the
constant temperature heat sink

Awse= cavity wall perimeter

hwsa= heat transfer coefficient from the cavity wall to the down-flowing air

B. Air Temperature

The air is treated with a quasi-static approximation, neglecting the time derivative
of the air temperature and density.

1. Up-Flowing Air Between the Guard Vessel and the Finned Shell

dT“‘—h AwaZ(T (Z) T, ( ))"‘hmﬁ Awa3[T ()_Tal (Z)] (5:4-90)

Wa C dZ wa?2

where

w, = air mass flow rate, kg/sec.
2 = air specific heat
2. Down-Flowing Air Between the Finned Shell and the Concrete Wall

dr,,
dz

w,C, =Npis Apas (T (Z)_Taz (Z)) L [Tus (Z)_Y;z (Z)] (5.4-91)

C. Air Flow Rate

As shown in Fig. 5.4-4, the air flow path is modeled as an inlet section, a downflow
section between the outer surface of the finned shell and the cavity wall, an upflow
section between the guard vessel and the inner surface of the finned shell, and an outlet
stack. The air temperature in the inlet section is assumed to be a constant value, equal
to the external air temperature. In the stack, the air temperature is assumed to equal
the value at the outlet from the guard vessel-finned shell region. Between the inlet
section and the stack, the air temperature is calculated on a node-by-node basis.

The inertia of the air is ignored, and the air flow rate is calculated by balancing the
air gravity head with the loss terms.

Apgr = Aplaxs‘ (5'4-92)

The gravity head, Apyr, is calculated as
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Apg,-=fpgdz=g{_pm Azin+psmck Azsrack_zpéﬂ (])AZJ
Jj

(5.4-93)
+Eﬁa] (j)AZj_pin (Zst _Zin)
i
where
g= acceleration of gravity
pin= air density in the inlet section
pstack= air density in the stack
,Bal(j)z average air density in node j for upflow air
Az= height of node j
Azj,= elevation gain in the inlet
AZstack="height of the stack
Zs= elevation of the stack outlet
and
Zin= inlet elevation
The loss term, Apioss, is calculated as
wj L
Aplosy = E 2p A2 fH + kor (54"94’)
a“a h

where

wy= air flow rate
A,= air flow area
f= friction factor
ko= orifice coefficient
L= length of the section
Dp= hydraulic diameter

The summation is over the inlet section, the stack, and each of the nodes between.
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The friction factor is calculated as

A, Re” ifRe = Re,

f= 4,
— if Re < Re,
Re

(5.4-95)

where

D,w

a

Re = Reynoldsnumber=
“, A,

(5.4-96)

Ua = Viscosity

Ag= user-supplied turbulent friction factor coefficient
b= user-supplied coefficient, and

Ag= user-supplied laminar friction factor coefficient

The value of Re;, the Reynolds number for the transition from turbulent to laminar,
is calculated by the code to make the friction factor continuous at the transition point.

A
A, Re! =£ (5.4-97)
t
Or
L
1+b
Re, |2z (5.4-98)
A,

D. Heat Transfer Coefficients

1. Reactor Vessel (RV) to Guard Vessel (GV)

1 R, N 1 N R,, :
hy, 2  hy,+e,0(T, +T,)T2+T2) 2 (5:4-99)
The approximation is made that Rw1 and Ry are lumped in with hcy12, so
Py =heiy + €0 O(Twl +T,, )(le +T,, ) (5.4-100)

where
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&=

1 1
—+

Erv Eom

-1

and

heviz= user-supplied convective heat transfer coefficient, RV to GV

erv= emissivity of the reactor vessel wall
een= emissivity of the guard vessel inner surface

o= Stefan-Boltzmann Constant

= GRV /kRV

wl

= GGV / kGV

w2

Grv= thickness of the reactor vessel

Gev= thickness of the guard vessel

key= thermal conductivity of guard vessel
kry= thermal conductivity of the reactor vessel

2. GV to Finned Shell (FS)
1 R, N 1

R 2 523U(Tw2 +T,4 )(T\fz "'vas)
Rw2 is neglected, so

By = €33 O(Twz +71,; )(vaz +TW23)

1

! +L—1

Earo  Ersi

Ep=

gcvo= emissivity of the guard vessel outer surface

ers= emissivity of the finned shell inner surface

ANL/NE-12/4
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(5.4-105)

(5.4-106)
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3. Finned Shell

hwza = a constant, user-supplied, conduction coefficient

4. Outer Wall

1 1
— =R+ (5.4-107)
By €45 U(Tw4 +Ts )(Tw2'4 +va5)
or
€45 O(Tw4 +Tw5)(Tw24 +va5)
was = 2 2 (5.4-108)
1+ RWS 6‘45 U(Tw4 + TwS )(Tw4 + TwS )
where
S B
R S S (5.4-109)
€rso  Eow
Ruws= thermal resistance in the outer wall to the location of Tys
hwse= a constant, user supplied, conduction coefficient
erso= emissivity of the finned shell outer surface
gow= emissivity of the outer wall
5. Air
L & 4110
tha 2 al ( - )
again Rwzq is neglected, so
Ryra =y (5.4-111)
where the air heat transfer coefficient is
ka
hyy =5 N (5.4-112)

hal

k.= air thermal conductivity
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Dpa1= hydraulic diameter between the guard vessel and the finned shell

Nu1= Nusselt number

{q R, % P%* ifRe, =Re,

u= ) (5.4-113)
C, if Re, <Re,
D, . w
Re, = hal g (5.4-114)
pallual

w,= air flow rate
pa1= air density
Ua1= air viscosity
Pr1= Prandtl number
(1,C2,C3 = user supplied correlation coefficients
¢~ .023
C:~ 0.8
Gz~ 3-8

Re= Reynolds number for transition from turbulent to laminar heat transfer

Also,
h,=h, (5.4-115)
Pysa =l (5.4-116)
1 1
— =R +— (5.4-117)
wSa ha2
or
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B 5.4-118
e 1 + RwS haZ ( o )
LY 5.4-119
w5a Dhaz u ( ST )
E. Air Properties
Correlations used for air thermal properties are:
Density
0,=.0003985 +352.25/T +207.89/T° kg/m’ (5.4-120)
where
T = air temperature (k)
Specific Heat
C,,=972.93+.0868027 +7.8654x10°T*  J/kg-K (5.4-121)
Prandtl Number:
P’ =.89887-1.1906x107 T +8.6681x 10~ T (5.4-122)
Viscosity
u=3.872x10"°+5332x10°T-1.531x10™"'T°* kg/m-s (5.4-123)
1’?=.09628+6.358x107° T -2.633x107° T (5.4-124)
Thermal Conductivity:
k=2.085x10+8.820x10° T -2.304x10°T* W /m-K (5.4-125)

These correlations agree with the tables of dry air properties on page 522 of Ref. 5-6
over the range from 255.4 K (0°F) to 1088.7 K (1500°F) to within .2% for p4, .34% for
Cpa, -03% for Pr4, 1% for p, .4% for u%2, and 2.7% for k.

5.4.7.2.2 Finite Difference Solution
A. Finite Difference Equations
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1. Reactor Vessel

The coupling between the RVACS/RACS model and the rest of SASSYS takes place at
the reactor vessel wall. Heat transfer from the vessel wall to the guard vessel is treated
using the component-to-component heat transfer capability of the code. Equation 5.4-
85 becomes

dT,
Cwl T;l = thl ANwl (TN _Twl) + hsnk Asnk (Tsnk _Twl) (5-4'126)

wl
where hsnk, Asnk, and Tsac are the sink heat transfer coefficient, area, and temperature
used in the component-to-component heat transfer treatment. At the beginning of each
time step these values are re-set as

P = Hyrs (5.4-127)
Asnk =AwlZ AZj (54-128)
T =T, (5.4-129)

for node j. The vessel wall is modeled as a combination of compressible volume walls,
pipe walls, and annular element walls; and the thermal treatments for these
components solve Eq. 5.4-126.

2. Air Temperature

A treatment similar to the log-mean temperature difference treatment is used for
the air. Fully implicit time differencing is used in the sense that the values used for Tw:
and Tw3 in Eq. 5.4-90 are the values at the end of the time step. Also, it is assumed that
Tw2 and Tw3 are constant across a node. For node j, which extends from z; to Zj+1' the

solution of Eq. 5.4-90 then becomes

T,(2)=T,+(1, (0)-T) )e** (5.4-130)
where

Z'=z-z, (5.4-131)

T=fiTs+ AT, (5.4-132)
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hw2a Aw2a
f‘z ) hw2a Aw2a + hw3a Aw3a (54_133)
f=1=1: (5.4-134)
and
tha Aw2a + hw3a AW3a
i 5.4-135
§ w, C, ( )

The heat flow from the guard vessel to the air in node j is then

Az.f
Tou= [hns AT, =T, () i (5.4-136)
z'=0
where
Azj=z;,-Z, (5.4-137)

Combining Eq. 5.4-130 and Eq. 5.4-136 gives

Draj =Mora A {Azj (r,, =T J+ I7.-7, ((;1](1—e““~f )} (5.4-138)

The wall temperatures are solved for simultaneously with the air temperatures, so
one uses

T

oy [t +A)=T,, (1)+AT,,, (5.4-139)
and

T, (e+A1)=T,,()+ AT, (5.4-140)
where the time step size is At. Then Eq. 5.4-138 has the form

a,,; =b, +b, AT,

w2j

+b; AT 5, (5.4-141)

where
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T (t)-T, (0

b,=h,,, A,,, {Azj [Twzj (t)—Ta’1 (z)]_,_ [ al( )A1 al( )] (l—e_sz)} (5.4-142)

bZ = hw2a AwZu {AZJ (1 _f‘2 )+ % (1 - e_AIAZj )} (54'143)
and

b3 =hw2a AWZa {AZJ (1 _fé) - %(l_e_llAzj )} (54'144’)
Similarly,

05y =C, + G AT, +C AT 5, (5.4-145)

Qs =d, +d, AT, +ds AT, (5.4-146)
and

sy =€, +e, AT, +es AT s, (5.4-147)
where

CO = hw3a Aw3a {AZJ [TW3j (Z)_Ta,l (t)] + %7;1(0) (l_e_ll i )} (54‘148)

CZ == hw3a Aw3a {Azjﬁ _% (1 - e_llAZj )} (54‘149)

C,=—h,, A, {Az (1-£)+ %(1 —e )} (5.4-150)

7 A(l‘)—Ta’z(t)]+ [E,z(t)_nz(AZ)](l—e_kZAzj) } (5.4-151)
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d,=h, A, {Az J-7)+ %(ue‘wf )} (5.4-152)
di=-h, A, {Az e —%(1 —e M )} (5.4-153)
e =, Am{ Az [T,4(0) - T (6)] + [7.,(0) - Taz(iz Ja—e ™) } (5.4-154)
e,=—h. A. {Azj 1, —%(1 _e )} (5.4-155)
&= hys, Ays, {Azj(l—fs) + %(l—e‘”“”z )} (5.4-156)
T=fiTu + f5 T, (5.4-157)
WA 150
and
fi=1-f, (5.4-159)

3. Guard Vessel

Fully implicit time differencing is used for the wall temperature. Equation 5.4-86
becomes

T
Azjmwz C.» AAL;=hwlZ A, [Twl (t + At)_TWz (t)_ATwz ]Azj (5.4-160)

+ hw23 Aw23 [Tw3 (t)+ ATw3 - Tw2 (t)_ ATwZ ]AZ] - q2aj

or
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a,AT , +a, AT, =q, (5.4-161)
where
0!2 = 1+ hwlZ Awl2At + hh23 Aw23 At + b2 At (54-162)
mm2 CW2 mw2 Cw2 AZj mw2 Cw2
h . A ..\t b, At
o, =- w23 Tw23T 3 (5.4-163)
mw2 CWZ me CW2
and
At
a,= C { By A, [Twl(t+At)_Tw2(t)]
mm2 w2
(5.4-164)
b
+ hw23 Aw23 [Tw3 (t) _Tw2 (t)] - A; }
J
4. Finned Shell, Inner Node
Equation 5.4-87 becomes
B AT, + B, AT 5+ B, AT, = 5, (5.4-165)
where
At
:60 = hw34 Aw34 [Tw (t) - Tw3 (t)]
mm3 w3
c (5.4-166)
+h A T \t)=T .(t)]-—=2
w23 w23[ w2( ) w3( )] AZ,}
At G,
= ——h . A 5.4-167
ﬂz mw3 CW3 AZj w23 W23] ( )
At C
Br=1+ Py Ay +ypy A gy +—— (5.4-168)
mw3 w3 AZj
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At hw34 Aw34

= 5.4-169
/))4 mw3 CW3 ( )
5. Finned Shell, Outer Node
Equation 5.4-88 becomes
Vs AT s +y, AT, +ys AT 5=, (5.4-170)
where
At
Vo= { Bgs Aas [T w5 (t ) -1, (t )]
mm4 Cw4
J (5.4-171)
+ 54 Ay [Tw3 (t) _Tw4(t)]_ Azo }
J
At
=-— h ., A -
73 m.C. w34 34 (5.4-172)
At d
Va=1 byt Ay s A (5.4-173)
mm4 Cw4 AZj
and
At d,
=— ——h, A 5.4-174
Vs m . C. AZj w5 w45] ( )
6. Cavity Wall, Inner Node
Equation 5.4-89 becomes
§4 ATW4 +§5 ATws =§o (5.4-175)

where
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At

§0 = { hw45 Aw45 [Tw4 (t)_ TwS (t ):|

mwS CWS

(5.4-176)
e
+ hw56 AwSé [Tw56 (t)_ TwS (t)]_ A; }
J
g =2 (e‘* hyyasA ) (5.4-177)
and
At e

Si=1+ m.C.. ES/ + D5 Aygs + P AwSé) (5.4-178)

7. Cavity Wall, Outer Node
The sink temperature is assumed to be constant:

Twe = constant

B. Solution of Finite Difference Equations
1. Simultaneous Solution of Equations
a. Down-Flowing Air, Transient Solution

The finned shell outer node and cavity wall inner node temperatures are solved for
simultaneously, using an estimated value for the finned shell inner node temperature.
Solving Eq. 5.4-170 and 5.4-175 simultaneously gives

AT, =M (5.4-179)

Va&s=7s&,
Then Eq. 5.4-175 can be solved for ATys.
b. Up-Flowing Air, Transient Solution

The guard vessel and finned shell inner node temperatures are solved for
simultaneously, using an estimate value for the finned shell outer node temperature.
Solving Eq. 5.4-161 and 5.4-160 simultaneously gives

AT _a3 /))o _ao /))3

= (5.4-180)
’ a; /972 -a, /373

ANL/NE-12/4 5-95



The SAS4A/SASSYS-1 Safety Analysis Code System

Then Eq. 5.4-180 is solved for ATys3.
2. Solution Method

No steady-state solution for the RVACS/RACS has been coded; the initial steady-
state results are obtained by running a null transient. First the air and wall
temperatures are set to the air inlet temperature. Then the null transient is run to set
the initial steady-state temperatures and flow rate. Finally the regular transient is run.
During the null transient the core channel calculations are bypassed, the sodium flow
rates are held constant, the inlet and outlet plenum temperatures are held constant, and
temperatures and air flow rates are calculated for the rest of the sodium and the
RVACS/RACS. The routines used in the null transient are the same as those used in the
regular transient.

