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SECTION I 

INTRODUCTION. 

One method of demonstrating the stability of a power reactor is to impress the critical 

reactor with a sinusoidal oscillating reactivity and measure its power response as a function of 

frequency. The computer code FLUZ synthesizes such a test for oscillations of small amplitudes. 

The same technique may be used to experimentally measure different coefficients of reactivity of 

a given reactor. By varying the period of the impressed reactivity i~ is possible to change, due 

to finite heat transfer times, the relative importance of various reactivity feedback mechanisms, 

such as the fuel Doppler effect or coolant density. 

FLUZ computes to the first order the amp_litudes and phase angles of the oscillating power 

and feedback reactivity of a fast reactor which is oscillating about criticality due to an impressed 
sinusoidal reactivity of given amplitude and frequency. By varying this amplitude and frequency 
as well as the steady-state power, FLUZ can be used to simulate the power response of the 
reactor being studied to the magnitudes of various coefficients of reactivity. A comparison o·f the. 

FLUZ results with experimental results from oscillation tests on the actual reactor can be used 
to reveal the magnitudes of the various reactivity coefficients. 

The oscillating power in FLUZ is expressed in terms of the prompt and delayed components 
of the reactivity. Linear feedback reactivity is calculated using pre-determined coefficients of 
reactivity and computed time-dependent material temperatures. Average material temperatures 
are obtained for each of m axial regions, considering axial heat transfer to occur only by flow of · 

the coolant. * Heat transfer from fuel to coolant and structure is based upon an average coolant 

channel containing a cylind-rical fuel rod with annuli of cladding and coolant. A flat radial power 
distribution across the fuel rod is assumed. 

*See footnote in Section 2. 4 which describes ;:tn important limitation on the application of FLUZ in 
its present f~rm. 

1-1. 
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SECTION II 

DESCRIPTION OF THE PHYSICAL MODEL 

The physical model used in FLUZ must provide for the computation of {1) the reactor power 

as a function of both the impressed and feedback reactivities {kinetics equations), {2) the feedback 

~eactivity as a function of the material temperatures, and {3) the material temperatures as 

functions of the reactor power. The response of a reactor which is subjected to an oscillatory 

impressed reactivity will depend upon these three functions. In the linear approximations of these 

functions, the power, feedback reactivity, and material temperatures are all assumed to oscillate 

with the fundamental frequency of the impressed reactivity, differing only in amplitude and phase 

angle. This approximation greatly simplifies the computations and provides sufficiently accurate 

results if the amplitude of the oscillating power is small compared to the steady-state power. 

Two quantities which are normally measured during oscillatory tests are the power and 
feedback reactivity transfer functions, designated by G{i,w) and H{i,w), respectively. The ppwer 

transfer function can be defined by the equation 

where 

G{iw) = P1 {iw)/Po ' 

k1/{3 
(2-1) 

P 1 {iw) = Amplitude of the average oscillating power density over and above P0 (based on 
the steady-state volume of fuel), 

P0 = Magnitude of the steady state average power density corresponding to k = 1; 

k1 = Amplitude of the impressed reactivity, and 

{3 = Delayed neutron fracti~n . 

2-1 
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'rhe term G(iw) relates the fractional oscillating power to the amplitude of the impressed 

reactivity in dollars {units of prompt criticality). Associated with the power fransfer function 

is the zero-power trans~er function, which applies when there is very littlE)_.heating of reactor 

ma.terials and the amplitude of the feedback reactivity, ~ (iw), is very small. This is given by 

(2-2) 

The feedback reactivity transfer function is an expression of the link between the feedback 

reactivity and the oscillating power. That is, 

(2-3) 

For comparison of the results from FLUZ with experimental data, it is necessary to 
obtain the amplitudes of the complex quantities P 1 (iw), G(iw), G0 (iw), H(iw), and. ~(iw). ·This 

can be done by taking 

(2-4) 

where x<r) is the real part and x(i) is the imaginary pa~t for each quantity. The phase angles of . . 

these amplitudes, relative to the impressed oscillating reactivity, can be obtained by recognizing 
that the ratio of the imaginary to real parts of each complex amplitude is the tangent of its phase 
angle, since k1 is assumed to have a zero phase. 

2. 1. Kinetic::; Equations 

:I'he total oscillating neutron multiplication factor may be expressed as the sum of the 

steady-state neutron multiplication factor, impressed reactivity, and feedback reactivity: 

(2-5) 

The average power density in the fuel is the sum of the steady state power and the oscillating 

power: 

P(t) = P
0 

+ P
1 

(iw)eiwt . (2-6) 

2-2 
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In Equations (2-5) and (2-6) k1, ~ (iw), P0, and P 1 (iw) are as defined previously, and k0 
(constant power neutron multiplication factor) equals 1, w is the frequency of !5teady oscillations, 

and t is time. 

Although the quantities kf(iu) and P 1 (iw) are time independent, they take the form of com­

plex numbers due to the fact that they are not in phase with the impressed reactivi~y. 

The basic kinetics equation relates the time rate of change of- the ne':ltron density to the 
excess prompt reactivity and the delayed neutron source. ·u takes the form 

dn(t) 

dt 

I 

k(1~J3)-1 +"""' () ~ £.J xici t . 

i = 1 

(2-7) 

The first term in Equation (2-7) is due to prompt neutrons only, thus it is a function 

of the delayed neutron fraction, {3, and the prompt neutron lifetime, .e. The second term 

gives the neutron source due to the delayed neutron precursors, Ci' where the Xi's are the 
precursor decay constants. Expressing Equation (2-7) in terms of the average power density in 
the fuel is more useful in FLUZ. Since the prompt term is based upon the neutron level which 

already exists at timet, it can just be multiplied by the average power density, P(t). The second 

term, however, must be multiplied by the immber of fissions produced per second per neutron 

produced. Equation (2-7) then becomes 

I 

d:t(t) (fissions) = P(t) [ k(t)(~-{3)-1 J + ~~) E xiCi(t), 

cm
3
-sec i=1 

(2-8) 

where 

11 = Number of neutrons produced per fission. 

The delayed neutron precursors also vary sinusoidally as 

C.(t) ::c.· O + C. 1(iw)eiwt , 
1 1, 1, 

(2-9) 

with C. 0 representing the precursor for the steady power level and C. 1(iw) the complex ampli-
~ ~ 

tude of the oscillating precursor. (Since it is important to keep P(t) proportional to the total 

reactor power, neither P(t) nor the Ci(t)'s vary directly with the fuel density, but are based upon 

2-3 
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. the steady-state fuel volume. ) Furthermore, the time rate of change in the precursors -can be . · 

'expressed as the production rate minus the decay rate. · That is, 

(2-10) 
dt. 

where (3. is the delayed neutronfraction associated with the ith precursor. 
1 . 

. By· proper substitution of k, P, and ci from Equations (2-5), (2-6), and (2-9), into Equa­

tions (2-8) and (2-10), both for steady-state power (k1 = 0) and for steady-state oscillations 
(k1 >O), the complex amplitude of the oscillating power density can be expressed as . 

(2-11). 
p1 = ( I 

iw ~ + E 
. i = 1 

where all terms of order higher than eiwt have been dropped (linear approximation). 

