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ABSTRACT 

This lecture summarizes and discusses the highlights of the fractional scaling analysis (FS A) and 
the benefits it may offer NPP technology. FSA is a quantitative methodology developed to: 

1. Scale time-dependent evolutionary processes involving an aggregate of interacting 
modules and processes (such as an NPP) and 

2. Integrate and organize information and data of interest to NPP design and safety analyses. 

The methodology is based upon three concepts: 

1. Fractional scaling 

2. Hierarchical levels 

3. Aggregate configuration 

FSA is used to provide syntheses (at various hierarchical levels) and generate quantitative 
criteria for assessing the effects of various design and operating parameters on thermo-
hydraulic processes in an NPP. The synthesis is carried out at three hierarchical levels: process, 
component and system. The methodology is illustrated by applying it to various problems at the 
three hierarchical levels. 
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1. INTRODUCTION 

1.1 Purpose 

1 would like to begin this presentation by thanking the Organizing Committee for inviting me to 
participate in this meeting. It affords me the pleasure of meeting again some old friends and 
sharing with them both old and new ideas relating to analyses of complex systems, and of NPP in 
particular. This meeting also gave me the opportunity to visit Bled again, where decades ago I 
spent many happy summer days with my parents. 

The purpose of this paper is to summarize and discuss the fractional scaling analysis (FSA) 
presented in three papers - Zuber et al. (2005,) Wulff et al. (2005) and Catton et al. (2005 .) It 
also extends the discussion to applications not considered in these references, specifically: a) the 
rate of energy dissipation, b) a heat exchanger and c) a mathematical analogy among oscillatory, 
dissipative and quantum processes. 

FSA is a quantitative methodology developed to: 

1. Scale time-dependent (evolutionary) processes involving a complex aggregate of 
interacting modules and processes (such as an NPP) and 

2. Integrate and organize information and data of interest to NPP design and safety 
analyses. 

When applied to an NPP, the FSA provides a single method to: 

1. Obtain data synthesis for information storage, retrieval, transfer and utilization; 

2. Quantify PIRT by providing for each agent of change the corresponding effect metric -
that is, a number which ranks its effect on a state variable and/or safety parameter; 

3. Identify and rank important parameters and their range of variation for conducting 
uncertainty analyses: 

4. Design and conduct experiments which represent important processes in an NPP; 

5. Identify and quantify the effects of scale distortions (if present) between tests and an 
NPP; 

6. Simplify computer codes and calculations by concentrating on processes that are 
objectively identified as important; 

7. Significantly reduce the cost of performing experiments and/or computer code 
calculations; 

8. Improve technology through design optimization and trade-off choices by quantifying 
the consequences of design parameter variations. 
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The exploratory efforts carried out and reported by Wulff et al. (2005) and Catton et al. (2005) 
show that the objectives listed in bullets 1,2,3,5 and 7 have been realized in applications of FSA 
to LOCAs. These applications give confidence that the other benefits enumerated above can also 
be achieved. 

FSA is based on three concepts: Fractional scaling 
Hierarchical levels 
Aggregate configuration 

Fractional scaling was proposed by Zuber (1999, 2001) as a method for quantifying (and 
therefore scaling) the temporal change of a state variable caused by an agent of change. 
Applications of fractional scaling to various problems are presented in the five references noted 
above. In this paper I shall show that fractional scaling, together with the concept of action, lead 
to a mathematical analogy among three processes: oscillatoiy/wave, dissipation and quantum. 

The hierarchical level in FSA is established by the level of interest at which the problem is to be 
addressed. Such a level specifies the aggregate of interacting modules and processes which need 
to be considered as well as the spatial, temporal and energy scales at which the problem is to be 
addressed. 

The aggregate configuration specifies the interaction among the modules and processes and 
generates the parameters necessary to formulate and scale the temporal change of the aggregate. 

1.2 Outline 

This paper is divided into nine sections, as follows: 

Section 2. deals with the two approaches to scaling, i.e., with differential and integral 
formulations. It lists the advantages of the integral approach (used in FSA) when dealing with an 
aggregate of interacting modules and processes. 

Section 3. discusses the cornerstone of fractional scaling, which is the concept of fractional rate 
of change (FRC) CD of a state variable caused by a given agent of change. 

Section 4. deals with two all-important parameters - spatial and temporal scales. It shows that 
each change of a state variable (momentum, energy, etc.) brought about by convection, diffusion 
or wave propagation is characterized by process-specific spatial and temporal scales. 
Furthermore, Section 4. demonstrates that a single concept (the F R O can be used to derive the 
temporal scale (the response time constant) for a specified process and characteristic length. 

Section 5. discusses the fractional scaling paradigm expressed in terms of an effect metric Q, 
which quantifies the change of the state variable (the effect) caused by a given agent of change 
(cause) during a specified clock time period. This scaling paradigm can be applied to any level 
of interest (and of complexity) to which the question of quantifying the change is to be 
addressed. 
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Section 6. presents applications of fractional scaling to a single module containing a single state 
variable acted upon by a single agent of change. These applications demonstrate that the effect 
metric Q generates well-known scaling criteria such as the Reynolds, Biot, Fourier and Mach 
numbers. This in turn confirms that a single concept can be used to scale various processes of 
interest. In addition, the application to viscous flow through a circular pipe illustrates that the 
residence time of a fluid particle is determined by Kolmogorov's dissipation rate. 

Section 7. addresses the crucial problem of the response time of an aggregate consisting of 
interconnected/interacting modules and agents of change. Two applications are presented: one 
concerns wave propagation and the other, diffusion processes. Both applications demonstrate the 
salient features of aggregates, which are: 

1. The configuration of modules determines the characteristic length (because it specifies 
how the modules interact,) and 

2. The configuration of modules determines the response time constant of the aggregate. 
It is given by the effective FRC. i.e., by an FRC expressed in terms of effective para-
meters. 

