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ABSTRACT

:. This report.. describes the additional heat transfer and coolant dynamic

models ' for components and processes, that are needed for simulation of the
' * -

- primary system >of the Experimental Breeder Re' actor-II (EBR-II). This work

formsD part of the Super System Code - (SSC) application efforts to provide

predictions of EBR-II overall plant. behavior.
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NOMENCLATURE

Symbol Description Unit

2A Cross-sectional area or heat transfer area m

C Specific heat capacity J/kg-K
D Diameter m a

e Specific enthalpy J/kg
g Gravitational acceleration m/s2 ,

,
Gr Grashoff number

'

--

H Pump head m

2h Film heat' transfer coefficient W/m _g

K Loss coefficient --

k Themal conductivity W/m-K

L Length of pipe section m

L ,1 Length m

M,m Mass kg

N Number of nodes in a pipe run or IHX section --

N Specific speed of pump --

s
Nu Nusselt number --,

P- Pressure N/m2

Pr Prandtl number --

Q' Heat transfer rate W

Ra Rayleigh number (RePr) --

Re Reynolds number (WD/Ap) --

T -Temperature K

! t ~ -Time s

! U Overall heat transfer coefficient W/m _g2

3V- Volume m

- -W Mass flow rate kg/s .

x. Axial coordinate mj

z Vertical distance m ,

Cold pool free surface level m' zpc
a Difference or loss- --

p Dynamic viscosity N-s/m2
| 2v Kinematic viscosity m /s

3
o Coolant density kg/m

vi

, . _ . , _ - -- -. _ . _ . _ _ _ _ . _ _ _ _ ._ _ . - - -
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t NOMENCLATURE (Cont'd) (

Subscript Description

C. Core flow
cg- Cold pool to cover gas

,

CP Cold pool value
cw Coolant to wall

~ '
f Friction

f,g Friction, Gravity, etc.

g Cover gas value

'i Value at nodal point 1
in Inlet
j Index denoting channel number in core
Na Sodium

o Outl et

P Pump value

p At constant pressure
Pin Pump inlet

Po Pump outlet

ws Wall to outside surface of sleeve
sCP Outside surface to cold pool
R Rated value

Rin Reactor inlet
Ro Reactor outlet
w Wall

X IHX value
x Coordinate in flow direction
Xo IHX outlet

4
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'

1., INTRODUCTIONgy

.

The Experimental Breeder Reactor II (EBR-II) is an experimental LMFBR
..

power plant of pool design, located in Idaho, and rated to produce 62.5 MW
thermal power (20 MWe). The mission of EBR-II has evolved to the point where,

,

together with serving as an irradiation facility for fuels and materials, it
is being extensively used to provide experimental in-plant test data on the

{
thennal, hydraulic, and neutronic response of the core and plant to normal and>

abnormal operation. These tests have, and will continue to provide very use-

s ful infonnation for the future design, operation and safety analysis of LMFBR
plants. For example, the test data can form the basis for validation or fur-'

'ither development of models intended to predict plant behavior during a variety
,

3 of operating conditions.
'

- The work presented in this report is in support of the Super System Code
(SSC) apolication efforts to pdovide predictions of EBR-II overall plant be-

'

havior. This report describes the models required to represent the EBR-II

cp j , system. The discussion will focus only on new models and modifica-prima ry

t(ons required due to some special design features in EBR-II, beyond the~'
+1

models al ready present in SSC [1].

S'SC is designed to enable simulation of all plant-wide transients that may
be required in safety evaluation. These include a variety of transients rang-
ing from nonr.al operational maneuvers to upset conditions caused by loss of

:

flow or reactor power changes.

The immediate application for the models to be described, as part of SSC,
is to simulate the current series of whole-plant type transients, including

natural circulation, that are being planned to be performed on the EBR-II
plant beginn1ng in 1984 The comparisons thus obtained will also contribute

9

towards the validation of SSC as a plant simulation tool.

After a brief description of the EBR-II primary system in Chapter 2, a
o

comprehensive discussion of heat transfer and coolant dynamic models is pro-
vided in Chapter 3. Finally, Chapter 4 presents the EBk-II steady-state oper-
adng ' data and physical (dimensional) data on individual components and the
overall primary system.

L
*

,

k 1

s

_ _ . . . . . _ _ _ . . . . .



. . _ .

2. PRIMARY SYSTEM DESCRIPTION

Figure 1 [2] is a. schematic diagram of the EBR-II primary heat transport
system. Fran this figu_re, it is clear that EBR-II is of the pool design in

which all the primary components including reactor, pumps, intermediate heat
exchanger, piping, as well as shutdown coolers, and other support systems are '

submerged in a large pool of sodium, contained within the primary tank. The

space between the sodium f ree surf ace and primary tar.k is filled with argon .

ga s. The primary tank is of double-wall construction (tank within a tank),
the space between the inner and outer tanks being filled with inert gas. The

outer tank is heavily insulated to minimize heat loss from the primary system.