All of the quantities in_~quations (2-1), (2-2), (2-3), and 2-11) are known with the exception 

of the complex amplitude of the feedback reactivity, kf(iw). When kf(iw) has been determined, 
the amplitudes of the complex quantities P 1 (iw), G(iw), G0(iw), H(iw) and kf(iw) can be obtained. 

2. 2 Feedback Reactivity 

The feedback reactivity for a cylindrical reactor, kf(iw) e1wt, results from (1) the Doppler 

effect in the fuel, (2) changes in material densities due to expansion and contraction, (3) axial 

2-4 



• 
.. 

GEAP-4580 

and radial core expansion, ·and (4)fuel rod bowing. Considering the four basic fast reactor 

materials of fuel, cladding, coolant, and structure, the feedback reactivity for a core divided 
into m ax axial regions is given by m . 

(. ) iwt kf lW e = 
mEmax·~ ( ak )(m) . (m). (. ak ) (m) 

- t.T - N' --. . aT . f f, o aN' 
m = 1 f Dop f, 0 N{ 0 

' 

( N~l,O ak .)(m) t.N' (m) 
cl 

aN~l 0 N~l 0 
' ' 

( 
ak . ) (m) 

N' . 
. co, o ·aN~o o 

.. ' 

( rm) AN'(m) 
( Hc,O 

ak ) 
t.H (m) 

N' ~ s + c 
s, O aN' N' aHc 0 He 0 s,O.· s,O 

' ' 

( rR (m) + ( ak) (m)Adc (m) } ak c 
+ -R o--

c, aRc 0 Rc 0 . adc 
' ' . 

t.N' (m) 
co 

N~o 0 
' 

(2-12) 

The quantities N{ 0; N~1 0 ; N'co 0 ; and N' 0 are homogenized nuclear densities of the fuel, 
. ' ' ' s, . 
cladding, coolant, and structure, respectively. He, 0 is the core height, Rc, 0 the core radius, 
and de a number specifying the degree of fuel bowing. ·Primes on the nuclear densities indicate 

homogenized values, while the subscript zeros refer to values at the constant-power'-density 
level, P0. 

The factors in the parentheses are reactivity coefficients for the fuel Doppler effect; fuel, 

cladding, coolant, ~nd structural nuclear density effects; axial core expansion; radial core 
expansion and degree·of fuel rod bowing; in that order. These coefficients, with the exceptions 

of the axial and radial core expansion coefficients, refer to the total core reactivity response · 

to a change only in axial region m. 

The quantities involving "t. ", in Equation (2-12), are fractional differences between the 

values at time t and the values at constant power density, P 0, of the basic quantities which 

affect the reactivity. By considering the response of core materials to changes in temperature 

2-5 
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they may all be expressed as functions of the average material temperatures. These difference 
quantities can be represented by the general quantity, AX(m), in the generalizeq form 

(2-13) 

where the zero subscript refers to the constant-power value and the unit subscript to the ampli­
tude of the oscillating quantity (that over and above the steady-state value). For the Doppler 

term, AT~m) can be substituted directly into Equation (2-12). However, relating the other "A." 

terms to average material temperatures requires a consideration of the design of the reactor 

core and how it responds to material temperature changes. 

The change in core height, AH~m), is determined only by axial expansion of the fuel, since 

the effective reactor height is always that of the fuel. Thus, assuming axial expansion in fuel is 

additive from region lo region, lhe lime dependent core height is 

M 

He = ~ AZ(m) ( 1 +a T(m) eiwt) L..J f f, 1 ' 
(2-14) 

m=1 

where. 

AZ(m) = Height of region m, 

af = Linear expansion coefficient of fuel, and 

T~m/ = Amplitude of the oscillating component of the average fuel temperature. 
' 

The change in radius, AR~m}, with time is assumed to be governed by structural expansion, 

giving 

R(m) - R ( 1 + a Tm eiwt) . c - c, 0 s s, 1 (2-15) 

for the radius of axial region mat timet. In this case as is the linear expansion coefficient of 
the structure and Tim1 is the amplitude of the oscillating component of the average structural , 
temperature. Since every axial region might not contain structure which causes core radial 
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expansion, provision is made in FLUZ to specify which regions will cause core radial expansion. 

In these regions, with okm) = 1, Equation (2-15) applies. For the other regions where okm) = 0, 
c . c 

the core radius is taken to be the linearly interpolated value using the radii of the closest regions 
for which okm) = 1. That is, 

c 

R(m) ,; R . 
c c,o 

m-1 

4 [~z (m1) + ~z(m)J + L: ~z(m~) 
m'=m1 + 1 

m 2-1 

~ [ ~z( m1) + ~z(m2)]+ L: ~z(m') 
(2-16} 

m'=m1 + 1 

when okm) = 0. Region numbers m1 and m2 refer to the nearest regions less than and greater· 

than m ~hich have o km} = 1. The top an~ bottom regions of the core must have o km) = 1. 
c . . c 

'fhe fuel-rod-bowing term is simply expressed in terms of the fuel and cladding tempera­
tures by using bowing coefficients. So ~de can be written 

· (ad )(m} (ad )(m}. . c (m} c 
Adc = - ATf + --

aTf aTcl 

~T(m) 
cl ' 

where the temperature coefficients of bowing must be supplied as input. 

"(2-17 
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To express the difference quantities for the nuclear densities in terms of average material 

temperature changes, two things must be considered. First there is the change in nuclear 

densities due to the volumetric expansion of the materials. Second, the· hom~genized nuclear 

densities will change due to changesin dimensions, i.e.; volu!lle fractions. Using the form of 
Equation (2-13), the nuclear density of material n in region misgiven by 

N' (m) = N(m) y;:- + aN' (m) 
n n, 0 n, 0 n (2-18) 

where 'IF 0 is the volume fraction of material nand Nn 0 is the nuclear density of non-homog-
~ . . ' 

enized material n at constant power density P0. However, the time varying quantity can be given 

by 

N,(m) = N(m) ~(m) 
n n n · 

= N(m) ( 1 - 3a T(m) (iw' eiwt ) \F(m) 
· n, 0 n n, 1 1 . n ' 

where T(m1) is the amplitude of the oscillating component of the average temperature of material . n, 
n, and an is its linear expansion coefficient.. Since the reactor height is determined by the fuel 
height, the volume fractions are proportional only to the cross sectional areas of the materials. 

Fo1· fuel, cladding, and structure, the time varying volume fractions become 

R2 V 
y:- (m) ~ c 0 n 0 

n 
(2-20) 

where ( R~m)) 2 is the instantaneous radius of the reactor in region m, given by Equations (2-15) 

and (2-16). 

2-8 
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Since the coolant is a fluid, it will occupy any expansion voids into which it can flow. 

