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ABSTRACT

Using the lumped parameter methodology, a computer model simu-
lating the primary heat transport system (PHTS) of the Fast Flux Test

Facility (FFTF) is developed. The three primary loops are simulated by

two loops; a single and a double loop. The conservation of mass, energy

and momentum are the physical foundations of the model FATFAD (FAst Flux

Test Eﬁ;ility Qynamics).

To test FATFAD, three transients are initiated, (1) a ten cent
step input of reactivity, (2) a ten cent step reactivity input plus a 50
°K rise in the secondary sodium temperature entering the IHX, and (3) a
25% reduction in Loop One's primary pump speed. The results show that

FATFAD inexpensively and accurately simulates the PHTS of the FFTF.
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CHAPTER 1

INTRODUCTION

The computei model FATFAD, Fast Flux Test Facility Dynamics, was
developed out of a need for accurate, inexpensive, plant transient
analyses. Implicit in this model description is the necessity for keep-
ing code size to a minimum. To accomplish this, space dependznce may be
represented by suitable averaging {(i.e., limiting the number of spatial
zones), and similar components are combined together, resulting in fewer
state and algebraic cquations, thus roducing run cost. This type of
computer modeling is called lumped-parameter modeling, and is the tech-
nique used for the development of FATFAD.

Using the lumped parameter methodology, FATFAD has on the order
of 60 coupled non-linear first order ordinary differential equations
plus approximately 1000 algebraic equations. A system this size can be
easily integrated by the DAREP simulation language, developed by Dr.
Granino Korn and Dr. John V. Wait at The University of Arizona.

In Fig. 1.1, a schematic of the Fast Flux Test Facility (FFTF),
primary s, stem, as modeled in FATFAD, is shown. There are two primary
loops connecting the reactor and the intermediate heat exchanger. Loop
One is the model of a single heat transport loop. Loop Two incorporates
the second and third primary heat transport systems of the actual FFTF
complex. Components shown on the schematic are those which make up

1
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FATFAD. It is important to note that the IHX and pump of Loop Two are
actually two IHX's and two pumps combined, as is the case for thz piping.
Three physical laws are used in the model development of ail these
components: conservation of mass, energy, and ..omentum,

Important tools which aided in the development of FATFAD we.e
steady state solving routines for each major component. Often steady-
state values of variables would be unknown, and determination of these
parameters was necessary. To accomplish this, state variables would be
set to their steady state values (i.e., their derivatives set equal to
zero), and the unknown term could be solved for algebraically.

All momentum equationc have a friction factor term which is an
effective parameter representing overall flcw resistances (i.e., elbows,
pipe roughness, etc.). These friction factors can be found by making
their steady state values match known design values of the other parame-
ters comprising the momentum equations. One method of finding these
state friction factors is by setting up dummy differential equations.,
These dummy equations are actually momentum equations with the lert hand
side of the equation altered. Replacing dw/dt by df/dt, where w is the
mass flow rate and f is the friction factor in question, the derivative
will approach zero as f approaches the desired steady state value.

The following chapters will deal with the development of each of
the components of the FFTF primary heat transport system, various

transient runs, and results and conclusions.
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Area = CAXPl = n[b2 -(%) ] (2.1)

where a and b are shown in Fig. 2.1, and are the tube outside diameter
and equivalent radius, respectively.
Density of the primary liquid sodium can be approximated by Eq.

(2.2),

Density = ROXP1l = 16.02(59.533 - 0.008333*FAP11) (2.2)

with FAPIl being the average liquid sodium temperature in °F, on the
primary side. Since all temperatures are calculated in °K, the equiva-
lent temperature erpressed in °F must be determined. The constant out
front in Eq. (2.2, is the conversion factor from English to SI units.
Knowing the density and cross-sectional flow area, the liquid

sodium velocity can be calculated from the mass flow rate equatiocn.
Velocity = VXP11l = WPD1/(ROXP11*CAXP1)*ENXP1 (2.5

WPD1 is the mass flow rate through the primary side of the IHX and is
calculated from the momentum equation (Ch. 4). The number of IHX tubes
is given by ENXPI.

Next, relationships for specific heat, dynamic viscosity, thermal
conductivity, convective heat transfer coefficient, and resistance must
be determined (Additon et al., 1976).

Eq. (2.4) is the expression for specific heat of the primary
sodium (CPXP1), identical in form with the equation for specific heat of

the secondary sodium (CPXS1).
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Specific Heat = CPXP1 = 4.1868E+3(0.34574 - 7.9226E-5 *

FAP11 + 3.4086E-8 * FAP11?) (2.4)

The factor in front is the conversion factor from English to SI units.
For the case of secondary sodium, FAP1l i< replaced by FAS1l. Specific
heat of the tube wall is assumed to be constant.

Thermal conductivity must be calculated for the tube wall and
liquid sodium film. From Additon et al. (1976), the wall thermal

conductivity is

Thermal Conductivity = TCXW11 = 1.73073(7.7388464 +

0.40721437E-2 * TXF11) (2+5)

where TXF1l is the wall temperature expressed in °F. The empirical

relationship for the sodium filr thermal conductivity is given to be

Film Thermal Conductivity = TCXP1l = 1.73073(54.306 -

1.878E-2 * FAP1l + 2.0 (4E-6 * FAP11?) (2.6)

Once again, the constant in front is a conversion factor to S!I units.
A similar expression is used for the sodium thermal conductivity on the
secondary side (TCXS11). Viscosity can be determined from the following

equation,

UMXP11 ) 3 .
log (m) = 1.0203 + 397.17/RP11 - 0.4925*log(RP11)

(2.7)

Taking the antilog of both sides







Thermal resistance of the tube wall is

Wall Thermal Resistance = RWl1l =

n(DOT/DCT)/ (2.0*PI*TL*TC*W11) (2.13)

DOT being the outside diameter, DCT the point inside the tube wall
where the wall temperature (TXW) is measured, PI the value of = and TL
the tube lergth. Thermal conductivity of the tube wall, TCXW1ll, is
given by Eq. (2.5).

Temperatures of the primary sodium, tube wall, and secondary
sodium are solved for by the energy conservation law. Performing the

energy balance on region 1 (Fig. 2.2),

du _ . :
- m Cp T)in - m Cp T)out - q (2.14)

where q = E; AAT, with AT being the temperature difference between

sodium and tube wall. Also,

v du
el (2.15)
and
. 24
du = BT)V dT + 3y it dv (2.16)

Since incompressible flow is being assumed, the second term on the

right side is zero. Rewriting the first term,

au . |
-gf)L dT = Cv dT = Cp dT ¢2. A1)
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11

again using the assumption of incompressible flow. Rewriting Eq. (2.15),

g% : mcp g{ (2.18)
and combining Eqs. (2.18) and (2.14), the result becomes
me. I . i (Ty - Tp) - B AAT (2.19)
p dt P -
or,
Temperature = é% (TXPll)out = [WPDl*CPXPll"(TXPllin
- TXPllout) - UXP11*(TAVP11 - TXW11)]/WP11 (2.20)

The variables in Eq. (2.20) are TXPllin and TXPllout. the liquid sodium
temperatures into and out of the IHX respectively, LXP1ll, the overall
heat transfer coefficient between the liquid sodium and tube wall, WP1l,
the product of primary sodium mass and primary sodium specific heat, and
TAVP11l and TXW11l, the average sodium temperiture and wall temperature

respectively. UXPll may be expressed as

Overall Heat Transfer Coefficient = UXPll =

[1.0/(RX11 + RW11)]*ENXT1 (2.21)

where RW1l is given by Eq. (2.13), and RX11l equals the inverse of the
product o” convective heat trrnsfer coefficient (Eq. 2.9) and tube area
(PAREA) .

Analysis for Regirn 11, the IHX tube wall (Fig. 2.2), is per-

formed in a similar manner as for Region I.









CHAPTER 3
REACTOR

There are three major components making up the reactor model:
lower plenum, core, and upper plenum. For both upper and lower plenum
models, perfect mixing is assumed. As seen in Fig. 3.1, there are five
regions making up the core: three fuel regions, one control region, and
one region including everything else (reflector, structure material,
etc.). In addition, there is a center pin calculation which is used to
show whether a transient is severe enough to cause localized fuel melting.

Scram conditions have also been built into the code for auto-
matically scraming the reactor. If certain primary and/or secondary
operating conditions are violated, the system will drop all the primary
and/or secondary control rod banks, respectively.

Control rod positioning during operation is determined by the
flux control system, and r actor power is determined using the prompt-

jump approximation.

Lower and Upper Plenum

With perfect mixing of the sodium assumed, both models are
nothing more than the energy conservation law. From Fig. 3.1, the
physical representation of both plenums are shown.

Applvino the conscrvation of energy to the lower plenum,

- Q (3.1)

AU = Q. e

in
14
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or
du - o :
mw mh)in - mh)out £3.2)
Rut h—;}. for incompressible fluids, so Eq. (3.2) becomes
. e %
m 3 ° mLpT)in - mcpT)Out (3.3)

Since there are two primary inflows, the first term on the R.H.S. of

Eq. (3.3) is rewritten to incorporate both flows,

m—5— = mcpT)1 + mcpT)z - mcpT;out (3.4)

Also, specific internal energy is a function of volume and temperature,

with its differential expressed by

_ ou _ du
du = 57) dT = - dv (3.5)
v i
However, from thec assumption of incompressible flow, the second *erm on

the R.H.S. of Eq. (3.5) is zero and C_ = a.;) = C, (derived in Chapter
v

2). Therefore

du _ _ dT - e 4 e .
ma mLp It o mcpT)1 + mcpT)z mLpT)out (3.6)
finally,
dT T . - .
3t & = [mupT)l + mcpT)2 mcpT)out]/mLp)out (3.7)

As expressed in FATFAD, Eq. (3.7) is written
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Lower Plenum Temperature = é% (TLP) = (QLOOP1 +
QLOOP2 - WRD*CPSLP*TLP)/ (RHOLP*VOLLP*CPSLP) (3.8)

QLOOP1 and QLOOP2 represent the heat brought into the lower plenum from
loops one and two respectively. Specific heat of sodium is given by
CPSLP, mass flow rate into the core by WRD, sodium density in the lower
plenum by RHOLP, and lower pienum volume by VOLLP.

Liquid sodium temperature in the upper plenum is derived the
same way.

du) 5 4 "
m —— =mh). - him; + my) (3.9)
dt - in )out

Enthalpy is the same for both exits from the upper plenum because the
temperature is assumed to be the same at both exits. Using similar
reasoning as used for the case of the lower plenum (incompressible flow),

Eq. (3.9) can be expressed in a manner similar to Eq. (3.6)

d1 w ;
e, d—t)out = de )y - Gy * e (3.10)
or
dr = [he . T). - (i + mp)e.T) . J/mec) (3.11)
at ) . p in 1 2% p" out p’out ’

The equivalent expression for the upper plenum is shown below,
Upper Plenum Outlet Temperature = é% (TUPO) =

[WRD*CPOUT*TOUT - (WL11+WL21)*CPOUT*TUPO}/

(RHOUP*VOLUP*CPUPO) (3.12)
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Mass flow rates from the upper plenum tc the one and two loop systems
are given b WL1l and WL21, respectively. Liquid sodium specific heat
and temperature at the core outlet are represented as CPOUT and TOUT,
respectively, while the same two thermodynamic properties for upper
plenum outlet are given by CPUPO and TUPO, respectively. Finally, the

sodium density in the upper plenum is RHOUP, and the upper plenum volume

is VOLUP.

Core

Temperature at the exit of the core, TOUT, is determined by an
energy balance between sodium exit temperatures from the five core
channels and the upper plenum inlet temperature, Fig. 3.1.

For five channels,

Qin = rhh)1 + mh)2 + mh)3 + mh)4 + rhh)5 (3.13)

= .14

Qout mh)out (3.14)

beri h=c T € i ssible flows and & me 9T (see Eq. 2.15
remembering —cp or incompre It p dt i e

through Eq. 2.18), the energy equation becomes,

dT g .
mcp I B = [mLpT)1 + mLPT)2 + ﬁlcp'!')3 + MLpT)4

t

+ mcpT)S] - mcpTJout (3.15)

Dividing by mcp)out’
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Core Outlet Temperature = 5% (TOUT) = (T1+T2+T3+T4+T5

- WRD*CPOUT*TOUT) / (RHCUT*VOLC*CPOUT) (3.16)

where T1-5 are the product of flow rate, specific heat, and temperature
in each of the five channels, Eq. (3.17). Core volume is given by VOLC

and RHOUT is the sodium density from the core exit.
T(1-5) = WRD(1-5)*CPS(1-5)*TCS(1-5) (3.17)

Channels 1-3

As mentioned earlier, three of the five channels are fuel
channels. Each of these channels are divided into three radial regions
as shown in Fig. 3.2: fuel-gap, clad, and coolant. Relations for
temperature wil! once again be derived for each of these regions, using
energy conservation.

Following the same format as in Chapter 2, all pertinent thermo-
dynamic quantities will be determined before deriving the equations for
fuel, clad, and coolant temperatures.

Heat output per unit length per fuel pin is determined in the

fullowing manner.

QT = total power output of core

n = fraction of power dus to active core area
QA = actual power produced by active core area
ENRC = number of fuel elements in core

QP = power produced per fuel pin
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QL = power produced per unit length of fuel pin

L = active length of fuel pin

Relation among these quantities are:

QA = QT*n (3.18)

QF = QA/ENKC = QT*n/ENRC (3.19)

QL = QP/L = QT*n/(ENRC*PL) (3.20)
or

QLP(1-3) = QT*FPC(1-3)/(ENRC*PL) (3.21)
where FPC=n.

Two other properties needed for the fuel arve its thermal con-
ductivity and specific heat. Eq. (3.22) gives an empirical relation-

ship for the thermal conductivity (Shinaishin, 1976).

38.24 &
ke = F(D)* [Tr;—17573 + 6.!256E-IJ*T3] (3.22)
where
T =273 + 5/9 (Tf - 32) (3.23)
F(D) = 1.079 * 0 (3.24)
( 1 + 0.5*(1-D) :

with D being the ratio of fuel density to theoretical density. Re-

writing Eq. (3.22) as it appears in FATFAD,
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Fuel Temperature Conductivity = TCCF(1-3) =

) 38.24 H :
100 {F(I-S) [TCF(1-3)0129.2 + 6.1256E-13*TCF(1-3) ]}

(3.25)
where TCF(1-3) are the fuel temperatures for channels 1-3, given by
Eq. (3.23). and F(1-3) are defined by Eq. (3.24), with D written as FRO.
Specific heat of the fuel is also given by an empirical re-
lationship (Shinaishin, 1976) where the fuel temperature is in degrees
Cs
C. = 0.1091351924 + 7.75289753E-5*T - 6.121778E-8*T?

Py

+ 2.046305E-11*T3 (3.26)

Rewriting,

Fuel Specific Heat = CPCF = 4.1868E+3*(0.1091351924
+ 7.75289753E-5*TCF - 6.121778E-8*TCF?

+ 2.046305E-11*TCF?) (3.27)

with TCF being expressed in degrees C, aad the constant in front beiug
the conversion factor from English to SI units.

The gap between the fuel and the cladding has a convective heat
transfer coefficient expressed by Eq. (3.28) (Shinaishin, 1976),

0.1167 T * - 2.36 :
g = 0132+ Gﬁbp + 0.6391 (TTE) (3.28)

=
n

where

T = Tc + 273 + 0.2723*(1 + O.OS'G/DP)'q’ (3.29)
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B = Exp(-7.0 + 0.035%*q" - b.S*G/Dp) (3.30)
and G/Dp is the cold gap to pellet diametral ratio expressed in percent.

Gap Convective Heat Transfer Coefficient = HCG(1-3) =

s

{0.132 + (0.1167*TG(1-3) " - 2.36)/CGPDR + 0.6391 *

[8(1—3)/(1.0+B(1-3))]} 1.0 E+4 (3.31)

with
TG(1-3) = TCC(1-3) + 273.0 + 0.2723*(1.0+0.08*CGPDR) *

QLP(1-3) (3.32)

B(1-3) = Exp(-7.0 + 0.035*QLP(1-3) - 6.3*CGPDR) (3.33)

Tt 1s the temperature of the gas in the gap, TCC is the temperature of
the cladding, and C”POR is G/Dp. Again, the constant in front is the
conversion factor from English to SI units.

Next, the cladding specific heat and thermal conductivity must
be found. The cladding material is $S-316 and both thermodynamic
properties (Goldsmith, Waterman and Hirschhorn, 1961) are expressed by
an empirical fit, found using SUPER LEAST, a least squares fitting
program. Eq. (3.34) gives the relationship for specific heat, while

thermal conductivity is given by Eq. (3.35).

Cladding Specific Heat = CPCC(1-3) = 4.1868E+3 *
(0.14937593  1.39506964E-4*TFCC(1-3)

+ 0.2678i25E-7*TFCC(1-3)?) (3.34)



24
where TFCC is the cladding temperature expressed in degrees F and the

constant in front is the conversion factor.

Cladding Thermel Conductivity = TCCC(1-3) =

1.73073%(7.7388464 + 0.40721437E-2*TFCC(1-3)) (3.35)

with the conversion facter in front.

For liquid sodium, many of the properties are similar in form to
those found in Chapter 2, and only the variable names are changed.
Those parameters are thermal conductivity (TCCS), Eq. (2.6), average
specific heat (CPAS), Eq. (2.4), viscosity (UMCS), Eq. (2.8), density
(RHOCS), Eq 2.2}, Reynolds number (RECS), Eq. (2.11), and Prandit
number (PRCS), Eq. (2.12). The temperatures in each of the above
equations are also different., They are TFS for thermal conductivity,
TCSA for specific heat, TRS for viscosity, and TFS for density, with
units being the same as their counterparts in Chapter 2. The Nusselt
number for liquid sodium is given by the relation found in Eq. (3.36)

{Add:ton et al., 1976).

Sodium Nusselt Number = UNCS(1-3) 4.0 + 0.16"(PC/DHC)S

0.86

+ 0.006288* (PC/DHC) > " B«pCCS(1-3) (3.36)

where DHC and PC are the hydraulic diameter and resulting perimeter of

the sodium channel, respectively, and

PCCS(1-3) = RECS(1-3)*PRCS(1-3) (3.37)
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(VOL/ENRC), where ENRC is the number of pins per region and VO., the
total sodium flow volume of the region,
Once again app'ying the conservation of energy, and assuming no

axial heat €low, the equation for cladding temperature is
-1

ch - Ts) (3.43)

a7 in(D__ /D)

. € . q = 1., oc’ ¢
p dt Ah_ 2k =l
('S ¢ ¢

This can also be written

Claddirg Temperature = 3‘1‘- (TCC) = QF-UAC*(TCC-TCSA) ]/

(CM*CPCE) (3.44)

Here, CM and CPCC are the cladding mass and specific heat, respectively.
Average sodium temperature is given by TCSA, and UAC is the overall heat
transfer coefficient, represented by Eq. (3.45). QF is the heat reachiug
the cladding from the fuel. It should be noted that TCC is an area
weighted average «ladding temperature, and is evaluated at the peint

where both inside and outside cladding areas are equal (see Fig. 3.2).

Overall Heat Tranafer Co. ficient = UAC =

%
1.0 ALOG(DOC/DC)
[HSC’CAREAz ' 2.(”E'CC'PI"PL] (3.45)

where DC is the diameter of the cladding at whatever point TCC is
evaluated, DOC is the cladding outer diametor, and CAREA2 is the cladding
surface area.

Finally, the fuel temperature takes on the form given by iq.

(3.46).




28
-1
i dT &g ek i - (D /D) T - T (5.46)
p dt Brk L th 2chx.c f ¢’ A&

which is rewritten in the following form

Fuel Temperature = d—"t- (TCF) = [QP-UAF*(TC¥-TCC) |/ (FM*CPCF)
(3.47)

Once again, fuel mass and specific heat are given by ¥M and CPCF, re-
spectively. Also, UAF is the overall heat transfer coe“ficient shown in

the next equation,

Overall Heat Transfer Coefficient = UAF =

1.0 . 1.0, ALOG(DC/DIC) & (3.48)
8.0*PT*PL*TCCF " HCG*CAREAI & 2.C*TCCC*PI*PL :

where DIC is the cladding inner surface diametar, CAREAl is the surface
area of the gap space, HCG is the gap convective heat transfe. coeffi-

cient (Eq. 3.31), and TCCF is the fuel thermal conductivity (Eq. 3.25).