The reactor is centrally located at the bottom of the primary tank, with

the pumps and heat exchanger arranged radially around the reactor and elevated

somewhat above it. The reactor consists of a hexagonal shaped central core,
containing enriched uranium, surrounded by radial and axial blankets, contain-
ing either depleted uranium, or stainless steel. The subassemblies are con-
tained in and supported by a stainless steel reactor vessel, comprised of a
grid plenum assembly, reactor vessel shell, and reactor vessel cover, and sur-
rounded by a radial neutron shield. The vessel top cover, which also contains
neutron shielding, is removable to permit fuel handling. It contains penetra-

tions for entry of control rod drive shafts, special in-core test facilities,

etc. During power operation, a small amount of leakage occurs through various
,

openings in the cover. This leakage flow is snployed as a part of the neutron
shield cooling system in this region.

Forced flow to the reac''r is provided by two main sodium pumps, which are;

vertically mounted, single-stage, centrifugal units, operating in parallel,
3

, each rated at a maximum of approximately 0.35 m /s at 61 m head. Ea ch im-

peller is submerged in primary sodium; however, the motor units are located ,

outside the primary tank. Primary system flow is varied by manually adjusting
the pump speeds.

.

An auxiliary electromagnetic pumo of small capacity and low head operates
in series with the large primary pumps. During normal operation, the auxil-
i a ry Dump has no appreciable effect on the prima ry coolant fl ow. The main

[
'

-2-
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I/ purpose of.this pump is to augment thennal convection under certain conditions
of reacto'r shutdown. The reactor outlet piping carries hot sodium through the
envi ronment of the cold pool, at substantially lower temperature. It is

therefore provided with an insulating steel sleeve, surrounding the pipe, to
- minimize, heat losses. The space between pipe wall and sleeve is filled with

*
stagnant sodium from the pool.

The IHX transfers essentially all of the heat generated in the reactor to
'

the secondary system. It is a single-pass cour ter flow exchanger. Prima ry

sodium (radioactive) ent'ers the exchanger via piping, flows downward around
the tubes on the shell side, and returns to the primary tank through a cylin-
drical opening near the bottom. The secondary sodium (non-radioactive) flows

upward through the tubes. To minimize pressure drop in the unit, axial flow
is maintained as much as possible. The IHX primary outlet is located above
the reactor centerline to provide natural convection shutdown cooling.

The coolant flow path is as follows: sodium from the primary tank enters

the pumps through sump-type inlets, and exits into a main pipe where it is di-
vided into high and low pressure streams. High pressure sodium is piped from

each pump outlet directly to the high-pressure inlets of the reactor grid-
olenum assembly and flows upward through the core and inner blanket assemblies-

(inner core region). The control and safety rods, located in the inner core
region are also cooled by the high pressure coolant. Low pressure coolart-is

routed via a smaller line through a throttle valve, to the low-pressure inlets
of the grid-plenum assembly, and flows upward through the outer blanket assem-

blies. Both streams mix in the reactor outlet plenum. The mixed coolant

exits the reactor vessel through a single outlet nozzle, flows via piping,
through the auxiliary EM pump, and into the shell side of the IHX where it is
cooled and _ returns.to the primary tank at nearly the bulk pool sodium tempera-

eture.

Leakages occur at several points along the coolant flow path. These are'

-presented in Chapter _4

-4-
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|3. ANALYTICAL MODELS

- 3.1- Tank Energy Balance'

The components of the primary system required for energy balance are shown

in Fig. 2. The coolant exiting the core flows via piping _ to the IHX. A large*
-

' temperature gradient exists- across the pipe wall, causing some heat losses to
i the tank sodium. Cooled sodium from the IHX ~ mixes with the sodium in the

pool, and : sodium leaves the pool via the pump inlets. Heat losses from the
reactor outlet plenum walls and. piping, to the tank sodium, need to be includ-
ed in the energy balance. Leakages to the bulk sodium occur at pump discon-

;

nects, throttle valves, reactor grid-plenum, reactor vessel cover, and IHX in-
let. Of these, the energy addition to tank sodium due to leakages at the re-
actor vessel cover and IHX inlet, are expected to be significant. The remain-
ing . leakages _ occur at nearly the temperature of the cold pool and, even though

-

included in the analysis, are not expected to be significant. Other extrane-
ous losses include the heat lost to the shutdown cooler, if operative. There

is also heat transfer between the pool sodium and cover gas, and between cover

gas and roof structure. The outer surface and roof of the primary tank, are

assumed perfectly insulated. This assumption is justified due to the heavy
. shielding and insulation surrounding these structures [2].