However, restrictions on the flow of coolant depend upon the particular design being considered>"· 

In FLUZ, the volume fraction of the coolant is expressed as 

co (2-21) 
R(m) V - R2 (~A)(m) + o 

y:-(m) = c, 0 co, 0 c, 0 co 

The second term in the numerator is the decrease in coolant volume due to radial expansion of 
the fuel and cladding, and is given by 

~A (m) = ('IF. 2fY T(m) + 'F 2a T(m) ) ei wt 
· f, 0 f f, 1 cl, 0 cl cl, 1 ' (2-22) 

when of = 1; and 

~A (m) - (v: + v=- ) 2a T(m) e iwt 
- f, 0 cl, 0 cl cl, 1 ' (2- 23) 

when of = 0. The expression in Equation (2-22) represents the condition in which the fuel expands 

more than the cladding, thus stretching the cladding. Equation (2-23) is for the opposite condition 
in \\h ich the cladding expansion is greater than that of the fuel, leaving a gap between the two. In 
this case the displacement of coolant is determined by the cladding expansion alone. The user has 

the option of choosing of to be 0 or 1. 

The third term in the numerator of Equation (2-21) is determined by the magnitude of the 

input quantity o co' which may have any value. If the reactor is designed in such a way that 

expansion of the structure does not.increase the coolant flow area, oco should be zero. If the 
coolant, under all conditions, occupies all of the reactor volume not occupied by fuel, cladding, 

or structure, and structure expansion determines the core radius in all axial regions, then 

o co should be given the value ( 1 - ~. 0 ) . 

2-9 
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The feedback reactivity may be expressed in terms of the material temperatures by sub­

stituting the difference quantities obtained from Equations (2-14) through (2-23) into Equation 

(2-12). Retaining ~nly those terms which contain eiwt to the first power permits the reduction of 

Equation (2-12) to a steady-state equation involving only the amplitudes of the oscillating com­

ponents of the average temperature, T~~{, T~T,)1 , T~r;:,> 1, and T~~{ The derivation of these 

quantities is described in Section 2. 3, Material Temperatures. 

The equations used in FLUZ are slight modifications of those given above to differentiate 

between radial and axial expansion coefficients in fuel, cladding, and structure. This permits 

the user to consider special core designs in which one or all of these materials do not expand 

axially as solid, continuous volumes o.f materials. This distinction between coefficients involves 

Equations· (2-14), (2-15), (2-16), (2-19), (2-20), (2-22), and (2-23). 

2. 3 Material Temperatures 

In Section 2. 1 above, it is shown how the sinusoidal component of the reactor power can 

be expressed in terms of the impressed and feedback reactivities. Section 2. 2 then relates 

feedback reactivity to core material temperatures. The present section describes how the 

material temperatures are related to the reactor power. 

To determine the reactor material temperatures as a function of reactor power, it is 

necessary to define a specific physical model for heat transfer calculations. The model used in 

FLUZ is shown in Figure 2-1. An average coolant channel is considered, with the fuel in the 

AVERAGE CHANNEL " 

I 
I 

---f- --L---
I 
I 
I 

--- ·-
__ L ___ 

I 
I 
I 
I 
I 

1-.rt (!) 

I z: 
I Ci 

_J 0 
I UJ <( 

I ::::l _J 
LJ.... (.) 

---
__ L ___ 

I 
I 
I 
I 

--- 1-- --r---
I 
I 
I 
I --

--

--

I-
z: 
<( 
_J 
0 
0 
(.) 

--

--

t 

-1 
mmax 

AXIAL REGION (m) 

3 

2 

COOLANT 

Figure 2-1.. Average Channel Heat Transfer Model for FLUZ Calculations 
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form of. a rod, and cladding and coolant forming concentric annuli about it. This average channel 

is composed of mmax axial regions. Heat is transferred from one axial region to another only 

by movement of the coolant. 

An effective conductance, h, between the fuel surface and the average temperature is used 

and the heat capacity of the cladding is taken to be zero. The value of h is computed from the 

cladding thermal conductivity, k 1; the thermal conductance across the fuel - cladding gap, h ; . c · gap 
and the thermal conductance from the cladding to the coolant average temperature (including 

coolant surface effects), hco· Thus 

(2-24) 

where the quantities rcl and rf are the outside radii ofthe cladding and fuel, respectively, as 
shown in Figure 2-1. 

With this value of h, the oscillating coolant temperature in axial region m can be obtained 
as a function of the oscillating fuel surface temperature, T(m)f 1e iwt, and the coolant tempera-

( ) . t sur , 
ture at the inlet to region m, T.m 1e1w , by balancing the temperature and heat content of the 1n, . 
coolant. The steady-state heat terms cancel, so the linearized balance equation becomes 

_E_ T(m) eiwtC P. V" AZ(m) + V 2 (T(m) - T~m) ) veiwtC = 
dt co, 1 co co co, 0 co, 0 co, 1 m, 1 coPco 

(2-25} 



.~. 

where 

C co = Specific heat of coolant (Btu/lb- ° F), 

·v = Velocity of flow of coolant (ft/sec), 

Ch =Conversion factor from fissions/cm3 to Btu/ft3, 

Pco = Steady-state density of the coolant material (lb/ft3), 

GEAP-4580 · 

F co = Probability that fission energy will be dissipated in the coolant due to radiation 
y, . 

(gamma and neutron), and 

A (m) = Ratio of power density in region m to core average power density. 

Within the fuel a heat balance equation in terms of the radial fuel temperature distribution, 

T~m)(r), for an element of volume at radius r, with a thickness ~r. can be written · 

( 

dT(m)(r) · dT(m)(r) ) 
r 1 - r _..::2'-----

1 dr 2 dr 

(2-26) 

In Equation (2-26) it is assumed that there is no axial heat transfer and the radial power 

distribution is constant (flat) across the fuel. The quantities Cf and Pf are the fuel counterparts 

of Ceo and Pco• Ff is the probability that the fission energy will be dissipated in the fuel, and 

kruel is the thermal conductivity of the fuel. The subscripts 1 and 2 within the parentheses refer 
to the inner and outer radii of the element of volume at radius r. 

· The use of (1) T~m) (r) and P as defined by Equations (2-13) and (2-6), respectively; (2) the 
condition that dT~m)(r)/dt = 0 during steady state; and (3) the following two substitutions, 

(2-27) 

2-12 
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and 

X= 
. Pf cf 

-.tw -- r, (2-28) 

~uei 

puts Equation (2-26) in the form 

d
2 

1 d ~ + -~ + y = 0. 
dx2 X dx 

(2-29) 

The solutions to this differential equation are the zero-order Bessel functions of x. The 

general solution is 

(2-30) 

The Bessel function J0(x) can be readily evaluated for particular values of r (See Appen­

dix A - Evaluation of Bessel Functions). 

Since Y0 (x) --+oc: as x--+ 0, B must be zero in order to have a finite value of y at x = 0. 

Solving Equation (2-30) for T~m/(r) and substituting rf for r gives the surface fuel temperature 
T(m)f 1 with the coefficient A' as the only unknown. That is, sur_, . . . 

C F A(m) 
T(m) _ . h f 

surf, 1 - -l 
w Pf cf 

(2-31) 

2-13 
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The surface boundary condition for Equation {2-30) is given by the balance equation for the 

excess heat transfer across the fuel surface, 

(dT{m)~)) (. · ) 
2 k f, 1 eiwt = h T(m) _ T(m) 
rf fuel · dr r . surf, 1 co, 1 

. . f . 

By recognizing that 

dJ0(x) 
V-i'--=- V-'rJ1{x)' dx . 