Channels 4 and 5

Determination of sodium temperatuses in channels 4 and 5 is
approached as in channels 1 through 3. 1In this case, however, there is
no heat generation due to fuel. Instead, a certain fractional power out-
put was found (Westinghouse Hanford Company, 1975) due to each region
during normal operation. It is assumed that this fractional power (FPC4,
FPC5) remains ccnstant even during transient operatior. Knowing this,

the temperature equaticns take on the same form as for the fuel region
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If a transient situation causes a setpoint condition to be
violated, that particular scram signal will be initiated, and, with the
appropriate time response delay, the reactor will be scramed. There is
also a one second time delay for the control rods to be fully inserted.
Each primary rod bank is worth eight dollars, and there are six
rod banks. The secondary rod bank is worth §1.88, and there are three

secondary banks.

Kinetics

In this simulator the -eactor power is determined using the
point-reactor kinetics equations, Eqs. (3.52) and (3.53), except that

the prompt-jump approximation is assumed.

an(e) . =8
dCi(t) 8
g 7 nit) - AiCi(t) (3.53)

By normalizin, ‘he neutron power, n(t), and delayed precursor concentra-

tion, Ci(t), thz resulting equations for power and precursor concentration

become
8.
N(t) = ] 7§-Di(t)/(1 - o/8) (3.54)
1
d D, (t)
= A [N(®) - D)) (3.55)
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The symbols in Eq. (3.61) are (Project Management Corporation, 1975)

DOPC = Doppler Coefficient

SODDC = Sodium density expansion coefficient (¢/°K)
AXEC = Axial expansion coefficient (¢/°K)

REC = Radial expansion coefficient (¢/°K)

BETAT = Total delayed neutron fraction

TVAFR = Averaged fuel temperature in degree R

TVAS = Volume averaged sodium temperature in degree K
TVAF = Volume averaged fuel temperature in degree K

TIR = Cold Stand-by temperature

Determination of steady state values of reactor variables is

given in Appendix B.
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CHAPTER 4

MOMENTUM AND PRESSURE EQUATIONS

Momuvatum Equations

All the momentum equations in FATFAD have the same general form,
therefore the momentum equation will be derived for a general case and
then appl.ed to each component. For the case of a cylindrical flow

channel, Fig. 4.1, the momentum equation looks like Eq. (4.1).

3 4 3 -~ i L
3 (pv) + x (pVeV) = - VP - pg - T2 (4.1)

Noting that pv=m/A, Eq. (4.1) becomes

1 am 1 = A

A RV @) = -V -of-Th (4.2)
Using the vector identity

e @l = al7 + 70

and realizing that for incompressible flow Vm = 0, Eq. (4.2) reduces to

1 3m W= = > - -~ 5

EICETNE A AR W (4.3,
or

lalh l‘il a3 K, - i

K TR A, A il

Rewriting the gradient and divergence terms
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Figure

4.

1.

Pipe section with forces for momentum balance.
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the general form of the differential equation becomes,

ah _ A | @ m?

K’E[W)Z'Wl'pz'p"pgh'pf] (4.6)
All the terms in Eq. (4.6) except one are self explanatory; Pf is the
pressure loss due to friction along the sides of the channel.

With the momentum equation as derived, mass flow rates can be

expressed for all the necessary components.

Reactor Core

Flow Rate s % (WRD) = AOL'[PLP-PUP-YC*G'RHOC
WRD \°
" (7@ * (1.0/RHOLP - 1.0/RHOC - F12*AC2) 4.7

Since the core has five channels, there are five equations such
as Eq. (4.7). All the variables have the suffix 1 through 5. PLP and
RHOLP are pressure and density in the lower plenum, respectively Upper
plenum pressure is PUP, density at the outlet of the core is RHOC, and
F12 is the friction term. Lastly, AC is ths cross-sectional flow area,
AOL is the cross-sectional area divided by the active core length, and

YC is the height from the lower plenum inlet to the core outlet,




i
-3

THX

Flow Rate = é% (WIXP) = AOLXP'[%0UT12—PINI3-RHOXP*G'Y

WIXP 1.0 2
PAXPI) (RO - ROTNTS - FXP1*PAXPI )] (4.8)

All the variables have the same meanings as in Eq. (4.7), except
that the suffix 2 pertains to the IHX inlet side and 3 to the IHX outlet
size; see Fig. 4.2. The 1 used in the suffix stands for the one loop

side, whereas the two loop side is represented by 2.

Piping

For each pipe section (see Fig. 4.2), there is a momentum equa-
tion having the general form given by Eq. (4.6). Equation (4.9) models
sodium flow rate for the one loop side, but the two loop model uses the
same equation with different piping dimensions and notation (suffix 1

instead of 2).

Piping Flow Rate = gL (WL1) = AOLI*[%INI-POUTI-RHOLI*G*YLI

WL1 _ 2)
- (PALI) (R OINT ~ R 1 = FL1*PAL1 ] (4.9)

Once again, all variables have the same meaning as their counterparts in

Eq. (4.7 ; only the disensions have changed. To represent each pipe
segment, each variable has a suffix 1, 2, or 3, dep>nding on which seg-

ment is being considered (ex., WL1l is the flow rate ir the first pipe

segment ) .
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Figure 4.2.

Primary HTS with pipe connections.

8¢



39

Pressure Equations

To determine pressures at the various divis‘ons (see Fig. 4.2),
a system of 13 algebraic equations and 13 unlnowns must be solved. The
13 algebraic equations are the right hand sides of all the momentum
equations presented in the previous section. By equating the right hand
sides, conservation of mass is assumed throughout the primary system.
Realizing that the flow rate from the core is equal to the sodium
flow out of the upper plenum, the following equality is formed.

5
L AOL, * (PLP-PUP-RHOC, *G*YC+T3, ) =
i=1

2

z AOL . 3*(PIN,3-POUT . 3-RHOL . 3*G*YL_ 3+REST . 3) (4.10)
j=1 J J J J J J

The two variables T3i and RESTjS, are shorthand notation for the last
term of the momentum equation for the reactor core and piping, re-

spectively (see Eqs. 4.7 and 4.9). Knowing that the pressure into the

lower plenum is

Pressure Into Lower Plenum = POUTj3 = PLP»DELPjS (4.11)

the lower plenum pressure at the inlet to the core, PLP, can be deter-

mined by substituting Eq. (4.11) into Eq. (4.10) and rearranging terms.
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AO
PLP'(I.O . 4}%0.':2_3 & A%'f‘; « (PINI3-DELP13-RHOL] 3+
G*YL13 + REST13) + %%%2% + (PIN23-DELP23-RHOL23*G*YL23
L AOLL AOL2
3 el - - s b -  opemiusem
+ REST23) - Tore « (~PUP-RHOCL*G*YCoT31) - ASLZ
(~PUP-RHOC2*G*YC+T32) - :gl‘: + (~PUP-RHOC3*G*YC+T33)
AOL4 ACLS
- F0TR * (-PUP-RHOCA*GHYC4T34) - S512 o (-PUP-RHOCS*G*YC
+ T35) (4.12)
where
AOLR = AOL1 + AOL2 + AOL3 + AOL4 + AOLS (4.13)

All the terms on the R.H.S. in Eq. (4.12) are known except PINI3 and
PINZ3, the pressures at the inlet of the pipe which connects the IHX to
the reacter for the one and two loop sides, respectively.

By equating the R.H.S. of the momentum equations for the section
of pipe between the reactor and the pump (WL11) and for the section be-
tween the IHX and the reactor (WL13), an expression for PIN13 can be
determined.

. SEE L B . AOL11
Pressure into Pipe Section 3 = PIN13 = AOLLS "

(PINI1-POUT11-RHOL11*G*YL11+REST 1) + POUT13

+ RHOL13*G*YL13 - REST13 (4.14)
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In this equation, the only unknown is POUT11, the pressure at the exit
of the pipe connecting the reactor with the pump. The pressure at the

inlet of this pipe, PIN11, is

Pressure into Pipe Section 1 = PIN!1 = PUP-DELP11 (4.15)

where PUP is the pressure at the core exit, determined by the sum of the
cover gas pressure and the hydrostatic pressure of the upper plenum
sodium, and DELPI1 is the pressure difference due to height change be-
tween the top of the core and the upper plenum exit. The two loop
pressure, PIN23, has the same form.

A relation for POUT1] is obtained by taking the momentum equa-
tions for the piping between the reactor and the pump, and between the

pump and the IHX, and equating their right hand sides. The resuit is

Pressure out of Pipe Section 1 = POUTII’(I.O + 2%%%%
g AOL12
“ PINI1-RHOLI1*G*YL11+RESTI1 - Z=ios »
(PUMP1-POUT12-RHOL1 2*G*YL12+REST12) (4.16)

In Eq. (4.16), the only unknown is POUT12, the pressure on the outlet
side of the pipe connecting the pump and the IHX. PUMPl is the pressure
drop across the pump, determined by the pump model (Boadu, 1981).

In obtaining Eq. (4.16), we also used Eq. (4.17) relating PUMP1

w.th PIN12, the pressure at the pipe inlet connecting the pump and IHX.

Pressure into Piype Sectisn 2 = PIN12-POUT11+PUMP1 (4.17)
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Once again, the unknown pressure is determined by setting the
right hand sides of two momentum equations equal to each other and
solving for the desired pressure. For POUT12, flow rates WIHX1 and WL13

are equated.

AOL13

Pressure out of Pipe Section 2 = POUT12 = AOLXPI*ENYTT

(PIN13-POUT13-RHOL13*G*YL13+REST13)
+ PINI3+RHOXP1*G*YXP1-RESTXI (4.18)
PIN13, the unknown in Eq. (4.18), must be solved for in a
slightly different manner. First Eq. (4.18) is substituted into Eq.

(4.16). Then the resulting expression, Eq. (4.19), is substituted into

Eq. (4.14). Substituting,

AOL12 AOL12
: AOLIZY . pIN1i RHOL11*G 15711 - ADk1Z
pou'n‘g(l.() * ROTIT) = PINIL RHOLLI*G*YLIL4RESTI] - 4OLis «
PUMPL - —okl3 o (PINI3-POUT]3-RHOL13*G*YL13
AOLXP1*ENXTI

+ REST13) - PIN13-RECAP1*G*YXP1+RESTX1-RHOL12*G*YL12
+ RESTIZ] (4.19)
By perfurming the seccnd substitution, PIN13, the inlet pressurc for the

pipe connecting the IHX to the reactor, takes on the final form given by

Eq. (4.20).




, AOL12 AOLI2 AOLIZ)
P”‘”"["O’ ADLXP1*ENXT1 AOLIS) (1 0+ 3oL11 ]
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AOL12
.

AOLI3 * [PINII -{ PINII-RHOLI1*G*YL11+RESTI1 - AOLI1

AOL13

[PUMPY - ST PT ENXTI

* (~POUT13-RHOL13*G*YL13+REST13)
- RHOXPI'G'YXPI*RESTXI-RHOLIZ'G*YL12+REST12]}/

(1.0 + %%%%%) - RHOLII*G*YLII] + POUT13+RHOLI3*G*YL13

- REST13 (4.20)

The pressure out of the pipe connecting the THX to the reactor, POUTIS,
is the oniy unknown. POUT13 is given by Eq. (4.10), which is a function
of FLP, so that upon substituting Eqs. (4.20) and (4.11) into Eq. (4.12)
an expression for PLP is obtained in which ail terms are known. Per-
forming the above steps and collecting like terms, the equation for FLP

becumc s

: e " AOL11 .
Pressure at Core Inlet = PLP AOL1 3= ((A_——'OLIS * (PIMI -

AOL12 AOL13 E
(PINI1-RHOL11*G*YLI1+RESTIL - 3orqp * (PUMPL + soresi s

(DELP13+RHOL13*G*YL13-REST13) - RHOXP1*G*YXP1+RESTX1 -RHOL12*G*YL12 +

RESTIZ)) / (1.0 + ASKIZ 5 _ RiioLI1*G*YLII+RESTIL) + DELPI3 +

' A0
Ruous'cwus-aesns)/ (1.0 + ( m—',‘,—?—i‘—é—ix—n- + %g—‘fi—é )/ (1.0 + Ao::if ))

§ DELPIS-RHOLI3'G'YL13¢REST13) + AOL23* ((%—% . (PINZl - (pN21 -

| AOL22 AOL23
RHOL21 *G*YL21 +REST21 - S5 » (PUMP2 + goretsiners *




EE]

(DELP23+RHOL23*G*YL23-REST23) - RHOXP2*G*YXP24RESTX2-RHOL22*G*YL22 +

AOL22

REST22)) / (1.0 + 35157 )

- RHCLZX'G’YLZI#RESTZI) + DELP23+RHOL23*G*

2
“23’“5”3)’ (1.0 + ( aorxpzemncrs * Aocss ) / (-0 * Ropat )

- DELP23-RHOL23'G'YL2SOREST23) + AOL1*(PUP+RHOC1*G*YC-T31) + AOL2 »
(PUP+RHOC2*G*YC-T32) + AOL3 * (PUP+RHOC3*G*YC-T33) + AOL4 «

(PUP+RHOC4*G*YC-T34) + AOLS » (PUP#RHOCS'G‘YC-TSS))

(Aommouso
=y AOL12 AOL12 AOL12
A0c23 - (R0L13/ (1.0 + ( goryprepnT * Forrs )/ (-9 * fogrr V)

(1.0 + AOL11*AOL12/(AOLXP1*ENXT1*(AOLi1+A0L12))) - (AOL23 / (1.0 «

AOL22 AOL22 AOL22
( rorxpzoeneTs * aorzs ) / (10 * Gopar ))) + (1.0 + AoL21*a0L22 /

(AOLXP2*ENXT2* fAOLGoAOLzz))))
(4.21)

With Eq. (4.21), the system of algebraic equations describing
the pressures at various points is closed. In summary, the pressure
equations incorporated in FATFAD are Eqs. (4.11), (4.15), (4.17), (4.18),
(4.19), (4.20), and (4.21).

Determination of steady state values of momentum and pressure
variables (i.e., mass fiow rates, friction factors, etc., is given in

Appendix C.




CHAPTER 5
FLUX CONTROL SYSTEM

To maintain the flux at its desired operating point, a flux
control system is installed. The system is shown schematically in Fig.
5.1 (Schade, 1980). However, two changes had to be made to this system
before implementation. The first is the omiss'on of the non-linear
control rod drive transfer function block. This is done because of the
large increase in run time that the non-lincar control rod drive mecha-
nism (CRDM) causes, with no additional accuracy. Second, when no informa-
tion could be obtained pertaining to the type of flux controller used in
the FFTF, a proportional integral, PI, controller was assumed. Gains for
this PI controller are unknown and must be determined. This problem is

the subject of the rest of the chapter.

Gain Constant Determina“ion

A schematic of the control scheme with its appropriate transfer
functions is shown ia Fig. 5.2. Determination of the gain constant for
the prcportional integral controller is performed using the Nichols Chart
method (Kuo, 1975). Analysis of a control scheme by the Nichols method
requires that there be no magnification of the desired output. For this
system, the Flux Sensor transfer function is not unity, so a transforma-
tion of the ~ontrol scheme must be performed. A generalized representation
of the flux control scheme in the FFTF is shown in Fig. 5.3. Here F(s) is
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E_ | Proportional /| R
Integrator

Note: The non-linear CRDM will initially not be used because of the greatly increased run time needed and the
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~
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~
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many gutches wnich it causes on all output variables

Figure 5.1.

Block diagram for flux control system.
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Figure 5.2. Transfer functions of flux control system.
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F(t
) Z(S) |
.
H(S)
(A)
|
F(t) ral ;- Z(S)H(S) -

(B8)

Figure 5.3. Equivalent representations of the flux control system.

(a) General control system with non-unity feedback.
(b) Transformed control system to give unity feedback.
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the Laplace Transform of the desired flux, H(s) the transfer function
for the Flux Sensor, and Z(s) is the product of the transfer functions
for the PI Controller, CRDM (equivalent linear), and reactor. Per-
forming this transformation, the control system to be znalyzed is shown
in Fig. 5.3,

All the differential equations describing the control scheme are

shown below (for detailed derivation, see Appendix D).

& o = w2 (5.1)
& (U2) = PIOP-60.0%U2-1200.0°V1 (5.2) °
ZROD = 1= {U2)-60.0*U2+1200.0*U1 (5.3)
PIOP = CONST*ERR+WD (5.4)
- (WD) = ERR (5.5)
£ (FLUX) = (EN-FLUX)/0.35 (5.6)
ERR = FEN(ROCRD) - FLUX (5.7)

The variable CONST in Eq. (5.4) is the gain constant which is to be

determined from the Nichols method. Eq. (5.4) is also the equation

which must be altered in accordance with the transformation illustrated

in Fig. 5.3. This new equation for PIOP is
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é% (PIOP) = (ELR*CONST+WD-PIOP)/0.35 (5.8)

The error signal, Eq. (5.7), is also altered; it becomes a function of
the desired flux only. In determining the gain, the desired flux is a
sinusoidal function. Due to difficulties caused by the control rod
position equation, Eq. (5.3), ZROD is set equal to the proportional
integral controller output PIOP (for the gain determination only).

With all necessary equations determined, several computer runs
arc made, each with a different frequency for the sinusoidally varying
desired flux. Plotted are the reactor power, ENPR, and the transformed
desired flux, FENDPP (output from transfer block on L.H.S. of the junc-
tion of traasformed control system), against time. From each run, the
period of oscillation for ENPR and FENDPP is determined, along with the
phase angle between them. Using Eq. (5.9), the magnitude for that fre-

quency is calculated.

ENPR ) (5.9)

Magnitude = M = 20 log,g (?fﬁﬁﬁf
With the results from these runs, Bode plots for magnitude and
phase are drawn, Figs. 5.4 and 5.5 respectively. Also, a plot of magni-
tude vs. phase is produced by combining the magnitude and phase curves,
eliminating the frequency. Since the former analysis does not include
the CRDM transfer function, it must now be added.
Using the Padé Approximation, the control rod drive transfer

function can be represented as a ratio of two polynomials,
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Figure 5.4, Frequency versus Magnitude (without CRDM).
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. 82 -as+ b
G(S] = m (5.10)

where a=60 and b=1200. G(s) can be written in terms of two transfer

functions (see Appendix D), with the following forms

G(s)y = 1.0/[1+(26)/wy)s + (8/wy)?] (5.11)
and

G(s); = 1+(285/wy)s + (8/wp)? (5.12)
with

G(s) = G(s), G(s); (5%.13)
where

w; = wy = Vb (natural frequency)

£1 - aml/Zb

E2 © -awz/Zb

From Eq. (5.11) Bode nlots for magnitude and phase are determined for
G(s)y, G(s), and G(s), Figs. 5.6 and 5.7 respectively. Combining
graphs, a magnitude vs. phase plot is formed and is superimposed upon a
similar plot for the other portion of the control schere. Fig. 5.8 tlows
both curves for the flux control scheme with and without the CRDM,
respectively. It is the former graph which is superimposed on a Nichols
Chart for gain determination in Fig. 5.9.

The gain margin for this system is -5.75 db with a phase ma~ in
of 46 degrees (assuming a gain of one). However, control systems usually

operate with larger gain and phase margins, so an adjustment is needed.
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in the sodium temperature at the outlet of the IHX primary side (TXPll).
Once again allowing for the transport time delay, TLP, the lower plenum
temperature, begins to rise. Because TLP is an input to the primary
pump control scheme the temperature increase causes the pumps to reduce
speed (ENPP) thus decreasing the flow rate. This decrease of flow is
felt instantaneously throughout the system and is illustrated by the
core flow rates, WRD1-5. It is this decrease in flow rate which causes
the core sodium and the cladding temperatures to begin their sccond
temperature rise and plateau. The reduction in total flow rate also
accounts for the leveling off the subsequent decrease in TXPll.

By the end of this run, the system has almost reached a new
operating point. It should be mentioned that since this is a symmetric
transient, both loops should behave identically, as is seen in the
graphs.

Ten Cent Step :nput Plus a 50° K Rise in the IHX
Secondary Inlet Temperature

For the second trancient, a 10 cent reactivity step input at ’
seconds was accompanied by a 50° K rise in the secondary sodium inlet
temperature to the IHX, over a ten second period. Fig. 6.2 illustrates
the primary heat transport system (PHTS) response to this imbal~nce
over the first 200 seconds.