Section 8. deals with the question of how to scale the clock time in an evolutionary equation of 
an aggregate. Two applications are discussed: one to the depressurization process of an NPP and 
the other, to a heat exchanger. Both applications demonstrate that: 

1. The effective FRC (i.e., the response time constant of the aggregate) is the appropriate 
parameter to scale the clock time (inasmuch as the solutions of the evolutionary equations 
are self-similar) and 

2. The standard method of scaling the clock time (that is, by normalizing it with a single or 
particular time constant) is inadequate because it introduces distortions. 

Section 9. presents conclusions. 

D. APPROACH TO SCALING 

There are two approaches to system analyses: differential and integral. Feynman et al. (1963) 
and Kompaneyets (2003) present insightful discussions of both. 

Fractional scaling is based on the integral approach, given that the interest is in spatial-temporal 
scaling of a system - that is, an aggregate of interacting components. Furthermore, the integral 
formulation has additional attributes: 

1. It addresses and quantifies changes of a state variable within and around a finite region of 
space; 

2. It is applicable to an aggregate of interacting components; 
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3. It introduces in the scaling analysis the initial and/or boundary conditions of interest to a 
specific problem; 

4. It allows the inclusion of two important concepts - turnover time and turnover length; 

5. The path integrals introduce in the scaling analysis the concept of action, which relates 
the initial energy and the turnover time. Consequently, the scaling criteria in mechanics 
and fluid dynamics can be expressed in terms of two parameters - energy and time. This 
formulation and these criteria are equally applicable to adiabatic and diabatic processes. 

Some of these attributes have been demonstrated already by Zuber (1999, 2001,) Zuber et al. 
(2005,) Wulff et al. (2005) and Catton et al. (2005.) Others are discussed below and illustrated 
in this paper. 

III. FRACTIONAL RATE OF CHANGE 

Consider a region of space referred to as the module M, characterized by a state variable V, 
undergoing a change caused by an agent <E>. Thus 

We define the fractional rate of change of F by 

1 dV ... 0 = (2) 
V dt 

Whence from Eq. (1) and (2) 
$ 

a> = — (3) 
V 

These relations have different interpretations depending on the field in which they are used. 
Thus in mechanics, if the state variable V is the momentum, the agent of change is the force, and 
from Eq. (3) the fractional rate of change of momentum becomes 

(4) wv 
Similarly, if Vis the energy, then <1> is the power. 

We note also that the expression "module" used in FS A is called "control volume" in 
engineering and "compartment" in some branches of science. However, in contrast to the control 
volume approach in which the balance of forces or energy is performed on the volume, fractional 
scaling considers changes that occur within the module. It focuses therefore on the mode of 
signal (change) propagation. See Figure 1. 
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Agent of change: O 

Influence area: Aab 

V 

Module: M 

• Influence / Characteristic length: X 
^ab 

âV 
• Rate of change: — = €> 

dt 

• Fractional rate of change (FRC) : 

m = 
1 dV _ <ï> _ cause 

ÏÏ~dT~ÏÏ~ effect 

Figure 1. The Fractional Rate of Change (FRC) <•> of the State Variable K Caused by the 
Agent of Change O 

IV. SPATIAL AND TIME SCALES 

It was noted (Zuber, 1999) that Allen and Starr (1982) made three important statements 
concerning the effects of scale in ecological hierarchies. Given their relevance to the present 
analysis, we repeat them here: 

1. "The scale of a structure can be defined by the time and space constants whereby it 
receives and transmits information. That information can be carried as energy, matter, 

2. A scale is a period of time or portion of space over which the signals are being integrated. 

3. Three scales can be associated with each signal (information in transit): one is associated 
with the transmitter, the second with the receiver and the third with the level of 
observation, i.e., the level of interest at which a problem is to be addressed." 

The relevance of these statements to the FSA is three-fold, inasmuch as they imply that 

1. Spatial and temporal scales can be established from geometric and/or energy 
considerations. 

etc. 
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2. A hierarchical structure can be established based on the scales of the period of time and 
portion of space over which the signals are being integrated. Consequently, each 
hierarchical level is characterized by two specific scales: one spatial and the other 
temporal, and vice versa. 

3. The last statement indicates that the need to scale thermo-hydraulic processes in an NPP 
can be met by a three-level hierarchy: process, component and system. 

4.1 Spatial Scale 

Consider the geometric approach for establishing a spatial scale. For a signal (i.e., change) 
transferred across an area A and integrated (felt) within a volume V, the spatial scale is given by 
the transfer area concentration: 

referred to as the "characteristic length" or "influence length" X (shown in Fig. 1) for the 
process. The volume proportional to X3 was referred to as a "cell" (Zuber, 1999.) 

As examples, consider two flows, one through a circular pipe, the other along a horizontal plate. 
The velocity profile is the manifestation of the velocity change across the pipe, caused by the 
shear stress (agent of change) at the pipe wall. Consequently, for a pipe with radius R, the 
characteristic length is X = R/2. For a flow along a horizontal plate, the velocity changes within a 
boundary layer; therefore, its thickness is the characteristic length. Note that it delineates the 
space influenced by the boundary conditions at the wall. For a LOCA, the characteristic length 
is X = V/Ab, where V is the volume being depressurized and Ab is the break area. 

Consider now the energy approach. There are processes such as particle dynamics, etc., in which 
the concepts of influence volume and transfer area are not readily identifiable. For such 
processes one can apply the concept of change to determine the characteristic length defined as 
the length required to complete the change. For changes of energy, this is the length A*, required 
to turnover/transform the energy from one kind into another, or to dissipate it. 

By way of illustration, consider particle dynamics for two configurations: mass-spring and 
mass-damper. Denoting by Eo the initial energy level, we have for the mass-spring 
configuration: 

(6) 

whence the turnover length is 

(7) 

where k is the spring constant. 