(2-32) 

and substituting T~:n~ (r) and T~?}~f, 1 from Equations (2-30) and (2~31), the constant A can be 
evaluated in terms of the temperature T~~) 1. • 

' 
Using this expression for A in Equation (2-31) and obtaining expressions for the energy 

fractions F 
0 

and Ff would reduce the. unknowns to T(m)f 1, T~m)1 and Tc(mo )1 with the t\\'O 
y , c sur , 1n, . , 

independent equations, (2-25) and (2-31). 

The probability that fission energy will be dissipated in the coolant due to radiation, F co' 
. y, 

can be approximated b~ assuming that both neutron and gamma-ray energy absorption rates are 
proportional to the absorber mass. This gives 

where 

F V:: [p ~ 6 Pel ~1, 0 .f. Ps ~.OJ 
y co, 0 co y 'F 

F = .co 0 

y' co Pf Vf 0 + pci ~1 0 + p co ~o 0 + p s ~ 0 
' ' ' ' 

(2-33) 

FY = Fraction of fission energy released to gamma rays and neutrons, and 

6 = 1 or 0, depending upon whether it is assumed the radiation energy dissipated in.the y 
· cladding and structure is transferred immediately to the coolant. 

2-14 
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Then Ff' the fraction of fission energy which is deposited in the fuel, can be approximated 

by 

F,.Vf oPf 
+ ----------~~--~~-----------

PfVf 0 + Pcl~l 0 +Pea 0 + Psv=; 0 
' ' ' ' 

(2-34) 

If axial region 1 is taken to be at the inlet end of.the core, the oscillating component of the 

inlet temperature, T~~ }1), can be set at zero, since there is assumed to be no feedback outside 
' . 

the core. Thus, Equations (2-25) and (2-31) can be used to determine the ratios 

T(m = 1) 
surf, 1. 

p1 

T(m = 1) 
and co, 1 

p1 

For subsequent regions the inlet temperatures can be. computed from the coolant temperatures 

in the previous r.egions, 

T~m) ; T~m-1) + 2 (T(m-1) _ T~m-1)) 
111, 1 In, 1 co, 1 111, 1 

m-1 

=L 
m'= 1 

( _1)m' + 1 2T(m- m') 
co, 1 (2-35) 

The oscillating component of the average fuel temperature ( T~~ ) in each aXial region may no~ 
be obtained by considering the total heat balance in the fuel rod, 

(2-36). 
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However, Equation (2-36) reduces to 

. 2c T(m) C F 2 {m) ( ) - (,.,.,(m) (m) ) 
lwrf fPf f, 1 = h frfA P1- rf + rcl h ~surf, 1- Teo, 1 (2-37) 

when the steady state terms are removed. Equation (2-37) is used to compute 

The amplitudes of the oscillating components of the average cladding and coolant tempera­

tures are tak~n to be the mid-cladding tempe~ature and a factor times T~1~1) 1, respectively. The 
I ' equations are 

T{m) [ (r -r )~ lr -r J ---.£!zJ = 1 - 3600 h cl f + - 1- T{m) + 3600 h cl f + - 1- T(m) 
p . 2k h . co, 1 2k h . surf, 1 

1 clad co clad cu 

(2-38) 

and 

(2-39) 

These ratios of amplitudes of the oscillating components of the average fuel materials to . 

the amplitude of the oscillating power density are used in conjunction with Equations (2-12) an~ 

(2-13) to get the ratio of 
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This, in turn, is used in Equation ( 2-3) to determine the feedback transfer function; H(iw), 

and the power transfer function, G(iw). From Equation (2-2), then, the ratio P1 (1w)/P~ and P 1 
b bt · d f 11 d b t t· · f k T(m) T(m) T(m) T(m) .and T(m) may eo ame , o owe y compu a 1ons o f' f, 1 , cl, 1, co, 1, s, 1" surf;1 · 

2. 4 Applications and Limitations* 

FLUZ was designed for fast reactor studies and consequently incorporates certain assump- · 

tions which make it less applicable to thermal reactors. Also, some feedback and temperature 
calculations must, ·of necessity, assume specific desi"gns fbr the .average coolant c·hannel and core 

structure. Options have been included to allow for some variation in these designs but the number 

of choices was limited. In the following paragraphs some of the more important assumptions and 
design choices are described. 

1. A constant thermal conductivity in fuel is assumed. It is suggested that the average value 
during steady-state operation at the ·power level P0 be used. 

2. The heat capacities of the cladding and structure are ignored. These could be approximated 

by increasing the heat capacity of the coolant. 

3. A constant radial power distribution across the fuel rod is assumed. This may be a poor 

approximation for a thermal reactor. 

4. Presence of a moderating material separate from the coolant is ignored in the heat transfer · 

calculations. 

5. The linearity assumption of feedback reactivity and temperature relationships limits the 

application of FLUZ to cases where P 1 « P0 . 

6. Either fuel or cladding expansion must determine fuel rod radial expansion at all times; 

a combination is not possible. If of = 0, the inside cladding radius is assumed to be greater 
than the fuel radius at all times. If of = 1, radial expansion of the fuel is assumed to be 

greater than that of the cladding for all temperature combinations. It is not possible to 

have the fuel rod expansion be due to cladding expansion for part of the cycle and due to 

fuel expansion during the remainder of the cycle. 

*In addition to the limitations listed here, a numerical instability has been found which further 
limits application of the code. For some cases involving more than one axial section, this insta­
bility causes the oscillating component of the coolant temperature to alternate in sign from one 
section to the next. This effect was found to be insignificant for thos·e cases where the coolant 
temp~rature coefficient is unimportant. It is recommended, therefore, that the code in its ·. 
present form be used either with only a single axial section or with more than one axial section 
only when the influence of the coolant temperature effect may be disregarded. 
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7. In a given axial region the core radial expansion must be due to either structural expan­

sion within the region, or due to expansion in other regions at all times. Similar to the 

choice of of a combination of core expansion due to structural expansion within the region 
' . during part of the cycle and core expansion due to expansion outside the region during the 

remainder of the cycle "is not permitted. 

8. Radial expansion in the top and bottom axial regions must be due to structural expansion 
(m-1) (m=mmax) 

within those regions, i.e., oR - and oR must be 1. · 
c c 

9. Any fraction of the increased core volume due to radial expansion may be filled with 

coolant. If oc
0

= 0, the oscillating component of the coolant volume fraction will have an 

amplitude of. 

'F (m) -
co, 1 -

( 
( )) initial ( ) ( ) 

Vm -AVm -AVm 
co fuel clad 

y(m) 
total 

This corresponds to a case where the total coolant flow area does not change with radial 

core expansion. In the other extreme, if the coolant occupies all of the increased core 
volume, the 'IF (m) becomes 

co,1 

( 
( )) initial ( ) ( ) ( ) ( ) Vm AVm -AVm- m -AVm 

'IF' (m) _ co + total fuel A V clad structure 
co, 1 - (m) 

vtotal 

This condition is achieved if o = 1 - V 0 and oR(m) = 1 for all m. 
co s, c 

10. Separate radial and axial thermal expansion coefficients may be used for fuel, cladding, 

and structure. This option permits the user to include special reactor designs, such as 

fuel which is segmented to reduce axial expansion. 