At t=0, TXS12 begins the 50° K increase over a period of 10
seconds, which causes TXP11 (THX primary sodium outlet temperature) to
rise. During this rise in TXS12, a 10 cent step input of reactivity is

initiated at t=5.0 seconds causing the fuel temperatures to rise (TCF1-3).
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Following the fuel temperature rise are the cladding and sodium tempera-
tures (TCCl-3 and TCS1-5, respectively). Their initial increases are
identical to the responses they had for the 10 cent step input (first
transient case). However, soon afterwards, the c(iadding and sodium
temperatures depart from their expected behaviors; both temperatures
begin to increase much more rapidly instead of leveling off as in the
first case. The reason for this results from the temperature rise in the
lower plenum iulet temperature for Loop One, TLPl. Taking into account
the transport time delay between the IHY primary outlet and lower plenum
inlet, the ;owér plenum temperature (TLP) begins climbing when the
cladding and sodium temperatures begin their second increase. TLP in
turn depends upon the sodium temperatures entering the lower plenum
from the two primary loops (TLP1 and TLP2). These temperatures are in
turn inputs to the control systems of the primary pumps. When the sodium
entering the iower plenum from the singie ivop begins to show au increase
in temperature, the pump in that loop reduces its speed (ENPP), thus de-
creasing flow rate. This decrease in flow rate is fe’c ainstantaneously
throughout the system, including the core flow rates (WRD1-5). It is
the reduction in flow rates through the core which causes the increase
in sodium aad cladding temperatures.

Initially, when the flow is reduced in the single lodp. the
double loop tries to take up the slack. This causes the IHX primary
outlet sodium temperature in the double loop (TXP21) to increase (less

time spent in the IHX). But the flow rate i3 another input into the
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pump control svstem; therefois, vhe pump on the rwo loop-side reduces
speed (ENP™ |, causing TXP2l te level off and urop.

a. "ripples" seen in various quantities are due to the pump
e rollers decreasing and increasing purp <peed (i.e., flow rate) in
accordance with the sodium temperature. It is this undulation in the
sodium temperature which causes the nower (EN) to fluctuate. Feedback
reactivity increases due to rising sodium temperature and vice versa,
causing power to oscillate with fuel temperatures following.

During this time, TUPC, the upper plenum outlet temperature,
rises. This is followed by a rise in the IHX primary sodium inlet
temperatures, TXP1 and TXP2 (allowing for the transport time delay).

It is the rise in TXPl and TXP2 which make TXS1! and TXS2l1 increase,
respectively (IHX secondary outlet sodium temperature for the single
and double loop, respectively).

Backing up momentarily, ncte that before TXS11 displays it:
increasing trend, there is a large dip in the temperature. This dip
results from the secondary flow remaining constant while the primary
flow decreases. Less hot sodium enters the IHX per unit time, thus de-
creasing the amount of heat flow to the secondary side, and resulting in
a lower outlet temperature for the IHX secondary side. For this reason,
TXP11 displays a temperature drop during the same time iuterval. With
primary flow reduced, the sodium spends more time in the IHX, trans-
ferring more heat than usual and thus decreasing the primary outlet
temperature from the IHX. Once this lower temperature is "felt" at the

lower plenum inlet, the pump begins to increase speed and flow rate.
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side. The secondary sodium does not gain 1s mu h energy per unit time,
in the form of heat flow as in the steady state situation.

When the reactor power deviates from its normal operat ng con-
dition, the flux control scheme will correct any deviation. In this
case the control system pulls out control rods until the power starts
climbing toward its original operating conditio.. The power also rises
with the fuel temperatures. The sodium and cladding temperatures in
turn will . ,1'ow the rise in fuel temperaturcs. However, TCS4 and TCSS
have a slightly different temperature profile; the lower temperature at
the end iy due to the lower plenum temperature (TLP), which has decreaseu
during the tre~-ient.

During this time, the upper plenum sodium exit temperature (TUPO)
increases, which in turn causes the vise in TXP1l and TXP2 (IHX primary
inlet temperature for the single and double loop, rospectively'. This
is felt on the secondary side by heat transfer across the IHX's with
both TXS11l and TXS21 increasing.

The undulations seen in some of the variables are due to the

control scheme for the pump in Loop Two.

The objective of this work was to develop a fast-running and
accurate mode: of the FFTF. In all three runs discussed previously, the
total execution time ranged from 150 CP seconds to approximately 160 CP
seconds. Since all runs were for 200 seconds simulation time, the code

runs faster than real time and is indeed fast.
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Although there are no comparisons on which to judge the accuracy
of the results, physical reasoning was adequate to interpret the runs.
All the components were modeied separately and tested thoroughly, and
there is no reason to doubt the results obtained.

However, it shovld be remembered that only the primary system
has been modeled. The secondar, system is set up now to remove whatever
heat is necessary to maintain the IHX secondary sodium inlet temperature
4t the normal steady state operating point. It is the lack of a model
for the seconda:y side (i.e., DHX, Dump Heat Exchanger) wiiich would
cause the results to change by any appreciable amount from the transient
responses reported here.

In summary, FATFAD has been shown to be an inexpensive, fast and
relievle lumped parameter model of the FFTF primary heat transport sys-
tem.

For a listing of FATFAD and a. index of variable names with

definitiors see Appendix E.




AFPENDIX A

THX

As in Chapter 2 the rarameters which go into the energy equation
for the IHX will be consid=red fir:t. Values found here for transient
varying parameters are calculated for the steady state case.

Primary cross-sectional flow area per tube (Eq. 2.1):

CAXP1 = n[b2-(a/2)?]
b = 1.763-10 °m (equivalent diameter),
a = 2.223+10 °m (outside diameter).
Substituting,
CAXP1 = 5.883+10 ’m

Sodium density (Eq. 2.2):

ROXP11 = 16.02 (59.533-.008333*FAP11)

)/2

FAP11 (average sodium temperature) = \T.m-Tout

T, = 830.2222 °K
in

T = 686.8889 °K
out

SO,
FAP11 = 906.0 °F
ROXP11 = 832.77 kg/m?

91
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From CAXP1 and ROXP11l, the sodium velocity through the "HX can

be found.

Sodium velocity (Eq. 2.3):
VXF'1 = WRD1/(ROXP11*CAXP1*ENXP1)

ENXP1 = 1540 tubes

WRD1 = 737.006278 kg/sec
VXP1l = .978 m/sec
Specific heat of sodium (Eq. 2.4):

CPXP1 = 4.1868-103 (.34574-7.9226-10-5'FAP11+3.4086~10-8 *

FAP112)
Using the value of FAPll determined earlier,
CPXP1 = 1264.16 KJ/kg °K
Thermal conductivity for tube wall and sodium:

Tube wall (Eq. 2.5)

| TCXW1l = 1.73073 (7.73884644.40721437*10_2*T¥F11)
TXF11 (tube wall temperature in °F) = 878.01 °F

TCXW11 = 19.5818 .J/sec m °K

Sodium (Eq. 2.6)

TCXP11 = 1.73073 (54.306-1.878-10-2’FAP1l+2.09!4-10-6*FAP112)
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With the steady state value for FAPll given previously, the sodium

thermal conductivity becomes
TCXP1l = 67.51.3 J/sec m °K

Sodium viscosity (Eq. 2.8):

UMXP11 = 1.867+10°% - 10.0[1.0203*(397.17/RP11)—.492510g(RP11)]

where
RP11 (average sodium temperature in °R} = FAP11+460.0
RP11 = 13€6.0 °R

and

UMKPL1 = 1.0914-10"° N sec/m?

With the thermodynamic properties calculated for both tube wall
and sodium, the convective heat transfer coefficients can be determined.

The general form of ﬁé is,

= _ k
hc - -6'- NUD (2.9)
h
where
Nu, = A+BRe" prl (2.10)
and
pVD
Re = —
1
C, ¥
Pr = P_.



E& for primary (shell) side:

The Reynolds number and Prandlt number are given by Egs.

(2.11) and (2.12) respectively. Also, the constants for the Nusselt

number are,

28.16

>

11

= 3.893-10

D= 0.86

Substituting everything into the equation for ﬁ;,

TCX¥P11
DH

6

HXP11 =

[28.16+(3.807-10" "1 )REXP11"®® pRXP11°%6)

HXP11 = 5.6422:10"" J/sec m? °k

where

DH (hydraulic diameter) = 3.36953:10"> m

hc for secondary (tube) side:
Reynolds number and Prandlt number are again by Eqs. (2.11)

and (2.12) respectively. The constants for the Nusselt nwsber are now,

A=5.0,
B = 0.025 ,
C=D=0.8

and the expression for EE becomes

TCXS11
D

8

HXS11 = PRXSll's]

[5.0+(.C25)REXS11°’

HSX11 = 3.1919:10°" 1/sec m? °K
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where

D (inside diameter of tube) = 1.96-10'2m
The tube wall has a thermal resistance associated with it:
RW11l = en(DOT/DIT)/(2.0*n*TCXW11*TL)

QW11 = 2.4973.10° " sec °K/J
where,

DIT = D = 1.96-10 °m

DOT = 2.22310 ’m

This is the total resistar:e through the wall. It is split into two
parts in the model, with the interior point placed where the wall tempera
ture is determined.

Temperat: res for each of the three regions (primary, wall,

secondary) can no/ be derived for using the energy equation (see Chapter

2).
Primary region (Eq. 2.20)
4 = * * ~TXP -
It (TXPll)0ut = [WPD1*CPXP11 (TXPHin TXlllout)
UXP11*(TAVP11-TXW11} ]/WP11
where,

TAVP1l (Average sodium temperature) = 758.5556 °K

The steady state value of TXP1l,  is 830.2222 °K and of TXPLL o is

686. 8889 °K.



Tube wall (Eq. 2.24):

3% (TXW11) [UXP11(TAVPLI1-TXWI1) - UXSI1(TXW11-TAVS11)] WWil

TAVS11 (average sodium temperature on secondary side) =

711.333 °K

The overall heat transfer coefficient for the secondary side
(UXS11) contains the fouling resistance RF. This resistance takes into
account the buildup of particu’ate matter on the tube walls, and its
value is considered constant. RF had to be determined simultaneously
with the wall temperature since one is a function of the other, and
neither quantity had a known steady state value. To sustain steady state
conditions throughout the system, TXWll and RF were found to have the
values,

TXW1l = 743.00326844 °K

h

RF = 1.0774167599+10 °  sec °K/J

Secondary region (Eq. 2.28):

d e " S . . ,
- = [WSDI*CPXSI (TX¢ - TXS11,
at (lxsllwi" [WsD1 (Hsl(rxsuout X 111n1

+ UXS11(TXWI1-TAVSI11)]j/WS11

The steady state values of TXSlljn and TXSllUut are 639.6667 °K and

783.0 °K, respectively.




APPENDIX B

REACTOR

Lower and Upper Plenum

With a perfect mixing model assumed for both plenums, the only
state variable which is of concern is the sodium temperature.

For the lower plenum, sodium temperature is given by Eq. (3.8).

é%—(TLP) = (QLOOP1+QLOOP2-WRD*CPSLP*TLP)/ (RHOLP*VOLLP*CPSLP)

WRD (total sodium flow rate) = 2211.198834 kg/sec

VOLILP = 66.09 m®

The density (RHOLP) and specific heat (CPSLP) are both given by the same

expressions as those used for the IHX.
QLOOP(1,2) = WL(1,2)3*CPL(1,2)*TLP(1,2)

Since all the above parameters have known steady state values, the system

of equations is closed.

TLP = 686.8889 °K

also,
TLP1 = TLP2 = 686.8889 °K
WL13 = 737.066278 kg/sec
WL23 = 1474,132556 kg/sec
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Sodium temperiture for the upper plenum is given by Eq. (3.12).

é% (TUPO) = [WRD*CPOUT*TOUT- (WL11-WL21) *CPOUT*TUPO]/

(RHOUP*%OLUP*VPUPO)

Once again, the density (RHOUP) and specific heats (CPOUT and CPUPO) are

found using Eq. (2.2) with the appropriate temperature substitution.
VOLUP (volume of upper plenum) = 95.09 m?
The steady state value for the upper plenum temperature is

TUPO = 830.2222 °K

also,

"

WL11 = WL13

WL21 = WL23

Core

By using the energy corservation law, the core outlet temperature

(TOUT) can be expressed by Eq. (3.16).

é% (TOUT) = (T1+T2+4T3+T4+T5-WRD*CPOUT*TOUT)/
{RHOUT*VOLC*CPOUT

where

VOLC = 2.519691942 m3

and where T(1-5) is given by Eq. (3.17). Knowing the sodium steady state
temperatures in all five channels (given later in this appe.'x), the

sodium steady state temperature at the core outlet becomes
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Gap convective heat transfer coefficient (Eq. 3.31):

s

HCG(1-3) = i0“{0.132+(0.1167*TG(1-3)* -2.36)/

CGPDR+0.6391 {B(1-3)/(1.0+B(1-5")1}

with TG(1-3) given by Eq. (3.32) and B(1-3) by Eq. (3.33). For the

first fuel channel, in steady state,

CGPDR = 1.651-107%/4.9149-10™° = 3.359%

TGl = 1125.5 °K

Bl = 4.04+107°

S0,

HCGl = 5.95+10% J/sec m® °K
Cladding specific heat (Eq. 3.34):

CPCC(1-3) = 4.1868+10%[0.14937593-0.39506964+10" "

*TFCC(1-3)¢0.2678125-:0'7'TFCC(1-3)2]
For Channel 1 in steady state,

TFCCl (clad temperature in °F) = 962.59 °F

therefore

CPCC1 = 5.701+10° KJ/kg °K (£.5.-316)
Cladding thermal conductivity (Eq. 3.35):

TCCC(1-3) = 1.73073 (7.738846400.40721437-10-2*TFCC(1-3))

G Tl R S O
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In steady state,
TCC1 = 20.178 J/sec m? °K ($.5.-316)

It should be mentioned that since the cladding temperature and thermal

conductivity are functions of one another, and neither were known, a

trial and error method was us~d to obtain the steady state values.
Sodium heat transfer coefficient (Eq. 3.39):

The convective film n..* transfer coefficiert for sodium is

HCS(1-3) = UNCS(1-3)*TCSS(1-3)/DHC

where UNCS is the sodium Nusselt number, given by Eq. (3.36), and DHC,

the hydraulic diameter, has the value

DHC = 4 « cross-sectional flow area/wetted perimeter
DHC = 4 10638167810 °m
HCS1 = 1.0539:107 J/sec m? °K (steady state)

At this point, all necessary thermodvnamic quantities are
assembled and the expressions for fuel, cladding, and sodium temperatures
can be formulated. By use o energy conservation, the above three temper-
atures are given by Eqs. (3.47), (3.44), and (3.42), respectively. The
overall heat transfer coefficients are,

C'ad-Sodium (Eq. 3.45):

UAC(1-3) = [1.0/(HCS(1-3)*CAREA2)+ALOG(DOC/DC)/

(2.0+TCCC{1-3)*P1*PL) ]~}
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In steady state,

TCCC1 = 20.0937 J/sec m °K

Using
'AREAZ = 1.678215171+10"% m
DOC (cladding outer diameter) = 5.842:10"° m
DC (diameter where TCC is evaluated = 5.474222()66-10-3 m
P: = n
PL = .9144 m
we have

UACL = 1.,778+10° 3 J/sec m °K
Fuel-Clad (Eq. 3.48):
UAF(1-3) = [1.0/(8.0*PI*PL*TCCF(1-3))+1.0/(HCG(1-3)*CAREAl)
+ ALOG(DC/DIC)/(Z.O*TCCC(I-S)*PI'PL)]-I
In steady stcate,
TCCF1 = 2.30578 J/sec m °K
HCGl = 5.95-10% J/sec m? °K
using

CAREAl = 1.45931754.107%

DIC = 5.08+10"° m

we find

UAF1 = 1.4945.103 J/sec m °K




fashion as for the three fuel regions.
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Temperature calculations for the center pin are done in a similar

The resulting equations have the

same form, and only the values for various parameters change; see Egs.

(3.49),

{3.50), and (3.51).

rures of the 5 channels and hot channel.

Table B.1 lists the steady state tempera-

Table B.1. Steady state temperatures for 5 channel core.
Steady State Temperatures (°K)

Cladding Fuel Cladding Sodium
Hot 1776.7583707 801.08287C55 883.70062324

1 1711.0141904 789.99552822 863.1161984

2 1628.1658722 785.57202418 856.4841221

3 1397.9035084 773.31133087 838.4591702

4 = R 721.8784246

5 --- -—- 722.5928366
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Kinetics

The total rea: tivity, used in the prompt jump approximation (Eq.

3.56), is given by 4. (3.58),

ROD = ROCRD+ROFBD+ROEXCD+ROAUTO

where,

ROEXCD = -ROFBD

with

ROFBD = [100.0(DOPC/BETAT)*&n(TVAFR/TIR)+SODDC* (TVAS-T1)

+ AXEC* (TVAF-TI)+REC*(TVAS-T1)]/100.0

BETAT = 3.34991.10 °
DOPC = -.005

SODDC = -.0882 ¢/°K
AXEC = -.0684 ¢/°K
REC = -.378 ¢/°K

TI = 477.4444 °K

TIR = 860.0 °R

In steady state,

ROFBD = -2.6839411896366 dollars

ROCRD

0.0 dollars

ROAUTO = 0.0 dollars




APPENDIX C
MOMENTUM AND PRESSURE EQUATIONS

Steady state values of terms in the momentum equations were, for
the most part, found in va.ious volumes of the FSAR for FFTF. Only one
term, the friction factor, required an alternate method for steady state
determination. The method employed involves rewriting the momentum
equation which contains the unknown friction €uctor, and solving the new
differential equation that results.

To illustrate this technique, the momentum equation for the IHX

is reproduced below.

g% (WIXP) = AOLXP*[POUT]Z-?INIS-RHOXP'G‘Y+(WIXP/PAXPI)2'

(1.0,/ROUT12-1.0/ROIN13-FXP1*PAXP1?) ]

All the terms on the R.H.S. of this equation have known steady state
values except FXPl. The steady state value of FXPl is found by replacing

the actual momentum equation with a fictitions equation.
é% (FAP1) = AOLXP#[POUTI2-PIN13-RHOXP*G*Y+ (WIXP/PAXP1)?»
(l.O/ROUT12~1.O/ROIN15~FXPl'PAXP12)] (1)
As can be seen, Eq. (C.1) looks idertical to the original equation. The
only alteration comes from the L.H.S. of the momentum equation. Instead

of having d(m)/dt, d(f)/dt is substituted in irs place, with f being the
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friction factor, FXPl in this cese. By pegging all other terms at their
steady state values and solving Eq. (C.1), the integration rcutine will
determine the value of the fricticn term which gives a derivative of
zero.
In the case of FXP1l, the result of using this steady state solver
is

FXP1 = 281561.182617841

Below is a list of the friction factors, all of which were ob-

tained using the fictitious differential equation method.

Reactor:
F121 = 1.153853889592
F122 = 3.506702498715
F123 = 1.9966364878736

F124 = 207.89525748858

F125 = 5.6344305986404
IHX:
FXP1 = 283026.28367793 one-loop
FXP2 = 70764.297116279 two-loop
Piping:
FLI1 = 0.0152114170078
FL12 = (.0341751154091 one-loop
FL13 = 0.1818751139653
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3 | FL21 = 0.00380285425196
’ FL22 = 0.00854377885226 two-loop i
:
FL22 = 0.04546877849133 E
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APPENDIX D

FLUX CONTROL SYSTEM

Uetermination of Differential Equations of
Flux Controller

(A) CRDM (Equivalent Linear)

In order to solve this the exponent must be ex~anded. This is

done using the Padé approximation (for small negative argument),

6 12
2. O
QUTPUT _ s2T?-6sT+12 _ ° " T° ' 77
INPUT = s7T2+6sT+12 oy 2y 12
T 7
Let
a=6/T
12
b = ;Fz-
T = 0.1 (not -0.1)
then
X(s) _ s?-as+b 2
R(s) s<+as+b (0.1}
or
X(s)(s?+as+b) = R(s)(5%-as+h) (D.2)

Let X(s) have the following form,
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X(s) = u(s)(s2-as+b)

109

(D.3)

Substituting Eq. {D.3) into Eq. (D.2),

ul(s)(s?-ac ) (s?+as+b) = R(s)(s%-a.+b)

reducing,

1(s) (s2+as+b) = R(s)

(D.4)

(D.5)

The equations which must now be solved are Eqs. (D.3) and (D.5).