For the mass-damper configuration we have 
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E0
 = m ~ 

2 
(72) 

where the integral is the dissipated energy (caused by the friction force: Ff = Cf v.) The 
turnover length, At, (the length needed to dissipate the initial kinetic energy) is then given by 

We note that: 

1. For a given process, the turnover length \ delineates the space affected by the initial 
energy level. 

2. For harmonic oscillations there are four energy turnovers per cycle (i.e., 2k radians.) 

3. The advantage of considering a cyclical process in terms of energy turnovers is that the 
turnover approach is applicable to both adiabatic and dissipative processes. 

4.1.1 Comments 

In this section we have shown that: 

1. The characteristic length A is process-dependent, inasmuch as it is given by the ratio of 
the volume within which the change is being accommodated to the area across which it 
is being imposed. 

2. When the concepts of influence volume and transfer area are not readily identifiable, the 
characteristic length A (for a particular process of change) can be defined as the length 
required to complete the process of change. 

4.2. Temporal Scale 

Following Allen and Starr (1982,) two time scales are assigned to each module (receiver.) 
(Zuber, 1999) One is the "clock time" x, that is, the time during which the change is being 
observed. The other is the process time which characterizes the change of a state variable caused 
by a particular agent of change. One can think of such a change as an accommodation (response) 
of the state variable to the constraint imposed at the boundary of the module. Neglecting 
chemical reactions, there are three modes for transmitting the change within the module: by 
convection, diffusion or wave. 

4.2.1 Convection Processes 

For a convective process, the time scale is given by 

— = — = co 
T V 

r ' (10) 
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where Q is the volumetric flow rate and V is the v olume of the module. For one-dimensional 
flows through ducts with a constant cross-sectional area, Eq. (10) becomes a function of duct 
length L, and of the area averaged velocity <v>. Thus, 

(11) 
< v > 

whereas for a cell it is 

r x = — . (12) < v > 

Note that for a given volume V, Eq. (10) defines the volume turnover time x, that is, the volume 
replacement frequency coT, whereas Eq. (11) and (12) define the residence times of a fluid 
particle in a duct, that is, in a cell. In all three cases, the time to observe a change within a 
module is expressed as a function of geometry and flow. 

4.2.2 Diffusion Processes 

Consider now diffusion-controlled processes. Their time scale is given by the FRC of the state 
variable. As the first example, we shall determine the time scale for flows through circular 
pipes. The state variable is the momentum, p <v> V, and the agent of change is the shear force 
at the wall, owAw. Consequently, the FRC of momentum is 

® m = - — • — . (13) 
p < v > V 

As shear stress at the wall is 

and the area averaged velocity is 

Eq. (13) can be expressed as 

dv „ 
= > ( 1 4) dr 

< v > = ~ ^ r f v(r)2nrdr. (15) 

v \ dv 
<om = "TT' O 6 ) 

* l\Y(r+)2r+dr+ dr 

Where X is the characteristic length given by Eq. (5) and r+ is the dimensionless radius: r + = r/R. 
Eq. (16) demonstrates that the FRC of momentum is determined by the geometry and the 
velocity distribution. 

For a process controlled by molecular diffusion, the velocity distribution which satisfies the 
boundary conditions is given by 

V ( r + ) = V m a x 0 - r 2)> (17) 
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whence from Eq. (16) the FRC of momentum (the time scale) for a diffusion controlled flow 
through a circular pipe is given by 

(72) 

This relation was used (Zuber, 1999) to define the process velocity 

v , = < M = — (19) 
2v 

/I 
and the process action 

Sj, = = û)mÂ2 = 2v. (20) 

Note that the numerical coefficient in Eq. (18) is determined by the geometry and the velocity 
distribution that satisfies the boundary conditions of the problem. Thus, for diffusion controlled 
flow between parallel plates, the FRC of momentum is 

a ' = J ' ( 2 1 ) 

whereas for Couette flow it is 

where the characteristic length, X, is given by Eq. (5.) 

For the second example, consider the cooling of a rod. The state variable is the internal energy: 
cs ps V <T-TW> where cs and ps are specific heat and density of the rod, and <T-TW> is the area 
averaged temperature (above the wall temperature Tw.) The agent of change is the heat transfer 
rate at the wall: qAw. Consequently, the FRC of internal energy is 

V * A ; T <23> CsP,V< T " T * > 

Expressing the heat flux in terms of the temperature gradient at the wall, 

i = - * . ? r > (24) or 
and the area averaged temperature by 

< T - Tw > = ^ J ^ (T - T J 2 w d r , (25) 

we obtain for the FRC of energy the mathematical analogue of Eq. (16.) Thus, 

as 1 1 dT c o e = — — , (26) 
À 2 I ( T - T J 2 r + d r + d r + 

where as is the thermal diffiisivity of the solid. 

The temperature distribution that satisfies the boundary condition is 
T - T „ = ( T c - T j [ l - r + 2 ] (27) 
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where Tc is the center line temperature. It follows, therefore, from Eq. (26) and Eq. (27) that the 
FRC of internal energy (the time scale for the diffusion process) is 

( 2 8 ) 

4.2.3 Oscillatory and Wave Propa2ation Processes 

The time scale for oscillatory and wave propagation processes can be obtained by using 
Rayleigh's energy method (Rayleigh, W.S., 1945, Temple, G , and Bickley, W.G., 2004) which, 
as noted by Cannon (Cannon, RH. , 2003,) "is a procedure for estimating accurately the natural 
frequency of complex physical systems without having to derive and solve their differential 
equations. It is especially useful for making rapid estimates of natural frequencies of many-
degree-of-freedom and distributed parameter systems, the exact analysis of which would be 
highly time-consuming and tedious." 

Inasmuch as the frequency and the initial energy level are related through the concept of action, 
one could use the action to derive the frequency. In what follows, we use the latter approach 
together with Eq. (4) to derive the time scales for oscillating and wave propagation processes 
(Zuber, N., 1999, 2001.) To illustrate the method we shall apply it to two simple processes -
harmonic oscillations (mass-spring) and wave propagation through a solid. 