An iteration on air flow rate is used in the transient solution. An air flow rate is
assumed, temperatures are calculated for this air flow rate, the air gravity head is
calculated, and the air pressure loss is calculated. Then the gravity head is compared
with the pressure loss; and if the two do not balance, another air flow rate is tried. The
iteration on air flow rate continues until a balance is achieved. The temperature
calculation starts at the inlet and works down the inlet side then back up the air upflow
side. The heat transfer coefficients and the heat transfer across the finned shell are
calculated based on conditions at the beginning of the time step. The rest of the
calculation is fully implicit in its time differencing.

5.4.8 Stratified Volume Model

In addition to the uniform mixing compressible volume model described in Section
5.4.4, PRIMAR-4 contains a stratified temperature model for the liquid in a
compressible volume. This stratified model can be used for an outlet plenum and/or for
a pool. This model borrows from the PLENUM-2A model [5-7] of Howard and Lorenz,
but the PRIMAR-4 model has been extended beyond the capabilities of the PLENUM-2A
model. Borrowed from PLENUM-2A is the concept of a small number of distinct
temperature regions in the coolant, separated by horizontal interfaces. Also, borrowed
are the concept of distinct stages in the calculation, a plume height correlation, and a
correlation for interface rise due to entrainment of a hot layer into a cooler plume rising
from the core outlet. One extension of the PRIMAR-4 model is the provision for
handling up transients as well as down transients: PLENUM-2A will only handle
transients in which the core outlet temperature is cooler than the plenum temperature,
whereas the PRIMAR-4 model will also handle transients in which the core outlet
temperature is hotter than the plenum temperature. Another extension is the option in
the SAS4A model to handle a horizontal discharge from an IHX into a cold pool:
PLENUM-2A will only handle avertical discharge from the core into an outlet plenum.
The SAS4A model handles up to three regions and five stages, whereas PLENUM-2A
considers only two regions and three stages. Also, the PRIMAR-4 model treats thermal
conduction across the interface between regions, and this model includes detailed
multi-node wall temperature calculations.

Figure 5.4-5 shows the various stages and cases considered in this stratified model.
At the start of a transient in which the core outlet temperature is dropping, the plume in
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the outlet plenum goes to the top of the plenum; and the outlet plenum is fully mixed,
giving stage 1. As the core outlet temperature and velocity drop, the plume no longer
reaches the top of the plenum. This leads to the start of stage 2 in which the outlet
coolant goes to layer 1. In stage 2 the layer boundary is at the elevation of the core
outlet. After enough cool liquid has entered layer 1 to fill one quarter of its volume,
stage 3, case 3.1 begins. In this case, the plume coolant still goes to layer 1, but the
interface between layers rises as liquid is added to layer 1. In this case, the plume also
entrains hot liquid from the interface into layer 1. If the core outlet temperature at the
start of the transient becomes hotter than the outlet plenum temperature, then stage 3,
case 3.2 is entered. In this case, the core outlet coolant goes to a top hot layer,
entraining cool outlet plenum liquid as it passes through. The three layer cases of stages
4 and 5 can occur in the later stages of a transient if the core outlet temperature starts
out rising and later falls, or if the core outlet temperature starts out falling and later
rises. If the coolant inlet into the volume is horizontal, as in the discharge of an IHX into
a cold pool, then only stages 1, 3, and 5 are used.
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Figure 5.4-5. Stratified Volume Stages
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Figure 5.4-5. Stratified Volume Stages (Continued)
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The jet height or plume height is calculated from an equation given by Yang [5-8]:

h., = 1.0484 F% (5.4-181)

Jet

where

hje=height of the jet or the plane

F. = Froudenumber=—; Y. Ppin (5.4-182)
gr, (Ioplume =P pienum )
Vo= core exit velocity
Pplume= density of the plume
Pplenum= density of the plenum
ro= core effective radius
g= acceleration of gravity
For entrainment at an interface, Howard and Lorenz give
W = 200, V,d F" (5.4-183)

where
v/= plume average velocity at the interface and
d= plume effective diameter at the interface
Wen= entrainment rate (kg/s).

The values of v; and d; depend on elevation and on whether the interface occurs
within the zone of flow establishment or in the zone of established flow. The elevation
change, z,, from the core outlet to the top of the zone of flow establishment is

’
z, =—2 5.4-184
‘111 ( )

For z < z,, or the zone of flow establishment:
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v, 25+.02095(z/d, )+.003969(z/d, )

= 5.4-185

v, [1/2+.1052(z/d,) T ( )
and

d.

d—"=1+.2104(z/d0) (5.4-186)
For z > z,, or the zone of established flow,

v, 2018

L= (5.4-187)

v, z/d,
and

d/

=.8649(z/d,) (5.4-188)

d,

For the wall temperatures, multi-node treatments are used. The vertical wall around
the outside of the outlet plenum or pool is treated with a number of vertical nodes. Each
vertical node contains a number of lateral nodes, with coolant in contact with the first
node. There is also an option to have another coolant compressible volume in contact
with the last lateral node to account for heat transfer from a hot outlet plenum to a cold
pool. The model has an option for a horizontal wall at the top or bottom of the plenum.
This wall is handled with a 1-D multinode treatment. Again, the first node is in contact
with the plenum liquid, and the last node can be in contact with the coolant in another
compressible volume.

The input for this model is as follows:

Table 5.4-1. Input for the Stratified Volume Model

Block  Location Name Meaning
3 1313 NSTRCV Number of stratified compressible
volumes
3 1314-1316 ICVSTR(ICVST) 1 for vertical coolant inlet, as in an
outlet plenum
2 for a horizontal coolant inlet
1320-1322 NUMWAL(ICVST) Number of wall sections
1323-1325 IFSTWL(ICVST) Wall number of the first wall section
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3 1326-1334 IWLHRZ(IW)
3 1335-1343 NVNDWL(IW)
3 1344-1352  NLNDWL(IW)

0 for a vertical wall

1 for a horizontal wall at the top of a CV
2 for a horizontal wall at the bottom of
aCVv

Number of vertical nodes in a vertical
wall.
NVNDWL = 1 for a horizontal wall

Number of lateral nodes in a wall
section,
Max. =8

Note: sum(NVNDWL*NLNDWL) <= 300.

3 1353-1361 ICV2WL(IW)

3 1362 IDBSTR

3 1363 ISTDBS

3 1364 ISTSTP

3 1365 IFT16

18 5008 RCORE

18 5009-5017 HCSTWL(IW)

18 5027-5035 ASTWL(IW)
18 5036-5107 HINVWL(LIW)

18 5108-5179 XMCSTW(LIW)

Number of the CV in contact with the
outer side of the wall section.

= 0 for an adiabatic outer boundary. If
ICV2WL > 38, ICV2WL = the
temperature of a constant temperature
heat sink.

Debug flag for stratified temperature
model

= 0, no debug prints

= 1, final results only

=5, everything

PRIMAR time step when stratified
debug starts.

Stop the run at PRIMAR step ISTSTP.
Not used if ISTSTP = 0 or NSTRCV = 0.

Write out stratified CV output of file 16
every 1FT16 PRIMAR steps. No output
if IFT16 = 0.

Core radius for use in Froude number.

Coolant heat transfer coefficient at the
inner surface of the wall section.

Area of the wall section

Thickness/thermal conductivity of
node I in the wall sectionI=1-8

Mass x heat capacity of node I in the
wall.
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18 5180-5182  ZINST(ICVST) z of inlet, used only for a vertical inlet.
Otherwise ZOUTEL(IELL) is used.
18 5183-5185 VOLBLI(ICVST) Volume below the inlet, not used if

there is a cover gas in the CV. In this
case, the information is obtained from
other input for the CV.

18 5186-5188 EPSTST(ICVST) Minimum temperature difference for
switching stages.
18 5189-5191 XLENTR(ICVST) Entrainment length. A hot plume with a

flow rate Wh, rising through a cool
layer of thickness dz, will entrain cool
liquid at a rate (dz/XLENTR) x Wh.

5.5 Steam Generator

In addition to the simple table look-up steam generator model described in Section
5.4.6, SASSYS-1 contains a detailed steam generator model. The simple table look-up
model is intended for cases in which the steam generator behavior has little impact on
the results of a transient. The detailed model is intended for cases in which changes in
the steam generator heat removal rate and/or gravity head have a significant impact on
the results. Also, the detailed steam generator is required when the balance of plant
model is used. The detailed steam generator model is described in Chapter 7.

5.6 Air Dump Heat Exchanger

SASSYS-1 contains a simple quasi-static sodium-to-air heat exchanger model. This
model is intended mainly for use with a DRACS (Direct Reactor Auxiliary Cooling
System), as shown in Fig. 5.6-1; but it could also be used for the air dump heat
exchangers on the FFTF reactor. Currently, only sodium can be used in th DRACS loop,
but soon an option to use NaK in the DRACS loop will be added to the code.

The model can handle either forced convection or natural circulation air flow. For a
forced convection case, the user supplies the air flow as a function of time. For a natural
circulation case, the user supplies a table of the stack inlet loss coefficient vs. time. The
stack inlet loss coefficient represents the shutter opening, which may change during the
transient.

A log mean temperature model is used for both the sodium side and the air side of
the heat exchanger. Heat capacity of the tube structural material is ignored.
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FCV = FORCED, : 2L00rP
T CONVECTION, DRACS-NC
IN-VESSEL NC = NATURAL
; CONVECTION -
@ ) 4080840044 ’
. & I
t 6in. Na ; l
AIR -@_e-m | Neigeend].
PUMPYL 210 in. NaK | e
BLOWER AIR
&

REACTOR
ASSEMBLY

Figure 5.6-1. Shutdown Heat Removal System for a Large Pool Plant
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Equations used in the model are as follow: For the coolant, we ignore storage of
energy within the heat exchanger and assume specific heat is independent of
temperature so that an energy balance gives

O=wy, Cy, (TN ~Tyw )=Wa C, (Tat_Tab)’ (5.6-1)
where
Q = heat removal rate,
w = mass flowrate,
C = specific heat,
T = temperature,
a = air side subscript,
Na = liquid metal side subscript,
t = subscript for the top of the heat exchanger,
b = subscript for the bottom of the heat exchanger.

The momentum equation for the air side is from Appendix 5.4

e (p.-p.)8l A,
2 2
KSI(AK) + KHX( A, ) +KSO+KR (5.6-2)
2pc ASI sz AHX 2ph

where

w= air mass flowrate,
A= area,
pc= inlet air density,
pr= outlet air density,
K= loss coefficient,
! = height of stack,
SI= stack inlet subscript,

SO= stack outlet subscript,
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R= riser subscript
g= acceleration of gravity.

The overall heat transfer coefficient evaluated at the tube outside surface (air side)
is

U=[ 2 +r—”€nr—"+—] , (5.6-3)

where

h= tube inside heat transfer coefficient,
ho= tube outside heat transfer coefficient,
ri= tube inner radius,
.= tube outer radius,
k= thermal conductivity.

In this implementation of the model, the heat transfer coefficients h; and h, are
treated as constants and are input by the user. Strictly, however, their values change
with fluid temperature and flowrate. Typically, h, dominates Eq. (5.6-3) and because
the air side is a complex geometry of pins and tubes, its value is not accurately known.
Therefore, assuming a constant value for h, that is credible should not introduce
appreciably more error than the uncertainty that already exists because of its complex
geometry.

The basic equations for temperatures are

dT
w,, C,, —N“+U—A(Ta ~T,, )=0 (5.6-4a)
dz L
and
dT. UA
-W,C,—4+—(T,,-T,)=0 (5.6-4b)
dz
where

Tn.= sodium temperature
T>,= air temperature

z= elevation
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total heat transfer area, and

L = height of the heat transfer section

The solution of Egs. 5.6-4a and 5.6-4b of the form

7oz
TNa _T¢'1 =ae

where a is a constant, and

(Wa C,+Wy, Cy

JUA/L

Wa Ca WNa CNa

(5.6-40)

(5.6-4d)

Tna» = sodium outlet temperature, and

Tap =

air inlet temperature

The sodium temperature then has the form

az
T,,=b+ce

The gravity head is

L
Ap, =f:0 Na (Z )dZ
0

(5.6-4e)

(5.6-4f)

where pnq is the sodium density and z = 0 at the bottom of the heat transfer section. The
thermal center, z, is defined by

Apgr =pNat (L_Ztc)+pNab Ztc

where

(5.6-4g)

pnat = sodium density at the top and

ANL/NE-12/4

5-107



The SAS4A/SASSYS-1 Safety Analysis Code System

pnap = sodium density at the bottom

If the density varies linearly with temperature, then an equivalent equation for the
thermal center is

L

Tya (L=2)+ T Z,. = [Ty, (2)dz (5.6-4h)
0

where Tye: is the sodium temperature at the top of the heat transfer section. Carrying out
the integration of Eq. 5.6-4e in Eq. 5.6-4h gives

z =Ll ) - 1/ad | (5.6-4i)
For the steady-state initialization, conservation of energy gives
Wi Cra (TN Ty )=W; C, (Tat _Tab) (5.6-4j)

Also, Eq. 5.6-4c can give

D=1y =x=exp| UA L1 (5.6-4k)
TNah - 7:1}7 WNa CNa Wa Ca
combining Egs. 5.6-4j and 5.6-4k gives
xW. C 1\ T, W, C
= a_a T 1__ + Nat 1- Na " Na _
Nab XWa Ca —WNa CNa ab( x) X ( Wa Ca ) (56 41)

The above equations are solved by subroutine NAKAIR. SASSYS-1 couples to this
routine as follows: Values for liquid metal flowrate at the heat exchanger inlet, the
temperature at this point and the inlet air temperature are passed as computed by
SASSYS-1 to subroutine NAKAIR. This routine solves the above equations for the
temperature drop on the liquid metal side of the heat exchanger and returns this value
to SASSYS-1 which uses it to advance to the next time step.