Determining the appropriate differential equations,

d%u

x(t) 'w -

d?u

r(t) = 7z *

Letting
up(t) = u(t),
we have
du _ dup
dt? dt

e blu(n)] (D.6)

du

N s blut)) (0.7)
s w

Substituting t’ ¢se relations back into Eqs. (D.6) and (D.7),

x(t) = %ﬁ} - auz + bup

where

%%} = r(t)  aup; - huy

(D.8)

(D.9)
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The needed equations are thus

$2 = u, (D.10)
%—;1 = r(t) - au; - bup (D.11)
x(t) = %ﬁ} - au; + buy (D.12)

where Eqs. (D.10), (D.11), and (D.12) correspond to Egqs. (5.1), (5.2),

and (5.3), respectively.

(B) Flux Sensor

i(s) _ 1
Y(s 1+ s
or
Z(s)(1+40.35s) = Y(s) (D.13)

The differential equation for Eq. (D.13) becomes,
g% = [y(t)-2(t)]/0.35 (D.14)

where Eq. (D.14) corresponds to Eq. (5.6).

(C) Proportional Integrator

t
r(t) = kje(t)+k; I e(t)dt (D.15)
o

Rewriting Eq. (D.15) in a more ccnvenient form,
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dw
a-t— = k7e(t) (D.16)

r(t) = kye(t) = w(t) (D.17)

with Eq. (D.16) given by Eq. (5.5) and Eq. (D.17) by Eq. (5.4). The
constant k; is assumed to equal one, leaving only k; to be determined

using the Nichols Chart method.

Determination of Gain (K)

Before actually determining k;, the control system has to be
transformed into an equivalent system, but with a feedback of unity (see
Fig. 5.3). With H(s) as the Flux Sensor transfer function and Z(s) the

PI transfer function, Eq, (5.4) becores

PIOP/ERR = (K + 1/s)/(1 + 0.35s) (D.18

or

FIOP(1+40.35s) = ERR(K + 1/s) (D.19)
where the equivalent differential equation is

a‘it- (PIOP) = (ERR'K*[ERR dt - PIOP)/0.55 (D. 20)
Since w(t) = ]’ERR dt, Eq. (D.20) can be written as
:—t (PIOP) = (ERR*K+(t)-PIOP)/0.35 (D.21)

which is Eq. (5.8).
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With this transformation, the desired flux entering the summation
junction is also altered. Let FEND be the desired flux going into the
transfer block, and FENDP the desired flux coming out of the block. The

differential equation is then

FENDP/FEND = 1 + 0,35s

o
—

5% (FEND) = (FENP-FEND)/0.35 (b.2

Turning to the linear CRDM transfer function, Eq. (5.1J) can be
represented as a product of two other transfer functions each having the

form expressed by Eq. (5.11). Rewriting Eq. (5.10),
G(s) = (w3/wl) (Wi/wd)[(s?-as+b)/(s?+as+b)]

= (w5/e}) 6(s)y G(s); (D.23)
where,
G(s)y = ui/(52+asob)

G{s) = (s?-as+b)/w}

Both transfer functions can be represented by Eq. (5.11) using the

following definitions,

£1 = aw;/2b = 0.866
‘,;\ = -3w?/2b = -().866
Wy T wy = /b = 34.64

Since w, equals wy, Eq. (D.23) can be written as
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G(s) = G(s); G(s); (D.24)

Before deriving the expressions for magnitude and phase angle of
G(s), it should be mentioned tha. the analysis is only good for linear
systems. Because this control scheme is nonlinear, the results obtained
from the following tveatment hold for small transients about the normal
operating point only.

The magnitude, in decibels, is,

|c(s)|db = 20 logyp|G( (D.25)
But

|G(s)| = |G(s); G(s)z]
therefore

]G(s)ldb = 20 logyg|G(s); %(s)z|

20 10g,,|6(s)y| + 20 log;q)6(s);|
16(s) | 5 = [G(s) 1]y, + 16(8)2] g (D.26)
where, using s=ju,
s . 1212 ? 21k
1G(jw) | 4p = -20 logyof [1-(w/wy)?]” + 4E} (w/wy)?} (D.27)
16Ciw)z] 5 = 20 log,. d[1-(w/wp)2)’ + 4€%(w/w;)?}?  (D.28)
jw); ap = 20 log . - (w/ws €, (w/wy) .

In determining a relationship for phase angle, complex number

theory is useful. Putting G(s), and G(s); into a more useful form,
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G(jw)y = My[(~w?+b)-jau] (D.29)
Gljw)y = My[(~w?+b)-jaw) (D.30)

with M), and M, being the resulting constants after rationalizing the
denominators of G(jw), and G(jw);,, respectively. Looking at only the

complex portion of Eqs. (D.29) and (D.30), they can be rewritten in the

form

-

Z = x+)y = p(cosé + j sin8)

where p = Vx2+y% and e-tan'l(y/x). Using a power series expansion, it

can be shown that

ie

e = cosB + j sing
Hence
R (D.31)

with p being the magnitude and 6 the phase angle. Therefore,

G(jw)y = py e 0! (0. 32)
. i8,
G(jw)y = py € (D.33)
Using Eq. (D.24),
G(ju) = oo, o (°1702) (0.34)

where & = 6,48, is the total phase angle. Alternately,

[otw) = fotiw); » foww), (.35)







APPENDIX E

GLOSSARY OF VARIABLE NAMES AND FATFAD LISTING

The following is an alphabetical list of variables used in FATFAD.
All variables are in SI units unless otherwise stated. As men .oned in
Chapters 2 through 5, various schemes have been adopted for variable
naming. For example, the suffix 1 and 2 signifies whether that variable
is used for the one or two loop model, respectively. Other schemes are
used and explained in various chapters, therefore they will not be re-
produced here.

Immediately followis g the glossary is a listing of FATFAD, a

DARE P input file.
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bl
LR 4
A3
ALw
ey
AMUAL
AMUkL
atung
aMuhs
AMUAS
AMvAD
hUL.
AR
Adiac
AdLid
Adie
UL S
AvLed
adicy
AJdL3
Ao
Adu
AULRP,
MULAPL
Ao
cclay
acTag
oclasd
oc las
ocThA
scTae
oc TAT
“ARC AL
AKRE ng
CARP,
CAAFPZ
«AXS1
wAXd¢
coroR
oM
«Ni
N
wN3
whe
[ 8
«Ng
CNLRJY
.J'\'Jr
wPAd.
Pusc
wVAS3
wPAde
< PASY
<PASH.
w?Cod
w?let
wPecd
sPLLre
«PCr.
LFe
wPLF3
wPLFHC
P i
«fle

Causa=sceCTlaNaL
WKlod=oelTIaNnaAL
CrOss=3cCTIuNaAL
vRuda=S5clTianalL
CaUsos=oeCTi0ONAL
JeLAY CONSTANT

veuvaY CUNSTaANT

VLAY CONsTANT

veCaY CONSTANT

veedY COUNSTANT

velay CUNSTANT

ARcA wivivEy BY
ARt A wivivED BY
ARcA UIviDeu BY
ach wiviveod 8Y
AKE. QiviveDo BY
Awta DIviDeD BY
AxcA Diviveo oY
Anca 01videu BY
AREA DIVIDEVY BY
Anta UiviDel BY
AkEA VivIOew oY
ARcA Oavived BY
AREA Ulviveo oY

velAYeo NeuJlTwrOn
CELAYew NEJUTRON
DeLAYeco NeJTRON
VelAYel N:ZUTRON
DalAYZU NeuTROnN

FuOw
FLOw
rLOw
Fudm
FLOW
Fur oR
FOK R
FUR 6w
FUR GR
FUx oR
FUR GF
LENGT
LeNGT
LENGT
LeENeT
LeNGT
CENGT
LenGT
LENGT
LeNoT
LeNel
LENGT
LeNeT
LENST

FRALT
FRALT
FRALT
FRACT
FRACT

ARc A
AKEA
ARER
AR L
ARER
JJP
JJP
qQup
Qup
JUP
JuP
N FJ

4 FOD

LON
ION
10N
LON
ION

IN

IN
iN
IN

[ SRS Sl LV

CORE
CIRE
Coke
CIRE
CURE

CHANNE L
CHANNEL
CHANNE L
CHANNE L
CHANNE L

VW N

R CURE CHANNEL |

A OF PIPE SECTION i, LOOP
H Or PIPe SECTION 2, LUD®
H OF PLPt SECTION 3, LOOP
H FUR CORc CHANNEL 2

#H OF PIPE SECTION i LOOP
H OF PIPE SECTION 2, LOLP
W OF PIPE SECTION 3, LOICP
H FUR CORE CHANNEL 3

R CURE CHaNNEL 4

H FJR CuRE CHANNGL 5

A OF IMx TUBE, LOOP 1

H FO IWX TUBE» LOOP ¢
ALLAL EAPANSIuUN CORFFICIENT
DELAYew NeuTrOUN FRACTION

FOR
FORr
FOR
FOR
FOR
FOR

GROUP
GROUP
GROUP
GROUP
GROUP
GROUP

TITAL DclLAYcD NEUTRUN FRACTION
Kchy GAP-CLADDING INTcRFACE
Rear CLAD-SODIUM INTERFACE

HeAl TRANSFem A
meal TmANSFeR A

ik X=3:CT. ride AkcAy
InA Y=3:0T, ride ARcA
Idx x=58CT,. ride ARcAy
Inx Xx=5c{T. FLIm ARcA»

CJlev wA¥F Ty PELLET DIAMETRAL

CLADJING MASy P

c® PIUN

NJRMALLccO CONCenNTRATION
NORMALLCED JONCenTRATION
NORMALLIZeD CONCENTRATION
WIEMALLZEY JUNCEWTRATION
MURMALICEY CONCENTRATION
huRMALLZEG CUNCENTRATION
kKO0 “ORTH FOR CLaTROL RODS
GAIN CUNSTANT FOR FLUXK CONTROL SYSTen

AV, 5001Um 5SPEC
Ave sUwivM SPEe
Ave 5301um SPcC
AV, 30Dium SPEC
Ave SULUIUM >Pe.
Av, >00luM >PEC
SPeuib il Heal &

iFIC W
IFlC H
IFIC H
IFIC H
iFJC H

cAT
cAT
EAT
EAT
EAT

1F1C HEAT

b oCLaAD

SPECIFLIC nEAl OF CLAD

SPevaFle Heal v

F CLad

sPeCaFil nmeAT OF CLAD
SPECIFAC Heal Or Fukl
SPECIFLC nEAT OF Fucl

>PeClFa. Headl o
SPECIFLC HEAT D
Inx eail PRIMAax
Idx cX]IT PRIMAR

r FUEL
F rUcl

iN
IN
IN
IN
IN
IN
IN
IN

0F 1
GF 2
CF 3
OF &
uf 5
OF &

OfF C
OF C
OF ¢
ofF C
ufF €
IN C
CORE
COkE
CORE
CORE
CIRe
CORE
Z0Re
CORE

Lo S PO O

PRIMARY SIDE(LOJP 1)
PRIMARY S/0E» LOOP ¢
SECONDARY 510cti00P 1)
SECONDARY SIDE, LOOP 2

RATIO(#%)

ST D&
ND D2
RD DE
TH DE
TH DE
TH DE

ORE C
ORE ¢
ORE C
URE €
ORE C

LAY GROUP
LAY SROUP
LAY GROUP
Lay GROUP
Ley GRQUP
LAY GROUP

HANNEL
HANNEL
HANNE L
HANNEL
HANNEL

LU R

URE HOT CHANNEL
CHANNEL |
CHANNEL 2
CHANNEL 3

HOT

CHANNE L

CHANNEL 1
CHANNEL 2
CHANNEL 3

HOT

CHANNEL

Y >0DIuM SPECIFIC HEAT, LOGOP 1
Y 5001Ium SPECIFIC HEAT, LOOP 2

[

NN
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or i UPPEK PLENUM INLET S00Ium SPECIFIC MEAT

P51l SudaUM SPeuUF i, HEAT OfF CORE CHANNEL 1

el SuUviun SPeCUFL] McAT OF CORE CHANNEL 2

P33 sullum SPeCUrll HAcAT OF CURE CHANNEL 3

Pas SOUIVT sPcClfuc HEAT OF CORE ocHANNEL &

P32 suvwl sPeCarlc Hea? OF CORE CHANNEL 5

«Pour LO» « rwoeinNUM SUDIUM S5PeCIFIC HEAT

PLPy wPr PLENUM QUTLET SJ0lum SPECIFIC MEAT

wPAV as aMA PRUIFARY 500ium SPECIFIC MEAT, (COP 1
«PArCL AHX PRIMARY >UDIuM SPECIFIC HEAT, LOOP 2
PAibe {92 ScoONDARY 3L0Iunm SPECIFIC HEAT, LOOP 1
a3 A JECUNDARY SUULUM SPECIFIC HEAT, LOOP 2
«Prwy 2PeviFLIC Heal Or [MX TuBt

vofa CROSS~5e(CTIONAL FLOw AREA PER FUEL ELEMENT

o ink Tude UIAMETeR

e CLAULUING VIAMETER wHeRE TEMP. [S FOUND

wel aMA TuBr UCAAMETeR WHERE wALL TEMP. 1S MEASURED
velPls UPPER PLENUM PReODURE DIFFERENCE, LOUP |
veLPus tIrek PLENUSY PReSSuR: DIFFERENCE, LOWP |
veLP2i VPPEeR PLENUM PRESOURE DIFFERENCE, LOOP 2
vELPZ] LOwer PLENUM PRESOURE DIFFEReNCE, LOOP 2

ur HYJRAULIC ODIAMCcTER PeR TUBE CELL IN IWx

ury HYURAULIC OLAMcTER OF SUDIUM CHANNEL PER PIN
win CoADUING INSIDc ODILIAMETER

val adX TUdE UNSIDE UVLAMETER

e CLADDING UUTSIUe OlAMETER

N | vUPPLER CucrriCleNT

val 4k Tube Julsive DIAAETeR

N NURMALLZEY Four

eNmL 4 NJMBewx UF rJEL PINS IN CORE CHANNEL )

eNnLE NuMotR oF FuEL PINS IN CORE CHANNEL 2

cNRLS NUMBeR ub FUEL PINS IN CORE CHANNEL 3

L NUMocR COF CIUNTROL PINS IN CORE CHANNEL &

cNRy 2 hunbeR OF Pind IN CORe CHANNEL 3

eNal. NJMBEK OF Imx TuBES IN LOOP |

cAATe JMocR OF 14X Tused IN LOGP 2

trn exRUK SIGmMaL FOR THe FLUX CONTROL SYSTEM

rddi rRICTIIN FAZTOR FUR CORE CHANNEL 1

rice rRICTLION FACTUR FOx COURE CHANNEL 2

racad FRICTION FACTOR FUR CORet C(HANNEL 3

rhew FRICTION FACTOR FOR CORt CHANNEL &

rico PRACTaUN FRITOR FOR CJORE CHANNEL 5

FAVLL Ave PRIMARY 00D01IuM TEMP.( F) IN IMx, LOOP i
rAabcl Ave PRIMARY 5004um TeMP. IN IHx, LOOP 2

FASAA AVe ScCONJARY 3SUDIUM TeMP.( F) IN Inx, LOOP 1
rAscd hvo 2cCUNDARY >UDIUA TeMP. IN IHX, LO2P 2
redl rRicTIUN FACTUR FOR PIPE SECTION 1, LOOP 1
riad rRACTAON FACTOR FOR FIPe SECTION 25 LOOP 1)
rLis FRACTION FAZTOR FJR PIPE SECTION 3, LDOP 1
Fuii FRACTAON FACTUK FuUR PIPE SECTION 1, LOUP 2
T FRICTION FACTOR FCR PIPE SECTION 2, LODOP 2
reéas FrIVCTION FACTOR rOR PIPE SECTION 3, LOOP 2
reulk NnIRMALLLEU FLUR

re rJee MALS PER PN

rPli FRACTIONAL Powek QUTPUT IN CORE CHANNEL 1
FPLE FRACTIONAL PusceR QUTPUT IN CORE CHANNEL 2
oo FrRACTaUNAL Puwck JUTPUT IN CORE CHANNEL 3
e FRACTIONAL POwck JUTPJUT IN CORE CHANNEL 4
FPLY FRACTLONAL PuwiF QUTPUT IN CORe CHANNEL %

Ry rUEL UENSITY DIvedeD 8Y THEORETICAL DENSITY
¥l CJIRz SOL.uUM VOLUMe FRACTION FOR CORE CHANNEL 1)
“ve (ke suDIuM VvIaLuMe FRACTION FOR CORE CHANNEL 2
“¥3 CJURL SeUIUM VULUME FRACZTION FOR CURE CHANNEL 3
Vs Curz ouulvM YOLUNE FRACTION FOR COxE CHANNEL &
Vs vdas SULIUM wuLuAc FRACTION FOR CORE CHANNEL 5

ol rdee 0 UMe FRACTLON FOR CORE CWANNEL 1




FVFe
ryrd
rakus
LTS
rarkva
L LT
runyl
rAV .
FAVe

Acwas
He e
ne w2
nlone
Heda
nC2
Medd
nCSHL
HAkria
NAFea
nX34d
L PP

raLias
ralic
PALLS
PALza
raLel
rALZ3
FARC A
FARP,
rAar2
rCC54
rFelad
PLC33
Pesah.
ree
recAhP L
reAv e
rekaly
PELS. 4
PiNda
rinNli
Piniid
PING.
vince
vings
ﬁ‘ul’
L
Fulaa
Feabac
L
Filia
rivee
ruidd
P
;Jv'ol
rduT L2

rUte YULUMe FRALTION FUR CORE CHANNEL 2
rvts YOLUEM FRACTIUN FOR LORE OHMANNEL 3

rRACTAUN UF TOTAL FLOW THROUGH CORE CHANNEL
FRACTION GF TOTAL FLOW THROUGHM CORE CHANNEL
FuALTION OF TOUTAL FLOw THROUGH CORE CHANNEL
FRALTLUN UF TJTAL FuOw THROUGH CORE CHANNEL
rXACTION OF TOTAL FLDw THRJUUGH CORE CHANNEL

rRICIAUN FACTUR FOR IHX TUBE IN LOOF 1
rRICTAON FacTIR FOR Inx TUBE IN LCOP 2
ACCeLERATIUN DUE TO GRAVITY

W W

FUbL oAP HEAT TRANSFER COEFF. OF COURc CHANNGL 1
Futli GAP HeAT TRANSFER CUEFF, OF CORE CHANNEL 2
rUEL wAP HMcAT TeAnwSFeR COEFF. OF CORE CHANNEL 3
GaP HcAl TRANSFER CJUEFF. IN CORE HMOT CHANN:L
suliuM meAT TRANSFek COEFF. IN CORE CHANNEL 1

SJUDIUM rcAT TRANSFER CJEFF. IN CORE CHANW
5001uM mEAT TRANSFeR JOeFF. IN CORE CrHAnN

EL 2
EL 3

SJUIUM HEAT TRANSFER COEFF. OF CORE HOT CHANNEL
ik PRIMARY 30ulum HEAT TRANSFeR COEFF.» LOQP

ik PRIMARY S5JDiuUM AEAT TRANSFER COEFF.»
1Ms 3eCJNUARY HMEAT TRANSFER COEFF.» LOOP
idx ScCONDARY N& HEAT TRANSFER COEFF.» LO
PcKIMETek O+ AN [HX Tust
A=Scclilunal FLdw ARcA OF PIPE SECTICON 1.
A=5cCTLONAL rldm ARgaA OF PIPE SECTION &»
A=5cCTIONAL riOW ARcA OF PIPE SECTION 3,
A=2cCTIONAL FLOW ARcA OF PIPE SECTION 1
A=5toTiOnAL FLOw AREA OF PIPE SECTION &»
X=3ECTiONAL SLuw AREA OF PIPE SELTION 3,
HeAT TRANSFER AREA OF AN IHX TUBE
IHA TuBc ARcA, PRIMAR: SIDE IN LOUP 1
I4a Tubc AREA, PRIKaRY SIUE IN LOOP 2
CUAUM PECLET NuMGEXR IN CORE CHANNEL I
SU. iuM PelocT NUMBER IN CURE CHANNEL 2
SOuluM PECLET NUMBER In CORE CHANNEL 3
sUDIum PECLET NUMGER UF CORE HAOT CHANNEL
UPPER PoeNUM COVER GAS PRESSURE
irA PRLIMARY 500Jum PECLET NUMBER, LOJP .
idx eRIMARY 3U0lum PECLET NUMBER, LOOP 2
ik 3c2CUNUARY SUDIUM PECLET NUMBER, LOWP
ira ScCONDARY S0ulum PeCLET NUMBEKR, LOOP
sRedouke AT PIPE >eCTIJUN 1 INLET, LOOFP I
FResount AT 4wiLcT OF PIPE SECTION 2, LOOP
PReSSURE «T INLEY UF PIPE SECTION 3, LOOP
PRE>SURE AT PIPE SECTION L INLET, LOOP 2
PRLSSURE AT  NLET OF PIPE SECTION 2, LOOP
PresdURe AT INLET OF PIPE SECTION 3, LOuP
PROPORTIONAL JNTEGRALL OUTPUT SIGNAL
AcTIVe FUEL PIN LENGTH