For a particle of mass, m, acted upon by an elastic force, F, the FRC of momentum is 

® . = — , (29) m\ 
and the displacement velocity, v, is given by the continuity relation 

v = amSÂ . (30) 

From these two equations we obtain the relation between force, FRC (frequency) and 
displacement. Thus, 

¥ = mmo20A . (31) 

For a spring, the elastic force is expressed in terms of the spring constant k. Thus, 
F = kSA, (32) 

whence from Eq. (31) and Eq. (32) we obtain the process time scale 

= J - • (33) V m 

Consider now a solid of density p, occupying a volume V. The FRC of momentum is 
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The displacement velocity is again given by Eq. (30), so from Eq. (34) and Eq. (30) we obtain 

= (35) 
pN 

The elastic force can be expressed in terms of the normal stress, a, the cross-sectional area A, 
Young's elasticity modulus Y and the strain 8AA, Thus 

F = crA = A Y — , (36) 
X 

whence from Eq. (35) and Eq. (36) 
2 j e , crA Y SX 
OA ~ = ; 

pV p X 
= ^ = (37) 

from which we obtain the process velocity (velocity of sound): 

vp=amX = - p , (38) 
V P 

the process time scale: 
i I y 

® . = t J - ' (39) 
x V P 

and a useful relation between force, mass, the FRC, Young's modulus and strain: 

F = WpcoJ'ÖX = A Y ^ 1 (40) 

Note that the characteristic length (A, = V/A) is the length of the solid. 

4.2.4 Comments 

In this section we have shown that: 

1. Each change of a state variable (momentum, energy, etc.) brought about by convection, 
diffusion or wave propagation is characterized by a process-specific time constant. 

2. A single concept, that is, the FRC co, (thus a single method) can be used to derive the 
time constant appropriate to a particular process of change. 

3. A single module M, characterized by a state variable Fand acted upon by a single agent 
of change O (whence the corresponding FRC co) can be considered as a first level 
element in building a complex aggregate of interacting modules. 
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In what follows we shall demonstrate how the FRC concept can be used to generate scaling 
criteria for a single process of change as well as for changes of state variables in a complex 
aggregate of interacting modules and processes. 

V. FRACTIONAL SCALING PARADIGM 

Consider a module M, containing a state variable V, undergoing change brought about by an 
agent of change <E>. To quantify the effect of changing F by an amount 8 V, we consider the 
reference value Vo and define the fractional change by 

n = — . (4i) 

Whence from Eq. (2) and Eq. (3) 
V0 

Q = aôt = —ât. (42) 
V Y o 

The fractional change Q was also denoted as the "effect metric" (Zuber, N., 1999, 2001), given 
that it quantifies the effect that the agent of change, <D, has on the state variable. Consequently, 
processes having the same effect metric Q will be similar because their state variables have been 
changed by the same fractional amount. 

Note that similarity requires only the equality of Q. The other parameters, that is, the FRC and 
the clock time 5t, need not be preserved. It is for this reason that this approach to scaling has 
been called "fractional scaling" (Zuber, N., 1999, 2001,) as it is based on the principle of equal 
fractional change. It can be seen that this approach to scaling rests on determining the FRC -
that is, the process time scale for a change brought about by convection, diffusion and/or wave 
propagation. 

The flow diagram leading to the effect metric Q is shown in Figure 2. Thus, starting with the 
reference values of Vo and of Oo as determined by the initial or boundary conditions, one 
introduces the characteristic length (from the geometric approach) or the turnover length (from 
the energy approach.) Thus one obtains the FRC and the effect metric Q. 

The fractional scaling paradigm can be applied to any level of interest (and/or complexity) at 
which the question of quantifying the change is being addressed. Specifically, it can be applied 
to 

1. A single state variable acted upon by a single agent of change ( 1 VI 1 <I>) 
2. A single state variable acted upon by several agents of change (1F/EO) 
3. An aggregate of state variables acted upon by a single agent of change (£ VI 10) 
4. An aggregate of state variables acted upon by an aggregate of agents of change (SF/ZO) 

In Section 6. we shall apply fractional scaling to a module containing a single state variable acted 
upon by a single agent, while the scaling of aggregates is illustrated and discussed in Section 7. 
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Agent of Change 

Initial /Boundary Conditions 
Vo ®o 

Fractional Rate of Change 

a 0 = 

Effect Metric 
Q = (Ont 

Turn over 
Length Time 

IT TT 

Figure 2. Fractional Scaling Paradigm: One State Variable and One Agent of Change (1F/IO) 

VI. ILLUSTRATIVE APPLICATIONS, ONE STATE VARIABLE AND ONE AGENT 

This section deals with a single state variable acted upon by a single agent of change. It will 
demonstrate that the effect metric Q does indeed generate well known scaling criteria. I will 
discuss only applications to diffusion and wave propagation processes, and will not include 
particle dynamics considered by Zuber et al. (2005.) Instead I shall show how the FSA, when 
applied to diffusion processes, generates an equation for predicting the energy dissipation rate as 
well as the average velocity of a fluid particle. 

6.1. Viscous Flow 

For viscous flow through a circular duct the FRC of momentum is given by Eq. (18,) whence the 
effect metric becomes 

Cl = a>mT = ^ T . (43) 

For a cell, the clock time is given by Eq. (12.) Thus, upon substitution in Eq. (43,) one obtains 
the well known relation 

o 2 v 8v 8 / ,AA. Q = = — = — = —, (44) 
<v>A <v>D Re 2 

where D is the pipe diameter, Re is the Reynolds number and / i s the friction factor. 