Allowances are made in the fonnulation for the possibility that some part
of the IHX flow can -directly - stream into each adjacent pump suction without -~

~ mixing with the. col.d pool sodium. This is done through user-specified bypass
,

' fractions S 1 and ' S 2 Specifying two bypass fractions allows the behav-
X X

ior of the entering flow to be different for each pump, ~ depending on its loca-g

- tion relative to the IHX outlet. The rest of the IHX flow is assumed to mix
completely with the pool sodium.

. Based on the above considerations, energy equations are written as fol-

1ows:

"'
5

E
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i

.x*

' Cold pool

de

(1 - SX1 - 8X2)NX ('XO - 'CP AR I'Ro - 'CP}(pV)CP +=

' '
~+ 'WBP ("Rin - 'CP)

,

. ..

cg (TCP - T )O -pipe * OVessel - U A
Z cg g.

(UA)cm4 (TCP - T,4) - Qcooler,etc ( "I}-

Here, ; QZ-pipe is obtained as the sum of heat losses calculated for all the
nodes in the model for reactor outlet pipe (see Section 3.2). Qvessel is
obtained from energy balance model of the reactor outlet' plenum, allowing for:

' heat losses to the po_ol sodium. Qcooler,etc represents other extraneous
losses, including heat removal at the shutdown cooler (s), if operating.

Lower structures (metal m4),

dT

-(MC)g =. (UA)cm (TCP m4) (3-2)-

Here, m4 is taken 'to be the mass of primary tank and core support struc-
tures in contact with cold pool sodium.

Cover gas

,
.

dT
9

-Tm3) (3-3)(MC) (UA)cg (TCP - T ) - (UA)gm3 (T=
g g

:,

' Her1, m3 is taken to be the mass of roof _ and the part of primary tank wall in
contact with the cover gas.

-7-
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Due to the possibility of short-circuiting, the enthalpy of coolant exit-
ing the pumps is not necessarily equal to the enthalpy of the cold pool so-
dium plus the pump enthalpy rise (ae ). Rather, it is given by:p

de

N ) ('CP ~ 'Plo}(pV)P1 (1 -8"
X1 X ,

+S X (*Xo - 'Plo) (3-4)
X1

.

+ A8p1.

'de

W ) ('CF ~ 'P20)(W ~8(pV)P2 "
2 X2 X

'

+8 WX (*Xo ~ 'P20) (3-5)X2

+ Ae
P2

where W , W2 are the mass flow rates through pumps 1 and 2, respectively.1o

3.2 Reactor Outlet Pipe

Since a substantial temperature gradient equal to the difference between
reactor outlet and inlet temperatures exists between the hot sodium in this
pipe and the cold pool, the heat losses from here to the bulk sodium are much
more'significant than for the cold leg piping. Figure 3 shows the model con-

. figuration for energy balance.

In the' axial direction, the number of nodal interfaces (N) is user-
specified, the number being influenced by the pipe length and the coolant ve-

4

locity at full flow. In the radial direction, there are four nodes - coolant,
composite pipe wall including part of stagnant sodium, outer surface of insu-

*

lating sleeve, and cold pool sodium. As shown in the figure, the locations of
coolant and wall temperatures form a staggered arrangement.

-8-
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- ----_ ---__---

.

'3.2.1 IGoverning Ecuations.

The governing . equations are obtained by the nodal heat balance method.
Energy balance.is applied over the control volume formed between two adjacent
fluid nodal interf aces to obtain the coolant equation. The wall equation is

related- to the coolant equation through the heat flux term. These equations

.can be written for i = 1, N - 1, as follows:
'

,

Coolant-
.

de

4 - e +1) - U Acw [T$,$,y - Tgj] (3-6)W(e'p Aax -= i cw

where _ ej+1 is - the coolant enthalpy at the nodal interf ace i+1, Tj ,j+1 is
- the average coolant temperature in the control volume between interfaces i and
1+1, expressed as

I+ I+1
T =
i,1+1

2

pj,j+1 is .the coolant density corresponding to Tj ,j+1, W is the flow rate
2.in the -pipe, A is the cross-sectional area for flow given by wD j/4, Ucw

^ is _ the overall heat transfer coefficient between coolant and wall, evaluated
at the midpoint - between coolant nodal interfaces- i and i+1, and Acw is the
area for heat transfer between coolant and wall, given by

wD ax.A =
4

Inherent in Equation (3-6) is the assumption that

de ,7 de ,

de$ 4 j , $ ,1
~ ~

' dt dt dt
.