11. Reactivity coefficients must be computed in such a way as to be consistent with the feed­

back reactivity, Equation (2-12). The mass coefficients of reactivity should be computed 

br changing only the density of the material concerned while holding the reactor size 

constant. The mass and bowing coefficients should be computed individually for each 

axial region. The Doppler coefficient may or may not be computed individually for each 

,;.• .. 

12. 

axial region .. The core axial and radial·expansion coefficients are geometry effects only 

and should be computed for the whole core, holding all compositions constant. 

Feedback effects outside of the core are ignored. 
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The computer running time for a series of FLUZ cases may be estimated by using the 

following formula: 

p 

t{min) = 0. 124 + 0. 0145 L [ 1 + 0. 763 ( m~~ - 1) J {NR){p) , 

p = 1 

where m{p) =Number of axial regions in case p, and max 

'{NR){p) = Number of angular velocities, w, in· case p. 
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3. 1 Input Quantities 

NR 

0 Dop 

.o 
co 

0 
y 

{3j 

~j 

Po 

k1 

f. 

F y 

v 

GEAP-458.0 

SECTION 111. 

CODE DESCRIPTION 

Number of angular velocities 

Number of axial regions 

= 0 if expansion of fuel < expansion of clad 
= 1 if expansion of fuel >expansion of clad 

= 1 if ( a k )(m} has been calculated for each region 
aTf Dop 

= 0 if ( a k )(m} = 

aTf Dop ( 

a k )Total core 

aTf Dop . 

Fraction of increased volume of core which is filled in with coolant 
(maximum = 1} 

= 0 when radial expansion of core results only in increased vold in 
core 

. . 
= 1 if gamma and neutron heating in cladding and structure is treated 

as heating of coolant (approximation for low frequency oscillations} 
= o. if gamma and neutron heating in cladding and structure is not 

treated as heating of coolant 

= 0 if expansion of structure in region m does not cause radial 
expansion of core . -.- -- . . 

= 1 if expansion of structure in region m does cause radial 
expansion of core --

lh group delayed neutron fraction 

jth group decay constant (sec - 1 ) 

Steady-state power density in fuel (at k = 1. O}( fissions/sec-cm3) ·. 

Amplitude of impressed oscillating reactivity ( Ak} 

Neutron lifetime (sec} 

Fraction of fission energy radiated in y -rays and. neutrons 

Velocity of coolant (ft/sec} 

3-1 
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(
H ak ·) 
. c,O aHc,O 

(
R ak ) 

c,O a;-
, c, 0 

( 
ak)(m) 

aTf Dop 

AZ(m) 

A(m) 

w 

v::;:· 
f, 0 

Pf 

~uel 

0' 
f, ax 

0' 
f, r 

(

N' ak )(m) 
f, o aN' 

f, 0 

(aad:tl 

~1 0 
' 

GEAP-4580 

. ( 3 ) Conversion factor Btu/sec-ft . 

. fissions/sec-cm3 

Axial expansion coefficient of reactivity (geom,~try effect only) 
(Ak/k/ Aft/ft) • · -

Radial expansion coefficient of reactivity (geQm.~t.ry effect only) 
(Ak/k/ Aft/ft) 

Doppler coefficient of reactivity for region m (Ak/k/° F) 

Height of mth region (ft) 

Ratio of average power density in region m to average in reactor 

Angular velocity of impressed reactivity (up to 20 values) 
(radians/sec) 

Volume fraction of fuel in steady state reactqr 

Mass density of fuel (lb/ft3) 

Conductivity of fuel (Btu/h-ft- ° F) 

Heat conductance fuel-to-cladding gap (J3.tu/h-ft2-°F) 

Outer radius of fuel rod {ft) 

Specific heat of fuel (Btu/lb- ° F) 

Fuel axial coefficient of thermal expansion (Aft/ftjO F) 

Fuel radial coefficient of thermal expansion (Aft/ft/" F) 

Fuel mass coefficient of reactivity for region m(A){/k/ A p/ p} 

Fuel deflection (bowing) coefficient of reactivity for region m 
(Ak/k/ft) 

Fuel temperature coefficient of deflection (bowing) for region m 
(ftjO F) . . 

Volume fraction of cladding in steady state reactor 
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kclad 

hco 

rcl 

Ol cl, ax 

Ol cl, r 

( ak r N~l, 0 aN' 
cl, 0 

edc r 
a Tel 

v: co,O 

Pco 

.;,' 
ceo 

Ol 
co 

( ak r N~o, o aN' 
co,O 

\C" s, 0 

Ps 

Ol 
s,ax 

Ol 
s,r ( .. · t N' . ak . . 

. s, o aN' . 
· s,O .. 

0 
s 

.-
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Mass density of cladding '( lb/ft3) 

Heat conductivity of cladding {Btu/h-ft- ° F) 

Heat conductance cladding-to-coolant gap {Btu/h-ft2- ° F) 

Outer radius of cladding {ft) 

Cladding axial coefficient of thermal expansion {aft/ft;o F) 

Cladding radial coefficient of thermal expansion {aft/ft/° F) 

Cladding mass coefficient of reactivity for region m {ak/k/ ap/p) 

Cladding temperature coefficient of deflection {bowing) for region 
m {ft;oF) . _ 

Volume fraction of coolant in steady state reactor 

Mass density of coolant ( lb/ft3) 

Specific heat of coolant {Btu/lb- ° F) 

Coolant coefficient of thermal expansion {aft/ft;o F) 

Coolant mass coefficient of reactivity for region m {ak/k/ ap/p) 

Volume fraction of structure in steady state reactor 

Mass. density of structure ( lb/tt3) 

Structure axial coefficient of thermal expansion {Mt/ft/° F) 

Structure radial coefficient of thermal expansion { Aft/ft/° F) 

Structure mass coefficient of reactivity for region m {ak/k/ ap/p) 

Ratio of amplitude of structure temperature to amplitude of coolant 
temperature 

.. - • a.:a. ·, 
j ... 
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3. 2 Card Formats 

Input data for FLUZ must be entered in fixed field formats, and data sheets are available. 

for this use. However, FORTRAN sheets may be used for input by following the instructions 

given below. A listing of the descriptions of the input quantities is provided in Section 3. 1. 

As many as 20 angular velocities (w) may be included in one problem .. A maximum of 20 

axial nodes (regions) may be used. Overlay cases may be run by putting a "(" in column 1 of the 

case card, followed by the instruction card plus any input data whic.h are to be changed. An 

overlay case refers to the case immediately preceeding it. Each case to be run must have a 

case card, an instruction card, data cards and a case end card. A LAST card must follow the 

final case of a run. 

1. 

2. 

3. 

Case Card 

Columns 

1 

2-5 

6-8 

10-14 

15-20 

21-24 . 

28-34 

57 

Instruction Card 

1-4 

5-7 

8-9 

. 10-14 

15-20 

23-24 

27-28 

Data Cards 

Description 

) for an independent case 

( for a dependent case 

FLUZ 

User's initials 

Case number 

000000 

Charge number 

Date 

y 

FLUZ 

User's initials 

D* 

Case number 

000000 

NR, Number. of angular ·velocitieo 

mmax' Number of axial regions 

Columns 1-14 of all data cards are identical to columns 1-14 on the instruction card. 