The subroutine is also applicable to the case where the air flowrate is forced. In this
case, the known air mass flowrate is used in place of Eq. (5.6-2).

Steady-State Solution

A capability has been added to the SASSYS-1 air dump heat exchanger (DHX) model
to provide a steady-state initialization procedure that will calculate the air flow rate
required to remove the steady-state power delivered to the heat exchanger. What is
done with the steady-state air flow rate in the DHX depends on whether the forced air
flow option or the natural circulation air flow option is used. For forced flow, the user-
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supplied table of air-flow rate vs. time is renormalized by the code to give the correct
steady-state value. For natural circulation air flow, the code will calculate and print the
inlet orifice coefficient required to give the calculated steady-state air flow rate. The
code does not re-set the inlet orifice coefficient to this calculated value, since this is not
always what the user would want.

A special case occurs when the user sets the steady-state sodium flow rate through
the DHX to zero, indicating that the steady-state heat removal is negligible. In this case,
the steady-state air flow rate is set to zero and the thermal center is set to the
geometrical center.

For the steady-state initialization of the DHX, the sodium and air inlet temperatures,
Tnae and Tap, are known. Also, the sodium flow rate, Whyq, is known. Furthermore, the
correct value for the sodium outlet temperature, Tnap, is known from initializing the rest
of the system. Therefore, the task of the DHX initialization routine is to find the air flow
rate which gives the correct value of Tnay in Eqn. 5.6-4m This is carried out by iterating
on air flow until the correct sodium outlet temperature is found.

5.7 Cover Gas Flow and Pressure Calculations

5.7.1 Introduction

After the hydraulics calculations for the liquid flows and pressures have been
completed for a time step, then the liquid temperatures are calculated, and, after they
have been completed, the cover gas flows and pressures are computed. The cover gas
treatment is a fully implicit calculation, ignoring the inertial effects of the gas, and
modeling the flow as quasi-static and isothermal. It may be thought of as a modification
of the liquid flow treatment in which the left side of Eq. 5.2-1 is set to zero and 61 and 6>
set to zero and one, respectively, in Eq. 5.2-17.

The gas process may be thought of in the following way. Only compressible volumes
containing cover gas are considered. Some may also contain liquid and some only gas.
For those containing liquid, the liquid level has risen or dropped, as determined by the
hydraulics calculations earlier in the time step, and the cover gas has been compressed
or expanded by this action. The compression or expansion is assumed to be adiabatic,
and new equilibrium conditions are calculated. Next, heat transfer between the gas and
the liquid is computed, assuming that the gas temperature approaches that of the liquid
without affecting the liquid temperature. Finally, taking all compressible volumes with
cover gas, the gas flow between compressible volumes through connecting pipes is
computed, and the temperatures, pressures, and masses of the gases in the
compressible columns are adjusted appropriately.

5.7.2 Basic Equations

In the compressible volumes with cover gas and liquid, the hydraulics routines
provide the rise or fall in the liquid level during the time step, thereby giving the change
in the cover gas volume during the time step. Let Vo3 be the volume of the cover gas
before the liquid level change and V3 after the level change. The process is assumed to
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be adiabatic, and the pressure p,, after the change in terms of the pressure po3 before is
given by

P =DPos (Vo3 IV )y (5.7-1)
and the accompanying new gas temperature Ty is given by the ideal gas law as:
T,=peVy/myR (5.7-2)

where

y= the ratio of the specific heat at constant pressure to that at constant
volume for the gas

mz= the cover gas mass at the beginning of the time step
R= the universal gas constant

Heat transfer between the cover gas and the liquid is also accounted for. Since the
heat capacity of the gas is much less than that of the liquid, it is assumed that the gas
temperature approaches the liquid temperature with a time constant 7 without
affecting the liquid temperature. The time constant 7 is a user-supplied input quantity.
The adjusted gas temperature T3 is taken as

T At
T,=T +T -
P re At T4 (5.7-3)

where

Ti= the temperature of the liquid
At= the time step

The new gas temperature means a new gas pressure p3, which is computed again by
the ideal gas law as

py=my, RT, |V, (5.7-4)

With ps, V3, T3, and m3 now known for compressible volumes with or without liquid
present, we turn to the gas flow through the pipes between compressible volumes. The
difference in pressure between two connected compressible volumes causes gas flow
from one to the other, and the amount of gas delivered to or withdrawn from a
compressible volume in turn modifies the gas pressure in it. As a result, the pressure
changes in all of the compressible volumes are solved for simultaneously.
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The gas mass flow rate, Fj, from compressible volume i to compressible volume j is
approximated at the end of the time step as

F,=F, +F, Ap(j)+Fy, Ap(i) (5.7-5)

Here F,jj is the gas mass flow rate at the beginning of the time step from compressible
volume i to compressible volume j. This flow rate is modified by the pressure changes
in the compressible volumes i and j as a result of the flow during the time step. The
coefficients of the pressure changes are taken as

F,==F,/[p(i)-p(j)] (5.7-6)
Fyy=F, /[p(i)-p(j)] (5.7-7)

where p(i) - p(j) is the pressure difference between compressible volumes i and j at the
beginning of the time step. Also

Ap(i)=p4(i)—p3(i) (5.7-8)

where

p3(i)= the gas pressure in compressible volume i at the beginning of the time
step

pa(i)= the gas pressure in compressible volume 7 at the end of the time ste
The flow equation for isothermal unchoked flow of an ideal gas is given by Shapiro

[5-3] as:

PRAmE LU0 Sy AT (5.7-9)

D, yM?

where

f= the Moody friction factor
L = the length of the pipe
Dp= the hydraulic diameter of the pipe
p(i) = the inlet pressure

p(j) = the outlet pressure
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y = the ratio of the specific heat at constant pressure to that at constant
volume for the gas
M = the Mach number

The Moody [5-2] friction factor is given by:

f=0.0055[1+(200005/D+106 /Re)‘”] (5.7-10)

where

e= the pipe roughness
D= the pipe diameter
Re= the Reynolds number

In addition the Reynolds number can be written as

Foi' D
Re=—%— (5.7-11)
4 u

where

A= the pipe area
u= the viscosity of the gas

and the Mach number is related to the gas mass flow rate Fy;; by

2
F
o ] RT (5.7-12)

M =

For turbulent flow, the gas mass flow rate is determined by an iterative process.
With an initial built-in guessed value for f, Egs. 5.7-9 and 5.7-12 determine a value for
Foij, which is used in Eq. 5.7-10 to calculate a new value for f, and the iteration is
continued until consistency is achieved. For laminar flow, F,; is determined from Egs.
5.7-9 and 5.7-12 using the laminar flow value for f of

f=64/Re (5.7-13)
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5.7.3 Solution

The results of the gas flow between compressible volumes, where a compressible
volume may be connected by gas segments to several other compressible volumes, can
be written as:

pa(i)=py(i) (1+¢,) (5.7-14)
my (§)=m i)+ om, (5.7-15)
N\ P (i)V4 (l)
T,(i)= ()R (5.7-16)
where
__r
€ _m3 (i)n(i)ZTji Amji (5.7-17)
om, =m, (i)=m, (i)=2Amji (5.7-18)
tm, = [Fy 4 By dp i)+ B Ap())] (5.7-19)

and Tj is the temperature of the gas flowing from compressible volume j to
compressible volume i. Combining Eqgs. 5.7-14, 5.7-8, 5.7-17, and 5.7-19 yields a matrix
equation of the form

C;i  Ciy e Ap(l) d,
Cy  Cpy eeee Ap(2) _ d, (5.7-20)
where
ps(i)yAr ps(i)y Ar
=0 |1-—~""_ _MNT F |-——2" T F . -
Clj ij m, (Z)T3(l) 2 ki © 1ki m, (l)T;(l) Jit2ji (57 21)
and
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d'=METﬁ F,; (5.7-22)

- m(I)T(i) 5

Here 6jj is the Kronecker delta.

The matrix equation 5.7-20 is solved by Gaussian elimination for the Ap(i). These
are added to the pressures at the beginning of the time step to obtain the corresponding
pressures at the end of the time step. The cover gas mass at the end of the time step
ma(i) in each compressible volume is computed using Egs. 5.7-18 and 5.4-19, and finally
the gas temperatures at the end of the time step T4(i) are computed for each
compressible volume using the equation

T4C)=M

. ()R (5.7-23)

All of the final values are then stored in COMMON blocks.

A solution algorithm for the entire cover gas treatment is given in Appendix 5.3.
5.8 Overall Solution and Time Step Control

5.8.1 Order of Calculation in PRIMAR

The computational sequence used in a time step in the primary and intermediate
loops is as follows:

1. Adjust the inlet and outlet plenum pressures for any errors between the
estimated and the calculated core flows in the last step.

Calculate b, b1, and b: for the compressible volumes in the primary loop.

w

Calculate the contributions to a,, ai, a2, and a3 for each element in a liquid
segment and sum them for all of the liquid segments in the primary loop.

Calculate contributions to cj and d; from all of the segments in the primary loop.
Add the contributions to ¢; and d; from the estimated core flow.

Solve for Ap.

Calculate Aw.

Repeat steps 2, 3, 4, 6 and 7 for the intermediate loops, if any are present.

o 0 N o 1o

Repeat steps 2, 3, 4, 6 and 7 for the DRACS loops, if any are present.
10. Calculate the liquid temperatures.

11.Recalculate the compressible volume pressures with the new liquid
temperatures.

12. Calculate the cover gas flows and the cover gas pressures.
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In this sequence of events, the liquid flow hydraulics calculations are done first,
followed by the liquid temperature calculations and then by the gas flow and
temperature calculations. In order to reduce the sizes of the matrix equations that must
be solved, the hydraulics calculations are done for the primary loop first, then for the
intermediate loops, and finally for the DRACS loops, if any are present. Adiabatic
compression of the cover gases is accounted for during the initial hydraulics
calculations, but heat transfer to the gas and gas flows through connecting pipes are not
accounted for until the gas calculations at the end of the computational sequence for a
time step.

5.8.2 PRIMAR Time Step Size

The initial PRIMAR time-step size is entered as an input quantity. Then the time-
step size is determined by the coupling with the coolant dynamics calculations for the
core subassemblies. PRIMAR is called to calculate a new time step before the core
coolant dynamics routines are called and, as a result, part of the PRIMAR calculation
consists in estimating the new core flows based on information supplied by the coolant
dynamics routines. Before the start of voiding, the core flows can be estimated
accurately in PRIMAR because the single-phase subassembly flow calculations are
relatively simple. Consequently, the time step can be fairly large before the start of
voiding. After the start of voiding, the core flows are strongly influenced by the rapidly
varying pressures in the voiding region, and the PRIMAR time-step size must be cut
back to 20 milliseconds or less.

If PRIMAR predicts a large change in the inlet plenum pressure during a time step,
the step size must be reduced and the quantities determined in the time step
recalculated. Alternatively, if the pressure, temperature, or flow in the primary or
intermediate loop change rapidly, but do not have a large effect on the inlet or outlet
plenum pressures and temperatures, then the PRIMAR time step is subdivided into
smaller intervals for the PRIMAR calculations without requiring additional coolant
dynamics calculations in the core subassemblies.

5.9 Steady-State Initialization

The steady-state initialization for PRIMAR-4 is based on finding a steady-state
thermal hydraulic solution that is consistent with the user-supplied input for
parameters such as reactor power, flow, coolant inlet temperature, and coolant outlet
plenum pressure. The core channels are initialized first, leading to the temperatures
and pressures in the inlet and outlet coolant plenums. Then the initialization works
outward through the primary heat-transport loops, the IHX's, the intermediate heat-
transport loops, and finally, the steam generators.

The primary-loop temperature initialization consists mainly of setting the
temperatures of all elements and compressible volumes in the hot side of the loop to
the coolant outlet plenum temperature, and setting the components in the cold side of
the loop to the inlet plenum temperature. Intermediate heat exchangers and bypass
channels are separate cases, since the temperatures change from one end to the other
end of these elements. If necessary, the liquid segment flows are adjusted so that the
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liquid flow into each compressible volume balances the flow out. After the primary-
loop temperatures are set, the pressure drops through all elements are calculated, and
the pump heads are set to the values necessary to achieve a pressure balance.

After the main primary-loop initialization calculations, the [HX primary and
intermediate side flow rates are known, and the primary side inlet and outlet
temperatures are known. Then, an iteration procedure is used to find intermediate side
inlet and outlet temperatures that provide a consistent steady-state solution. The
detailed node-by-node temperature distributions within the IHX are also calculated in
this process.

After the IHX temperature distributions have been calculated, the temperatures in
the intermediate loop between the IHX outlet and the steam generator inlet are set to
the IHX outlet temperature, and the temperatures between the steam generator outlet
and the [HX inlet are set to the I[HX inlet temperature. Pressure drops are calculated for
each element; and pressures at each point are calculated, starting from a user-specified
[HX inlet pressure. As in the primary loop, the intermediate loop pump head is set to
the value necessary to achieve a pressure balance.

After the intermediate loop initialization, the steam generators are initialized, using
the known sodium side inlet and outlet temperatures and flow rate.

The steady-state gas flow rates are all set to zero, and cover-gas pressures are
initially set to user-supplied values.

5.9.1 Core Channels, Inlet Plenum, and Outlet Plenum

Since the core channel calculations are described in detail in Chapter 3, they are
only summarized here. The user supplies the steady-state values for the coolant outlet
plenum pressures, the coolant inlet temperatures, the coolant flow for each channel,
and the power for each channel, as well as geometric and hydraulic information. The
code then calculates the coolant outlet temperature and an inlet pressure for each
channel, as well as temperature and pressure distributions within the channels. In
general, each channel will have a different inlet pressure, so for each inlet plenum the
channel with the highest inlet pressure is picked as the reference, and the orifice
coefficients at the bottom of the first reflector zone in each other channel are adjusted
to give a common inlet pressure. This common inlet pressure determines the coolant
inlet plenum pressure.