Composite wall

dT
3 (~U Acw [Ti,1+1 - Tyj] - U Ag3 [T ,j - TsiM C "

wsw Wi d cw

-10-
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i

where

sleeve sleeve)-CCpp Cjwi = (M j e p pe + MNa Na + M.M Cw

Outer surface

3 (3-9)U A , [Twj - T34] (hA)sCP si - TCP *=
ws

,

Here, A is taken to be the outside surface area of the sleeve. Based on
ws

,

this selection for A s, we havew _

wD ax.AA ==
ws sCP g

3.2.2 Heat Transfer Coefficients

In Eqs. (3-6) through (3-9), the overall heat transfer coefficients Ucw
and U are defined based on the resistance concept as

ws

1 1 D (D i D fD i
"' n! (3-10)

U "T 2 (02/cw i w A il Na

1 D fDT D fD)
4

En1Dj (3-11)0- 1inI ) + .--.0.0=

U 2k 4 0 2k ( 4g Na
j

where Dj , D , D,.D, D are the diameters indicated in Fig. 3. The
2 w 4 o

film heat transfer coefficient hj is given in tems of Husselt number corre-
1ations presented in [3].

In Eq. (3-9), hsCP (= Nu kCP/D ) represents the film heat trans-o o

fer coefficient between the outer surface of the sleeve and the bulk pool so-
.dium, and can be obtained by using certain established correlations for Nu for.s

a cylinder inmersed in liquid metal. The fom of the Nu correlation is seen
to be rather insensitive to the geometry, whether flat plate or circular cy-

,

-linder, as long as the characteristic dimension is appropriately selected.

|

-11-
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For laminar flow, we select the correlation recommended for a horizontal
cylinder in liquid as follows [4]:

-0.25
2Gr Pr

0.66 (3-12)Nu =
p

'
- - *

For Pr-+0, this reduces to ,

'

Nu' =. 0.69Ra .25 Pr .25 Ra $_ 10 (3-13)-0 80

Here, Ra = GrPr, and

g8D AT
(3-14)Gr =

2v

where AT is the temperature difference between sleeve surface and cold pool,

'i.e., [T TCP], v is the kinenatic viscosity (= u/p) and 8 is the
-

s

I The cool-coefficient of the themal expansion of sodium = - .

ant properties are evaluated at film temperature, Tf = (Ts+TCP)/2-

For turbulent flow, the equation used in SSC-P for a vertical plate is
suggested [5]:

0 8
Gr .4 Ra > 10 (3-15)0.025 Pr .4670

Nu =

3.3 Coolant Dynamics

Figure 4 is a schematic diagran showing the flows and teminal pressures
needed for coolant dynamic simulation of the EBR-II primary system. EBR-II

has- a partitioned core. The i_nner' core region, consisting of fuel, inner i

blanket, control and safety subassemblies, is fed by flow (W (i)) from theC

high pressure (tiP) pl enun. The outer core region, comprising the outer ,

-12-
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blanket subassemblies, is fed by sodium flow (W (o)) from the icw pressureC

(LP) plenum. The' inner core region can be represented by- one or more chan-

nels', with ' inter-channel flow redistribution being governed by buoyancy and
L frictional effects _ between Pbcore(i) and pro. Likewise, the outer core

region can be represented by one or more channels, with inter-channel flow re-
'

distribution _ . bei ng governed by buoyancy and frictional effects between

P core (o) : and - P o. The _ flow split between the inner and outer regions. is,
b R _

of course, governed by overall primary coolant dynamics. .

3.3.1 Leakage Flows

Leakage through the . grid plenum assettly into the bulk pool sodium is es-
. sentially confined to the flow from the high pressure plenum [2]. Hence, for
hydraulic nodeling, WBP will be located there (see Fig. 4). Also, leakages

at pump disconnects (Wgp) and at throttling valve inlets (W y) which are ag

little 'over 10% of WBP and occur at about the same pressure and temperature
as the grid plenum leakage are lumped into WBP. Thus,

BP BP + "tP + EVW
~"

There is also leakage . past the reactor cover, flange, etc. (WtR) into
. the cold pool . Leakage at the IHX inlet . (W1X), which is limited to 30 gpm
at full ' flow conditions, is lumped with WAR to simplify the analysis. This

should not affect the accuracy of the solution since leakage at IHX inlet is
at essentially the same pressure and temperature as that past the reactor
cover. Thus,

(3-17)W "' NtR + NtX.AR

3.3.2 Systen Flow Eauations ,

' The flow rates and terminal pressures are indicated in Fig. 4. Volume-

averaged momentum equations can be written relating the rate of change of mass .

flow rate to the terminal pressures and losses in a uniform mass flow rate
section. These are written below.