Columns f5-18 contain the vector location of the first input quantity on the card. A card 
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sequence number may, or may not, be put in columns 19-20 at the discretion of the user . 

Each data card contains 4 input quantities in the fixed fields. defined by columns 22-33, .· .. 
35-46, 48-59, and 61-72. . . 

All data must be in floating point form. with a decimal point included. If an exponential 

· form is used, the exponent must be at. the extreme right side. of the field. 

The following list of data cards gives the vector location needed for each card plus the 

input quantities which go on that card. Four quantities are read from each card and stored 

in the vector locations indicated by the card. Thus, omission of a quantity will result in 

a zero being stored in that location of memory. Quantities which are axial region dependent 
are superscripted by an m. If Il_lOre than four regions are to be considered, the additional 
data cards needed for these quantities must be provided. Each region dependent quantity 
forms an array in the order of ascending region number. The vector location of each 

additional card needed for an array must be 4 greater than the vector location of the pre­

ceding card. 

The content of data cards is as shown in Table 3-1. 

Case End Card 

Columns Description 

1-14 Same as Data Cards 

15-20 999999 

LAST Card. 1 

2-5 LAST 

9 * 
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.TABLE 3-i 

DATA CARD CONTENT 

Vector Sequer.ce 
Location, Number,. Data Columns Columns Columns 
'15-18 19-2(1 22 through 33 35 through 46 48 through 59 61 through 72 

0805 of a· 0 0 
Dop co y 

0809 0 (m=1) 
Rc 

0 (m=2) 
Rc 

0 (m=3) 
Rc 

0 (m=4) 
Rc 

0829 fl1 fJ2 fl3 fl4 

0833 fls fl6 fl7 fls 

0837 ;\1 :\2 ;\3 . ;\4 

0841 xs :\6 >..7 >-a 

0845 Po "1 F 
y 

0849 v c h (He, o ak/aHc, o) ( Rc, oak/aRc, o} 

0853 (ak/aT y<m=1) f Dop (ak/dt) (m=2) 
f Dop (ak/aT) (m=3l . f Dop 

( ak/aT ) (m=4) 
f Dop 

0873 az<m=1) (LI.Z)(m=2) (LI.Z)(m=~). (LI.Z)(m=4) 

.0893 A(m=1) A(m=2) A(m=3) A(m=4) 

0913 w1 w2 w3 w4 
thru 
0929 w17 w18 w19 w20 

0933 "'i,o ;>f ~uel hgap 

0937 rf cf af, ax af, r 

0941 (N' ak/aN' )(m) f, 0 f, 0 . for m=1 through 4 · 

0961 ak/adc 
(m) for m=1 through 4 

0981 actcfaTf 
(m) for m=1 through 4 

1001 - - ~1,0 Pel kclad hco. 

1005 rei acl, ax. 01cl, r 

" (N' ak/aN' ) (m) .1009 for m=1 through 4 0 cl, 0 cl, 0 
trl 
> 
~ 
I 

t.) ~ 
01 

I 00 
0) 0 
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Vector 
Location 
Columns 

15"18 

1029 

1049 

1053 

1073 

1077 

1097 

Seq·Jence 
Number, 
Cobmns 

19-20 22 through 33 

(ad /aT )(m) 
c cl 

"'c;o,O 

( N' ak/aN' ) (m) 
co, 0 co, 0 

~,o 

(N' ak/aN' )(m) s, 0 s, 0 

TABLE 3-1 (continued) 

Data Columns 

35 through 46 48 through 59 61 through 72 

---------- for m=1 through 4 ----------. 

"'co 

---------- for m=1 through 4 -----------

"' s,ax "' .s, r 

for m=1 through 4 _________ ..,.. 
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3. 3 Coded Equations 

- 1 h=-------------------
3600[. __ 1_ + r ccr f + _1_]· 

hgap kclad hco 

8 

{3 = L {3j 

j = 1 

G~r)= ~[-!(i: 
] = 1 

mmax 

He, 0 = L Az(m) 

m=1 

[ 1 ( i: ~·2 ~] 1 - - J J 
{3 . 2 J . 1 A. + ] = ] . 

~i·f ~J ·[ ~ 8 n L 
f3·A· . 
] ] + ~ Q 

A? + w2 f3 Af + w2 f3 · j=1 

[ 
8 J (3.A. 

~L J] +~.Q 
{3 . 1 A? + w2 {3 

]= 

~] 2 [ 8 ]2l f3·A· . . (3.i\.. . 
] ] w . ] ] w ·f. . 

A? + w2 - + ~ ~1 A? + w2 + ~ 
] ] ·- ] . . 

GEAP-4580 

. (3-1} 

(3-2) 

(3-3) 

(3-4} 

(3-5) 

(3-6) 
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T 

.. 

mmax 

z = ·L llz(m) (A(m) )2 
m==1 

xf = 60 (-w_pt"-c--"-t)l/2 rf 

kfuel 

D = Pt V.:f 0 + Pel y:-1 0 + P. v:- 0 + p ~ 0 . 'Y ' c ' co co, s s, 

F V:: [ (p y:- + P. v:- ) J F = y co, 0 . P + 6 cl cl, 0 s s, 0 
y , co D co y y:-

1' . co, 0 

E(m) = 2v CcoPco +. ·(r + r ) h (Vf, 0 + ~1, 0) 
co ( ) .f cl 2 

llZ m rcl~o, 0· 

. *see Appendix A for evaluation of ber·.arid bei functions. 

GEAP-4580 

(3-7) 

(3-8) 

(3-9)* 

(3-10)* 

(3-11) 

(3-12) 

(3-13) 

(3-14) 

(3-15) 
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G(m) = A (m)c F Vf, o 
co h }'!co v 

co,O 

o<m) = (E(m))2 + (F(m) )2 
co co co 

2v 

s<m) = 
co 

o<m) 
co 

CcoPco 

az(m) 

. o<m) 
co . 

E(m) 
co 

c p (. ) 
2v co co F m 

(m) - az(m) co. 
w co - ---==-=-----:--

o<m) 
co 

.( ) ( Vto + ~1, o) h E(m) 
rf + rcl co 

2 V" . 
u(m) = r cl co 0 

co · (m) 
0 co 

· (Vf, o + ~1, o;- (m) 
( r f + r cl.) . . 2 . . . h F co 

. y(m) =· rcl~o 0 · 
co (m) . 

0 co · 

GEAP-4580 

(3-16) 

(3-17) 

(3-18) 

(3-19) 

(3-20) 

(3-21) 

(3-22) 

(3-23) 
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-h. CJ x<m> + II h y 
[ 

. h ChFfA(m) - (m)J 
1 co /J.1 - ,....1 co 

( ) wpfCf X m - =· _______ .:.__::___ ____ -=-----
A - 2 2 

a1 + i-L1 

s<m) 
A 

[ii a s<m)- 1-L h w<m>J (rf + rcl )· = .=___:1__::C~0-~1~___:C::..::O:........:::~_:_.,...--.::=...o 
2 2 

£Y1 + /J.1 

. [ii a w(m) + /J.1 h s<m>J (rf + rcl) w<m) = 1 co co 
A 2 2 . 