14 



We can use the FS A to determine the average velocity of a fluid particle and the rate of energy 
dissipation . To this end we express Eq. (13) in terms of the "friction velocity" v* and the 
characteristic length X. Thus, 

(11) < V > A 

Note that v»2 is the dissipated energy concentration (energy per unit mass) caused by the shear at 
the wall. Rearranging Eq. (45) and using Eq. (18) results in 

^ = 2v = . (46) 
< v > 

As the residence time of a particle in a cell X is given by Eq. (12) it follows from Eq. (46) that 

— = (47) 
t x 2v 

Where co* is Kolmogorov's dissipation frequency. Therefore, the residence time is determined 
by the dissipation and the average velocity of a fluid particle becomes 

A < y >= — = coA • (48) 

As the rate of energy dissipation (per unit mass) is given by 

id = v*2co* . ( 4 9 ) 

We use Eq. (47) to obtain the well known "fourth order" relation 

4 

E d = • (50) 
2v 

The process action defined by Eq. (20) can therefore be expressed as 

S p = v p A = œmA2=v.2rÂ , (51) 
or in view of Eq. (18), as 

2v = comÀ;1 =(v,Ât
2 (52) 

where X* is the spatial scale of dissipation. 

Four observations are in order: 

1. Eq. (51) shows that even for dissipated processes, one can define a term as action and 
express it in the standard forms - that is, as a product of velocity and length or of energy 
and time. 
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2. Eq. (52) shows that diffusion processes are characterized (or defined) by having a 
constant action. This enables scaling from the dissipative (molecular) scale X» to any 
scale of interest X. 

3. Eq. (52) has its mathematical analog in the kinetic theory of gasses, where the FRC co 
corresponds to the collision frequency of particles and the characteristic length X is the 
mean free path. 

4. For a diffusion-governed process, the Reynolds number can be expressed in terms of 
frequency and length ratios. Thus, 

2v a>„ J 

(53) 

As discussed in Section 4.2.2, the numerical coefficient that multiplies the kinematic viscosity is 
determined by the boundary condition and geometry. Table 1 shows the results of applying FS A 
to three modules, i.e., flow configurations. 

It is of interest to observe that if the three solid surfaces shown in Table 1 are to have the same 
effect on changing the momentum, their effect metrics CI must have the same numerical value. 
Since the FRC of momentum com is specified by the flow configuration (see Table 1,) Eq. (52) 
shows that the equality of the three effect metrics Q implies different dissipation frequencies ©*. 

M O D U L E / C E L L 1 
s S S / / S ' " s 

1 > \ + \ h h 
r r r U 

- - 4 vm A Dl 
Characteristic Length: 

A = V/Aw 
h/2 h/2 D/4 

FRC of Momentum: 0)m 
V 

1 
3v 
A2 

2v 
A2 

Residence Time: 2 V, 2 V, 2 1 V. 
CO. = l/Xx 

V 3v 2v 

Energy Dissipation 
Rate: Ê = v.2a>. 

4 V. 
V 

4 V. 
3v 

* 1 V» 
2v 

Process Action: 
Sp = V.2 = VpX V 3v 2v 

Average Velocity: 
<v> = (ù* X 

2 -, V. A 
V 

2 i V, A 
3v 

2 1 i 
v . A 

2 v 

Effect Metric: V 3v 2v 
j Q = (Cm Tx <\>A <v>A <\>A 

Table 1: Results of Applying FSA to Three Flow Configurations 
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6.2 Rod Cooling 

For a circular rod, the FRC of internal energy is given by Eq. (28). Therefore the effect metric 
becomes the Fourier number: 

= = (54) 
A 

We can use the FSA approach to determine the rod wall temperature, TWj for a known heat trans-
fer coefficient, h, to an environment at temperature Te. The heat flux at the wall then becomes 

q = K T . - T . ) . (55) 
Substituting this equation in Eq. (23) results in 

A csPs < T - T w > 

as 
T - T 

< T - T > = - s ^ . (57) 
2 

Eq. (56) can be expressed in terms of the centerline temperature, Tc, thus: 

7 u T - T 

® ' = T f T ' ( 5 8 ) 
/ L CsPs lc~ Lw 

which, in view of Eq. (28,) becomes 

M = L Z L . = » = K (59) 
r. 4k s 

where Bi is the Biot number. Solving for the wall temperature, we get 

<60 
1 + Bi 

It can be seen that with one agent of change, i.e., the heat transfer to the environment, the wall 
temperature is a function of the Biot number only. Thus, for high Biot numbers, it approaches 
the environment temperature Te, whereas for low Biot numbers it approaches Tc. The effect of 
the Biot number on the pin temperature is discussed further in Catton et al. (2005.) 

6.3 Propagation of Longitudinal Waves 

The FRC of momentum for elastic media is given by Eq. (39,) whence the effect metric becomes 

1 [y Q = COT = — — T . (61) 
A \ p 

i [Y v 
For a cell it becomes Ci = — = —— = E , (62) 

< v > V p < v > 
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where vp is the process velocity (velocity of sound) and E is the Elasticity number. Its inverse is 
the Mach number used in aerodynamics. 

6.4 Comments 

This section dealing with applications of FSA to single state variables acted upon by a single 
agent of change has demonstrated that: 

1. The fractional change Q (that is, the effect metric) generates the well known scaling 
criteria for changes of momentum and energy (in fluids and solids) associated with 
diffusion and wave processes. (For additional illustrations see Zuber (1999, 2001) and 
Zuber et al. (2005 .) Consequently, a single method can be used to scale changes of a 
state variable (in solids and fluids) influenced by convection, diffusion and wave 
propagation. 

2. Application of FSA to viscous flow leads to the commonly known relation for 
determining the rate of energy dissipation as well as Kolmogorov's dissipation frequency. 

3. In viscous flow the residence time and therefore the average velocity are determined by 
Kolmogorov's dissipation frequency. 

4. In dissipative processes a term can be defined and referenced as action, given that it can 
be expressed as the product of energy and a process-specific time. 

5. Diffusion processes can be regarded as processes having a constant action. This 
enables scaling from the molecular scale to any other of interest. 