For each outlet plenum, the average steady-state temperature is a mixed mean of
the outlet temperatures of all the core channels and all the bypass channels emptying
into the plenum. The core model provides steady-state channel outlet temperatures,
but the loop model is designed to begin with known temperatures in the inlet and outlet
plena of the core channels and from these calculate temperatures throughout the
remainder of the plant, and so outlet temperatures for the bypass channels are not
available at the point at which the outlet plenum temperatures need to be calculated.
The code works around this as follows. To a particular outlet plenum ICV are attached
N channels and M bypass channels. The mixed-mean outlet temperature, Tmm, of the
core channels is given by
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T, (ICV)= il — (5.9-1)

where Texp(J(ic)) is the steady-state outlet temperature for core channel J(ic) and wy(ic)
is the steady-state flow through channel J(ic). The model assumes that the difference
between Tmm(ICV) and the average inlet temperature of the N core channels, Ti,(ICV), is
proportional to the ratio of power to flow in the channels, or

_x £, (ICV)

T,.(ICV)-T,(ICV) /(v

: (5.9-2)

where K is the constant of proportionality, f,-(ICV) is the ratio of the power in the core
channels attached to outlet plenum ICV to the power in all channels (core + bypass)
attached to plenum ICV, and fz(ICV) is the ratio of the flow in the core channels attached
to outlet plenum ICV to the flow in all channels (core plus bypass) attached to plenum
ICV. The model also assumes that the difference between the average temperature of
plenum ICV, Tou:(ICV), and the average inlet temperature of the N core channels and the
M bypass channels, Tintota(ICV), is proportional to the ratio of power to flow and that
the constant of proportionally is the same as for the core channels alone, so that

Taut (ICV)_’Tin,talal (ICV)=K (59'3)

The average inlet temperatures are calculated as

T, (ICV)= il (5.9-4)

and
N M
2 Wf(ic) CpJ(ic) T chamner (J (ic)) + E Wi (Je) CpK (Je) T bypass (K (j C) )
T;n,toml (ICV)= = N jc;; ’ (59_5)
E WJ(ic) Cp](ic) + E WK (je) CpK (Je)
ic=1 Jje=1

where C, is the specific heat of the fluid at the entrance to a channel. The inlet
temperatures and the flows are input by the user, and the specific heats are computed

ANL/NE-12/4 5-117



The SAS4A/SASSYS-1 Safety Analysis Code System

from the equation of state. The fractions f,- and f5 are calculated from user-input power
and flow information, and Tmm is computed from Eq. (5.9-1), so the only unknown
quantities in Eqgs. (5.9-2) and (5.9-3) are K and Tou. Eliminating K between the two
equations gives

T,,ICV)-T, (ICV)
fcv)y o (5.9-6)

falrcv)

(rcv)-rt,,. . (ICV)=

in,total

T

out

or

fr(ICV)

T,.(ICV)=T,, (Icv)M +T, 7 (1cv)

(ICV) in total (ICV) - ’Tm (ICV)

(5.9-7)

pr

5.9.2 Primary Heat Transport System

After the core channel initialization, and after the temperatures and pressures have
been set for the inlet and outlet plenums, the rest of the primary heat-transport loop is
initialized. This involves setting temperatures for all compressible volumes and liquid
elements, liquid pressures and liquid-cover gas interface heights for compressible
volumes, and flow rates for all liquid segments. Flow rates for gas segments are
initialized to zero, and the user specifies the initial cover-gas pressure for each
compressible volume.

A two-pass procedure is used for initializing the primary heat-transport system
other than core channels, the inlet plenums, and the outlet plenums. In the first pass,
the temperatures are set for all compressible volumes and elements, and the gravity
head and pressure drop for each element other than a pump is set. Also the liquid
segment flows are adjusted, if necessary, to make the flow into each compressible
volume equal the flow out. In the second pass, the compressible volume pressures and
pump heads are set.

For each pass through the primary heat-transport system, a table is constructed
containing the compressible volume numbers of the compressible volumes whose
temperatures or liquid pressures are already known. The inlet and outlet plenums are
the first entries in this table. Compressible volumes are treated one at a time in the
order in which they occur in the table, and new entries are added to the table as
temperatures or pressures of new compressible volumes are found.

For the temperatures pass, the first step in the treatment of a compressible volume
is to adjust the flows in the liquid segments attached to the compressible volume so that
the flow in matches the flow out. The user supplies the steady-state flow rates for each
liquid segment, but if the user-supplied values are not consistent then the code adjusts
some of them to obtain consistency. If the pressure drops in a liquid segment have
already been set, then a flag is set for that segment; and its flow can no longer be
changed, since changing flows would require re-calculating the pressure drops.
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Therefore, any flow adjustment is made for liquid segments whose flows have not been
fixed. A fixed net flow, Wixeq, is calculated by summing the flows of all fixed segments
attached to the compressible volume, with a positive sign if the flow is into the
compressible volume, or a negative sign if the flow is out of the compressible volume.
Similarly, an adjustable net flow, wagj, is calculated by summing over the remainder of
the liquid segments attached to the compressible volume. Then a factor, f, is calculated
as

w Ix e
fo=—— (5.9-8)

Wy

and the flow for each unfixed liquid segment attached to the compressible volume is
multiplied by fu.

The next step in the treatment of a compressible volume consists of following each
liquid segment attached to the compressible volume and setting the temperatures for
all of the elements until either the other end of the liquid segment is reached or a stop is
made at an IHX or at the element representing the core channels. Initially, the
compressible volume temperature is used for setting the temperatures of the elements
in a segment; but if a bypass channel is encountered, then the bypass channel
initialization routine is called, and the bypass outlet temperature is used for setting the
temperatures of any additional elements in the segment. The steady-state gravity head
and pressure drop for an element are set as soon as the temperature is set. The liquid
segment containing the core channels is ignored, since the core channels have already
been initialized. The initialization procedure used for an IHX requires knowing both the
primary side inlet temperature and the primary side outlet temperature; so if an IHX is
encountered before the temperatures of the compressible volumes at both ends of the
liquid segment are known, then the remainder of this segment is skipped until later,
when it will be approached from the other end.

If a liquid segment is followed to the end without encountering the core channels or
an [HX, then the compressible volume at the other end of the segment is checked. If its
temperature has not already been set, then it is now set to the current temperature, and
the new compressible volume is added to the compressible volume table. In this
manner, all of the elements, liquid segments, and compressible volumes in the primary
loop will eventually be initialized if they are all inter-connected, and if two IHX's are not
connected in series. If two or more IHX's are connected in series, then the user must
specify the steady-state temperature drops across all but one of them. Similarly, if two
or more pumps are connected in series, then the user must specify the steady-state
pump heads for all but one of them.

For the second pass through the primary heat-transport system, the compressible
volume table is started over, with the inlet and outlet plenums again providing the first
entries in the table. Now the table contains only compressible volumes whose
pressures are known. In this pass, each liquid segment attached to a compressible
volume is again treated. The pressure drops and gravity heads for all of the elements,
other than pumps, in a liquid segment are summed. If the liquid segment contains a
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pump, and if the pressure has already been determined for the compressible volumes at
both ends of the liquid segment, then the pump head is set to the value needed to bal-
ance the pressures. If the segment contains a pump, and if the pressure in one of the
compressible volumes at the end of the liquid segment has not been set yet, then this
liquid segment is skipped until later, when the compressible volume pressure has been
set. If there are no pumps in the liquid segment, and if the pressure in the compressible
volume at one end of the liquid segments has not yet been set, then the pressure in this
compressible volume is set, based on the pressure in the compressible volume at the
other end of the liquid segment and the sum of the pressure drops and gravity heads
through the segment. This compressible volume is then added to the table. If there is
no pump in the liquid segment, and if the pressures in the compressible volumes have
already been set, then the orifice-type pressure-drop coefficient for the first element in
the liquid segment is adjusted to give the proper pressure balance.

During the first pass, after the primary side inlet and outlet temperatures and the
primary side flow rate have been determined, an [HX initialization routine is called to
initialize the primary and intermediate side IHX temperatures and gravity heads. This
routine is described in Section 5.9.4.3.

5.9.3 Intermediate Heat Transport System

The steady-state initialization of the intermediate heat-transport system is similar
to that of the primary heat-transport system, except that the intermediate loop
treatment starts from the IHX and works out. The IHX intermediate side inlet and
outlet temperatures have been determined by the IHX initialization routines. Also,
since the IHX flow rates were used in the IHX routines, the flow rate through the
segment containing the intermediate side of the IHX is fixed at the user-supplied value
for this segment. The pressure calculations start from a user-supplied IHX inlet
pressure.

Three passes through the intermediate loop compressible volumes are made. In the
first pass, the liquid segment flows are adjusted so that the flow into each compressible
volume equals the flow out. This is exactly the same method used for the primary loop,
with sums over fixed and adjustable flows and modifications of the adjustable flows. In
the second pass, temperatures, gravity heads, and pressure drops are set for each
element except for pumps. In the third pass, pump heads and compressible volume
pressures are set. The second and third passes use the same type of compressible
volume tables used for the primary loop. These passes use the same kind of calcula-
tions as the corresponding primary loop passes, except that the calculations start in the
middle of a segment at the IHX, and the first compressible volumes added to the table
are those at the ends of the IHX segment.

One difference between the primary and intermediate loop initialization procedures
is that, in the intermediate loop, it is necessary to consider the possibility of two steam
generators connected in series, which is a situation that occurs when an evaporator-
superheater combination is used. For such a case, the user specifies the fraction of the
total sodium-side steady-state temperature drop that occurs across the evaporator.
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5.9.4 Individual Components

For each element, other than the core channels, of each liquid segment in the
primary and intermediate heat-transport systems, a steady-state initialization routine
is called. These routines compute pressure drops, except for pumps, and gravity heads.
Temperature distributions within the component are also calculated for [HXs and
bypass channels. Also, routines are called to initialize the temperatures, liquid
pressures, gas pressures, and liquid-gas interface elevations of compressible volumes.
These routines for individual components are described below.

5.9.4.1 Pressure Drop, Subroutine PRESDR

For all elements other than core channels and pumps, subroutine PRESDR is called
to compute the pressure drop due to friction, bends, orifices, and density change. The
pressure drop for element k in segment i is calculated as

Apel<k>=w<i){f [+0) o () |

2042 | D,(k D

o ]JY(")'G ,<k)}

o) p,, (k)

(5.9-9)

The first term is the friction, as enhanced by bends. N is the number of bends in the
element, and (L/D)y is the effective length/hydraulic diameter per bend. The second
term is an acceleration term due to density changes. In this term, pi» and pous are the
sodium densities at the inlet and outlet of the element. The last term represents orifice-
type pressure drops proportional to the square of the flow rate, and Gzpr is the
dimensionless loss coefficient for this term. The average density is the average of pin
and pout.

The Moody correlation [5-2] is used for the friction factor for Reynolds numbers, Re,
above 1082, whereas a laminar friction factor is used for lower Reynolds numbers:

[ 1
k 6\3
0055 1+(20000Dg(—2+%) if Re = 1082
ol ) (k) Re (5.9-10)
“6{—4 if Re <1082
€

where ¢(k) is the surface roughness. The value of 1082 was picked for the transition
between laminar and turbulent friction factors because at this value both correlations
give the same result if /Dy is small.

5.9.4.2 Pipe

For a pipe, the pressure drop is computed as indicated in section 5.9.4.1 above. The
gravity head is calculated as

ANL/NE-12/4 5-121



The SAS4A/SASSYS-1 Safety Analysis Code System

Ap,, (k)=p, [z (k)-z (k) |g (5.9-11)

where k is the element number, pi is the sodium density, z; and zo are the inlet and
outlet elevations, and g is the acceleration of gravity.

5.9.4.3 IHX

The steady-state initialization of an IHX depends on whether the detailed IHX model
or the simple table loop-up model is used. In either case, the pressure drop is
calculated in subroutine PRESDR, as described in Section 5.9.4.1. The temperature
calculations for the detailed model are described in Section 5.4.2.5. For the simple table
look-up model, the gravity head in both the steady-state and the transient is calculated
using Eq. 5.4-83.

5.9.4.4 Bypass Channel

The steady-state temperature solution for the bypass channel is described in section
5.4.3. The pressure drop is calculated in subroutine PRESDR, as described in Section
5.9.4.1.

5.9.4.5 Steam Generator

The table look-up steam generator model is treated the same as the table look-up
[HX model. Subroutine PRESDR, as described in Section 5.9.4.1, calculates the pressure
drop, and the gravity head is calculated using Eq. 5.4-83. The detailed steam generator
model is described in Chapter 7.

5.9.4.6 Compressible Volumes

If compressible volume i contains liquid, then the steady-state liquid pressure,
P, (z‘ ), and temperature, 7, (i ), are determined by the procedure described in Section

5.9.2 or Section 5.9.3. Then the initial liquid volume, v, (z‘), is

V.. (i) if there is no gas
v, N . (5.9-12a-b)
V.(i)-V, (i) if there is gas

tot go

where Vi (1) is the total volume, and V(i) is the initial gas volume. The values of V()
and Vgo(i) are specified by the user, whereas V, (1) is computed by the code. The liquid

mass, m, (i), is then computed as

m,(i)=p, @)V, (i) (5.9-13)

where p, is the liquid density. The wall temperature is set equal to the liquid
temperature.
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If there is only liquid in the compressible volume, then the reference pressure, p-(i),
is set equal to the steady-state pressure p, (i); and the reference temperature, T:(i), is

set equal to the steady-state liquid temperature, 7, (i )

The liquid pressure within a compressible volume varies with elevation due to the
gravity head. The pressure p, (i () is defined at the reference elevation z, (z‘), so the

pressure at any elevation z, within the liquid is given by

plz)=p, @)+ (z,(0)-2)p.g (5.9-14)
where g is the acceleration of gravity. The steady-state liquid-gas interface elevation,

zi(1), is the elevation at which the user-supplied gas pressure, py(i), is equal to the liquid
pressure:

4 (i)=2(i)+ % (5.9-15)

Also, for use in the transient calculations, a minimum elevation, z,(i), is defined as

(5.9-16)

where A;(i) is the liquid-gas interface area. The minimum elevation, zn(i), is the
"bottom" of the compressible volume; if the liquid-gas interface elevation drops to zm,
then there will be no liquid left in the compressible volume.