_14.
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Flow at' discharge of ' pump '1:

(3-18)
Po(1) 1 {APf,g- -

=
d

e

Flow through LP piping 1:

e

dW1i fLi pi (3-19)
1 bcore(o) { APf,g- -=

dt Aj1,1 1,1

Flow through HP piping .1

dW1,2 /L) pi (3-20)
1 bcore(i) E APf,g

kA
- -=

dt / 1,21,2

Similarly, fram pump 2 onward:

dW2 ILi P
'

(3-21)
Po(2) 2 - { APf,g-=

dt (Aj

(3-22)E APf,E'

2 beare(o)
- -=

t 2,1 2,1

i

dW22 /Li e

(_ '' =
(3-23)

2 beore(i) E APf,g- -

2,2 ( A j 2,2dt

1
.,

|

-15-
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Flow through inner reactor region:
*

.

(3-24)
bcore(i) Ro E APf- -

I =
d .C ,i l C ,1

i

Flow through outer blanket assemblies:
.

bcore(o) Ro { AP (3-25)E f,g
- -

=

/C,o Coi

Flow through IHX W
3 X*

*

(3-26)
Ro Xo - { APf,gEI -=

3 3

Some of the teminal pressures and flow rates can be obtained from alge-
braic equations.

From fluid statics, pump inlet-pressure P (=PinV) ispg

P Pin}
(~ }

i nV +pP g (z ~ZP =
C CP

The pressure at exit of pump 1 is obtained from

(3-28)
AP(3)

P +P =
pg(1) i nV p

(H ) obtainedwhere the pump pressure rise app (1) is related to its head t
'

fran the pump nodel by

P 1) CP 9 H
(3-29) .

aP " #
1

,

-16-
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Similarly, for pump 2

P
Po(2) inV + AP (2)

~P=
P

where
(3-31)' AP CP g H2* P

P 2)

Mass conservation at the branches downstream of pumos yields.

W +W (3-32)W =
1, 12

2 2,1 + W ,2 (3-33)W W"

2

Mass conservation at the HP plenum yields,

W (i) 1,2 + "2,2 - NBP'
C

And, at the LP plenum

"C(o) "1,1 + "2 ,1
~*

3

At the reactor outlet plenum (pressurized, no free surface):

W
3 C(i)+ C(o) - NtR

"

The steady-state leakage flow rate information can be utilized to write

the following algebraic equations to detemine transient leakage rates;

Pbcore(i) - PCP(i) pR n
"

-17-
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K WtR 1R (3-38)Ppg _ P =
p

Ro

where K and K are detenni ned - from steady-state pressures and l eak-
BP tR

. age rates,-and held constant during transient calculations.

In Eqs. (3-37) and (3-38), the pressures within the cold pool at the reac-
~

i

tor HP inlet elevation, PCP(i), and over .the reactor vessel cover,

PCP(Ro), are obtained from fluid statics: ,

CP(i) +pP g (z -z (3-39)PP =
C CP Rin

CP(Ro) + p CP 9(*CP - *Ro) (3-40)PP =

where zRin, zRo are the elevations at the reactor inlet and over the ves-
sel cover, respectively.

The IHX exit pressure is also obtained from fluid statics as:

P yg) (3-41)
Xo +pP g (z -zP =

C CP

In. Eqs. (3-27), (3-39), (3-40) and (3-.41) the cold pool l evel , zCP, is
needed . This is obtained dynamically from mass balance in the pool:

d

~ ("1 + 2 + "BP ERcg dt (PCP *CP}'A +"

3

3.3.3 ' Channel F1ows

Since the reactor coolant channels form part of the systen flow circuits,
'their details need to be included in the coolant dynamic analysis of the pri-

mary systen.
,

.

-18-
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p-

If Nch is the number of channels simulated in the core, then

ch(1) + "ch(o)
N *

ch

The total flow through the inner and outer core regions can be written in
.tenns of channel flows as'

"ch(1)o

W (3-44)W =gg) 3
j=1

"ch(o)

W (o) j
"

C
j=1

Differentiating both sides of Eqs. (3-44) and (3-45) we obtain

"ch(1) dWdW

{ (3-46),

j=1

"ch(o) dW
dW (0) 3C { (3-47),

dtdt
j=1

For each inner core channel j we can write, from momentum balance:
.

d j bcore(i) Ro [ AP ,g (3-48)" - -
f

And, f,or each outer channel j:''

(3-49)
d j bcore(o) Ro [ AP ,gf" - -

-19-
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3.3.4 ' Core Bypass F1ow

If we consider the flow' through clearances between assemblies, mainly in
the inner core region (~120 gpm at full flow), to be lumped into a bypass flow
associated with the inner core region (WBPi), we can write the following
equations: ,

Nch(i) dW dW
dW (i) 3 BPiC

'" + (3-50) .

dt dt dt'

j=1

{ AP ,g (3-51)bcore(i) Ro f
t

' " - -

BPi BPi

3.3.5 Equations for Terminal Pressures

The integration of the systen flow equations requires the tenninal pres-
sures to be determined explicitly using algebraic equations. These are de-

rived as explained in the rest of this section.