VII. ILLUSTRATIVE APPLICATIONS: AGGREGATES 

This section treats the scaling of aggregates consisting of interconnected/ interacting modules 
acted upon by one or more agents of change. I shall discuss only two applications - one dealing 
with the response of two modules acted upon by one agent, and the other, the response of two 
modules acted upon by two agents. The first considers the elastic response (wave propagation) 
and the other, a diffusion-controlled process. Additional applications are presented and 
discussed by Zuber et al. (2005,) Wulff et al. (2005,) and Catton et al. (2005 .) 

The purpose of this section is to demonstrate two salient features of aggregates: both the 
characteristic length and the response time constant depend on the configuration of modules and 
agents because a configuration specifies the interactions. 

7.1 Two State Variables and One Agent: The Elastic Response of Two Rods in Series 

Consider now one agent acting on two modules, Mi and M2. There are two questions of 
interest. One is to determine which module is more affected by the agent. The other is to 
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From Figure 3-a, following the procedures discussed in the previous sections, we can determine 
the FRC of the two state variables, V\ and V%, resulting in two FRCs, that is, coi and <02. Note 
that each module has a specific œ. It is obvious that the module having a larger FRC will be 
more affected than the other. The two numbers, i.e., Qi and ©2, provide therefore a quantitative 
basis for evaluating and ranking the effect of the agent 4> on the two modules. 

Consider now Figure 3-b. In order to find out how the two modules respond to O we have to 
consider the aggregate and determine the effective state variable Ve. The reason for considering 
the aggregate is a consequence of the different configurations and resulting interactions between 
the modules. Once the effective state variable Ve has been determined, one can calculate the 
effective FRC of the aggregate, which will be a function of the individual FRCs, that is, of coi 
and 0Ù2. We shall illustrate this approach by considering the scaling of elastic media. The 
rationale for selecting this topic stems from the fact that the depressurization of an NPP is a 
problem related to elasticity. (See Section 8.) 

Figure 3. The FRC for Two Modules Acted upon by a Single Agent of Change (2F/ IO) 
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Consider two rods of different material, lengths Xi and X2, and cross-sectional areas Ai and A2 

acted upon by a tensile force F. For each rod (module) we express the FRC of momentum in 
terms of force, displacement and Young's modulus given by Eq. (40.) Thus: 

A 

V2/9202
2 SÂ2 = V2 

(11) 

(64) 

As the two modules are in series, they are acted upon by the same tensile force F, but undergo 
different displacements, and SX2. The total displacement is their sum. Consequently, 
solving Eq. (63) and Eq. (64) for the displacement and adding them yields the effective, i.e., total 
displacement 

Sk =F 
1 1 4 /L, 

A,Y, A2Y2 
(65) 

We note that the third term is in agreement with the displacement relation given by Den Hartog 
(1961.) We can express the second term as a function of mass concentrations Ci and C2. Thus 

1 1 

Cjû)^ 
(66) 

where M is the total mass of the two rods. We note that this equation is the mathematical 
analogue of Eq. (31) and defines the effective FRC 

1 

<o. 

1 1 

c2co2 

(67) 

We can express the third term in Eq. (65) as a function of the volumetric fractions (pi and cp2 
When both rods have the same cross-sectional area, we have the effective displacement 

Si1 = (68) 

where Xe is the total length - that is, X«. = Xi +X2. This equation defines the effective Young's 
modulus for rods in series as 

- L + (69) 
X Y, Y2 

From Eq. (69,) (68) and (65) we obtain the effective strain 

SA a 1 g 

K pe Âe''û)e
2 Ye 

(70) 

where pe is the effective density 
pe=(pxpx+(p2p2. (71) 
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Eq. (70) yields the sound velocity for the aggregate 

(72) 

and the effective FRC in terms of the effective Young's modulus and density 

(73) 

The case of two cylinders in parallel is discussed by Zuber et al. (2005 .) It is shown there that 
for two cylinders having the same length X and same cross-sectional area A, the effective Young 
modulus is given by 

Ye = ^ Y , + ^ Y 2 , (74) 

and the effective FRC for the aggregate by 
i fv~ 

(75) 

These two applications clearly demonstrate how the configuration of the modules determines the 
effective parameters of the aggregate (compare Eq. 69and Eq. 74) and therefore the effective 
FRC or response time constant of the aggregate. Note also a similar effect on the characteristic 
length. Consider two cylinders having the same volume V and cross-sectional area A. The 
characteristic length for each cylinder is X = Vf A. For the configuration in parallel it is also X = 
V/A. For the configuration in series, however, it is X = 2V/A. 

7.2 Thermal Response Time of an Aggregate 

The application of FSA to determine the thermal response of a cylindrical rod was illustrated in 
Section 6.2. Here I shall discuss the results of the analysis carried out by Catton et al. (2005) to 
determine the effective thermal diffusivity of a three-module (fuel, gap and clad) aggregate. 

Defining by p, c, K and cp the density, specific heat, conductance and void fraction, respectively, 
Catton et al. (2005) show that the effective thermal dififusivity of the aggregate (that is, of the 
pin) can be expressed by 

_ ( 7 6 ) 

K p i n i=f,c v K J x 

Thus. 

+ ( 7 7 ) 
ae af a„ 

It should be noted that the two conductances, K/ and Kc, are neither area- nor volume-averaged 
quantities, but are parameters that take into account the geometry, transport properties and gap 
characteristics. For details see Catton et al. (2005.) 
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A comparison of Eq. (77) and Eq. (69) shows that the effective parameters, i.e., the Young 
modulus and thermal diffusivity, have the same mathematical form. This is not surprising given 
that both applications had the same configuration. That is to say, the modules were in series. 

Catton et al. (2005) derived the aggregate (effective thermal diffusivity, Eq. 77) and used it in 
their application of FSA to LOCAs. They demonstrated that during a LOCA, a pin can be 
modeled as an aggregate acted upon by two agents of change, the decay heat and steam cooling. 
The FSA application generated two parameters for scaling the PCT. One is the decay heat effect 
metric. The other is a Biot number for the aggregate, accounting for the effect of steam cooling 
(as does the Biot number for a single module and single agent, discussed in Section 6.2.) Catton 
et al. (2005) also show how this Biot number can be determined from experiments and how it 
can be used to perform efficient uncertainty analyses. 