If the compressible volume contains only gas, then the gas volume, Vy(i), is equal to
the total volume, Vix(i). The initial gas and wall temperatures are set to a user-supplied
value.

In any compressible volume containing gas, the initial gas mass is calculated as

m, (l) pé()V ()

é(l) (5.9-17)

Oq

where Ry is the gas constant.

5.9.4.7 Pumps

The steady-state pump head, flow, and temperature for each pump are determined
by the procedure in Section 5.9.2 or Section 5.9.3. Then, the gravity head is calculated
using Eq. 5.9-11. If a centrifugal pump option is used then the pump speed required to
obtain the required steady-state pump head with the specified flow is obtained by
iteration, as described in Section 5.9.4.2.

ANL/NE-12/4 5-123



The SAS4A/SASSYS-1 Safety Analysis Code System

An electromagnetic pump is treated as a loss-less pump in series with a pipe. The
pump head is calculated as

Ap,(t)=H,F,(1) [1-— ~AP e (5.9-18)

where Hy, is the steady-state stall head, Fy(t) is a user-supplied function for the time
dependence of the stall head, Vs is the synchronous velocity of the magnetic field, and
Appipe is the pipe-type pressure drop, given by Eq. 5.9-9. For the steady-state solution
Fy(t) is 1.0. After the steady-state pump head and flow are known, the steady-state stall
head is obtained from Eq. 5.9-12 as

H - Ap, (t = O)+Appipe
*° v (5.9-19)
PAV,

5.9.5 Null Transient for Steady-State Initialization

In order to eliminate a spurious reactivity insertion at the start of SASSYS-1/SAS4A
transient calculations due to the neglect of component-to-component heat transfer and
RVACS heat removal in the PRIMAR-4 steady-state initialization, a new capability to
bring the PRIMAR-4 temperatures into equilibrium before the start of the transient
calculations has been added to the code. This new capability requires small
modifications to the code and uses a relatively small amount of computer time to
provide significantly better initial conditions at the start of the transient calculations.

The current PRIMAR-4 steady-state initialization does not account for component-
component heat transfer and RVACS heat removal, although these effects are accounted
for during the transient calculations. In the current LMR designs, component-
component heat transfer and RVACS heat removal have a significant impact on vessel
wall temperatures; and changes in vessel wall temperatures can lead to large reactivity
changes. Therefore, at the start of a transient calculation the vessel wall temperatures
will change as they approach a new state in equilibrium with component-to-component
heat transfer and RVACS heat removal; and these temperature changes will add a
significant amount of spurious reactivity.

Re-writing the PRIMAR-4 steady-state initialization routines to provide a direct
equilibrium temperature solution including arbitrary component-to-component heat
transfer would require re-formulating the whole steady-state initialization algorithm
and would require completely re-writing many of the routines. Also, a direct
equilibrium solution could require a large amount of computer time. Therefore, a
simpler approach was taken. The current PRIMAR-4 steady-state initialization routines
are used to provide coolant flow rates and a starting point for the temperatures. Then a
null transient is run to set the temperatures before the start of the regular transient.
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During the null transient the transient heat transfer routines are used; and component-
component heat transfer is accounted for, as well as RVACS heat removal.

Null Transient

During the null transient, only the PRIMAR-4 transient heat transfer routines are
called, and everything except the PRIMAR-4 temperatures is held constant. Also, the
inlet plenum temperature is held constant. A user-specified time step size is used for
the null transient. The user also specifies the number of steps to be used in the null
transient and specifies a convergence criterion. The null transient is run until either the
specified number of steps have been run or until the maximum fractional change from
step to step in component-to-component heat transfer or RVACS heat removal is less
than the specified convergence criterion. After the completion of the null transient, the
reactivity components are set to zero before the start of the regular transient
calculation.

During the null transient, the heat removal from steam generators and table look-up
[HXs is reduced by an amount equal to the RVACS heat removal so that the total heat
removal rate matches the total power generation rate.

There are a number of advantages to this null transient capability. It allows the
temperatures to converge toward the correct equilibrium values, and it eliminates
spurious reactivity insertion during the regular transient due to non-equilibrium initial
temperatures for the vessel wall. Also, the null transient does not require much
computing time. Each time step is fast because all core channel calculations and
PRIMAR-4 flow and pressure calculations are bypassed. The time steps can be large,
without any stability limitations due to flow rate calculations, although some heat
transfer time step stability limits still apply.

The null transient approach has some limitations. One limitation is that
temperature changes during the null transient change gravity heads. The PRIMAR-4
steady-state initialization adjusts pump heads and orifice coefficients so that the
pressures and flows are in equilibrium at the start of the null transient. Currently, no
additional adjustments are made at the end of the null transient; so at the beginning of
the regular transient the liquid pressures and flows might not be exactly in equilibrium.
At nominal flow rates, the gravity heads are a small part of the over-all pressure
balances; so moderate temperature changes during the null transient will usually have
only a very small impact on the pressure balances at the start of the regular transient. A
second limitation is that it can take a long time for the null transient to converge to an
equilibrium situation if there are long thermal time constants in the system. This
limitation can usually be gotten around by using fictitiously low heat capacities for
some components during the null transient and then changing the heat capacities to
their proper values on a restart before the start of the regular transient.

Time Step Limitations

Most of the temperature calculations in PRIMAR-4 are semi-implicit or fully
implicit, and there are no time step stability limits imposed by most of these
calculations, but in the component-to-component heat transfer calculations there is at
least one place where explicit forward differencing limits the time step size. For
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component-to-component heat transfer from a source with temperature Ts to a
compressible volume liquid, the equation solved is of the form

a1, _

M,C, = hA(TS—T[)+ other terms (5.9-20)

where M,, C;, and T are the mass, specific heat, and temperature of the liquid, and hA4 is
the heat transfer coefficient times area for the component-to-component heat transfer.
The evaluation of the hA(Ts - Ti) term is partly explicit, so for stability the maximum
time step that can be used is of the order of , where

M.,
T="="L (5.9-21)
hA
For typical cases, this maximum time step is quite large (tens or hundreds or thousands
of seconds), but in some cases it can be small enough to be a significant limitation.

5.10 PRIMAR-1 Option

PRIMAR-4 contains both a simple PRIMAR-1 type option and the more detailed
PRIMAR-4 treatment. The PRIMAR-1 option supplies only the minimum quantities
required to drive the subassembly coolant dynamics module. It is often used when the
more detailed treatment is not required. The minimum information consists of the inlet
and outlet plenum pressures, the subassembly inlet temperatures, and the outlet
reentry temperatures. All of these quantities are supplied as a function of time by
PRIMAR-1 from user-supplied information, independent of what is happening in the
core or in the rest of the primary loop.

The inlet pressure pin(t) is calculated as
pln(t)=px+pgr+App(t) (5.10'1)

where py is the user-specified exit plenum pressure, py- is the gravity head, and App(t) is
the pump head. The gravity head is calculated as

Do =[/0H0T (ZPU ~Zix )+IOCOLD (Z[HX ~Zp )]g (5.10-2)

where ppor is the average steady-state outlet density, pcorp is the average steady-state
inlet temperature, zpy is the reference height at which the outlet plenum pressure is
calculated, zp, is the reference height at which the inlet plenum pressure is calculated,
and zpx is the reference height of the thermal center of the intermediate heat
exchanger. The quantity pgy- is calculated in subroutine SSPRIM as PINGR and placed in
a COMMON block.

The pump head is calculated as
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Ap, (t)=Ap, f,(t) (5.10-3)
where Ap, is the steady-state pump head, taken as
Ap,=p, (t=0)-p, -p, (5.10-4)

and fp(t) is the user-supplied time dependence of the pump head, which should be
normalized so that

f,(t=0)=1.0 (5.10-5)

There are two options for specifying f,(t). One option is for the user to supply a
table of f, as a function of time. With this option, the code interpolates linearly between
table entries. The other option is for the user to supply the three coefficients pg, pa1, paz
for use in the equation

YA )=6Xp[— (pdt+ Pal’ + Py t3)] (5.10-6)

In addition, the time derivatives of the inlet and exit plenum pressures are calculated as

dp
220.0 5.10-7
o ( )
and
ap,, _ PPy (5.10-8)
dt At

where p1 and p; are the pump head values at the beginning and end of the time interval
At.

5.11 Interaction With Other SAS4A/SASSYS-1 Models

5.11.1 Information Received by PRIMAR from Other Models

PRIMAR-1 receives no information from other routines. It is driven entirely by the
input regardless of what happens elsewhere in the code. Two kinds of input can be
supplied: either a pressure drop as a function of time or the parameters for an
exponentially decreasing pressure drop. These are described in Section 5.10 and
mentioned in the input listing in Chapter 3.

PRIMAR-4 receives (y,C1,C2, and C3 and also the inlet and outlet temperatures for
each core channel from the coolant dynamics routines. These are the variables
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described in Section 5.2.2. The coolant dynamics routines also supply PRIMAR with the
net mass flow and the net mass flow times temperature from all of the core channels to
each outlet plenum, as well as the net mass flow and the net mass flow times
temperature into all of the core channels from each inlet plenum during the last
PRIMAR time step. The PRIMAR model then adjusts the inlet and outlet plenum mass,
pressure, and cover-gas interface to account for differences between the estimated
channel flows (PRIMAR) and the computed channel flows (coolant dynamics routines)
for the last PRIMAR time step. Symbolically,

Am=fwcdt—fwedt

where

Am=the mass adjustment
w=the total calculated mass flow rate from all the core channels
we=the total estimated mass flow rate from all the core channels

The integration is over the time step. Then

m,=m+Am

Vi=m,/p,

Zinter = Zref + V( /Ainter
where

m,=the adjusted liquid mass in the plenum

m=the liquid mass in the plenum before adjustment

V, =the liquid volume in the plenum
p, =the liquid density in the plenum

Zinter=the liquid interface height in the plenum
Zrer=the reference height input for the plenum
Ainter=the area of the liquid interface input for the plenum

The coefficients Co, C1, C2, and (3, supplied to the PRIMAR model by the coolant
dynamics routines, are used to estimate the rate of change in the mass flow rate for
each channel, as indicated in Eq. 5.2-20 and written more simply for a particular
channel as

dw

E=CO—C1p+C2px+C3 w|w|
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where the symbols have the same meaning as in Eq. 5.2-20. Before boiling begins in a
core channel, dw/dt depends on pi» - px, and C1 is set equal to - C2. After boiling starts,
the inlet flow is independent of px and depends on pin - pb, Where pp is the bubble
pressure. Also after boiling starts, the outlet flow is independent of pin, and depends on
p» - px- The bubble pressure py is included in Co. In both the preboiling and post-boiling
cases, Co also includes the gravity head contribution. The last term in Eq. 5.11-1
accounts for friction and orifice pressure drops, and any pressure discrepancies on the
right side of Eq. 5.11-1 are also included in Co.

5.11.2  Information Supplied by PRIMAR to Other Models

PRIMAR supplies information to the pre-voiding coolant dynamics routines, the
boiling model, LEVITATE and PLUTO-2. Both PRIMAR-1 and PRIMAR-4 supply the
same information, but it is arrived at differently by the two options. The information
supplied is

Din (tm) =the inlet plenum pressure at the beginning of the PRIMAR time step
Dot (tpl) =the outlet plenum pressure at the beginning of the PRIMAR time step
dp, /dt,dp,, | dt =the time derivatives of the inlet and outlet plenum pressures

T T  =theinletand outlet plenum temperatures

in = out

At any time t during the PRIMAR time step, the inlet and outlet plenum pressures are
taken as

pm(t) = Din (tP1)+(t_tP1 )dpin /dt
and

pout(t)=p0ut(tpl)+ (t_tPl )dpout /dt

The plenum pressures pi» and pou: that PRIMAR supplies to the coolant routines are at
the plenum reference heights zp.en. and zpieny, and the coolant routines compute the
core channel inlet and outlet pressures from these by the formula:

p(zci )= Pin * Py g(ZPLENU Rz )
and
p(Zco )=pout +pout g(ZPLENU _Zco)

It should be noticed that in the PRIMAR-4 input (Block 18, location 1575) a
reference height is entered for each compressible volume, including the compressible
volumes that are the inlet and outlet plenums. In addition, inlet and outlet plenum
reference heights, zp.en, and zpreny, are also entered as input (Block 14, locations 87 and
88 or Block 18, locations 4761-4798). If these two sets of reference are different, the
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PRIMAR-4 code calculates the appropriate adjustments and passes the inlet and outlet
plenum pressures at zp e, and zpienvu to the coolant routines.

The inlet and outlet plenum temperatures are discussed in Section 3.3.6 of Chapter
3.

5.12 Subroutine Descriptions and Flow Charts

5.12.1  Subroutine Listing and Description

The subroutines used in the PRIMAR-4 module are listed in Table 5.12-1. The driver
for the transient subroutines is PRIMAR, and the driver for the steady-state subroutines
is SSPRMA4.