Differentiating Eq. (3-34) for mass consenation at HP pl enum , a nd ne-
glecting the effect, if any, of changes in leakage flow (i.e., WBP) to the
cold nol , ' we get

dW (i)
dW dW

C 1,2 2,2
(3-52)= +

dt dt dt

1,2* W ,2 above can be replaced by al gebraic ex-The derivatives of W 2

pressions involvi ng tenainal pressures and losses using Eqs. (3-20) and
Likewise, the derivative of W (i) can be replaced by algebraic ex-(3-23). C

pressions involving tenninal pressures using Eqs. (3-49), (3-50) and (3-51).
Thus, Eq. (3-52) is rewritten as

.

.

-20-
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,

Nch(i)
Pbcore(i) - pro-{aPf,g bcore(i) - pro f,g

APP -

-j=1 bA ~~

BPi
e

P P PP bcore(i) 1 2 I'9 2- bcore(i) 2 2 I'9
-

.

, (3-53)

E5 ES
1,2 2,2

Equation (3-53) can be written in a more general fom, suitable for matrix
operations, as

Ph+a P P P =C (3-54)a P +a 13 bcore(i) + a14 bcore(o) + a 5 Ro y1y1 12

Here,

1

(3-55)a = -

1

1,2

1

(3-56)a = -

12

2,2
-e

"ch(i)
1 1 1 1

{(a),t2
* + + +a =

13 L L L L
4-1 n r1

BPi 1,2 2,2

-21-
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,

0 (3-58)ag =

"ch(i) 1- 1

(~a
15 . "

~ ~

L
j=1 [L [p ,

BPi

II
{3p { 3p { 3p

.ch(i f{3pf'9}/J I'9f'9 f'9 2,2
+ BPi _ 1,2

_ _
C \1 =

j=1 [
BPi 1,2 2,2

Differentiating Eq. (3-35) for mass balance at the LP plenum yields:

dW dW
dW (o) 1J 2,1 yC , ,

dt dt dt

In a similar manner, replacing all flow derivatives by algebraic expres-
sions involving terminal pressures and rearranging, Eq. (3-61) is rewritten in
the general form as:

P P P =C (3-62)
Ph+a23 bcore(i) + a24 bcore(o) + a 5 Ro 2a P +a 221 22

where

*

1
(3-63)*a -

21 Ek ,

1,1

-22-
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I

1

a = - (3-64)
22

2,1
_

; --.

0 (3-65);_e a =
23

"ch(o)- *-
1 1 1

a " + + (3-66)
24 L L

j=1 7 []L [7
1,1 2,1

ch(o)
(3-67)a "' -

25 L
3"1 ] -

N

ch(o)[{,p '9}/d {,p g ,p
I'9 I'91,2 2,1C \

2 (3-68)
= - ~

(G), In na=1

1,1 2,1
1

Differentiating Eq. (3-32) for mass conservation at branch 1, replacing
flow derivatives using Eqs. (3-18), (3-19) and (3-20), and rearranging yields

Ph+a P P P =C ( ~ '}a P '+ a 33 bcore(i) + a34 bcore(o) + a 5 Ro 3331 32
,

'

, ;

-23-
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-
-

1 1 1
+ + (3-70).a = -

31

b_
1 1,1 1,2

'
0 (3-71)a "

32

1 -

}a " ~

33

1,2

1

(3-73)a =

34

1,1,

0 (3-70a =

35

E + A A { APfg~

Po(1) f,g f,g
1 1,1 1,2

(3-75)C = - -

Eh Ek E
1 1,1 1,2

Strailarly, for branch 2, we obtain

Ph + a P P P =C (3-76)a P +a 43 bcore(i) + a44 bcore(o) + a45 Ro 4
!_.