· · a1 + i-L1 

[ h a u<m)- 11 h v<m>J (rf + rc1) u<m) - 1 co 1 co 
.A - 2 2 

£Y1 + /J.1 

[ h a y(m) + 1-L h u<m>J (rf + rcl) y(m) _ 1. co 1 co 
A - 2 2 

a1 + M1 

[ (m) . y(m) b . X ]2 
D surf = 1 - U A ber 0 Xf - A eto f 

GEAP-4580 

(3-24) 

(3-25)' 

(3-26) 

(3-27) 

(3-28) 

(3-29) 

(3-30) 

3-11 



·• 

.. 

o<m) 
surf 

[ (m) (m) . J [ (m) . (m) J 
y(m) _ - X A ber 0xf + Y A bet0Xf U A bet0Xf - VA ber 0xf 

surf- o(m) .. 
surf 

o<m) 
surf 

[ (m) X s(m) . ] [u(m) . X (m) X ] + W A ber 0 f - A bet0Xf A be10 f - VA ber 0 f 

D(m) . 
surf 

(m) 0 surf 

GEAP-4580 

(3-31) 

(3-32) 

(3-33) 

(3-34) 
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... , 

A (m) = X(m) . u{IIl)x(m} - y(m}y{m) 
cp co + co surf co surf (3-35) 

B{m) = y(m} + y{m)X(m} + u{m)y(m) 
cp co co surf co surf 

A (m} = 8(m} + u(m}8(m} ~ y(m)w(m) . 
ct . . co co surf . co surf 

B(m) = W(m) + y{m)8 {m) + u(m)w(m) 
ct co co surf co surf (3 -38} 

[y(m} - s<m>]' 
surf cp (3-39} 

(3-40) 

(3-41} 

. (m) . ~:ak){m) ~ · _. ) az(m} [A<m>J
2 1 

acf :::: - o Dop + ( 1 o Dop . 
aTf.D . Z . . . op . 

·.[_. (.. · )(m} · \) ( ak ) (mj . 
. -..... ' N' ~ . · ex . + o ~. 2cx N' 
·.· ·. f,O aN' . · f,ax f 'lF f,r co,OaN' 
. . ~: . . f, 0 co, 0 co, 0 .. 

. . ~ ' 

(3-43) 

-3-13 
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;. 

AC(m) =- [(N' ak )(m) a + (N' ak )(m) ~ 2a J 
cl cl, 0 aN' cl, ax co, 0 aN' 'F' cl, r 

cl, 0 · co, 0 co, 0 

. + (~)(m) ( adc \m) 

adc aTcl ) 
(3-44) 

( ) 

(

. k )(m) 
AC m =- N' a 3a 

co co, o aN' co 
co,O 

(3:-45) 

~c(m) = -j(w . ~ )(m) [a + o (m) 2a ]. 
s · s, 0 aN' . s, ax R s, r 

0 . c s, . . . 

+ (N' ak ) (m) 26 (m).a + (N' ak )(m) 2o (m) a . 
_f,O aN' Rc s,r cl,.O aN~ · . Rc s,r 

f, 0 · cl, 0 . . 

.)(m) o ( ) l 
+ (N' ~ · ( 1 - co ) 2a o m . co, O·aN' 'IF s, r Rc 

f,O co,O . 

. . a . o (m) AZ(m) [~ (m)J 2 

( 

ak ) s, r Rc . + R . . 
c,O aR z 

c, 0 . 
(3-46). 

When o(m) = 0 for a given m m(m) and m(m) are determined where m(m) and m(m) 
R '1• 2' ·'. 1 ·· 2· 

are the closest\egions to m in which o~n) : 1, with m~m) < D). and m~m) > m. · It is a requireme~t 
c . 

that at least okm=1) = 1 and o~m=mmax) = 1. The value of m~m) is found by succ~ssively taking 
·. c c . . . . 
the regions (m-n) where n = 1, 2, 3, .... and testing for okm-:-.n) = 1. The value of m~m) is found 

· · c. · . ,.(m+n) · 
by successively taking the regions (m + n) where n = 1, 2, 3 . • . and teshng for uR = 1. 

. . c .. 

3-i4 . 
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: . ~ ..... 

(3-47} 

-

~C[m2 (m)J =- ~ (N' . ak )(m) + (N' ak )(m) 
s . f,O aN' cl,O aN' 

. f, 0 . · cl, 0 

+ (N' a·k .)(m~! [1 -o (m)l2a ~L(m) 
s, 0 aN' Rc J s, r 

s, 0 . 
. I 

. . 2 

(

. . . ) [1-o(m)J ~L(m) a ~z(m) [A (m)J 
"'k Rc . s, r . 

+ R ._u_ 
c,OaR z . 

c,O . 

(3-48} . 
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-· L\C [ m~m)] = - [~N' ~ )(m) + (N' a k )(m) 
s f,OaN' - cl,OaN' 

_ f, 0 cl, 0 

+ N' 1---
( 

ak )(m)( 0
co ) 

- co,O oN~o,O ~o,O-

+ (N' ~)(m)J [1- L\L(m)- ?;(m) + o(m) L\L(m)J2a 
s, 0 aNI ' Rc Rc s, r 

s,O 

[ 1 o<m>] [t- L\L(m)J as, r L\Z(m) [A(m)J2 
+ ~R ~) -=---R..:::...::c ~~----"--

c,O aR z 
c,O 

(3-49) 

.. 

.~. [ 

(1) Jr 
Tco,1 =A(1) 

P cp 
1 

(3-50) 

t (1) ']i 
Teo, 1 = -~(1) 

P - cp 
1 

(3-51) 

[ 

(1) ~r 
T surf, 1 = + x(1) 

p surf 
1 

(3-52) 

[ 

(1) ~i T surf. 1 _ _ (l) 
p - ysurf 

1 

(3-53) 
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• 
(3-54) 

[ 

(1)Ji Tf,1 =-B(1) 
p fp 

1 
(3-55) 

(3-56) 

[

T(m-k')Ji 
co, 1 

p1 
(3-57) 

·• 

[
T(m} J r · [T~m) Jr [T~m).Ji ~ = A(m) + A(m) + A(m) ~ + B(m) ~ 

p cp ct ct p ct p 
1 . 1 . 1 

(3-58) 

[ 

(m) J i [T(m) J i [T(m) Jr Teo, 1 ·= _ B(m) + A(m) ~ _ B(m) ~ 
P cp ct P ct P 

1 1 1 

(3-59) 

[
T(m) . ~ r [T(m) Jr [T(m)Ji surf, 1 = x<m) + s<m) ~ + w<m) ~ 

p surf surf p surf p 
1 1 1 

(3-60~ 

[T~~P~1f, 1] i =- y(m} + s<m) + [T~)1Ji- w<m) [T~~}1Jr 
surf · surf p surf p 

1 1 

(3-61) 
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• 
[T. ~~Jr = A (m) + A (m) [T1:;:)1] r + B{m) [T~~:)1J i 

pl fp ft p ft p 
1 . 1 

(3-62) 

[
T(m)Ji [T(m)Ji [ {m)Jr _1z...! = -B(m) + A(m) ~ _ B(m) Tin, 1 
P fp: ft p ft p 

. 1 . 1 1 
(3-63) 

· [T(m)J r [ (r -r )~ tT(m) J r . ~ = 1-3600 h cl f + - 1- __£2zJ 
p1 2kclad hco pl 

(
r -r ) [T(m) Jr + 3600 h cl f + _1_ surf, 1 
2kclad hco pl 

(3-64) 

.. 