5.12.2 PRIMAR-4 Module Flow Chart

The main subroutines in the PRIMAR-4 module are linked as shown in Fig. 5.12-1.
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Table 5.12-1. PRIMAR-4 Subroutines

Routine Description

ANETMP Annular element temperatures

AVGVAL Average motor torque over a time step for centrifugal pump

BYPSTM Temperatures of the coolant, reflectors, and duct wall for a bypass
channel; called after the flow is known

CKVLFL Check valve flow coefficients

CMCOPY Moves blocks of data around in memory

COREFL Estimates core channel flow

CPCPHT Component to component heat transfer

CUTBAK Re-initializes variables when the PRIMAR time step is cut back

CVTEMP Liquid temperatures for a compressible volume, using a one-point perfect
mixing model

DRACSF Shell-side flow coefficients for DRACS heat exchanger

DRACTF Tube-side flow coefficients for DRACS heat exchanger

GRVHED Gravity head

IHXSHF Flow coefficients for IHX shell-side

IHXTBF Flow coefficients for IHX tube-side

INCPVF Pressure coefficients for an almost incompressible liquid volume with no
cover gas

INITST Initializes arrays for a sub-interval

INPLNF Inlet plenum pressure coefficients

LIQCV Pressure coefficients for a compressible volume with no cover gas

LIQFIN Compressible volume pressure at end of sub-interval, with liquid only and
no cover gas

LQGSFN Compressible volume pressure at end of sub-interval, with liquid plus
cover gas

OUTNGF Pressure coefficients for a compressible outlet plenum, no cover gas

OUTPLF Pressure coefficients for an outlet plenum with cover gas

PIPEFL Pressure coefficients for pipe flow with friction

PIPTMP Pipe temperatures using Lagrangian mesh

PMPBLF Pressure coefficients for a pump bowl with cover gas

PMSTRT Initializes arrays for a sub-interval

POOLFL Pressure coefficients for a pool

PRESDR Pressure drop in a flow element

PRIMAR Main driver for the module
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Routine Description

PRIMR1 Simple PRIMAR-1 option, with user-specified driving head vs. time, or
flow vs. time

PRMAD] Adjusts inlet and outlet plenum variables to account for the differences
between estimated and computed channel flows

PRMEND Puts final sub-interval results into permanent arrays for storage

PRMPRT Prints PRIMAR-4 results

PRSRZF Pressure coefficients for a pressurized (expansion tank)

PRSTEP Finds the next PRIMAR time-step size or decides to cut back the current
step size

PUMPFL Pump head and flow coefficients

PUMPFN Pump impeller speed and head calculation at the end of a sub-interval

RUPSKF Pressure coefficients for a pipe rupture sink, guard vessel with cover gas

RUPSRF Pipe rupture source pressure coefficients

SELECT Chooses average and final inlet/outlet temperature into/from a
compressible volume, according to segment flow directions

SSADHX Steady-state air dump heat exchanger

SSARDX Steady-state air dump DRACS heat exchanger

SSBYPS Bypass channel steady-state coolant and wall temperatures, given steady-
state flow rate and steady-state power

SSCKVL Steady-state check valve pressure coefficents

SSCPNL Steady state null transient driver

SSDRAC Steady-state DRACS temperatures

SSIHX Steady-state IHX temperatures

SSIHXC Steady-state IHX temperatures, simple model

SSLQSG Steady-state initialization of the elements in a liquid segment

SSPMLP Steady-state initialization of primary loop flows, pressures, and
temperatures

SSPRM4 Steady-state initialization of PRIMAR-4 variables -- driver for the steady-
state routines

SSPRPL Initilization for file 15 binary output

SSPRSR Steady-state pressure and pump head for one segment of an intermediate
loop

SSPUMP Steady-state initialization of pump parameters

SSP4PR Steady-state PRIMAR-4 printout

SSP4ATH Initialization of node volumes, VOLNDT (ITGP), coolant and wall

temperatures, and liquid and wall temperature arrays for pipe-type
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Routine Description

temperature groups

SSSCLP Steady-state initializaton of the intermediate sodium loops, and also calls
the steam generator initialization routines

SSSTDR Steady-state steam generator driver

SSSTGN Steady-state steam generator initialization of simple table look-up option

SSSTG1 Steady-state steam generator initialization of detailed model

SSVALV Steady-state valve pressures

STEPFN Finishes liquid flows and temperatures for a sub-interval

STEPGS Gas flow between compressible volumes and storage tanks for a sub-
interval

STEPLQ Driver for liquid flow and pressure calculations

STEPTM Driver for liquid temperature calculations

STGNFL Steam generator flow coefficients, sodium side

STRATV Stratified volume calculations

STRGVH Calculates gravity heads in a stratified volume

SUBSIZ Sets the PRIMAR time sub-interval size

TSDRCS DRACS temperatures

TSIHX [HX temperatures, shell and tube sides, and gravity head

TSIHXC [HX temperatures and gravity head, simple model

TSPRPL Writes binary arrays to file 15 for later use

TSSTGN Steam generator temperatures and gravity head, simple model

TSSTG1 Steam generator temperatures and gravity head

VALVA] Steady-state valve pres. drop adjustment. If needed, between

compressible volumes connected by several liquid segments

VALVFL Valve pressure coefficients

5.12.3 Subroutine Calls

Table 5.12-2 lists the PRIMAR-4 module subroutines that call other subroutines, and
also the subroutines that are called. PRIMAR is the driver for the transient-state
subroutines, and SSPMR4 is the driver for the steady-state subroutines.

The table that gives the subroutines called by each PRIMAR-4 module subroutine is
inverted to provide each subroutine called with a list of those calling it. This is shown
in Table 5.12-3.
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Table 5.12-2. PRIMAR-4 Subroutine Calls

Calling

Subroutines Called Subroutines

BYPSTM INVRT3 LINES

COREFL LINES

CUTBAK CMCOPY

CVTEMP LINES

GRVHED LINES

[HXSHF PIPEFL

[HXTBF PIPEFL

INCPVF SELECT

INITST CMCOPY

INPLNF SELECT

LIQCV SELECT

LIQFIN LINES

LQGSFN LINES

OUTNGF SELECT

OUTPLF SELECT

PIPEFL LINES

PIPTMP LINES

PMPBLF SELECT

PMSTRT CMCOPY

POOLFL SELECT

PRESDR LINES

PRIMAR CRDTMP CUTBAK DATMOV INITST LINES
PMSTRT PRIMR1 PRMAD] PRMEND  PRMPRT
PRSTEP STEPFN STEPGS STEPLQ STEPTM
SUBSIZ TSPRPL

PRIMR1 INTIRP LINES

PRMAD] LINES

PRMEND CMCOPY

PRMPRT LINES

PRSRZF SELECT

PUMPFL AVRGIT INTIRP PIPEFL TBLKUP

PUMPFN TBLKUP
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Calling

Subroutines Called Subroutines

P4EDT LINES

SSBYPS LINES

SSIHX INVRT3 LINES

SSIHXC LINES SSIHX

SSLQSG LINES PRESDR SSADHX SSCKVL SSSTGN
SSVALV

SSPMLP LINES PRESDR SSARDX SSBYPS SSCKVL
SSDRAC SSIHXC SSPUMP SSVALV

SSPRIM DATMOV LINES

SSPRM4 DATMOV LINES P4EDT SSPMLP SSPRPL
SSP4CV SSP4PR SSP4TH SSSCLP VALVA]

SSPRPL LINES

SSPRSR LINES SSPUMP

SSPUMP PRESDR

SSP4CV LINES

SSP4PR LINES

SSP4ATH LINES

SSSCLP LINES PRESDR SSLQSG SSPRSR SSSTDR

SSSTGN LINES

STEPFN LIQFIN LQGSFN PUMPFN

STEPLQ CKVLFL COREFL DRACSF [HXSHF IHXTBF
INCPVF INPLNF LINES LIQCV OUTNGF
OUTPLF PIPEFL PMPBLF POOLFL PRSRZF
PUMPPFL RUPSKF RUPSRF STGNFL STRGVH
VALVFL

STEPTM BYPSTM CVTEMP GRVHED LINES PIPTMP
STRATV TSDRCS TSIHXC TSSTGN

STGNFL PIPEFL

TSIHX LINES

TSIHXC INTIRP LINES TSIHX

TSSTGN INTIRP LINES TSSTG1

VALVFL AVGVAL PIPEFL
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Table 5.12-3. PRIMAR-4 Inverse Subroutine Calls

Called

Subroutines Calling Subroutines

AVGVAL VALVFL

AVRGIT PUMPFL

BYPSTM STEPTM

CKVLFL STEPLQ

CMCOPY CUTBAK INITST PMSTRT PRMEND

COREFL STEPLQ

CRDTMP PRIMAR

CUTBAK PRIMAR

CVTEMP STEPTM

DATMOV PRIMAR SSPRIM SSPRM4

DRACSF STEPLQ

DRACTF STEPLQ

GRVHED STEPTM

IHXSHF STEPLQ

[HXTBF STEPLQ

INCPCV STEPLQ

INITST PRIMAR

INPLNF STEPLQ

INTIRP PRIMAR1 PUMPFL PUMPFN TSIHXC TSSTGN

INVRT3 BYPSTM SSIHX

LINES BYPSTM COREFL CVTEMP GRVHED LIQFIN
LQGSFN PIPEFL PIPTMP PRESDR PRIMAR
PRIMR1 PRMAD] PRMPRT P4EDT SSBYPS
SSIHX SSIHXC SSLQSG SSPMLP SSPRIM
SSPRM4 SSPRPL SSPRSR SSP4CV SSP4PR
SSP4TH SSSCLP SSSTGN STEPLQ STEPTM
TSIHX TSIHXC TSSTGN

LIQCV STEPLQ

LIQFIN STEPLQ

LQGSFN STEPFN

OUTNGF STEPLQ

OUTPLF STEPLQ
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Called

Subroutines Calling Subroutines

PIPEFL IHXSHF IHXTBF PUMPFL STEPLQ STGNFL
VALVFL

PIPTMP STEPTM

PMPBLF STEPLQ

PMSTRT PRIMAR

POOLFL STEPLQ

PRESDR SSLQSG SSPMLP SSPUMP SSSCLP

PRIMR1 PRIMAR

PRMAD] PRIMAR

PRMEND PRIMAR

PRMPRT PRIMAR

PRSRZF STEPLQ

PRSTEP PRIMAR

PUMPFL STEPLQ

PUMPFL STEPFN

P4EDT SSPRM4

RUPSKF STEPLQ

RUPSRF STEPLQ

SELECT INCPVF INPLNF LIQCV OUTNGF OUTPLF
PMPBLF POOLFL PRSRZF

SSADHX SSLQSG

SSARDX SSPMLP

SSBYPS SSPMLP

SSCKVL SSLQSG SSPMLP

SSDRAC SSPMLP

SSIHX SSIHXC

SSIHXC SSPMLP

SSLQSG SSSCLP

SSPMLP SSPRM4

SSPRPL SSPRM4

SSPRSR SSSCLP

SSPUMP SSPMLP SSPRSR

SSP4CV SSPRM4
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Called

Subroutines Calling Subroutines
SSP4PR SSPRM4

SSP4TH SSPRM4

SSSCLP SSPRM4

SSSTDR SSSCLP

SSSTGN SSLQSG

SSVALV SSLQSG SSPMLP
STEPFN PRIMAR

STEPGS PRIMAR

STEPLQ PRIMAR

STEPTM PRIMAR

STGNFL STEPLQ

STRATV STEPTM

STRGVH STEPLQ

SUBSIZ PRIMAR

TBLKUP PUMPFL PUMPFN
TSDRCS STEPTM

TSIHX TSIHXC

TSIHXC STEPTM

TSPRPL PRIMAR

TSSTGN STEPTM

TSSTG1 TSSTGN

VALVA] SSPRM4

VALVFL STEPLQ

5.13 Input/Output Description

5.13.1 Input Description

The input description can be divided into the input needed for the PRIMAR-1 option
and the input needed for the PRIMAR-4 option.

5.13.1.1 PRIMAR-1 Option

For the PRIMAR-1 option two variables need to be supplied for Block 1 and all the
variables for Block 14. The two variables for Block 1 are NPRES, location 19, and
IPRION, location 27.
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5.13.1.2 PRIMAR-4 Option

For the PRIMAR-4 option, one variable needs to be supplied for Block 1, eight
variables for Block 14, and all of the variables for Blocks 3 and 18 that are appropriate
for the model being considered. The one variable for Block 3 is IPRION, location 27.
The eight variables for Block 14 are

Variable Location in
Name Block 14
PX 1

ZPLENL 87

ZPLENU 88

DZBCGL 90

DZBCGU 91

XMXMSI 93

XMXMSO0 94

TIMMIX 95

Block 3 contains the integer input for PRIMAR-4 and Block 18 contains the floating-
point input, as described in the input listing in Chapter 2. Only input information
pertinent to the model being calculated needs to be entered. For example, if no
intermediate loop is present, no information for the intermediate loop in either Block 3
or in block 18 need be entered. Any variable not entered is assumed to be zero, since all
of the input blocks are zeroed out before any input information is read in. Also, any
extraneous information, which may be left over from an old input deck, is ignored,
provided all entries are made correctly. That is, if the number of compressible volumes
in an intermediate loop is entered as zero, then any compressible volume information
supplied for that intermediate loop will be ignored.

Suggested values for some of the PRIMAR input variables are as follows:

Note 1:The default values for the pump head coefficients in option 2 for the centrifugal
pump are:

0.63381, 0.46016, -2.40040, 3.17937, -1.77304, .46236, -.04625,
431.96699, -574.61438, 301.00029, -75.46586, 8.67550, -0.26062, -0.01596,
6171.9821, -4958.9692, 1406.3329, -126.17344, -13.21712, 3.24505. -.16925

Note 2:The default values for the pump torque coefficients in option 2 for the
centrifugal pump are:

-.68437,2.77599, -5.39880, 6.85412, -4.07579, 1.08133, -0.10476,

-1154.9471, 1858.4915, -1237.6683, 436.01653, -85.57377, 8.86277,
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-0.37830,-379.81080, 726.14914, -496.25029, 167.64136, -30.36692,
2.83119,-0.10682

Note 3:Recommended values for the torque loss coefficients (APMPHD(K,IPMP) for
K=1,..,11) in option 2 for the centrifugal pump are:

0.01, 0.0,-73.13, 0.00268, 0.,0.07, 0.00383, 0.01071, 0.01406, 0.01,
0.268

An example of input Block 3 and input Block 18, the integer and floating-point input
blocks for PRIMAR-4, is shown below for the example used in Section 5.13.2.

5.13.2 Example of a Primary Loop

As an aid to the user in preparing PRIMAR-4 input data, the primary loop in Fig.
5.13-1 is described.

This primary loop consists of five compressible volumes, CV1,..,CV5, five liquid
segments, S1,..S5, fourteen elements, E1,...,E14, distributed among the liquid segments,
nine temperature groups, T1,..,T9, of liquid flow elements, and three gas segments. The
compressible volumes are:

CV1 =inlet plenum

CV2 = outlet plenum with cover gas

CV3 = pump bowl and cover gas

CV4 = compressible gas volume, no liquid
CV5 = compressible gas volume, no liquid

The elements are:

E1 = core subassemblies
E2,E4,E5,E7,E8,E10,E12, E13, E14 = pipes
E3, E6 = bypass channels

E9 = pump impeller

E11 = shell side of intermediate head exchanger

The elements in liquid segment S5, for example, are E9, E10, E11, E12, E13, and E14.