For the same purpose Zuber et al. (2005) derived an elasticity parameter for modules in series 
(Eq. 66) to illustrate the use of FSA for scaling depressurization processes in an NPP, which will 
be discussed in Section 8. 

7.3 Comments 

This section has illustrated the most important aspects of scaling an aggregate consisting of 
interacting modules acted upon by one or more agents of change, which are: 

1. Such an aggregate of interacting modules, each having its own state variable, can be 
modeled as one (aggregate) module - that is, as one entity at the second hierarchical 
level - characterized by an effective state variable. 

2. The characteristic length X of such an aggregate depends not only on the geometry of the 
constitutive modules, but also upon their configuration (given that the configuration 
specifies the interaction.) 

3. The FRC (time constant) for the aggregate is given by the effective FRC oae which 
specifies the response time of the aggregate (i.e., how fast a change of the effective state 
variable is being accommodated within the aggregate) due to the action of a one or more 
agents of change. 

4. The effective FRC is a function of the effective state variable (and other parameters of 
the problem) as well as of the configuration of modules. 

5. The significance of the effective FRC is that it provides the proper time constant for 
scaling the clock time in a time-dependent evolution process involving an aggregate. See 
Section 8 and WulfTet al. (2005.) 

Vni. SCALING THE CLOCK TIME FOR AN AGGREGATE 

This section deals with scaling the clock time in an evolutionary equation of an aggregate. It has 
two purposes, which are to: 
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1. Point out and discuss the distortion introduced in a scaling analysis based on the standard 
approach of normalizing (scaling) the clock time and 

2. Demonstrate (using the mathematical concept of self-similarity) that the effective FRC is 
the proper parameter for scaling the clock time. 

Two FSA applications will be discussed in order to support these contentions. The first con-
siders the elastic response of an aggregate during depressurization (Zuber et al. 2005) and the 
second, the thermal response (Zuber, 2005) of an aggregate. 

8.1 Depressurization of an Aggregate 

Consider an aggregate consisting of several interconnected modules. Inasmuch as pressure 
variations through the aggregate are transmitted by the velocity of sound, it is reasonable to 
assume that the pressure is uniform in the aggregate. This uniformity is valid so long as the 
flow between some modules is not choked. If choking occurs, the aggregate should be 
considered as the sum of two separate aggregates (each having its own pressure variations) 
coupled at the choking location. 

We consider here a decompression process in absence of choking and use the definition of the 
bulk modulus ß (stiffness coefficient) to relate a pressure variation to a change of the fluid 
volume. Thus: 

dP = - £ ^ . (78) 
* i 

Note that this implies a Lagrangian formulation . Following the steps used in Section 7.1 above, 
we express the volume of the i fluid in terms of the volumetric fraction cpi and the aggregate 
volume Vs to obtain 

= (79) 
ßi v s 

We then sum the modules of the aggregate 

E f d P ^ - i - Ç d V , , (80) 

define the effective bulk modulus of the aggregate by 

ße ßi 

and obtain the pressure variation in the aggregate in terms of fluid volume changes 

dP = - ^ I d V < (82> 
* s i 

The rate of change of the aggregate pressure is then given by 
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We note that Eq. (83) is identical to Eq. (1) derived by Wulff et al. (2005) to model the 
depressurization process during a LOCA (given that the effective bulk modulus ße in Eq.(83) is 
the inverse of the system compressibility defined by their Eq.(2.) 

It is important to observe that Eq. (1) in Wulff et al. (2005) was derived using conservation laws 
- a method familiar to most readers - whereas Eq. (83) was derived from elasticity concepts 
only. The identical result obtained by entirely different methods supports the statement made in 
Section 7.1 above that a decompression process is an elastic one. Consequently, its scaling must 
reflect this fact. That is, it should be scaled in terms of an elasticity number E (as in the example 
of Section 7.1.) 

To confirm this conclusion we consider two agents of change in Eq. (83,) one positive, the other 
negative. Thus 

dt V, 
V , - V 2 (84) 

We scale the pressure in terms of the pressure difference 

AP = P 0 - P a , (85) 

p _ p p _ p 
whence P+ = ^ = , (86) 

P o - P a AP 

where P0 is the initial pressure and Pa is the ambient one. 

There are two ways to scale the two agents: one in terms of their initial values (the standard 
approach) and the other in terms of the net volumetric rate of change. In what follows we 
discuss both methods. 

8.1.1 Standard Approach 

Consider the standard approach, which is to scale the agents with their initial values (or a 
reference value) 

0 o 
° v . 0 V 
Vi = -7— ; V 2

+ = - ^ . (87) 
2,0 

Expressing the parameters in Eq. (84) in terms of those given in Eq. (86) and Eq. (87) we obtain 
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dt 
where the two FRCs are given by 

HP+ 0 ° 
-co, 0 V, + . + ©2 0V2

+ (88) 

co, o = , gl>2 0 = - (»y) 
A P V 2 '° A P V 

Note: 

There are two FRCs - one for each agent 

2. The numerical values of the FRCs quantify the effect that each agent (process) has on 
the depressurization rate of the aggregate. These numbers can be used to establish a 
hierarchy that ranks each agent according to its importance. 

It is standard procedure to scale the clock time by using the largest (most important) FRC, say 
<Ûl ,o 

t+=O)l0t, ( 9 0 ) 

which is used to express Eq. (88) in dimensionless form 

dP+ ° + co 
- V , + + ^ - V 2 (91) 

d t + CD 1 ,0 

Three comments on the standard approach are in order: 

1. The standard approach leads to Eq. (91) which contains the ratio £ = ©2,0 / eoi,o as a 
parameter. Consequently, its solution will be a function of this ratio. Thus, there will be 
a different curve for each value of Ç. Note also that each additional agent, if present, will 
generate an additional ratio Ç 

2. Eq. (88) does not contain the response time of the aggregate. 

3. The dimensionless time in Eq. (90) is the fractional change of the pressure in the 
aggregate caused by the dominant agent only (say, break flow.) Consequently, it does 
not account for the effect of the second agent (or of other agents when present.) This 
introduces a distortion in the timing of the evolutionary process of change. The 
magnitude of this distortion of time depends on the magnitudes of the neglected terms. 