LENGTH OF PIPE SeCTION i IN LOOP 1
«eNGTn uF PIPe SECTION 2 IN LOOP 1
LeNGTH OF PIPE SECTION 3 IN LOOP 1
LehoTr oF PIiPE SECTION 1 IN LOOP 2
LENGTH ufF PIPE SECTION 2 IN LJOP 2
LeNbTm OF PiIPE SceoeTION 3 IN LOOP 2

Lldwck P ENUM PREJSURE

PrEssure AT £XIT OF PIPe SECTION 1, LOOP
Preadude AT EXIT OF PIPE SECTION 2» LOJP
PReaSuxe AT PiPt 3elTION 3 EXIT, LOOF 1
pheodURE AT EXIT OF PIPE SECTION 1, LOOP
Frecosure AT eAIT JF PIPE SECTION 2, LOOP
FReSSURE AT PIPc SECTION 3 EXIT,» LOCP 2
SduiuAd PRANDLT numBeR IN CORe CHANNEL 1
3J0auP PrANJLT NUMAER IN (OJRe CHANNEL 2
sJUsUM PRANILT Numgek IN CORE CHANNEL 3
230Lid™ PRANULT NJUMeeR OF CORE HOT CHANNEL
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RPr.
Pre¢
kra
Prn,

RJA

AnA PRUIMARY SJuiluM PRANDLT NUMBER, LCOP )
AMA PRIMAKY 5001Um PRANOLT NUMBER, LOQP 2
4ra SeCONDARY SLDIUM PRANDLY NUMBER, LOOP }
ina StCONDAKRTY SUD1UM PRANDLT NUMBER, LOUP 2
UrFPc R PLENUN PR:SOURE

FomiR Prduue.cd IN CJxe CHANAEL
tumcth FRUOUCED IN CURE CHANNEL
Poeck PAaQuuceD UIN CURE CHANNEL
Fdmcn PRODUCED IN CURE CHANNEL
Fumen Puloucey In Cure CHANNEL
HoAT rllw meAcHaNoe CLAD OF CURE CHANNEL 4
HeAT riue RoACHING CLAD OF CcUR: CHANNEL 2
ncAl FLuw ReAlrine CLAD UF CUR: CHANNEL 3
he AT rilw ®cAlriNG CLAD Ur CORE HOT CHANNEL
Fumek PRUDUCEV IN CORE CHANNEL I

W~

Pumeck PrOuuced Pek PIN LENOTH IN CORE CHANNEL 1

Plack PruduceD PER PIN LENGTH IN CORE “HANNEL
rdecR Prluuley PER PIN LENGTHm IN COKE CHANNEL 3

-

<

Fusck FrUuulcD PER PIN LENGTH, CORE HOT CHANNEL

nEAT riUm ENTekine LOWER PLcNUM FROM LOOP 1
Heél rilw eNTERING (UWER PLENUM FROM LOOP 2
2AMe AS QL.
aM: A wic
SAMe a> QU3

rdwcR PRODUCEY PeR PIN LENGTHy CORE HOT CHANNEL

rcAl roeOw ReACHING S00IuUM IN CORE JHANNEL 1
HoAT FLJds RecACHUNG SJuiUM IN CORE CHANNEL 2
McAl ridw ReACHING S00iUM IN CORE CHANNEL 3
He AT FLOW REACHING 3uDiIum IN CORE CHANNCL &
AtAT riJdw KEACHING S0ULUM IN CIORE CHANNEL &

he AT Fuue mcACHING S00IUM IN CORE mOT (HANNEL

romzn PrODUCED PeR PIN IN COke CHANNEL 1
rlUec® PalluccD PeR PIN IN CIORE CHANNEL 2
rdwcR PkOJuccy PcR PIN IN CORE CHANNEL 3
POwek PrOOUeceD In CORE HOT CHANNEL
Uremai NG Puwe R

RaTcw THERMAL PLeER QUTPUT

Ravivs OF PIPE S5eCTION 1 IN LOOP )
RALIUS oF PuPe 5cCTION 2 IN LOOP 1
kavlus OF PyPe SECT.ON 3 IN LOOP 1
mallus Or PIPE SECTIUN 1 IN LOOP 2
RALIUS OF ruPc SecTION 2 IN LOOP 2
Raulud OF P4PE SeCTLON 3 IN LDOP 2

IHeRMAL ReSISTANCE OF CLAD IN CORE CHANNEL

i

THERMAL ReSISTANCe UF CLAD IN CORE CHANNEL 2

TrceMmie ResISTANCE OF CLAU IN CURE CHANNEL
CihAy THeRMAL ReoisTaNce OF CORE HOT CHANNEL
TrAcAMas. KeSISTANCE UF CLAD IN CORE C(HANNE.L
TrcRMaL RESiavance uF CLAD IN CORE (HANNEL
TAcmMAL K_3IoTANCE oF CLAD IN CORE CHANNEL
oA The «MAL Res4STANCE OF CORc HOT (HANNEL
KAULAL ZXPANSION LOzFFICIENT

SOLium ®EeYNJLUS NUM3cr IN COR: CHANNEL 1
SOUiLul REYNJLUD NUMBER IN CDRE CHANNFL ¢
SubdU® ReYaJdLod NUMBER IN CORE CHANNEL 3
Suwauf KEYNGLUS NUMoceR (OF CORE HOT oHANNEL
42 PrlMARY L004UM RcYNDLUDS NUMBER, LJOP 1
ina PRUMAKY 3J04UM REYNDLDS NUMBER, LOOP 2
ik LeCUNOARY S0UIUA REYNOLDS NUMoER, LOG?
Inx SEvuNDArY 3001uM REYNOLUS NUMBER, LOO®
rautline ReaisTANZ: FOR Ivx TUuBE

ircakal keSIoTanCe OF FuUbL IN CORZ CHANNEL
IrdemMal Kkeoi>TANCE JUF FUEL IN CURE LHANNEL
TAsRMAL mealaVTANZE OF FUeL IN CURE CHANNEL
Fute IMCcRMAL ReSioTANC e OF CORe HMaT CHAANC L
THexkMal ReoloTANC: OF GAP IN CJR: CmANNEL 1

3

i
2
3

-

w e




rnod TAeRMAL RESISTANC: UrF oAP IN CORE CHANNEL 2

no2 iMcRMAL RESISTANCe oF GAP W CORE CHANNEL 3
Roric GAP THLAMAL Re3i3TANCE OF CORE HOT CHANNEL
nuci VeNSITY OF S00Ium In CJIRE CHANNEL 1

Rduce UENSLTY OF >001um IN CORE CHANNEL 2

a4 DeNSITY UF SUGDIUM IN CJURE CHANNEL 3

Krue e VehN3ATY of sulium IN ZURE CHANNEL 4

Rrus > UensiTY uf 3001UM In CORE CHANYEL 5

KMuL 4 AVe 5 IDLUM DENSITY OF CORE CHANNEL 1

mHUC 32 ave oullUM JeNSITY JF CJURE CHANNEL 2

KHuedd Ave 3JUslM OENSLITT JUF CORE CHANNEL 3

PL LTS UENLLITY uF SJ0IuUNM IN CORE HOT CHARNEL

Kdlidd VEnLLTY OF 500ium IN PLIPE SecTION 1» LJOP 1
KHUL de UeN3ITY GF SODIuUm IN PIPE SECTION 2, LOOP 1
ReilL 42 DeNS1TY GF >001um IN PIPE SeCTION 3, LOOP |
Rvbca PENSATY OF 3001um IN PIPE SECTION 4 LOOP 2
RHOL2Z DeNsiTY UF >00Lum Ir PIPE SECTION 2, LOOP 2
KHuLcs DeNsiTY OF SOODIuUM In PIPE ScCTION 3, LOOP 2
Ry P OenslIY uF sullum IN THE LOJER PLENUM

kUM AL MaAlMUN RcACTivaTY OF CONTROL BUNODLE

KALUP OENSLTY OF 5001lum AT UPPER PLENUM OUTLET

syl DENSLTY OF S00IUM AT UPPER PLENUM INLET

LI ¥ N SUOIUM UENSLTY IN Inxs, LOQP 1

KHJUAPZ >JULIUM weNSETY aN InX, LOOP 2

RUAUTY REACTIVITY FrOM FLUX CONTRJL SYSTEM

KULRUY CONTRUL ROD ReACTIVITY

adv TOTAL KEeATLwlTY

KJckuw ECCENTRLC CONTROL ROD REACTIVITY

xJFou FeeDoACK REACTIVITY IN DOLLARS

Kulnas 5J04UM DENSITY AT PiPe SECTION 1 INLEeT» LOOP 1
ndangd S3VIUM UeNsITY AT PIPE SECTION 2 INLeTs LUOP 1
RulNas 530 UM DENSLTY AT PIPE SECTION 3 INLET, LOOP 1
RJanes SUUIUM DENSITY AT PIPE SECTION 1 INLET, LOOP 2
wJives SUULUM JeN3iTY AT PIPE SECTION 2 INLET» LOOP 2
ndings SUUIUN DeNSETY AT PIPE SECTION 3 INLET, LOuP 2
RJIAr. JOuiun DENSLTY OF CURE HOT CHANNEL

Kdul s sULLuM vENSLITY AT PiPe SECTION 1 EXIT, LOOP 1
noulad SUOLUM OENSLTY AT PIPe SECTION 2 EXIT, LOOP 1
RJUisa sAULuM UENSITY AT PiPe SECTION 3 ExXIT, LOGP 1
nalfel SOulUM DENSLTY Al PIPE SELTION 1 EA4T, LOOP 2
Kduied SJOIUM DENSLTY AT PI®c SECTION 2 EXIT, LOJP 2
A0ulca >uDiUn OENSLITY AT PIPE SECTION 3 ExIT, LOOQP 2
RUAP i Idx PRAMAKY 500iumM DENSITY, LOOP .

RIRPLL idx PRIMARY 5JDiJM OENSITY, LOOP 2

KJAS4a IHX SECONDARY SGDIuUM DENSITY, LOOGP 4

ARuUAals 1A 3cCUNDARY >CO0LuM DENSITY, LOGLP 2

®Pl. AV. PRLIMARY SQUIUM TEMP.( R) 1N +X, LUJF 1
“Pea Ad. PRIMAKY 3J0IuM TecMP, IN IHX. LQuP 2

R34 THERMAL KeSISTANCE OF 300IUM IN CORE oHANN=L ]
K34d Av. SECONCARY 3004uUM TcMP.( R) IN IMXx, LOOP 1
®xad THeRMAL RESISTaNCe JF SODIUM IN CORe CHANNEL 2
Raci Ave 5.CUNDARY 3UULUM TcMP. IN IHX, LOOP 2

LPF THERMAL ReSISTANCE UF SCDIUM IN CORE CHANNEL 3
K. 3JvivM THERMAL RESISTANCE OF CORE HOT CHANNEL
“wid IHA Tudt wALL THERMAL RESISTANCc» LOuUP |

rndls IAx TuBt wALL THeWMAL ReSISTANCE, LOOP 2

kacla iHx Tube wALL THERMAL RESISTANCE, LOCP i

LT TN I4x TUBE wALL THcRMAL RESISTANCes LOOP 2

Rl ik PRIMAKY 3J0IUM THERMAL RESISTANCE, LULOP 1
nL21 14%x PRIMARY 3J01uM THexMAL RESISTANCE, LOOP 2
REdaa 14X SFCONDARY S00DiUM THERMAL RESISTANCE, LOOP 1
RA3ca 14X 5-CUNUARY 500[UM THERMAL RESISTANCE, LOOP 2
2AFRYY RJU «OnTn FJIR SAFTY RJOS

JARC A ik Cibis HeAT TwmANSFER AREA UN SECUNOARY LIDE
sdwvi 3J0IuM UENSLTY COEFFICIENT

TauuP. IRANSPURT TIMc UELAY FUR LIWER PLENUM, LOOP 1



TaLLP¢ IKANSPURT TiMc wclAY FOR LOWEX PLENUM, . 0OP 2
TavPiy IKANSPORT TiME DELAY FJR PUMP, LUOOP |

TAUPLL TRANSPORT TIME OcLAY FOR PUMP, LOOP 2

TouaPb, TRANSPURT TuMe DelAY FOR IHX, LJO? )

Taua®Pe IKANSPORT TuaMt ODeoLAaYy FOR Idx, LOUP 2

TAvLaa Ave Sucvlum TcAP. IN PIPE SECTION 1, LOOP )
laveic AV. JUDIUM TcMP, 4N PIPE SECTION 1» LODP 2
TAviioa Ave SulIUM TEMP. IN PiPc SECTION 3, LOOP 1
TAavec. Ave S00LIuM TeMP. IN PIPE SECTION 25 LOWP 1
iAviec AVe SuUlum TeMP. IN PIPE SECTION 2, LOOP 2
TasiLds AV. J0D4UM TcMP, IN PIPe SECTION 3, LOOP 2
TAvria AV. PRIMAKY S001Um TEMP. IN IMX, LGOP 4

ETL Av. PriMAKY S00IUM TEMP. IN IMX, LUOP 2

IAVS 44 A¥e JECUNUARYT S0DIuM TEMP. IN IMX, LJOP 1
favsc, Av. SclUNVARY S0ULUM TeMP, IN IHX, LODP 2
Tavar. AV. 300ium TEMP, N THE IMHA, LOOP 1

TAavaPy Ave SUULIUM TemP. IN THE IMXx, LOQP 2

(o CLALDING TEMPERATURE FUR CORE CHANNEL 1

1Cee CLADDUNG TeMPERATURE FOR CORE CHANNEL 2

| CLAUDING TemPERATURE FOR CORE CHANNEL 3

fClad TAexMaL CONJULTAVITY OF CLAD IN CORe CHANNEL 1
Ielie THerMAL CONUUCTIVITY OF CLAD IN CORE CHANNEL 2
| e THeRMAL CONDUCTIVITY OF CuAD IN CORE CHANNEL 3
TeauMe CLAU ThcRMAL CONOUCTIVITY IN CORE HUT CHANNEL
[0 TR THERMAL CONOUCTIVITY OF FUEL IN CuRE CHANNEL I
TCLFe THekMAL CONDJCTIVITY OF FUEL IN CORE CHANNEL 2
TelFs THeRMAL CUNOUCTIVITY OF FUEL IN CORE CHANNEL 3
TCirnme Fucl THeRMAL CONUUCTIVITY IN CORE HUT CHANNEL
TCunme CLADUING TEMPEXATURe IN CJURE HOT CHANNEL

icCad 5J04uM THexMAL CONDULTIVITY OF CORE CHANNEL 1
TCL5¢ 20uiun TrHeRMAL CONDUCTIVITY UF CORE CHANNEL 2
iveld3 SdviuUn TrHekMAL CONDUCTIVITY OF CJRE CHANNEL 3
Tevanl SULIUM THERMAL CONDUCTIVITY OF CORE HOT CHANNEL
TeFa Fdel IcMPcRATUxE FOR CORE CHANNEL 1

Terc tuce TeMPERATuxe FUR CORE CHANNEL 2

icrd FJel TEMPERATURE FOR CORE CHANNEL 3

TeFre Fucl TEMPcARATUKRL IN ZURE HOT CHANNEL

Teaid SOUIUM TeMPERATURE IN COREt CHANNEL 1

Tedé SubsU™ TeMPenmATurRe AN COke CHANNEL 2

Ivad sJulum TEMPERATURE N CORE CHANNEL 3

el sulium TEMPCRATURE IN COREt CHANNEL 4

TCSS SUVLUM TenPcrRATURE IN CORE CHANNEL 5

TCoay wve 2UDIUM TEMPERATURE OF CORE CHANNEL

ICSad AV. SUULUM TcMPrRATURe COF CORE CHANNEL 2

IcoAs aVe SuviuM TEMPERATURE OF COR: CHANNEL 3

Teshy Ade 200Lum TcMPLRATURE OF CORc CHANNCGL 4

TCoAd AV SULIVM TEMPERATURE OF CORE CHANNEL 5
Tesan, AVe 2UJLUM TcMPeRATURE IN CORE HOT CHANNEL
TCor. SJUDIUM TEMPeRATURE IN CORE HUT CHANNEL

T TN 14 PRIMAKY 5001UM THeRPAL CONDUCTIVITY, LOUP 1
iCares inX PRIMARY L00IumMm THERMAL CONDUCTIVITY, LUOP 2
ICASis irx SECONDARY 5UviUM THERMAL CONDUCT.», LOUP 1
TCASca InX SeCONUARY na THcRMAL CONDUCTIVITY, LOOP 2
ToAWa, Ia TJoe wALL THERMAL -CONDUCTIVITY, LOOP 1
feamea ink Teet wal. THeRMAL CONDUCTIVITY, LOOP 2
TULAY, TiMe DciAY FOR 1ST SCRAM IVITIATOR

TueAYe TiMc DecuAY FOR 2ND SCRAM INITIATOR

TULAY S Tibc DecoAY FUR 3D SCRSM INITIATOR

TOLAY - TiMc DEuLAY FOR 4TH SCRAM INITIATOR

TulLa TiPe DciLAY FUR 3Tr SCRAM INITIATOR

iJLAYD TiMe DcilY FOR oTW SCRAM INITIATOR

iOLAY? Timc DciLAY FOR 7TH SCRAM INITIATOR

TJLAYD TiMe velAY Fuk BTH SCRAM INITIATOR

TFCa Fueie TeMPol C) LF CORE CHANNE' 1

TFru2 ruti TeMPel T3 oF CORE CHANNEL 2

1FCs FUEL Te®Fol C) OF CORE CHANNE . 3




foPNar
1yPd
TvaF
TvafFm
Tvas
TAraa
LI L P
I L
iAVLs
TaP:
TXP¢ca
Ta3i
X344
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CL&D0INs TeMPo( F) GF CORE CHANNEL 1
SLAUDING TEMP.( ri OF CORE CHANNEL 2
CLAU TEMP.U F) IN CORE HOT CHANNEL
Fug TeMPol F) UF CORE CHANNEL 1
rUce TEMP.(L F) UF CORc CHANNEL 2
Futl TeMP.( r) uF CuRE CHANNEL 3
CLADDING TEMP.( F) OF CORE CHANNEL 3

Irdx PRAIMARY SJULIUM INLeT TEMP.( F) IN LJ0P 1

inkx

PrIMARY SJO1um TEMP.( F) IN LOOP |

PRAMARY SuUDIuUM 4dX INLET TEMP.( F)y LOOP ¢

Inx
AV .
AMR
inx
AV .

Inx !

afi
‘v.
Av.

PR4MARY 3u0lum TEMP.L ), LOOP 2
>ublum TemP.( F) JF COR: CHANNEL 1
SECuUNDARY SUDIum TEMP.( Fle LOOP I

SeCuUNDAKY 30ULUM OUTLET TEMF.( F) IN LOOP I

SUDIuM TcMP.( F) OF CORE CHANNEL 2
<ONDARY SODIUM TEMP.L F), LOOP 2
InLET INTERMcOIATE SODIUM TEMPLL F),
SulDium TEMP.( F) JUF CORe CHANNEL 3
SUDIUM TEMP.( F) OF CuRE HOT LHANNEL

Futl whP TeMP. Or CuURc THANNEL
FUEL AP TEMP. OF CORE CHANNEL 2
Focl GAP TeMP, OF CURE CHANNEL 3

GAP

TempP. IN CORe HOT CHANNEL

CULY >TANU=dY TEMPERATURE

sulbdur TEMP. ENTERING PUMP; LOOP 1L
SJDIuM TEMP. ENTERING PUNP, LOOP 2
cuey STAND=oT TEMPERATURE( R)

I1x

Tuet LeNeTH

LUWER PLENUM SJLIUM TEMPERATURE

3Jd04Un TEMP, ENTERING LOWzR PLENUM. LOOP
SJUIUM TemP. ENTERING LOWER PLENUM, (0OP
SUDIuUM TEMP. cxITING PUMP IN LOOP 1
SJOlum TEMP. eXITING PUMP IN LOOP 2
SODIuM TEMPzRATUR: LcAVING THE COKE
PRIMARY 300iuUM INLET TEMP.( R) IN LOOP 1

inx
aria

PRIMARY 5001um TEMP.( R) IN LOOP 1

PRIMARY SJ0IUM 4rmX INLET TEMP.( R)» LOUP

ifx
A“o
Ixa
Inx
AV .
ina
ik
AV.