41 42
.

t

s

-24-
,

.,, - , - . , ,



-_ - _ _ _ _ _ _ _ _ ____ _ _ _____-_-__ -___ ________ __ _____ __

>-

l.

where

.a =0 (3-77); 41

-
-

1 1 1
~

" + +!
- a

42
-~

2 2,1 2,2 -

4

1

a " ~

43

2,2

1

(3-80)a =
44

-2,1

0 (3-81)a -
45

+ AP [AP EAP~

Po(2) f,g f, f
2 Z,1 2,2

-(3-82)c - - -

4

E Eh E
2 2,1 2,2

The volume between pump outlets and IHX outlet. is pressurized, with no
free surface. Hence, mass flow thrcugh the heat exchanger is equal to the
total flow through both' pumps minus leakage flows. We can write mass con-

*' servation through the line as:

,4

W3"N1+ 2~NBP AR (3-83)-W

-25-
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Differentiating, 'and neglecting the effect of any changes in leakage rates
-(i.e.,W and W1R), we obtiainBP

dW dW dW
2

= + (3-84).
dt. dt dt'

.
,

..

. Combining with Eqs. (3-26), (3-18) and (3-21), and rearranging yields the -
equation in terms of terminal pressures:

P P =C ('a P +a P +a Pbcore(i) + a54 bcore(o)+a55 Ro 551 52 53 --

1

(3-86)=a
51 y_L .

wA
1

1
(3-87).a =

Eh
2

0 (3-88)a =
53

,

,

0 (3-89)"

54

1
~'a "

55 -

E
*

3

-26-
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pg[y) - {AP P Pyg + {APf,gf,g Po(2) - {APf,gP

1 2 3
= + + (3-91)C

5

b
1 2 3

e

* Equations (3-54), (3-62), (3-69), (3-76) and (3-85) fom a system of si-
multaneous algebraic equations (along with equations for the constants), which
can be solved by matrix inversion to obtain the teminal pressures P' ,

y

b'bcore(i)' bcore(0), and pro *

3.3.6 Main Primary Pumps

The EBR-II main centrifugal pumps are single-stage units and are rated to
30.34705 m /s (5500 gpm) of sodium at 60.96 m (200 ft.) total headdeliver

and 1075 rpm [2]. This yields a rated specific speed N ~ 29 (SI units) ors

1500 (gpm units).

In the pump model developed for SSC-L [6], the impeller behavior is char-
acterized by homologous head and torque relations encompassing all regions of
operation. The homologous characteristics were derived from independent model

test results with a centrifugal pump of specific speed Ns = 35 (SI units),
. and are applicable to LMFBR pumps in general. The model was shown to give

'

very good agreement with measured data for FFTF pumps (N ~ 27.2), and withs
vendor calculations for the' CRBR pump (N ~ 42.8) . It is not anticipateds

therefore, that the characteristic coefficients built into the code will need

to be changed for the EBR-II pumps with N within the same range.s

Note that the high pressure piping from the pump contains no check valves,
hence flow reversal here is a distinct possibility in case of asymmetric oper-

'ation of the main pumps. EBR-II experience has shown that all four quadrants
* of pump operation may be involved in coastdown transients, depending on the

type and sequence of power failure to the pumps [7]. This justifies the use

of the 4-quadrant pump model in SSC for EBR-II simulation.

-27-
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It is worth noting that each main centrifugal pump is driven by a separate
motor-generator set through a variable-speed eddy-current clutch. As indicat-
ed in Figure 5, there is a 2400-V circuit breaker at the input to each M-G
motor, a 110-V breaker in the eddy-current clutch between this motor and the
generator, and a breaker at the input to each pump motor. Depending on the

e

initiation signal, the power supply to the primary pumps can thus be inter-
rupted in different modes (see Figure 5). It has been observed from measured

*

data that the rate of flow decay following a loss of pumping power is depend-
ent on the mode of power interruption [9].

L H
motor

- M tor

' '
BREA ER GEN. BREAKER

ll o-V
BREAKER

MooE1: TRIP OF 24oo-V a llo-V BKR's
MODE 2: TRIP OF 24oo-V DREAKER oNLY ,

MooE 3: TRIP of GENERATOR BREAKER

Figure 5. Schenatic of Pump Drive Components [9]

A mathematical representation will therefore be required to account for .

the effect of the various modes of power interruption to the pumps. The code

should also be able to accommodate different characteristics for the two main r
pumps.

-28-
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3.3.7 Pressure losses in Pipes

The pressure loss tems (AP ,g) in the flow equations discussed earlierf

represent ~ the pressure losses in various pipe sections and are calculated as

),-

AP;g accel. loss + frictional loss + gravity loss (gain)=
,

f

+ other losses.
L.