The assumed directions of flow for the liquid, as well as for the gas, segments are
indicted in the diagram. It is this assumed direction of flow that is used in choosing the
inlet and outlet compressible volumes for a liquid or for a gas segment. For example,
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CV3 is the inlet compressible volume and CV1 is the outlet compressible volume for
liquid segment S5, while CV3 and CV4 are the inlet and outlet compressible volumes for
gas segment G2. It is also with respect to the assumed directions of the segments that
positive and negative flow rates are interpreted. Finally, it should be observed that
positive inlet flow to a liquid or gas segment is flow out of the compressible volume at
the segment inlet.

The multiplicity of 3 that appears in Fig. 5.13-1 where G2 joins CV4, where E8 joins
CV2, and where E14 joins CV1 is present because in this example there are actually
three identical primary loops attached to the respective compressible volumes, and
instead of performing three identical calculations, the code computes one primary loop
and multiplies the appropriate flows by 3. It should be noticed, however, that the
multiplicity for liquid segment S4 is 3 at the inlet and 1 at the outlet, for liquid segment
S5 itis 1 at the inlet and 3 at the outlet, and for gas segment G2 it is 1 at the inlet and 3
at the outlet. The multiplicity for all other liquid and gas segments must be set to 1 at
both ends.

The liquid temperature calculations, which are performed after the liquid flow
calculations have been completed, are done by temperature groups. This allows for the
grouping of adjacent elements whose temperatures are computed in a similar way, such
as elements E12, E13, and E14, all of which are pipes in temperature group T10, and
also elements E9, and E10, a pump and connecting pipe, in temperature group T8.
Where such grouping is inappropriate, a single element comprises a temperature group,
such as the bypass channels as T2 and T5 and the intermediate heat exchanger as T11.

Although not shown in the figure, if an intermediate loop were to be added, it would
be structured in a fashion similar to the primary loop, and it would contain an element
representing the tube side of the intermediate heat exchanger and would be located
next to E11 in the diagram.

5.13.3 Output Description

The PRIMAR output information is largely self-explanatory. Specimens of three
output printouts for the example in Section 5.13.2 are displayed. The first is an input
edit in which all of the input variables in Blocks 3 and 18 are echoed back. The second
is a print of the steady-state values calculated by the PRIMAR steady-state routines.
Finally, the third is the print of the values calculated by the transient routines at a later
time step.
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Figure 5.13-1. Example of a Primary Loop
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5.14 Data Management

Data management for PRIMAR-4 in Version 3.0 of the SAS4A/SASSYS-1 codes is
much simpler than it was for earlier versions of the codes. In earlier versions, large
blocks of data were moved around between working memory, where it was used, and a
storage area, where it was kept when not currently needed. This earlier data
management scheme made it more feasible to use disk storage for the storage area in
order to reduce memory requirements. The earlier scheme also made it easier to use a
computer with an explicit two level memory architecture including a small fast memory
and a larger, slower memory. Explicit two level memories are not currently used, and it
has never been feasible to run the SAS series of codes using disk storage for the storage
area, because disk speeds are too slow to keep up with central processor speeds for
these codes. Also, computer memory is now plentiful and cheap. Therefore, in Version
3.0, all PRIMAR-4 variables other than a few local variables are stored in the COMMON
blocks where they are used and never moved to a storage area. Most temporary
PRIMAR-4 variables that do not need to be saved from step to step are put in temporary
storage areas in blank common and in labeled common WORKSP. These temporary
storage areas are shared with other modules in the codes. Input variables are stored in
their own separate labeled common blocks (INPMR4, PRIMIN, and PMR4IN). Computed
variables that need to be saved for later use are stored in labeled common CMPMRA4.
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APPENDIX 5.1:
IHX MATRIX COEFFICIENTS

The coefficients in Eq. 5.4-32 for the j-th vertical section of the shell in terms of the
quantities defined in Section 5.4.2.2 are as follows:

a (j)=(pc)SH dgy +0,5 AtH (j)"'ﬁzs At (hA)snk / Py (A5.1-1)
1
a, (j)=_592s AtHs(j) (A5.1-2)
) 1 )
a; (/)= 0us At Hi () (A5.1-3)

a,(J)==At H ()T (J)+ At Hy (/) Tes ()

+A1(hA), [T ~Tous (1)) Py (A5.1-4)
TCP3 (J)= %[TCS3(j)+TCS3(j+1)] (A5.1-5)

where

025 = the degree of implicitness for the shell-side coolant channel
At = the time interval

The coefficients in Eq. 5.4-33 for the j-th vertical section of the shell-side coolant for
normal flow (downward) are:

AN AR Ces\J
€ (])= EAC Pcs (])CCS (J)+ At CAC;((]])) 0,5 | Wsq |
(A5.1-6)
1 1
+AtPS Hs(j)zﬁzs +AtSPST HST(j)EHZS
e,(j)=0 (A5.1-7)
e,(j)=-At P Hy (/)0 (A5.1-8)
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e,(j)=0 (A5.1-9)
65(j)=_AtSRST HST(j)HZS (A5.1-10)
e, (/)=0 (A5.1-11)

e7(])— : Acs pcs( )CCS(]) At CZ;E?; O, ‘ WS4‘

? (A5.1-12)
+AtF H ( );62S+AtS])STHST(]);02S
e (j)=—At CSE ;{915‘Ws3‘+gzs‘ws4‘[Tcs3(J) Tcs3(j+1)]}
+At P H (J){ SH3( ) ;[Tcss(j)+Tcs3(j+1)]} (A5.1-13)

+AtS P Hg (j) {Tms (j)_%[TCB(j)"'Tcss (j+1)]}

The same coefficients for reversed flow (upward) in the shell-side coolant channel
are:

1 NS coslj-1
e(j)=5ACS pcs(] _l)ccs(] _1)+At CAC;gJ_I; O, ‘ WS4‘
1 / 1 (A5.1-14)
+AtPs Hs(j_l)g‘gzs +AtSPST Hsr(j_l)z‘gzs
e,(j)=—At PH(j-1)0, (A5.1-15)
e,(j)=0 (A5.1-16)
64(j)=_AtSPST HST(j‘l)st (A5.1-17)
e,(j)=0 (A5.1-18)
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NN N Ceslj—1
e6(])=§ACS pCS(.] _I)CCS(] _1)_At CAC;Ej—l; O, ‘ Ws4‘
A5.1-19
.01 | ( )
+At Fy Hs(] _l)Eazs +AtS Py HST(.] _l)zezs
e (j)=0 (A5.1-20)
= (i1
€ (j)=_At CACEE;_I;{(QS‘Ws3‘+025‘ws4‘)[Tcs3(j)_Tcs3 (]‘1)]}
: . 1 : :
AP, H,(j-1) {Tm( J S AT ,)]} (A5.1-21)

818 2, (1=1) {7 1) 1o (=1 (1]

The terms e9(j) and e10(j) have been added to Eq. 5.4-33 because they appear during
the solution of the simultaneous equations. These arrays are set to zero before the
solution is begun.

In addition, the boundary conditions for normal shell-side coolant channel flow are
e (jmax)=Lie,;, s, (jmax)=0; ¢ (jmax)=AT(jmax) (A5.1-22)
For reversed primary channel flow, they are
e(1)=1; e, ,54,(1)=0; e(1)=AT (1) (A5.1-23)
and for both cases, they are

e, (1)=0; e, (1)=0; ¢ (1)=0;

A5.1-24
e;(jmax)=0; e5( jmax)=0; e, (jmax)=0 ( )
The coefficients in Eq. 5.4-34 for the j-th vertical section of the tube are:
. 1 .
G (])=(pC)TU E(PST + P )dTU +At 0,5 Py H g (J) (A5.1-25)

+At6ST PIT HTT(])
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e, (j)=- % At 6, Py H, () (A5.1-26)
e (j)=- %At 0, Py Hy, () (A5.1-27)
c,(j)=- %At 6,, Py H,, () (A5.1-28)
c.(j)=- %At 6,, Py H,, () (A5.1-29)

Co (j)=_At[PST Hg; (j)+PTT Hp (])
N ) )
+At P Hy; (])E[TCS3(J)+TCS3(J +1) (A5.1-30)

N . .
+AtP, Hy, (])5 [TCTS(])+TCT3(J+1)

The coefficients in Eq. 5.4-35 for the j-th vertical section of the tube-side coolant for
normal flow (upward) are:

R — (. N\= ([ cerlj—1
fl(])=_ACT IOCT(] _I)CCT(] _1)+At% ‘WT4‘02T

2 Az(j-1)S
(A5.1-31)
+ 8By Hy(-1)5 6
L)=-at By Hyy(j-1)6y, (A5.1-32)
£(7)=0 (A5.1-33)
NE e (j-1
f4(.])=§ACT pCT(.]_l) _At# ‘WT4‘02T
2(j-1)S
(A5.1-34)
+AtPTTHTT(j—1)%92T
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£.(j)=0 (A5.1-35)

fs(]')=_At %{(‘ WT3“91T + ‘WT4‘62T )[TCT3(j)_TCT3(j_1)]}
(A5.1-36)

+At Py Hn(j—l) {Tm3(j_1)_%[TCT3(j_1)+TCT3(j)]}

The same coefficients for reversed flow (downward) in the intermediate coolant
channel are:

1 ¢, (/)

)l=—A.. 0 \j)c\j)+A .
fl(]) 5 “er pCT(])CCT(J)+ 4 AZ(])S ‘Wm‘ 27 (A5.1-37)
+At Py HTT(J) 0,7
£,()=0 (A5.1-38)
fU)=-8e Py Hy ()6, (A5.1-39)
£.()=0 (A5.1-40)
1 — A= cr (J)
fS(.])__ACTpCT(.]) CT(.]) ) ‘ 74‘ 2T
2 Az(/)$ (A5.1-41)
+AtP,, Hﬁ(j)%eﬂ
. Cer(J) . .
Je (J)=_At AZ(j)S { ( ‘ Wrs ‘61T+ ‘ Wry ‘gzr )[TCT3(.])_TCT3(.] +1)] }
(A5.1-42)

+AtP, H,, (]) {TTUS (j)_%[TCTS (j)+TCT3 (]+1)]}

The terms for f7(j) and fs(j) have been added to Eq. 5.4-35 because they appear
during the solution of the simultaneous equations. These arrays are also set to zero
before the solution is begun.

Also, the boundary conditions for normal tube-side coolant channel flow are
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f1(1)=l; f2,3,4,5 (1)=0§ f6(1)= ATy (1)

For reversed tube-side channel flow, they are

fl(] max)=1: f2,3,4,5(j max)=0; fs(] maX)=ATCT (] max)

and for both cases, they are

£(1)=0; £,(1)=0;
/;(jmax)=0; £;(jmax)=0
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APPENDIX 5.2:
IHX MATRIX SOLUTION ALGORITHM

The solution of the matrix represented by Egs. 5.4-32 through 5.4-35 and whose
coefficients are given in Appendix 5.1 is accomplished by Gaussian elimination, making
use of the zeros present in the matrix. It is presented as an algorithm as it is coded in
subroutine TSIHX. The arrows in the following mean replacement of what is on the left
by the expression on the right.

JMAX= the number of nodes in the primary and intermediate coolant
JMAX -1= the number of nodes in the shell and tube

1.Setj=1.

2. Multiply Eq. 5.4-32 by 1/a1(j)

. az(j) . asz(j) . as(j) as(j) .
——=; —; ;a5 = ——; 1;
aZ(]) - a1 (j) ag(]) - a;(j) a4(]) - ai1(j) s a;(j) al(]) -

3.e1()) = e1(j) —es(Naz(j)
e;(j) = e;(j) — es(Dasz(j);
es(j) = es()) — eg(Des(j);
es(j) > 0;
4. Multiply non-zero coefficients in Eq. 5.4-33 by 1/e1(j).

eS(j);e7(j)—— e7(j).

es(j)___>

e1(j) - el(j) ,

. eg( ) . . - 610( )

ex(] - xj.) ) elO(])__ el(]].)
el(j)___>1

ANL/NE-12/4 5-165



The SAS4A/SASSYS-1 Safety Analysis Code System

) === £0) - £()e(j)

j)===0

~—"

Js

~—"

;

€

———e(j+1)-e(j+1)e (/)
———e,(j+1)-e,(j+1)e())
———=e(j+1)-¢, (i +1)el))
ey (j+1) e (j+1)en ()

—_
—

J+

S~~—"

—— =

e~ e~ o~ o~
e e

J+

~—"

€

J+

~~—"

&

Jj+

~~—

€

J+

S~—"

€

iply non-zero coefficients in Eq. 5.4-34 by 1/c1(j).

)

6. Mul

C4(j)
G (])

) C4(j)___>

C3(j) .

C1(j)

o

=D

Sl <
| _
| DS

|

=
—_ ®)
J —
S—" .]
C,h o
e S~
-0 _
S =
CS < ~
— —
by
| | \_,
[ I I
—_— — |
~ ~
— =~
< S =
R
~

S~—"

SN—

SN—

j)===0

S~~——~"

———e(j+1)-e,(j+1)c,())

—_

j+1

S~~—"

€

(j"'l) —e4(j+l)c4(j)

—

jtl)———e¢,

~—"

€

) _64(j+1>cs(j)

—

S~~—-~"

—_

N
O J
—_~ —~
1 e
+ + +
NN S
NS
| | |
/N
—
+ + +
NN T
KOS 8
| | |
| | |

e e e e
1 e e

-_— T e

J+

~~—"

&

J+

~—

€4

J+

~—"

/i

~—"

S~—"

~—"
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£+1)==—=0
8. Multiply non-zero coefficients in Eq. 5.4-35 by 1/f1 ().
A L) Y A ()]
fs(]) fl(J) ) fs(]) fl(]),
v AU
fx(]) fl(J) ) fl(])

g ali+1)-=—e(i+1)-e(i+1)10)
eoli+1) === ¢,(i+1)-¢(j+1) /()
(i +1)--—=¢(i+1)-e(j+1) (/)
(j+1)-=—0
HG+1) === £G+1) - £,0+1)£(7)
(+1) === £(+1) - £G+1)40)
f6(1+1)——efﬁ(j+1)—za(j+1)ﬂ(j)

gy

j+1

10.Set J —— = J+1

11.Ifj < JMAX, go to step 2
12 .Multiply the non-zero coefficients in Eq. 5.4-35 by 1/f1(j)

)= L )= 2 )

13.a0)-==eli)-e,() )
(])“eeg() 10(])f6(])

elo(.])___>0

14, 6(j)--— ) g ()1

el(j)
SIATCP(j)=eS(j)
AT (1)=1£: ()= 1 () AT ()

16.Set / = J -1
17.1fj <1, go to step 23
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18. ATer (J)=1o ()= S5 (/) ATer (J+1)= £ (J) ATes (j +1)

AT, (7)=Cs(J)=C5 () AT (j+1)-C, (J) AT (j +1)
—Cs(J)AT,, (j+1)

ATcs(j)=eg(j)_es(j)ATTU(j)_e7(j)ATcs(j+1)
—€p (j)ATCT (])

21. ATSH(j)=a4(j)_az(j)ATcs(j)_as(j)ATcs(j+1)

22. Gotostep 16

23. End

20.
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APPENDIX 5.3:
COVER GAS FLOW AND PRESSURE ALGORITHM

The main steps in the cover gas treatment in Section 5.7 may be summarized in the
following algorithm:

1. Initialize. Set I, = 0.

2. Start a loop on I, for I, = ICV1,.., ICV2. Set up INEW(I,), IOLD (I), where I, is the old

compressible volume number and I, is the new compressible volume number for the
compressed arrays.