Ji ~ . u ~ Ji 
T(m) · r -r T{m) r. cl, 1 = 1 _ 3600 h ( cl f + _1_) ~ 

[ p1 2kclad hco p1 

( 

r -r )[T(m) Ji + 3600 h cl f + _1_ s;rf,.1 
2kclad hco 1 

(3-65) 

(3-66) 

[T(m~ i . ·[T{m) J i 
~. ,;0 __£2zJ . 

p . s p . 
1 1 

(3-67) 
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• 

(3-68) 

k 1 max T m T m 

( )

. m [ [ ( )Ji [ . ( ) Ji P: = ~=: .elm) ~;I + ac~'f) ~;I 

[
T(m) J [T(m)Ji + ac<m) co, 1 + ac(m) ~ 

co p . s p 
1 1 

[ m(m)J T[ m~m)J li [m(m)J l T[ m~m)J li ] 
+ ac 2 s + ac 1 __;:s..l...1 __ 

s p s p 
1 1 

(3-69) 

i 

can be directly 

transferred from the values in the regions corresponding to m~m), and m~m). For regions in 

[ m(m)J [ m~m)J 
which okm)= 1, ac 2 and ac are zero so any values for the temperature to power 

c s s 
ratios can be used. 
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• r . (Po)( kf)r 
H ~1w} = 13 ~ (3-70} . 

(3-71} 

[ 
i i 

et = 1 + H. G0 · g lW 
(3-72} 

(3-73} 

. (3-74} 

(3-75} 

(3-76} 

(3-77} 

·.;;. (3-78} 
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where n = f 

=cl 
=co 

= s 
=surf 

.(m) 
(/)t. 

'n 

for each n = f 

= cl 
=co 

= s 
=surf 

.· 
GEAP-4580 

(3-79) 

(3-80) 

(3-81) 

(3-82) 

(3-83) 

(3-84) 
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; 
(3-85} 

(3-86) 

dJG = arc tan (G~ ) 
0 Gr . 0 

(3-87) 

(3-88) 

.~ 

~h ~arc tan [ 
81 

(iw) J (3-89) 

Hr(iw} .. 

( 2 .2)1/i 
kf = kf + k~ (3-90) 

• [ k
1

(tw)] cpf = arc tan _f __ (3-91) 

kf(iw} 

pl 1 ( r2 i2) 1/2 (3-92} - -- pl + p] 
Po Po 

cpp =arc tan (pl ) 
. pl 

(3-93) 
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Of fEEDBACK REACTIVITY. EQUATIONS (3-47) 
through (3-49). 
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3. 5 Output 

A. 

B. 

c. 

D. 

The output to FLUZ is listed below ,'.ccording to the type of quantities printed. 

Statements of the choice of options used. 

Inputconstantspertainingtothereactor: P 0, k1, Q, (Rc,oak/aRc,o), (Hc,oak/aHc,o)• 

F
1
,, v, Ch, j3j' ·'j' ~z(m), ok:)• A(m), ( vk/aTf)b~~· (See Section 3.1 for descriptions 

of these quantities.) 

Input const~nts pertaining~ fuel: Pf' Cf, Vf, 0, kfuel' af, r' rf' N{, 0(ak/dN'f, 0), 
(ok/cdc) ( >,. (odc/aTf) ( ) . (See Section 3. 1 for descriptions of these quantities.) 

Input constants pertaining to cladding: Pel' 

(N'cl, o vk/oN' cl, o )'m>, ( rd/oTcl)(m). 
quantities. 

~1 O• kclad' Ci cl ax' a cl r' rcl' 
' ' ' 

(See Section 3. 1 for descriptions of these 

E. Input constants pertaining to coolant: Pco• ~o, 0, Ceo' ( N' co, O ok/aN' co, o) (See Section 3.1 
for descriptions of these quantities.) 

Input constants pertaining to structure: p , y:- O' a , o , ( N' O ok/a N' o) (See s s, s, ax s s, s, 
Section 3. 1 for descriptions of these quantities.) 

F. 

G. Amplitude and phase angle of the following output quantities for each angular velocity w: 

1. 

2. 

3. 

4. 

5. 

6. 

G0(iw), zero power transfer function; 

G(i w), power transfer function; 

H(iw), feedback transfer function; 

kf(iw), feedback reactivity; 

~\(iw.,)/P0 , fractional oEJcillating component of power; 

T (m) (' ) T(m) (' ) T(m) (' ) T(m) (' ) T(m) (' ) d T(m) (' ) 'll t' f, 1 lW 1 surf, 1 lW, Cl, 1 lW, CO, 1 lW 1 CO, 1 lW an S, 1 lW 1 OSCl a 1ng 
components of fuel average, fuel surface, cladding., coolant, and structure tempera-

ture.s for each of mmax axial regions. 

The phase angles are all measured with respect to the oscillating impressed reactivity, k1 . 
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APPENDIX A 

EVALUATION OF BESSEL FUNCTIONS 

The quantities ber0Xf' bei0Xf, ber1Xf' and bei1Xf used in Equations (3-9), (3-10), (3-30), 

(3-31), (3-32), (3-33), and (3-34) are defined in terms of the Bessel functions 

and nms~ be provided either from file tables or calculated for Xf .·· 0. 

Jahnke and Emde* list tables of the values of the real and imaginary parts of J
0 

( ~x) and 

.../7 J 1 (Jix) for 0 ::X::~ 10. Values for ber0xf? bei0Xf, ber 1Xf, and bei1Xf for 0 :s.- Xf s 10 
may~be obtained from these tables thru the use of the following expressions: 

(A-1) 

(A-2) 

(A-3) 

(A-4) 

Tables of the real and iinaginary parts of J 0 (~X )and~ J 1 ( .Ji X) for 0 :s. X::: 10 are 

included as an integral part of the c..:odin~. Values for any given 0 < Xf ::; 10 are obtained from the 

*Eugene Jahnke and Fritz Emde, Tables of Functions, pp. 246-251 and 258, Dover Publications, 
New York (1945). -·-

A-1 
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tables by four-point Lagrangian interpolation. Equations (A-1) through (A-4) are then used to 

convert these to ber and IJei values. 

When Xf >·10. the Bessel functions may be approximated by damped cosine functions, given 

by 

J (x) -·· .... fi": cos [x - {2p+ 1) !!.. J 
p 1~~- 4 

(
. xf xf ·)] - Slll- -COS-

8 ../2' 
(A-5) 

W (. xf . xf )] 
+ COS--+Slll-

2 ..12' ~ 
(A-6) 

(sin~+ cos~) . ../2' ,.J2 
(A-7) 

A-2 
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(
sin xf + cos xf) 

-..12' ../2' 

-cos~)] (A-8) 

Equations (A-5) through (A-8) are used when Xf is greater than 10 in place of the tables and 

Equations (A-1) through (A-4). 
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