PKIMARY >001luM TEMP.( R), LOOP 2
s0DIUM TEMP.( R) OF CURE CHANNEL 1
JcCONOCARY 300Ium TEMP.( K)» LOOP 1
SECUNDARY S0DIUM QUTLET TEMP.( k) IN
SU0IUM TeMP.( R) JF COURe CHANNEL 2
ScCUNDARY 50UDIumM TEMP.( R)y LUJ0F 2
ineeT INTERMcDIATE SODIUM TEMP.( )y
S0Cium TEMP,.t R) OF CURE CHANNEL 3

AV. SQODIUM TeMP.( R) OF CORE HOT CHANNEL

LPPER PLENUM SOusuM HEIGHT TRIP POINT

UPPER PLENUM SJO0IUM DUTLET TEMPeRATULRE

VolLuMe AVEXAGeD FUEL TEMPERATURE
VoLuMe aveRAocy FuUcl TEMPERATUREL F)
VILUM: AvERAweD 5004UM TEMPERATURE
IHX Tuoe wALL TEMP.L Fly LOO? 1

inX TubE waLL TEMP.( F), LOOP 2

44X IneceT PRIMARY SUDIUM TEF 2. IN LOGP 1
sHA PRIMARY SODIuM OUTLeT TemMP, FOR LOOP
144 PRIMARY 50DisuUM INLET TEMP., LOOP 2

Inx PRIMARY SJ01uM OUTLET TEMP. FOR LUOP
14 ANL=T SECUNvARY SODIUM TEMP. IN LOODP

LGOP 2

i
2

Z

LOOP 1

LooP 2

i

Fd
i

SECJNDARY SJOIUM TcMP, AT IuMx INLET IN LOCP 1
INTcRMcUIAT: 25001uM TEMP, AT [IHX EXIT(LOOP 2)

inK SECUNUVARY 3LuIUM ANLET TEMP.» LOOP 2

IHX TuBe waLl TEeMPERATURE IN LOOP 1
iAx Tiec waLL TEMPcRATURE IN LOODP 2

CONTRu. VARIASL: SIGNAL FOR ROD MOVEMENT
CUNTKRIL vAk.agLce SIonNnAL FOR ROD MUYEMeNT
GVERALL CLAD=NA HcAT TRANS. COEFF.s» CORe

CH. 1
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FERTARNIBENTRI RN BRI NS FATFAD SO0ttt sttt st nssstt s tssseststusnss
SESORINNSEIRRNINEPRNI RN NS FATFAD SR0Ss ittt sst sttt s sessestsssstnssns
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R
$s88% TcN CENT STeP INCREAS: WITH 50 DEGREe RISE OF IWX SECONDARY
vsess InNLeT
R
P

DI3PLAY TCS.

Inx FUR THE FFIF(ONE AXIAL REGION)

ALL PARAMETERS UDED HERE MAVE THE SAME MEANING AS THOSE USED FOR
THE Twd inx MOOeles THE ONLY CHANGE COMES IN REPLACING THE SUFFIXx 2
Wil 1 TO SHOw THAT THIS MJUDEL IS FOR ONE IMX WHILE THE 2 SIGNIFIES
Tud [Has.

PRJICED TXPLseNTXPL,OTTAPL,TAPLISTXPL, T

LF(ENTAPL.EQ.0.D) TAFPLePOELAY(TOPL,TAUXPL»3,TXPLI)
AFLENTAPL EQus e o AND.TL.EQ.Q.0; TXPLwPOELAY(TOPL,TAUXPL,3,TXPLI)
IF(ENTXPLEQale s AND o TuNEWUSO) TXPL1aTXPLI*DTTXPI
AF(EN“P‘.EQQZ..‘Ndo’-LEo)‘l’l’ fl'l-ll?ll’DTTl’lOY

cNUPRD

PrliCev TAS1Z=cNTXS1,0TTXS1»TASLINSTXS],T
IFlenTA31.60.0.0) TxSleeoTaS51I
IF(EN[ISL.&J.L-.ANO.T.EQ.0.0) YlSlZ'flSll
AFUENTASIEQulo s ANUST NECVO) TXS12=TX351140TTXS1
LFUENTXSL EQu2 e AND T LELSTXOL) TXS12=TXS1I*0TTXSLeT
cNUPRD

PRICED wPUL*ENWPDLI,OTWPOLlswllal,T,5wP01

LF(ENSPDL.EQ . 0) wPOLswLl2L

AF{eNUPDLlEQoLleAND.T.EQ.D.) WPDl=wWillL

IFIENAPUL bV L ANDTunNELD,) WPOLleWiLl2L®(1l.+0TWPD1/7100.0)
AFUENAPUL vEWe2  0ANDToLE«OWPDL) WPDLlewWlL120L*(1.*0TWPDL®*T/100.0)
cNIPRJ

PelCed w50 isenNwS0L 0TwS04»wSOLIT,5wWSD1

LF(ENaSDL.EQ.0.0) w3DlewbDlI

iP(ENGSD1.EQ.1AND.T,EQ.Qs) W5D1~WSD1I
IF(ENASDLEVelANDSToNELO:) WODAeWSCLI®(1l.+0TWSD17100.0)
AFIENUSOLEQC s DsANV Tl E+5u501) WoDLleoWSOLI®(1l«*DTWSDL®*T/100.0)
ENUPK)

PARAMc TcRS NEEOED FOR THe CALCULATION OF HXPLS(CONVECTIVE HEAT
[Randred CutFFICIeNT BeTweEN THE PRIMARY SODIUM AND THE TUBE wALL.

RePEAT 1
TAVPLOs (TAPLB+TXPLAS(=1)ivs20

126



1))
PLl3+3.40B0E~-00%(FAPLS®**2))
2+0914E~Q0%(FAPLSe92))
T/RPLIS) = 4925%AL0GL0(RFLS)))

GIVEN BY TXPls.

Iy

PLS)=~UXPLS*(TAVPLIS~-TXWI1S))/(wP1Y)

OF UXS1S{CONVECTIVE HEAT

8L wWALL AND THE SECONDARY S5C

E~O5*FAS18¢3.460F QB*(FASLIS®*2))
FASL8¢2.0916E~01% FASLS#*%2))
JTE-Q2%TxF1s)

197 1T/RS18) =, 4925%AL0G10(RS1s)))




WwlS (akwd®(CPaus) )®ENAT])

OTXWISmUAP LSS (TAVPLS=TAWIS ) /wwlS~UXS1S®(TXW1S=~TAVSLS)/(WW1S)
I[XdiS o (0Txuis)

eNOReP

Imk FOR THe FFTF(OnE AXiAL REGION)

FFTFZ IS A LUMPED PARAMETER MUOEL OF TwD OF THE THREE IMXS FOR
iHe FrTr.  ALL PARAMETERS ARE CALCULATED ON A PER TUBE BASIS.
MASS FLJw RATE> AND TOTAL HEAT TRANSFER COEFFICIENTS ARE THEN
MULTIPLIED bY ThHe APPRUPRIATE NUMBER OF TUBES (ENXT2) TO SIMULATE
fHe NUNMSER COF OE3IRED Irxs.

ENTAPL OTTAPZSSTAPZ)AND T ARE SWiTCH VARIABLES USED FOR SIMULATING
TEAPERATURE TRANSIENTS (IN THIE CASE INLET TEMPERATURE TRANSIENTS ON
iHc PRIMARY SIOE OF THE IWX). TXP2I IS THE PRIMARY, STEADY STALZ,

INCET TeMPERATURE OF THE IMx, TXP2 I> THE NEW INLET TEMPERATURE DUE
12 A TRANSILIENT,

PRICED TAPZ=ENTAPC,OTTXPL,TXP2I»STXP2,T

AFIENTXP2.EQ.0.0) TXPZwPDELAY(TOPZ,TAUXP2,4,TXP21)
1f(£~'l’2nﬁ°olo0‘500'0500000, 'l’z"oet"lTO':D"U"ZI‘I'.':X’
LF(ENYIP;.EG.l..ANO.T-NE.0.0) fl’Z-llPllODTYlPZ
IF(ENTRPZ.ECudaeAND T olcoSTAP2) TXPZeTAP2I«DTTXRP2eT

eNIPxJ

ENTASESITTASZS»5TASZ,) AND T ARE SWITCH VARIABLES USED FOR SIMULATING
TEMPcRATURE TRANSIENTS (IN THIS CASE INLET TEMPERATURE TRANSIENTS ON
Trc SECONOARY 51cD OF THE IMxi. TXS21 IS THE SECONDARY, STEADY
STATE INLET TEMPERATURE JOF THE IMK. TxS2 IS THE NEW INLET
TecMPERATURE DUE T0O A TRANSIENT,

PRICEY TXSZ2#eNTAS2,0TiIXS2,TXS21,5Tx52,7
IF(ENTASC.EQ.Q0.0) Txs22seTx521

LFIENTX32.EQelee?NDaT cQ40.0) TXs22=Txs21
LFIENTXS2eENeLlesANDTuNELDLO) TAS22=TX521+0TTXS2

P (ENTXS2.EQuZaeAND. T LELSTRD2) TXS22eTXS2140TTRS2eT
eNOPRYD

ENwPUZy UTwPUC»5Sw®02) AND T ARE SwITCH VARIABLES USED FOR SIMULATING
MA>5> FLOW RATE TRANSIENTS (ON THE PRIMARY SIDE OF THAE IWX), wPODIl
15 THE PRIMARY, STcAOY STATc, MASS FLOW RATe OF THE IWX. wPD2 It
THc wEW MASS FLOW RATE QUE TO A TRANSIENT.

PRILED wPDE=ENWPOZOTwPDZ,wl 2L T SHPD2

irtendPDc.EQ.0.0) wPU2eWL 220

Ir(ENdPU2+EQeisAND.T.EQ.04) “PDZ=WlL22L
AF(ENWPOC EG el AND T NELDs) wPO2=wWl22L*(L.+0TWPD2/100.0)
AFleNdPO2 EGeca OuANDTWLELSEPD2) wPD2oWlL220L%(1.+CTWPD2*T/100.0)
ceNDPRO

ENwsU2s DTwd02s SWSD&saND T ARE SWITCH VARIABLES USEU FOR SIMULATING
MAS> FLOw RATe TRANSIENTS (ON THE SECUNDARY SIPE OF THE IMX). wSD2I
I3 THE 2clUNDARY, STEAJDY 5TATe, HASS FLOW RATE OF THE IWMx. wSD2 IS

Tric NEWd 245 FLuw RATE OUE 10 A TRANSIENT.

PRILED wiD2weNw302,0TwaD2,45021,7s8MW502
LFIENGSDE+ECave0) w30cews02l
‘F‘E“;UZc€°030‘N9010530°¢) w302*S5021




IPLENISDC BN ieANDS T NELDQ.) Wi302=wS5021%(1.+0TW502/7100.0)
AFleNuS024k sCeQeANDToLE.SWSDZ) -SOZOUSDIIOCX-ODTHSDZ'YIIOO.OD
LNJPRJ

PARAMETERS NEcDeD FOR THE CALCULATION OF HXP2S(CONVECTIVE HEAT
TRANSFeR COcFFICLENT BETwiEN THE PRIMARY SODIUM AND THE /UBE wALL.

TAVP21 AVERAGE SUDIUM TEMPERATURE (K) FOR EACH REGION.
TFPe t INLET 3JDIUM (cMPERATURE (F) FOR EACH REGION.
FAPZ ¢ AVAKAGE SUDIUM TEMPCcRATURE (F) FOR EACHM REGION.
TRPC & UINLET S00IUM TEMPERATURE (R) FOR EACH REGION.
NP2 1 AVERAGE S0DIUM TEMPERATURE (R) FOR EACH REGILN.
RUAPZt SODIUM DENSILITY FOR EACH REGION.

VAPe ¢ L0DIUM vELULCITY FOR EACH REGION.

CPAPZ: 50DMum SPECIFIC HEAT FOR EACH REGION.

TCAP2: S00IUM THERMAL CONDUCTIVITY FOR EACH REGION.
UMAP2: SCODIUM VISCOSITY FOR EACH REGION.

REAPZ: LU0Lum REYNUOLDS NUMBER FOR EACH RECION.

PRAP2: SUDIUM PRANDTL NUMBER FOR EACH REGION.

PEAPL: S0DIuUM PECLET NUMBER FOR EACH REGION.

HArg ¢ SQUDIUM UNIT HEAT TRANSFER COEDDICIENT FOR EACH REGION.

RePeal 4

TAVPLS o (T XPLS+TAPZSI~1))12.0

[FP2ss(TAP23-273.0)%(9.0/5.0)¢32.0

FAPLS=(TFP23+TFP28(~1))/72.0

TRPIS=[FP28+460.0

RP2Ss(TRPLISTRP2SUL~2))I2.2

KUXPLS® 0. 0¢®(59.533~.,00833%FAP2.)

VAP 82 wPOL/(RUXF2S®(CAXPZO(ENXTLI=ENTUB2)))

CPAPZ24, LEOOE+03% (., 36576~7,9226E~05%FAP25+3,4080E~08%(FAP23%%2))
TCAPLS=1. 730732 (56,3001 870E~020FAP23+42.0914E~00%(FAP2S®%2))
UNKP2Eee , 134c=Ube®(10.0®®([,0203+(397.17/RP2S)=.4925%AL0GI0(RP2S3)))
ACAPLS®(RLUAPZS®VAPZS*DH )/ (UNAP2S)

PRAPZS=(CPXP2SSUMXPZS)I/ZLTCXP2S)

PEAPZS*REXP.S®(PRXPZS)

AXPLS=n I PEAPLI»TUAP2S,REXP2S,PRXP2S,P,0DH)

cNOREP

THE PRIMARY SCODIUM TEMPERTURE OISTRIBUTION IS GIVEN BY Txp2s.

UAPZ & SuviUM OVERALL HcAT TRANSFER COEFFICIENT FOR EACH REGION
SUUIUM MASS TIMES SPECIFIC HEAT FOR EACH REGION.

KePeAT U

UAPZS® (LoQ/(RX2I*RW2S) IS(ENKT2=ENTUBZ2)

RX28%L .0/ (HAPZS*PAREA)

“weSoALOGIOOT/0CT)/(2.,0%P[oTL*TCXW2S)

AP2Se (WAPS*(CPXPLS))®IENXT2-ENTUB2)

JTAPZSw (WP OO PAP2SS(TAPZS(=L)=TXP2S)~UXP2S®(TAVP2S~Tau2%))/(uP2%)
FXP28.=(0TxpP2%)

cNUREP

PARKAMETcRS NEEDEU FOKk THE CALCULATION OF UXS2S(CONVECTIVE HEAT
TRANSFER CUcFFICIcNT BETWEEN THE TUGBE wALL AND THE S ZONDARY SOCIUM.

THe dELJw PARAMETCcRS HAVE THe SAME MEANING A4S THEIR PRIMARY
CUUNTERPARTS, EXCePT THESEt ARE FOUR THE SECONOARY SIDE OF THE Inx,
UNASE L3 THEe SUDIUM wuSSELT NUMBER, AND RXS32 IS THE RESISTANCE FIR
cACH RESION ON THe SECONDARY S540€. O IS THE 1.0, OF EACH TUBE.

RePcal |
TAVOZHwITASZO(*L)*T X280 /20
FF328s(TXS28-273.01%(9.0/2.0)+32.0
FXF2oe (TXw23~c73.,0)%(9.0/5.01)432.0
FAS28* (1 Fo28+TFS528(*0) /2.0



TRYZB=TFS523+%00.0

K328 (TROZS*TROIZS(*1)NV2.0

ROA292.06.02%(59,533~.00833%FA52%)

VX3 8owSDL/ (ROXS280CaxSc)

CPASZS%a,  LBOOEYOI®( . 395T74~T7.92.0E~05%FAS28¢3,4086E~000(FAS23002))
TOAS28%L . 730739 (54.306~1.070E~020FAS23+2.0914E~00%(FAS28%92))
ICAWES® )l 730730 (7.7380404+.4072143TE~020TXF2%)

UMES2826, L3AE=04* (10,009 (1.02030(397.17/R528)=.4925%AL0GLO(R 22 )
REASZS=(RUXS29*VAS2%%0)/(UMXS2Y)

PRXSZHS(CPXOZI*UNAS2S)/(TCXS2S)

PEASZHeREASZIS(PRXSZY)

UNKS28%5,0¢.,025%(PEXSZY®*,.8)

HASZS=(TCXS28/0)%(UNXSZS)

RAS2S* L 0/ (HXD28%5AKeA)

VRS2 (L U/ (RXSZI*RFORWLZS ) ISENRTL

Rud2SALUGIDCT/DaT) 7(2.00P1oTCxu280TL)

wHERE RF 1> Trg FOULING ReSISTANCE ON THE SECONDARY SIDE.

THE 3tCONDARY SODIUM TEMPERATURE DISTRIBUTION IS GIVEN BY TXS28..

wi< ¢ SOULUM MASS TIMES SPECIFIC HEAT FOR EACH REGION ON SECONDARY
>iVE.

AePEal 1

w328 (WASS®(LPXLZS)IOENXT2
OTASZom(maDeoLPXS280(TXS28(#L)~TRS2S)2UNS2S0(TXW2S~TAVS2S))/(w528)
1X528.2(DTX5<S)

cudReP

Tre Tude WALL TEMPERATURE DISTRIBUTION IS GIVEN BY TXwls.
wul ¢ TUBE wALL MASS TIMES IT> SPECIFIC HEAT FUR £ACH REGION.

RePEAT

wul S o WA wS* (CPXWS) I ®ENXTZ

DOTANZHRURPZS® (TAVP2S~TAM2S ) /NN2I=UXS289(TXW2I-TAVS2S)/(Wu2S)
TXd28.°(0TxulS)

ENOREP

THls> 15 A 5 CHANNEL ReaCTOR MOOEL OF THE FFTF.