2 2 + WIW f
W (1/p - 1/p )/A p dxgg'y N

1- ,1,
jt (3-92)''

a - L'

+g psin a dx + K W|W|/pA

oj

SI The various tems are clearly explained elsewhere [3]. K here is a coef-

9 ficient to account for losses due to bends, fittings, etc. If the overall
'

/4, pressure drop across the pipe is known during steady-state, K can be evaluated
easily, and remains constant during transient. If not known, K is estimated

frcn physical data of the pipe, such as number and angle of bends, number and
type of fitting, etc. .This option is available in SSC. For the low pressure

line, the pressure loss across the throttle valve is also lumped in this tem..

Based on data _ of pressure 1oss across the valye during full-flow, the contri-
, ,

bution of the valve to overall K'is. evaluated.
>

The pressure rise across 'the auxiliary EM pump can, at present, be assumeds

constant at its steady-state value [8], until a _ better representation is de-
vel oped . This tem can be lumped together with the pressure loss tems for

.

the reactor outlet piping.
<-

h .

e' ,

'
.
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4. PRIMA'tY SYSTEM. DATA

^

4.1 Operating Data

Reactg

Inlet temperature. 371.11 *C (700*F) '

Outiet tenperature- ' 472.78 *C (883*F)
Power 62.3 MWt .

The above_ are measured values corresponding to Run 38A [2].

IHX

~Most of the numbers below are measured values corresponding to Run 38A '

1[2]..
6Primary flow-(shell, side) 480.05 kg/s (3.81 x 10 lb/hr)

. Primary ~ sodium iniet tenperature 471.11 *C

Primary sodium outlet temperature 371.11 *C
6Secondary flow (tube side) 297.35 ~ kg/s (2.36 x 10 lb/hr)

Secondary sodium inlet' temperature 307.78 *C
,

Secondary sodium outlet temperature 466.67 *C

Primary sodium pressure drop 23.44 kPa [14.5 kPa in Ref.10].

Secondary sodium (predicted)

pressure drop 19.305 kPa [24.1 kPa in Ref.11]
LV D [10] 27.3. *C

Main Primary Pumps [2]'

The rated characteristic parameters are
,

3O= 0.34705 m /s'(5500_gpm)Capacity _
R

'

c -Speed N 1075 i rpm=
. R

Head H 60.96~n=
.

R

Total'' pump'' heat into . cold pool during full flow operation 255 kW.=

,

-30-
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Coolant Flows

The values below have been : converted to m /s from gpm values listed in
~

2: Ref. 2 at 427'C (800 F).

Coolant flow from pumps 0.5894
'~

Leakage at pump disconnects 0.631 x 10
-3Leakage at throttle valves 1.5775 x 10

*
Flow into reactor lower plena 0.5871

~ Leakages past inner core region 19.246 x 10"
Flow through reactor 0.5679

Flow through inner core region 0.4808
-3Flow through outer blanket assemblies 79.506- x 10

Leakage past reactor cover, etc. 6.626 x 10'
Flow to IHX 0.5613

Leakage at IHX inlet 1~.893 x 10"
F1ow through IHX 0.5594

Primary Sodium Inventory [2]

Cold pool 290752.7 kg

Reactor vessel 2268.0 kg

IHX primary side 1814.4 kg

Pressure Drops [2]
~

Pump outlet to reactor inlet (HP line) 19.305 kPa

Reactor inlet to HP ~ plenum 9.653 kPa

HP plenum to reactor upper plenum 281.306 kPa ,

Upper plenum to reactor outlet nozzle 8.274 kPa

Reactor outlet nozzle to 'IHX inlet 44.126 kPa
.

LP plenum to reactor upper plenum 26.890 kPa

Throttle valve at full flow 255.106 kPa

Pump outlet to LP plenum 269.585 kPa
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4.2 Dimensional Data

IHX [11]

Number of tubes 3026

Tube outside diameter 15.9 mm,

Tube wall thickness 1.3 mm (1.6 mm in Ref.10)
Tube pitch (triangular) 20.6 mm

f Tube length (overall) 3.16 m

Tube sheet thickness (upper & lower) 76.2 m each
2Heat transfer area (secondary) 367 m

Active length f4,"

Reactor Outlet Pipe

The dimensions are shown in Fig. 7.

6.35 mm ,

( I/4") 355.6 mm (14") OD

12.7 mm (1/2")
,

44.5mm / HOT SODIUM f &,

(I 3/4") BULK COLD POOL
'

4 , SODIUM
,

STAGNANT SODIUM n
457.2 mm (18 )OD

Fig. 7 Cross-section of Reactor Outlet Pipe

!
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4

Primary System [2,12,13,14]

The dimensions are indicated in Figs. 8, 9. Some of the numbers have been
obtained ~ by measurements from a scale drawing in Ref. 2, and , hence this
infomation should be taken as tentative, until confimed data are obtained.
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Fig. 8 Dimensional Data for Primary System
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