3. Is there gas in this compressible volume? Is ITYPCV(I,) = 2,3,4,5, or 8? If so, go to
step 5.

4. No gas in this compressible volume. INEW (I,) = 0, pa(lo) = p3(lo), T4(lo) = T3(lo),
ma(l,) = 0. Go to the end of the loop, step 6.

5. Gas in this compressible volume.
Ih=I,+1
INEW (o) = I
IOLD (In) = I,
p; ([n )=p3 (10 )’m; ([n )=m3 ([o )9
V;(In)=V3 (Io)’I/éll([n )=V4 (10)9
7'(1,)=7(1,)
6. End of loop on I,. Loop back to step 3 for the next value of I,.

7. Inmax = In

8. Start a loop on I, for I = 1,...,Inmax

Compute the adiabatic expansion and heat flow, as well as a temporary array c(i)

(see below).
9. Re-calculate p; ([ giving.

{:

pé( )AL,
m}(1,)T5(1,)

Also set ¢(1,]) = 0, with ¢(In,1n) =0,

(In)

Calculate T

Set c(1,)=—4—"
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and d(I,) = 0.
10. End of loop on I,. Loop back to step 9 for the next value of I,.
11. Is there more than one gas compressible volume? Is Inmax > 17 If so, go to step 13.
12. Go to step 25.
13. Startloop onIforI=1, .. Inmax-1.
Initialize ey, F1j, F2i.
14. Startloop on J for J = I + 1, ..., Inmax
15. Set ¢(1,)) = 0.0, c¢(J,) = 0.0, F1(1,]) = 0.0,
F1(J,)) = 0.0, F2(1,J)) = 0.0, F2(J,1) = 0.0
16. End of loop on J. Loop back to step 11 for additional values of J.
17. End of loop on I. Loop back to step 14 for additional values of L.
18. Are there any gas segments? s ISG1 > 0?
If not, go to step 25.
19. Start loop on Is for I = ISG1,...,ISG2.
Compute gas flow between compressible volumes.
20. Find I5; and I, the inlet and outlet compressible volumes for gas segment Is.
Ini = INEW(JNODG(1,I5))
Ino = INEW(JNODG(2,15))
21. Iterate routine to obtain F,, F},F,,T, (See remarks after Eq. 5.5-12).

22.
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[no)+F2,

ni no ni’

Fz(l o1 )=F2([
(

d(]no)=d 0) ij
d(1,)=d(1,)-e,)T, F;
E,(1,)=F, (1, )+ F)
F,(1,)=F,(1,)-F
F,(1)=F

Fy(1,)=F

F, (Is )_Fz/

23.End of loop on Is. Loop back to step 20 for the next value of ;.
24. Solve the matrix equation for Ap(i) (see Eq. 5.5-20).

25. Startloop on I, for I, = 1, ...Jnmax

Pi(I)=p5(I)+Ap,

ml,(I)=my(I)+At,F, (I)

X os

26.

27.End of loop on I,. Loop back to step 26 for additional values of I,.
28. If Inmax = 1, go to step 34.
29. Startloop on I for I = 1,... Inmax-1.
30. Startloop onJforJ =1+ 1, Inmax-
31. mi,(I)=m,(I)+As,[F,(J.1)Ap(I)+F, (J.1)Ap(T)]

ml,(J)=ml,(J)+At [F (1J)Ap(J)+F, (1,7)Ap(J)]
32.End of loop on J. Loop back to step 31 for additional values of J.
33.End of loop on I. Loop back to step 30 for additional values of I.
34.ForI=1,..,Inmax Set

T4’(1)=p"‘ (1) ch([)

n, (IR

35. Startloop on I, for I, = 1,..., Inmax
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36. 1,=I0LD(1,)
py(1,)=pi(1,)
m3(0) ( )
T,(1,)=T:(1,)

37.End of loop on I,. Loop back to step 36 for additional values of I,.
38.1f ISG1 =0, go to step 40.
39. For I = ISG1,...,1SG2

1, =INEW(JNODG(1,1,))

1, =INEW(JNODG(2,1,))

Fg4([s )=Fm(]s )+Fvl(ls )Ap([2)=Fv2(Is )Ap(ll)

40. Optional debugging print-out.
41. Return
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APPENDIX 5.4:
AIR BLAST HEAT EXCHANGER STACK MOMENTUM EQUATION

This appendix derives an expression for the air mass flowrate through the natural
convection stack. The stack contains an opening at its base through which air is drawn
in, the air passes over the finned tubes of the air blast heat exchanger and then rises to
be exhausted at the top of the stack.

The one-dimensional steady-state momentum equation for flow in a channel of
uniform cross section is

—_— = -pgsinf -7 —=, A5.4-1
PR (pv ) g y ( )

where
p=pressure
p=density
v=velocity
t=wall shear stress
Pyw=wetted perimeter
A=flow area
O6=channel inclination relative to horizontal

Integrating Eq. (A5.4-1) gives the pressure change along the channel

2 2
aP——() (L L) p grsing- K (¥ (A5.4-2)
A 100 pi 2 a

m

where

w=channel mass flowrate
¢ =channel length
po=outlet density
pi=inlet density

pm=mean density
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K=flow loss coefficient

Using Eq. (A5.4-2), the pressure change form stack inlet to above the heat exchanger
2 2 2
AP=- (1) K_(A_) ; K_( Ay )
AR sz ASI AHX AHX

where
Ag=stack inlet cross-sectional area

is

(A5.4-3)

Agr=riser cross-sectional area
Aux=flow area at heat exchanger
Ks=stack inlet loss coefficient
Knx=heat exchanger loss coefficient
pc=inlet air density

The gravity and acceleration terms have been neglected.

Similarly, the pressure change from the start of the riser to the stack outlet is

(i)

— -0, 80 (A5.4-4)
2p,

AR

where
Kso=stack outlet loss coefficient
Kr=riser loss coefficient
pr=riser air density

! =riser length

The pressure change from the stack outlet through the outside air back to the stack
inlet is approximately

AP=p. gl (A5.4-5)
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The above three pressure changes, Eqs. A5.4-3 through A5.4-5, must sum to zero
since they are taken around a closed circuit. Solving for the air flowrate yields

W= (/Oc_ph )gé 4z
2 2
& ﬁ + Ky [ A + (Kso +KR) (A5.4-6)
2100 AS[ zpc A[—[){ 2p;,
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APPENDIX 5.5:
INTERPOLATION FROM USER-SUPPLIED TABLES

A number of user-supplied tables are used in the SAS4A/SASSYS-1 codes. These
tables are of the form Y(i) as a function of X(i). The default option is to use linear
interpolation between points in the table to obtain Y as a function of X. If X is between
X(J) and X(J+1), then linear interpolation gives

Y(X)=Y(J)+ 2y (J +1)-Y()))/[x (J +1)- X(J)] (A5.5-1)
where
Z=Xx-Xx(J) (A5.5-2)

Linear interpolation has the advantages that it is simple to do and it never exhibits the
wild behavior and spurious oscillations that higher order interpolation schemes can
give. On the other hand, linear interpolation has some disadvantages. One
disadvantage is that if only a few widely spaced points are used for a table, linear
interpolation may not be very accurate between points. Another disadvantage is that
linear interpolation gives slope discontinuities at the table points. These slope
discontinuities can cause corresponding slope discontinuities in plots of powers,
temperatures, and flow rates calculated by the codes. Sometimes these slope
discontinuities correspond to real physical events, such as scramming the control rods
or tripping the pumps; but usually they are numerical artifacts of the interpolation
scheme. In order to address this problem, alternative interpolation schemes are
available for some of the tables used by the code. Table 5.5-1 lists the interpolation
options.

For the third order fit,
Y(X)=C, +C,,Z+C,, 2> +C,, Z* (A5.5-3)

where the coefficients C are picked such that:
a) Yis continuous at X(J) and X(J+1).

b) The slope of Yis continuous at internal points.

c) The value of Fis minimized, where

X nax d2 2
F= ( dxf ) dx (A5.5-4)

min

X,
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Table A5.5-1. Table Interpolation Options for a Table of Y(i) vs. X(i), as Determined by

the User-Specified Parameter [FIT

IFIT(K) =0
1
2

w N X ul
I
—_

NN

Use linear fits
3rd order fits

3rd order fits with slope discontinuities at points where X(i+1) - X(i)
<.001

Linear fit to log(Y)
3rd order fit to log(Y)
3rd order fit to log (Y) with slope discontinuities

Power vs time or user specified reactivity vs time

PRIMAR-1 pump head vs time or channel flow vs time
PRIMAR-1 inlet temperature vs time

PRIMAR-4 pump head, motor torque, or pump speed vs time

Note: For all other tables, linear interpolation is used.

In this equation Xmin and Xmax are the first and last points in the table if IFIT = 1 or 4.
If IFIT = 2 or 5, then the table is broken up into ranges, with the boundaries between
ranges occurring at the points where the slope discontinuities occur. In this case, the
fitting is done separately for each range; and Xmi» and Xmax are the points at the ends of
the range. There are some special cases or exceptions:

1. For all fitting options, if X is less than the first entry in the table, then Y is set
equal to the first value of Y in the table. Also, if X is greater than the last entry in
the table, then the last value of Yis used.

2. For IFIT = 2 or 5, in an interval where a slope discontinuity occurs (X(i+1) - X(7)
<.001) linear interpolation is used from X(i) to X(i+1).

3. Ifthere are only two points in a range, then linear interpolation is used.

4. For IFIT = 1, 2, 4 or 5, if there are only 3 points in a range, then a parabola is
fitted to the 3 points to determine the values of C in the range. Third order fits
are only used if there are at least 4 points in a range.

Care should be taken when using third order fits, since they can result in spurious
wiggles. Fig. A5.5-1 shows the results of a third order fit to the power level in the
SHRT-17 test in EBR-IL. In this case, the third order fit to the power produces wiggles,
whereas the third order fit to the logarithm of the power produces a smooth curve.
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Figure A5.5-1. Fit to SHRT-17 Normalized Total Power, Early Times
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APPENDIX 5.6:
OPTIONAL EULERIAN SOLUTION FOR PIPE TEMPERATURES

As mentioned in Section 5.4.1, a Eulerian calculation can be used to speed up the
pipe temperature calculation if the coolant moves more than two nodes in a time step.
This Eulerian speed-up has only been implemented for flow in the nominal direction; if
flow reversal has occurred in a pipe, then the Eulerian calculation is not used.

For the Eulerian calculation, Eq. 5.4-1 for the coolant is replaced by

aT, aT,
p.c, A —<+we,—<=P h (T, -T,) (A5.6-1)
dt 0z

er we

Eq. 5.4-2 is still used for the wall. Finite differencing of Eq. A5.6-1 gives

p_c,A, 71-6,/"*']1-6,'“_]1-5.;_]15]'
& C C 25t

WAC; [81 (Tch+1 _Tch)'l‘@z (Tc61+1 _Tc6j)i|=
(A5.6-2)
P, h,{6, [Tws = %]

T +T.

+62lTw6j— TCW”

Similarly, finite differencing of Eq. 5.4-2 gives

er wce

M T .+T,.,
WCW(TWGj_TWSj)=P h [_‘91( < LS]I_Twsj)

ot 2
T, +T,. A5.6-3
+02( c6j c6j+1 _TWGj )] ( )
+ (hA )snk (T;'nk - 91 Tij - 02 Twﬁj)

Eq. A5.6-3 can be rewritten as

T

wo j

=B, +B,; (Tcsj +Tc~6j+1) (A5.6-4)

where
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wlj = 2dw ( O )
d =M, C +6,8P, h, +(hd),,] (A5.6-6)
and
B M C T '+T05j+1
w0 j w w5]+f)erhw06§ 2 _TWSj
(A5.6-7)
+ (hA)snk 6t( vnk 1711/5/) }/dw
Similarly, Eq. A5.6-2 can be rewritten as
Tc6j+l=B +BL1] ]16]+BLZJ Tw6] (A56'8)
where
Bco]:{Achc A, +(Tcs]+Tcy+1)+20 orwe ( csj Tch+1)
T +T... (A5.6-9)
+26,06tP, hwc[ e +2 CSHHMC
P h
d.=p.c, A Az+20,dt | we, %Az (A5.6-10)
h
B, .=—{p c, A Az+20, 61( ”2W°Az we )}/dc (A5.6-11)
and
20,0tAz P h,,
= 7 (A5.6-12)

c

Egs. A5.6-4 and A5.6-8 can be combined to give
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c6j+1 =Bcc'0j +Bcclj ’Tc6j (A56'13)
where
B, +B.,. B .
B = c0j c2j w0y i
cc0j 1—Bczj BWU (A56 14)
and
Bclj +Bc2j Bwlj

B, = A5.6-15
Y 1_Bc2j Bwlj ( )

Note that Bccoj and Bcc1j can be calculated before the temperatures at the end of the sub-
interval are known.

The pipe inlet temperature at the end of the step is used to set the first coolant
temperature, Tcs1. The code marches along the pipe, using Eq. A5.6-13 to calculate Tegj+1
after Tce; has been calculated. After the coolant temperatures have been calculated, Eq.
A5.6-4 is used to calculate the wall temperatures.
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