PENEIANEIEIES A asesnnnnses L RAN CONDITIONS# o0 assssssss  sosstssssssne

PROCEY ROCROSTROD»OLTRUCHSROCHTXPLLILTXPLL,TXPLI»TUPD,WRDF,
SuSUr »TSPNAH T sUPNAHLCNLROD, SAFROD,SCRAML,SCRAMZ, SCRAM3, SCRAMSG,
Sa»“ﬂ)lSLaAHOOSCR‘ﬂ7DSbRANBJ'DLA'lD'DL"Z"ot"l.‘otl'ﬁ;'ul"5'
STOLAYS, TOLAYT»TOLAYE,DT

SRIMARY SCxad CUrLITIONS

LFiTecQe0.0) FlLuae, .0
lf(SCQAH}-EG.O.J.Ol-SC!AHD-:J.U.O.O‘I-SCRAH?.EO-0-0-01.55*‘”00!0-
V) \’0 'a 51

Ir(FLUX. el b2 eANURLOUNE) GO 0 1
U‘(aCiAﬂl.t0.0.0l 60 TQ 2
AF(FLUXWLE««iO.AND.RLDONE) GU TO 3
IF(SCRAMZ.EG.0.0) oC TT »
AFITXPL1.GE.TAPLLI*283,0.AND.RLOONE) GO TO 5
IF(SCRAM3,.c0.0.0) G0 TQ o
LFLUPNARLLE « TOPNANLANU.RLUUNE) GO TO 7
IF(SCRAMG.EC.0.0) GU TO @

SECUNJARY SCRAM CUNJITIUNS



131

<l CONTIne:

WFUTUPO.GELTAPLI®Z96.89.AND.RLDONE) GO TO 9
IF(3CRAMS . EC.0.v) GO TO 10

WFIUROF «GE Lo l2 ANV RLDONE) GO 10 11
IF(SCRAMG.EC.O0.0) GO TN 12
WFUWROFLE. 00, AND.RLOONE) 6O 10 13
IF(SCRAMT.EQQ.0) GO TJ 1o
IF(WaUF eLks 55, AND.RLDONE) GO TO 15
IF(SCRAMD.EQ.U.0) U T3 16

[F(T.3e+TROD) cNROC=1.0

AFLENRIC.EQe040) ROCRO=V.O
[FIENROC Qo1 Ve AND T £0+0+0) AOCRD=0.0
AFIENRL~.EQ.1.3.ANO.¥.NE-O-J) lDClD'OLTRUCIlO0.0
IF(ENRUC Qo2 s QAND T LECARDC) ROCRD*(DLTROC®*T)/100.0

INcus=i
KUCRDI=ROCRD
od TO 50

& )Qi‘ﬂL.OQO

‘ TSCRAN®TNEw*OT»TOLAYL
6d T2 47

3 JLRANMLsLW Y

- TSCRAM®TNEw+OT+TOLAY2
oy TO 17

2 3CRAM3I=0,. U

° TSCRAM® TNEw+DT#TOLAYS
o0 TQ 47

7 SCRAMS=Q. Y

L] ToCRAMSTNEW+OT*TOLAYS

i? iFlT.LT.TSCRAM) 60 TO 50
LF(T3T.ToCRAN®,..0) GO TO 10
KUcROSRUCRDI=(T-TSCRAM)*(CNLROD®*8.,0)

od TO 50

48 ROCRD*ROCRDI=UNLROD®5,.0
ol TO 5¢C

v SCRAMSey . U

iJ ToCRAMSTNEW*DT*TOLAYS
wu TJ 49

Py JCRAMB =0y
ic [aeRAMTNEW*OT*TOLAYS
wi TJ 19
a3 SCRAMT=0. U
is TooRAA®TNEw*OT#TOLAYT
el TO 49
5 SCRAMs=L.O
't TSCRAMSTNEw+OT+TOLAYS
3 AF(TelToToCRAM) GO TO 50
AF;Y.of-T)CﬁAHOI.O) GG 13 20
RUCRO®ROCKOI=(T=TSCRAM)®(SAFROD*3.0)
o0 10 20
ée AUoKD*ROCHDI=3AFKOU®3.0
59 CunT INVE
eNOPRY

aROF*eROD/(wPOLiewPD2Z])
a30Fs(w50.*w302)/7(WS011+w5021)
T3PNAA®YUP=(3.,0/12.0)

et T L L L L L L R ALl Ll
<cPEAT 3
J3sQTesFPLS
Jresys ENxCS



FIS L0 T2 2%
JLPSeQLE/L00.0
cNOREP

OesuTUTRFPCa*EN
A5=QTITeFPLS*EN
UNASR SN /ENRCS
dNASsgS/ENRCS

JT=QTOTecN
VOLTovOLAevOLZevOLIVOLS*VOLS

SEPEAT 5
FysesyuLs/vOLT
cNUREP

KEPEAT o
CNS,=aMDAS* (eN~-CNSY)
ENDR P

SO ETALOIN *BETACPCNZ*DETAIOCNI*BETAGOCNG+BETASOCNS+BETALOCNSG
0UJBedL/BETAT

KOFe*lU0 . 0% (00PC/BETAT)I®ALOGIABSITVAFR/TIR))I*SODOC*(TVAS-TI)*EXC
CACSAAECO(TVAF=TI)*RECO®(TVAL-T])

ROUFBO=ROFB/4V0.0

TVAFRe ((TYAF~273.0)/1.8)9+452.0

IVA SR T SUOF VAt TCo2oFV2eTCS30FWIRTCSAOFVAeTCSS*FYS
TVArsTCRLAOFYFL*TCF2oFVF2+TCF3®FVF]

KUJeRICRO*ROFBO*RUEXCDOROAUTOD

N T T T
FIEBERIRIRNRN SR RORR RN F U CONTROL SYSTEM wesesnssssssstassssssnnnss
R T T T T T P T T T T T

il
bic

viveJd
JiesUlD
JEUSPLOP=00L0%UL=4200,0%y}
Ude®udv
(RIU= (UeD=00.uPU2*,1200.0%U1)*,025¢
LRUD=PICP
PLUPUS(cRROCONS TouD=PIi0®)7,35
PIOP.=PIUPL
PLUP = ONSTOERR WD
w0UmcaxR
wl.*ulU
FENDPRFEND*.30%FENDD
FeNJO=AAS P [ OS5 (wePlsT)
EXR=rNDr
FLUKD® (EN=FLUX)Z .35
FLVR s=FLUXD
renDsFENIRUCRD)
cRRSFenmu=FLui
renOe)l 0+dAsSIN(weP[eT)

Pr0Ccd ROAUTO®KAOMAX,IROOD»IN* Pl » TSCRAM

IFIT.cQ40.0; TSCRAM®4L000 o

IF(T.eE.T5CRAN) 30 TS 111

ROAJTJsRHIMAXS COU/IMAX® (L 0=(1.0/(240%PL))*SIN(2.0%P[®ROD/ZMAX))
oU TO 1ic¢

R0AUTU=S.C

CONTINVE

eNDPRY

LA AR R R R L R R R R )

e

ro



S38) IS (ONASHURUPPESDELTS)

-

RHMOCS+T 3

P=l9/RN0C

§=Fl2%%A089%92)

y

»BARD, 8

HATOD»TFRICD» THYDD, 0P

EQsMRATENPPR,wL11D]
Ly llDl» PRy TRATEDIHRATENPPR

WAL PULNE N

»0ADDsBAND» S » BARD, BATOD»




b MvT0snVUD, naAQU) HANL s HYND  nVROD ) HARD » HATD TFRICD, THYDD, HOPPD, T
S, XC0NJ)
tWIPR]

PRIMARY PUMNP SPEED CONIRULLER
TRAMo Lo /TTRI)®(TLP. TRiM)
clTRieTRIU-TRIN
eTAll.»eTR,

WPSACOWLLIDIPAETRIS(LTRASETRIL/TETRL)

PRIMARY PUMP FLOW 5P, (5WEP3)

PRUCEY EwPSeSWuPS)wPSAC,WPSHC)WP SN
AFlSmalSeEVeOuu)  EwPSewPSAC~wWPSN
iFlowaPSoNELQWO)  EnPSeuPSHC~wPSN
eNDPRY

WPSM (Lo /TuPS)®(WLLA=wPSA)

cuP3l.okmrs
ENPPOOSENPPUL AL W LS (EWPS*cWPSIZ/TEWPS)

PRICey  ENPPACSENPPOU, ENPPMX

LFLENPPDDLELCLO) ENPPAC=0.0

AFLENPPOUCGT .0 0 ANDLENPPDD.LELENPPHX) ENPPACEENPPOD
LFLENPPOOSGCT.eNPPHX) ENPPACENPPMIX

ENOTED

PRIKAKY PUMP 5PEcD 5.P. (SwENPP)

PRICED ECNPPeSWENPP ENPPHL ) ENPPALIENPP,TSCRAN
LFITAEQ.0eU) THCRAN®2000.0

IFiTGETS5CRAN) SWENPPeL,0

AFLSweENPP.EQ.C.0) EENPPeENPPAC~ENPP

LriSWENPP aNE«QaU) EENPPRENPPML-ENPP

cNUPRY

ENPPL.sEcNPP
CENPP SEENPP*ENPP L/ TECNPP

CTRIP=ATRQPOECNPPL
IRQPUsTHYUU*TFRICD
TRIPUJITRIPUSETRQP

PwICED TRQPACSTROPODD, TRQPAX

ir(TRIPLUUCLECC.Q) TRQPAC#0.0
IPiTRIPLOCT 0 0 AND.TROPDDLETRQPHX) TRQPACTRQPOD
LF(TRQPODoe s TRUPMX]  TRUPACSTRUPMIX

cNJPRJ

PRIUMARY PUMP TURQUE 24P, (3WTRQP)

PrICed TROPPeSuTROP)TRUPAC, TRUPMC ,TSCRAN
IFIT.EG«0.0) TSCRAN®2000.0
IFISWTRQP.EQ.0.0) TROPPeTRIPAC

TFISHTROGP WNEWUGV) TRQGPPeTRIPNL
WFLTeot o T5CRAN) TROPP=O, 0

cNUPRY

PRUCED DENPP=ENWPsDRENPP
AFLENGP JEG.040) DENPPeORENPP



Lov

v

230

UL

evv

135

IF(ENGP JNELC.O) QenPPeQ .0
cnUPRD

RePEAT 3

WL2BUSAULZIP (P INCS=POUT 28 ) ~RHOL2SOGOYL28+4EST2Y)

RESTESo (Wi S0/ PALZY)*20 (| O/ROINZS=1.,0/ROUTZS~FL2S*PAL239e2)
wiLis - swlisd

teNJReP

PrICEV wlLadBrwlidd Wl idB EL0SS owlil o Wli2,wWl13,FuWlllsFulld,
s FuLldseNnllraTuil

AFleNdLLEQ 00U TO 100

AFCENMLLEQol O ANV T LT3 THLLIIGD T0 100
ifixﬂal.l-tﬂ.L-J.ANO.Y.bioaTlLllGO 10 200
slilBomiil

sllddowlag

WoldBewilld

cld535iC.0

Gu T0 3

ebLilBrwidl®(le0=FruLoull

WlLichbowlic®(4.0~Fuli2)

dli3o%alli®(i.0=FuiLl3)

ELdSoam (WL livFulliowliZofWliZowllIoFWiido(T=-5TuWil)
CunTiqve

ENOPRY

PROCED wiclbrwl2iBrwWL23BoELISS2oWl 210 22,60 23,FWL21:FNL22)
$ Full3renwidsSTul2

IF(ENWL2.EW0.0)00 TO 400
IFCENSLZeEQuLloO AND ToL T oTWLZ,G0 TO %00

IFIENGL2 bV« sV AND T GE.5TWlL2)GO TO 500

wellBewiis

dLdiB milc

wl23o*wicd

cL055220C.v

wd TG oCu

aLiiBemlcli®lL0=Fulil)

wilZ28*Wi22%4.0-FuLl2)

slLi3dowici®(heu=Fuli3)

ChJdS2o WL Ei%Fal 2l owl 22%F Wl 22%WL23%FwL23)%(T=5TuL2)
wUNT INVE

chNOPRU

PRUCED YCOMcsALPHAZ)RNEWAZ)ALNEW2,END2,
ONEWZreVTcsBVO2)BAD2,)BAN2)BVN2)BVR2,BAR2,BAT2,

M T2 VUL smADZ s HANZ ) HYNZ s HVRD JHARZ yHAT 2, TFRICZ2,THYD2,H0OPP2
o7, ENPVPC dLElsRHOTPE RHOTPR)TRATEZ ' RAT ENPPR, WL Z21ID2,WL21R

CALL PUMP (ENPPZ WL 2isRHUTPS ) RHOTPR,TRATEZ ,HRATENPPR,WLZ1D2,
WLZAR I ALPHAZ ) RNEWAZ)ALNEWCIENDZ,
QNEW2s08VT2,8v0Cs0A02,0ANZ)BVNLIBVYRZ,)BARZ,BAT 2,

HeT2rHVOLI HADZ yHANZ s HVNL ) HVRZ yHARZ yHATZy TFRIC2, TRTDZ,HOPP2, T

»ACON2)

enDPRO

PUMPZeHOPPLOROINZ2%S.0069C0REL

URENZP e (9.56493/A1ZPi*(TRQ?P-THYD2=-TFRIC2)

ENPP2 . =DeNEP

Ll

LR

PRICED XCUMDCI»OLPHAZ,ONEWAZ,>OLNEVWZ)DENDZ,
$ OINEadrowTU2+8VUD2,0A002,BAND2,BVYND2,BVRD2,B R02,84ATD2,
$ AVTD2)MVUDLsHADUZ s HANDZ s HYNDZ ) HVRDZsHARD2,HATOD2, TFRID2,THYDODZ,
$HUPPUZy # T  EnPPUlIWLZIDZ)RHLTPS,RHOTPR, TRATEZ ) HRAT ,cNPPR, WL 2102,
deL2LRE

CALL PUMP(ENPPUZ,»WL2L02,RHITP4,RHOTPR, TRATEZ JHRAT »ENPPR,wL 2102,

$ WiL2uRsDLPHAZ ) UNEWAZ)DULNEWCS DENDE,



$ DINEWZsBYTLZs0VOUZsBAUD2»3ANDZIBYNDZIBVRO2,BARD2,3ATD2,
 MVTOLsMYOLCsHADDZ s HANDZ s HYND2 +HVRD2,HARD2 s HATD2. TFRIDZ2, THYDOD 2,
SAJPPU2» T ACUADL)
enOPRI

INTERMEDIATE PUMP SPEED CONTROLLER

TRIM * (Lo /TTRZ)I®(TLPZ~TRZN)
tTRZeTRZO=TRZN

ETR21.oETRE
WeSACOWLEAUZPAETRZO(ETRZPETRZLI/TETRY)

PRUCED EwcSeSww25,wW2SMC,rw2sal
[FiSwadsecQ.0.0! Ew2SowlSAC~-w2SH
LPISHu2SeNELQ.0) EW2S*W2SHC~WINN
ENOPRY

w25M ol - /TwSI®(wil2i=WiiN)

EWcSieENCS
ENLPDLOENPPDZ+AEW2 o0 (ewdS*Ew2SI/TEWZS)

PRUCEY eNZPALSENZPOUEHPPMX

IF(ENZPDD.LE.0.0) ENZPACH0.D

AP (ENCPDUGT 0 0 ANDENSPDDLELENPPMX) ENZPAC=ENZFOD
LF(ENZPDD.GTENPPMX) ENZPACSENPPAX

cNOPRD

PRICED EENCPSWENZPIENIPHL, EN2PAC  ENPP 2, TSCRAN
APl TecGebav) THCRANS2000.0

[FiTeoE«TSCRAM) SWENZPel .U

[FISHENZP e Vs0) EENZPSEN2PAC-ENPPZ
[FLoweNZP o NE.U0) EENZPENZPAC~ENPP2

ENDPRJ

PRICED ENPPOLIENPPDZ=TSCRAN
LF(T+scQe0s0!) TLCRAM®2000.00
eNPPDL=100BL 07
eNPPD2#1008.47
[F(T.Ge.TS5CRANM) ENPPOL=B8l.04
AF({T.GETSCRA) ENPPODZeBl 0N
cNOPRJ

ENCPL.7EENZP
EENZPCeLENZPeENZPL/TEENZP

ETRwZsaTRQZ®cENZPL
(RI2ueTHYCDZ*TFRIDS
[RIcLI=TRUZD*ETRGZ
PRIUCELU TxQZACSTRQ200,TRQZNMX
LFITRIZOVLE«QeD) TRQAZ2AC=0.0
I1F(TRI200.6 .0.0.AND.TRG2DD.LE.TRQ2MX) TRQZACSTRQ20D
IFITRIZDU.GT, TRQ2MX) TRQZ2AC=TRGZMX
cNOPRY

PRICED TRG2P# WThQ2,TRQAZAC,TRIZKC,TSCRAN



IF(T+cQe0.0) TSCRAMN®=2000.0
LF(SaTRUC.EQ.U.0) TRO2PeTRQ24AC
Ir(sWTRQZ.NELL.0) TRUZP=TRG2ZNC
IFLT.GE.TSCRAM) TRQ2P=0.0
ENOPRI

PRJCeD OcN2P=ENWZsDREN2P
IFIENN2.EVU.0.0) DENZP=DRENZP
AF(ENd2.NELQ.0) DENZP#0.0
ENDPRY

RePEAT ¢

PINSZ2aPOUTS.L*PUNPS
POJUTSLe(PINSLOSUNSL-CS®(PUNPS=POUTS2+SUNS2))/(1.0+4CS)
POUTSZaSS® (PINS:~PUUTSI#UMS3)+PINSI=SUMXS
PINSI=(DS*(PINSI-AUDS*SUNSL)+POUTS2-SUMS3)*PARTS/ACLSS
ADUS=(PINSL*SUNMSLI-CS*(PUMPS=33%(=POUTS3+SUNS3)+ADS) )/ (1.0+CS)
ADSe5UunMXS+SUMS?

ASSAQLS2/LAULXPS®ENXTS)
Tamadi82/ w0Ls3
L3=AQLSc/AQLS)
US=A0LSLl/A0LS3
c$*AULS3/A00LS8,
Ga*AULS3/A0LR
SS=AULSI/(AQDLXPSSENXTS)

PARTo=A0LS3/(1 0% (AS+YS8)/(1.0%CS))
PleCEdsioUrAULSI®ADLS2/ (AULXPSSENXTS® (L0LSL+AOLS2))

VENUNS=PARTS*PIECES
JUMKSe~RHUXPISL*YAPS*RESTAS

ENJREP
REPcAl 2

SUMLS==RHULLIS®GO VL L1S+RESTLS
SUAZI~=RHOLZS*GOYL2S+REST2S

cNJRc?

QUMER®QUEER L*QUEERZ*QUEERI QUEERS+QUEERS

PLPo(AGLLIS®( (0L (PINLILI=(PINLLI*SUNMLI=CL®(PUMPL*S1%(DELPL3-SUML3)+
SOUMRLPOUNLZI /(L 09CLl)*oUNLL) *DELPL3~SUMLI)I/(1+0%(AL®YL,/7(1.04C1))
$=UclPL3+SUMLI3)*ADLE3%( (D20 (PIN21=(PINZL1+SUM21-C2%(PUNP2452e
2U0CLPLI=SUMCI)I*SUNKZ*SIN22) ) /(1 .04C2)*SUM21)*DELP23=5UNM23)
$/0L.0*(ALOY2)/1140+C2))=DELP23+5UM23) +BUMER)/ (AQLR+AOLL3+
$AJL23-0ENOM1-DENCNH2)

AULCK®=AULL*AUL2YADL3I*AJLS*ACLS
RecPEAT 5

JUEBERSSAJLI®(PUPHY( ®G*RHOCS~T3S)
cNOREP

arndegLl3*uldl
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REPEAT ¢

illvtu-AOLlﬁi‘(('001!2-0[&!3D-QNOXPSOGOVIDSOQEStltl
RESTXSO(WIAPS/PAXPS)®e2e (1, . 0/ROUTS2=1,0/ROINSI-FXPSS(PAXPS®®2))
wlaPS . »WixPSD

elAPLSoSATAN( WiXP S, 1.0E=03,1.0c+30)

wiAKSa AP S*( ENXTLI~ENTUBS)

ceNOREP

REPEAT 5
TSowRULI*LPLS*TCSS
ENJREP

TUPQO* (WROSCPOUTSTQUT=(wiLilewl 21)eCPOUT*TUPD) /RVC
RyC=RAQUP*VOLUPSCPUFQ

[UPU.=sTuPQD
TOUTus(TLi+TgeT34T4¢T3=4ROSCPOUTHTOUT )/ (RHOUTSVOLCOCPOUT)
TJuT.=TOUTD

TLPD=(QLOUPL*QLOOPC=WROSCPSLP®TILP )/ (RHOLPSVOLLPOCPSLP)
[LP.=TLPD

“LJOPLewl i3LeCPLL*TLPL
o . JUPCemL23LOCPL2®TLP2

CPLLecPLTXPLLL L)
CPLcocPITAPZirl)
CPJPO=CPLTUPRPO, L)
LPJQUT=CPLTOUTS1)
PILPECR(TLP L)
REPEAT 5

P38 PITCO%» 1)
CPALSSCP(TCSAS, L)
TCSAS=(TCo8+TLP)/2.0
ENDRE?P

PUPSUPNAMHSLOXHUUP+PCG
PLPL=PUP+T7.24iE0QS3

AePEAT 2
TAVLSL=(TUPO+*TINPS) /2.0
FAVLS2=(TOP»*TXPS)/2.0
TAJLS3s(TAPSL+TLPS)/2.0
TAVAPS=(TXPS*TXPSLI/L WD
ENOREP

REPEAT 3
KHJC =R HUNA(TCOS)
cNIJRe?

fePeal &
RHUAPS® (ROUTSL+ROINSZI/Ze
enORc?P

PRICEV RHOL®, RHOUT » RHOUP s RHOL A sRHOL12,RHOL13,RHOL21,RHOL 22,
SRHIL23»RUINLILIROINLZIRUINLIZSROUTLL1,ROUTLI2,ROUT1I3,ROIN2Y,
$ROINZCIRULNZ3ISROUTZAPRIUTLZ2»ROUT2IH)RHOXPL,RHOXP2=T

AHJLP =k HONALTLP)

AHJUTeRHUNALTOUJT)

“HIUCe R HONALTUPD)

AnJLlleRHONA(TAVLAL)



RHJLLZ*RHUNA(TAVLIZ)
RHOLL13eRHUNALTAVLLS)
RHOLZA=RHMUNALTAVLZY)
ReidLcskmUNALTAVL22)
RHJLZ3=RHUNALTAVLLY)
RCINLL="RAONALTUPO)
RUINLZ=RHUNA(TOPL)
KUINL3eRHUNALTXPLL)
KUUTLL*RHONACTINPL)
RJuT LLwRHUNALCTXPL)
RJUTL13eRHUNACTLP)
ROINZLIsRHUNALTUPL.,
RUINZZ*RHUNALTUP2)
ROINCI®RHUNALTEAPZL)
KUJUTLLeRHUNACTINPZ)
KUUT22eRHONALTAP2)
ROUTZ23=RHONALTLPZ)
¥HIXPLoRHUNALTAVXPL)
KHJIAPLRHUNALTAVRPZ)
cNUPR]

REPEAT 2

TOPSU® (WL S1/(RMUAPS®VOLPS) ) *(TINPS=TOPS)
TuPS.=sTOPSD

cNUREP

REPEAT 3
PALLS*P[®(R]i3es2)
PAL2S=Pl®(R2%%%2)
AJLLIS=PALLS/PLLLS
AQLcS*PALZS/PLLZS
eNJRcP

PiNai=PUP-DELPLL
PINZL*PUP=DELPLL

PUYTLIwPLP*DELPLS
POUT23=PLP+DELPZ3

wEPEAT 3
TF38e(TC3a8-273.00%(9.0/5.0)+32.0

TRo$=TF58+400.,0
'CCSa'L-73073‘(30.300'1.l76t-02‘YFSl'Z.OleE-Ob‘(YFSS“Z))

KHICH$216.029(59.533-.00833*TF58)
uHCSS'b.A3~E’s~‘(10.0“(1.01030(397.17IYRSS)-.6925‘!LDGIO(TRS$)l)

eNOREP

REPEAT 3
TFrsa(TCF3=c73.0)%(5.,0/2.0)¢3/
TFosm(TFF8=32,0)%(2.0/9.0)

CPCFa= PTCRS )

IC.’t'lOO.O‘(F“(Jb.dQI('CF!‘I£9-2)00.1256E°13‘(YCFS"JDD)
F38l. 079 (FrJ/(L.0%.5%(1.0=FROID)
cNOREP

AEPEail 3
YFCCS'(TCC$‘£73.0)‘(9.J15.0103&.0
TCCC$%L.730739(7.73608404+.40721437E~02¢TFCCS)

CPLCS=LP(TCLS,3)
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RKEPEAT 3

TGSeTCC8+,2723%(1.04.08%CGPORI®QLPS
BIsEAP(=T7.0#.0350QLP3~6.3%CGPOR)

ACSe L3240 4l0T*SQRT(TL8)=2.36)/CGPOR+,0391%(BS/(1.0+8%))
HloS®(L.0E*ueen(s)

ENOREP

KEPEAT 3
wFsmsUAFS*( TCFS~-TCCS)
«NASSJACS*(TICS~-TCSaAS)

JTCCS=(LaQ/ (LMo PCCS))I®(QFI-UACS*(TCCS=-TCSAS))
TCCS.»(OTCCS)

TCS= (JPS/UACS)*TCSAS

ALS= L. 0/ (RC23+RS5S)
RCZS=ALUG(D0C/0CH/(2.00TCCCSePIePL)
Ro821.0/7(HCSa%CAREA2)

cNOREP

REPEAT 3

UATS® . 0/((1s0/uAFS)+(1.0/UACS))
ENOREP

<EPEAT 3

UICFS= (L 0/ (FMNOCPCFS)I®(QPS~UAFS*(TCFS=TCCS))
IWF8.=(DTCFSI)

TFS=s (JPS/UATS )+T(CSAS

Jar$s= 0/ (RFI*RS*xk(C1lS)

RFb=e .0/ :5.0"“’L.‘CCF‘)

Koo L. U/(HCOLS*CAREAL)
RoA32aL0G(UC/OICIZLCOTCOCSoPLePL)
ENIOREP

REPEAT 5

cNRCS*XNASSS®INFPPAS
WRJPPI®WROLS/LNRCS

cNOREP

REPc Al
VEo8"wRDPPS/(RHOCSS*C5FA)
RELS$s(RHOCSSO*VCSS*DHC ) /LUNCSS)
PRUSS=(CPALS®*UMCLS) 7(TCCSS)
PLLSSs(RECSS*PROLS)

UNCSS*4 U+, 10®((PC/DHC)®95)+,00b288%((PL/DHC)I®®3,3)8PCCS58%e,58
A8 (UNCLS*TCCSS) /ONC

ENSRE?

TLPL=POELAY(TXPLlisTAULPLPL»TLL)
WLA3L*ATAM(MLLI3,1.0E~03»4.0E+30)
TAULPL®(RUXPLL®6.2733) /7wl l3L

TLPZePDELAY(TXP2L»TAULPZ,2,TL2)
wLZ3L*3ATAM(WL23,1.0E=03,1.0E430)
TAULPZe (RUXPZ1®2.0%4.2733)/ml23L

TINPLsPOELAY(TUPO,TAUPLLS»TINPLD)
wlliiLsSATAM (@LAlr1.VUE=D03,1.0E+30)
TAUPLLs(ROUTLLI®L0.0764) /i il

TINP2=PRELAY(TUPO,TAUPZLs0»TINRP21)
wi2lLoSATAM(WL2iple0c=03,1.08°30)
TaUP2.e (RUUTL1®2.0%l0.0744)/ml21L




WlaZl*SATAN (WwiLA2s1.0E=03,1.0E+30)
TAJAPL=(RHOLLZ*L.7263)/WL12L

WL2ZLe5A \A(WL22,1.0E-03,1.0E+30)
TauxP2e{RAQLZZ®2.0%L.T72063) /WL 22L

THe FOLLOWING EQUATIONS ARt USED IN THe CALCULATION OF THE HOT
CHANNEL FUEL» CLADDINGy AND SODIUM TEMPERATURES.

nuT=gTeFpPCl
WPAC=(QHOT/ENRCL)®*1.00
wLHC=QPHC/PL
QLPHC=QLNC/100.0

ANAMCsUACHC®(TCCHC=TCSANC)
TCoHCO®(LO/Z(CPASHCOXMASHC ) ) * (ONAHC*WROHC*(CPASHC®(TLP-TCSHC) )
KMASHC *RHOHC® VUL HC

VOLHLUsVOLL/ENRC]

TCoHL.=TCSHCO

WROHC=wROPPL® .95
TCSAHC=(TCSHC+TLP) /2.0
CPASHCSCPITCSANHC, 1)
CPCCHCCPITCCHC»3)
CPCFHC=CPITCFHC,2)
RAAJHC*RHONACTCOHC)

TCoFHC =400 . 0% (FHC® (38,247 (TCFHC#129.2)46.12560E~13%(TCFHCe®3)))
FHC® L 0798 (FRU/(1.0U*.5%(1.C~FRO) )

TFCCHC = (TCLML=2T73.0)®l.0+32.0

TCCCHC# L. 730738 (7.73886046+,40721437E-02*TFCCHC)

TGHC = TCCHC+o<T723%(1.0+,08%CGPOR)*QLPHC
SACREAP(=T740¢.0350CLPHC~0.3%CGPOR)

HCAC®. 1324 l107*SQRT(TEHC)I=2.36)/CGPDR+.6391*(BHC/(1.0#BHC))
HLGHL =1 . 0E*04*HIHC

VOOHC*wROHC/(ROSANHCOCSFAS

RECSHC=(ROSAAC*VCOIHC*DHC ) /UNCSHC

PRoSHC=(CPASHCSUMCSHC I/ TCCSHC

PCCSHC#ReCSHC®PROSHC

UNCSAC®4. 0% . L6* ((PC/DHC ) ®%5)+,006288*((PC/DHC)®*3,8)9PCCSHC** . .30
HLSHC= (UNCOHC*TCCSHC) 70MHC

TFoHCe(TCSAHC=273.0)%1.6+32.0

TROHCeTFSAC+400.0

TCCSAC L. 730738(56,306~1.878E~02%TFSHC+2.0914E~06%(TFS5H(®**2))
ROSAMC=16.02%(59.533-.00833*TFSHC)

JMe L 0.0%%(1,0203+(397.17/TRSHC)=44925%AL0GICITRSHC))

ML SHC 26, LIGE~US*UN

JFACZUAFH.*(TCFHC=-TLCHC )

TCoHCO® (4« 0/ (CHOCPCCHC) IS (QFHC~UACHC*(TCCHC=TCSARC))
iCCre.=TCCHCY

JACHL=L 0/ (RC2ZHC*RSHC)
KC2HC=ALUG(DOC/0C)IZ7(2.0¢TCCCHCoPI*PL)

R3MC =L O/ (HCSHC*CAREAZ)

TLFHCO® (1 .C/(FMOCPCFHC) )8 (QPHC~UAFHC*(TCFHC-TCCHC))
TUFHC.=TCFHCD

UAFHC®L 0/ (RFHC*RGHC*RCINC)

REAC*L. 0/ (8. U*PI*PLOTLIENHC)

RGHC*L .0/ (HCGHC*CAREAL)
KCLIHC=ALUGIDC/ZO4C) /7 (2.20TCCCHCPI®PL)
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Trme FULLOWING LECTION CALCULATES THE TOTAL SQDIum rass IN .
THe PRIMARY SIDet UF PFTF AT ALL TIMES. BY KEEPING TRACK OF ‘
THA> MASS PIPE BREAKS wilLL Bt POSSIBLE TO MODEL ANDL Tw.
JUQIUN HeiGHT [N THE UPPER PLENUM WiiLlL BE KEPT TRACK OF.
AL>O» THIS SeuTION CALCULATES THE SODIUM UPPER PLENUM HIIGHT,

KEPE/T 3
ENAF IS =ENAVIS*RHOLLS
eNTREP

<EPEXI 3
CNAMZS=ENAVZSeRHOLZS
ENOREP

SNAXML=ENAVXLI®RHOXP]
CNAXMZ®ENAVAZO*RHOXPZ
cNPPML=ENVPPLOROINLZ
cNPPMZ=ENVFP2OROINZ2
CNAVML=ENAVVI®RAOLLI*ENAHVI®*RHOLLL
ENAVMZSENAVVZORADL23I+cNANVZ*RHOL2]
ENALPHMeENAVLPORHOLP

ENACA*VOLI*RHOCLI*VOL2*RHOCZ+VOL3I*RHOCI+VOLA*RHOCS+VOLS*RHOCS
CNAMAS s TNAMAS-ENMLOS

ENMLOS=ELOSS>LlecLOSS2

JPNAMY=S5,09~ENNLOS /RHQUP

JPNANSUPNAMV/ (PI®UPRAD®® )

STURE whOL ) WRUZ, W02, W% 4, WRD5,WRDyWL1L1,WL12,wl13,WL21,

3 oL 23sPINLLISPIUT LAsPINL2yPOUTLIZ,PINLISPOUTLII,PINZL,
$P0UT2LsPINZZ)PUJTZEZIFINZI,POUTLZIsPLP,PUP,TCS1,TCS2,TCS3,

BT e s TCSS»TCSHC s TCCHC» TOFHC» TCCL1»TCC 2, TCC3LTCFLTCF2,TCF3,
SWIAPLowiAF2sTLP,TUPUSROD»TXPLL,TXP21,»TXSL1sTXS21,ENSENN,
SPUMPLIPUMPZ HUPP2,ENPP2, TRQPP,TRQZPHOPPENPPLERR,PIOP,2ZR0D,
SFLUR LIV s RIAUTO» WO TXS LIS TXS2I»TXPL,TXP2,FWRD,FWRDL,FWRD2Z,
srafD3,FuRUSFWRD5,TXS512,TXS22

FUSCTION HEZ(PEXPL,TCAP2HREXPZ,PRXPZ,P»DH)
IF(PEXVPLLT00.v) GO TO 10
LF(PEXP2.GE+6U.0«AND.PEXP2.LEL500.0) GO TO 20
LF(PeaAP2.6T.500.0) G0 TO 30
HEo(TCXP2/DHI®(3.31+44.29¢%(P/0H)+.888%(P/DH)®®2)

RETURN

REZ*ALODGLO(REXP2)

UNAPPLO=2 .79+ 3.978(P/DH)*L.Q25%((P/DH)*#2 ) +3,12%RE2~.265%(RE2%92)
V2*EAP (=6, 4002+, 941B2%ALUGIREXP2) +]1.3%AL0G(1.38/(P/DH)))
Poldois0=1.0l/(PRAPZ®(VZ®"].4))

IFLF3icelTolieOE=al) ’SXZ'LOOE-AO

A2%,0155%(P5l2%%.00)

WO 20¢(P/DHI®(3,,2641.104%(P/DH))
UNAP2mwl+X2%(PckP2ee 485)

LFIUNKPPZLT.UNAPZ) UNXPZwuUNXPP2

Hen (TCAPZ/DHISUNXP2

RETURN

VE"EAP (=0 96L2%.94182%AL0GIREAP2) +#1 .3%AL0G(1.3/(P/OHI )
Pl2oLe0=4e0l/PRAP2®(Y2%%).4))

[F(PSIZatTole0E~L10) PSI2®L.0E~LO

K2® ,Jl55%(P512ee,80)

€% 0b*(P/UHI® (3. 1206%1.184%(P/0H))
UNAP2ayw2ex2%(PERAPL®® ,00)




SCTIUN HA(PEXPLsTCXPLSREXPL,PRXPLIP,HOH)
(PEAPL.LT,.0U.0) GO TO 10
(FPEXPL.GE«OQ0.UANDPEXPLlaLE.500.0) GO TO 20
(PEXPLl.6T.500.0) Gu TQ 30
(TCXPL/UH)I®(3,31464.29¢(P/DH)+.906%(P/DH)**2)
TURN
AoALOGLOLRE"PLI
NAPPL®=2,7943.97%(P/DM)I*1.025¢((P/DHI*®2)+3,12%REL~.265%(REL®*2)
e KP (=0 40124.94182%ALOGIREXPL)I*L.3*%AL0G(1.38/(P/DH)))
[1loa oU=L . 82/7(PRAPLI®(VI®*®] . .5))
(P3ileilTel0E~10) PSil=].0t-10
«,0L55%(PS1l1le*, 50)
2000+ (P/DH)*{3,126%L.104%(P/DH]))
LewleXxle(reXPles, 80)
NXPPL.LT.UNXPL) UNXPLsUNXPPL
TOXPL/DH)ISUNKPL
KN
AP (=0e40Ll2%.94182%AL0GIREXPLI*13%ALOGIL.3/(P/ONH)))
SLeU=L+B2/(PRAPLO®(VIL®®*] .4))
PSilelT .1.06-10) PS1l=1.0E~10
OL55%(PSIl®*.80)
«0b*(P/DH)®(3.L20+1.136%(PDH))
Lo l*Al®(PEXPL®*,.80)
{(TCAPL/DH)ISUNAP]L
URN

NCTLUN CPLTKsR)
s (TK=273.,0)%1.8+32.0
+£Q+1+40) G0 TO 10

+EQe3.0) G0 TO 30
s BOBE*0I®( . 34574~.T79226E=04*TF+.340806E~Q7%(TFe*2))

KN

C
{
A
X.EQe2+0) GU TO <0
X
o
v
{

TF=32.0)%15.0/79.0)
#4,l606E+039 (. 1090351926+ 7.75289753E~05+TC)
04, LB0BE+03% (~6.1217785~00%(TC*%2)+2.046305E~11%(TCe*3))
CPL+CP2
v
4, lB6BE+03%( .14937593~,39500964E~04*TF+,20678125E=07%(TF*e2))
UKN

>UBRJUTINE PUHP(ENPPnde,iNupiHJR;YRA'FGvHiAT;ENP?Q.-PS:;UPSE
ALPHA RNEWALSALNENIENUY
NEWsBVTsBVOs3AD,BANSBVN,BVRBAR,BAT,

VT »AVOs HAD HANs RYNsHY Ry HAR)HAT , TFRIC, THYD,HOPP, T, XCONM)

OATA COMVNSCLIHVNSCZHVNsCIHVN,COHVN,CSHVN,COHVR ) CLHVR,C2HVR,
111;;##'!!LDﬂVK:QuHAﬁ'gAHAk|:2NARrg3HA3pC§H‘Q0C5H‘ﬁ/'0.5533(
JeB8537650.0c9009=3.7006,7.05935,-3.4776,-0.55392,0.066302»
0.0350819=0.93928,~0.27361,0.050.062307,0.140665,~46.1890
2.49326,0.8973,0.0/

ATA COMAT CLHAT,C2HATCIHAT CAAAT CSHAT,COHANSCLIHAN,CZHAN

IHAN s CAHAN, CSHAN, COHAD,C1HAD,C2HAD» C3HAD,COHAD,C5HAD/0. 62307

) e20178s=0,30242,0.,70603»~0.48077,0.19231,1.2064041,0.061907
3y =ed73270=0.5725450.033762,0.386551.264041,0.061507,-0.17327
49r=0+5729%20.033762,0s30805/

JAT A .QNIDJCAHVQILZHVD;h}ﬂVQ'CVﬂ’DoCﬁ*VDr;QHVll.l”f'lczﬂfl»
.\34!7:;vHJT:C;nilnCCUV!oCAbVTu;ZdVYIL36'7-(55VY;C55VT/
20+6821190.4390.,0.68459,-0.,24970150,63456,-0.20833,0.066211»
3090l 3erue9295929=0.4306,0.50865,~-0.226¢36,0.00658,-0.060810




5'3-l“’7!"-30‘7)10.*160.‘*.0006,

JATA COBVOsCioVDsC2BVYDSC38V0»C4BVDSC5BVO»COBAD,CLBADSC2BAD,
4C30AU,CHBADSC53A0,COBANSCIBAN,C2BANSCIBAN,CABANSCSBAN/
‘U-Ob’d)0.20537,‘0.2235‘50-5)0.3.‘0-70"600-215@2;°-~§7.§1l
3 0.5005,0.59043,~v.04055,=0.025531,0.11531,0.447841,0.5065%,
& Ue590439=0.04055,-0.025531»,0.115317

OATA COBVN,CLBVYN,C2BYN,CIBYN,CYBYN,CSBYN,COBVR,C1BVR,C2BVR,
AeTIVRyCOBVRILOBYR/=0LIT11)
cVenlT81,3.05009=7.6752+7.0695,~2.29179-0.3711+2.37169-0.56147
3504050405040/

OATA COBAR,CLBAR,C2BAR,C38AR, C4BAR,CSBAR,COBAT,CLlBAT,C2BAT,
LC38AT,C4BATC50AT/=0.084952.0342,~0,95677)-0.4228650.0,0.0,
d=0.008%08)L.56995,0.96871s~0. 9653,12.063,=4,.75406/

UATA COFRIC,CLFRIC,C2FRID/04012+0.02350.07

DATA AOFRICIALFRIC,AZFRIC/U.1179=8.97,0.0/

UATA BOFKICI)BAFRIC,)BLFRIC/0.0s14.775,0.07

ALPHASENPF /ENPPR

QNEw= (wPS/RHD)I/ (¥PSR/RAHUR)

MRITE(O»CcO0L)(ENPPIENPPRy WP S, WPSRyRHO,RHOR)

cdul  FIKMAT(LHO»®ENPPIENPPR, WPS,»WPSRyRHO,RHOR®,6F10.2)

KNEwALSQNEW/ALPHA
ALNEa=ALPHA/UNEW

ALUM=ALNEW
WRITS(0r)2CU2) (ALPHA, ONEW S RNEWAL» ALNEW, XCON)

€uuld  FURMAT(L1rO,®ALPHA»UNEws)KNEwALsALNEW, XCON®,5F10.2)

Go

Lo

<0

o

<4

IF(ALNEw 6T 41.0) XCOMeRNcwWAL
LFIRNEWAL 0T 1.0) XCOM=ALNEW
ALPHAZ®ALPHA®ALPHA
INC ald=QNEw*UNE W
KNEWAZ=RNCcwAL®RNEwAL
KN wAI=RNEWAZ®*RNEWAL
KACWASSKNEWAS*RNEWAL
HANCWAS =R s wASPKNEwAL
ALNEwd=ALNEwTALNEW
ALNCAIRa NEWNZ®ALNEW
ALNEWS=ALNEWI®ALNFY
ALNEWO=ALNEWSSALNEN
AFLALPHA,GT.0.0117) GO T3 200
IF(ALPHALLE.O.OL17.AND.ALPHA.GT.0.005) GO TO 210
IFLALPHA.G. +0.0.AND.ALPHA.LE.0,005) GO TO 220
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