We must conclude, therefore, that the standard approach of normalizing the parameters with their 
initial or reference values (see Eq. 87,) although valid for steady state, is inadequate for a time-
dependent process, given that it does not generate the response time of the aggregate. 
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8.1.2 Aggregate Response Time: The Effective FRC 

We want to scale the rate of change of a state variable (pressure in Eq. 84) and not the steady 
state or equilibrium conditions. To this end we note that: 

1. The aggregate pressure in Eq. (84) responds to the combined action of the two agents 
and not separately as in Eq. (88.) 

2. The combined effect of the two agents is expressed in terms of an effective (net) 
volumetric rate of change 

o o 
V e = V . - V 2 . ( 9 2 ) 

With any aggregate undergoing a change, there is an associated time constant represented by the 
effective FRC. Consequently, in order to scale the clock time in Eq. (84) we need to determine 
the effective FRC. As the effective FRC is expressed in terms of the effective parameters, we 
scale the two agents with the net effective volumetric rate of change 

Ve,0 = V l i 0 - V 2 , 0 , (93) 

where the subscript zero denotes the initial values or a reference value appropriate to the 
application. The scaled agents are then represented by 

o o 
0 * Vi 0 * V? V! = — ; v2 (94) 

Ve, 0 V e , 0 

which we use together with Eq. (86) in Eq. (84) to obtain 

dP+ 
dt 

where the effective FRC is given by 

-co. Vi - V 2 (95) 

(96) 

e AP V, V ' 

which, in view of Eq. (93), can be expressed in terms of the component FRCs 

®e = ® i , o - ® 2 , o (97) 

Note that in economics, Eq. (97) would represent the net interest rate. 
It is of interest of observe now the difference between the normalizing procedures, one given by 
Eq. (87) and the other by Eq. (94.) 
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Following the standard approach, each agent is normalized using its own specific scale - that is, 
it is treated and evaluated separately from the other agents. This separate treatment leading to 
Eq. (88) precludes the derivation of the response time constant for the aggregate. 

In contrast to the standard normalizing approach, Eq. (94) uses the same effective scale to 
normalize each agent. Thus, each agent is treated and evaluated uniformly within the context of 
the aggregate. This "aggregate" normalizing approach leads to Eq. (95) which displays the time 
constant of the aggregate. 

As the bulk modulus in fluids is equivalent to Young's modulus in solids, the velocity of sound 
for the aggregate is given by Eq. (72.) Thus 

= ( 9 8 ) 

Pe 

We can therefore express the effective FRC in terms of an effective Elasticity number 

E 2 = (99) 
2 AP 

O 

analagous to Eq. ( 6 2 , ) and obtain coe = 2 E e — ( 1 0 0 ) 
Vs 

confirming thereby the conclusion reached above that the effective FRC should account for the 
effects of elasticity. 

In view of Eqs. (96,) (97) and (100) we have three expressions for the effective FRC: 

o o 
Pe V e , 0 2 Ve,0 , , co = = (Ö, o _ ® 2 o = 2E . (101) 
AP V V z - u . • s v s 

With the effective FRC given by Eq. (101) the effect metric for the aggregate becomes 

Cl.=<o.t. ( 1 0 2 ) 

Note that Qe represents the fractional change of the aggregate during time t due to the actions of 
the two agents. 

We use Eq. (102) to scale the clock time in Eq. (95) and obtain the depressurization equation in 
dimensionless form 

dP+ ° * ° * ° * 
= - V , +v2 =Yv,- . ( 1 0 3 ) 

dQ ^ 7 
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Figures 4 and 5 reproduced from Wulff et al. (2005) demonstrate the results of applying the FSA 
to four SBLOCA depressurization tests. The benefits to be realized through scaling, i.e., the 
reduction in the number of experiments and of code calculations, are quite evident. 

We conclude from the above that for a time-dependent process 

1. The standard method for scaling the clock time introduces distortions. Consequently, 
it is not adequate for the intended task. 

2. Based on the mathematical concept of self-similarity, the proper parameter for scaling 
the clock time is the response time constant of the aggregate, that is the effective 
FRC 

3. The effect metric for the aggregate given by Eq. (102) stretches or contracts time 
according to the magnitude of the effective FRC given by Eq. (101.) 

4. In contrast to Eq. (91,) there are no free parameters in Eq. (103,) the solution of which 
will generate one curve. Thus a depressurization process scaled in terms of effective 
parameters generates a self-similar solution. 

5. Eq. (95) and Eq. (103) demonstrate and confirm the conclusions drawn in Section 7 
that at each hierarchical level, a process has a specific response time constant given 
by the effective FRC of the aggregate. 

8.1.3 Comments 

Figure 4 shows the experimental data from LOFT and Semiscale. Note that the spread of the 
curves is rather noticeable. However, Wulff et al. (2005) demonstrate (see Figure 5) that those 
four curves can be reduced to one by means of scaling. They also discuss the effects of the six 
agents that may influence the process and show that five of them can be ignored (for the stated 
experimental specifications.) 

Figure 5 clearly demonstrates that with proper scaling, the number of experiments and code 
calculations can be greatly reduced. This, in turn, would reduce the time and cost associated 
with the design and safety evaluations of NPPs. Although experimenters and code users may not 
find these improvements beneficial or desirable, the overall NPP technology and economy 
certainly would. 

8.2 Heat-up of a Fluid 

The preceding section illustrated how the effective FRC scales the clock time for an aggregate of 
interacting modules. In this section I shall briefly discuss the case of a single module acted upon 
by several agents. 
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Figur« 4. Measured Depressurization History 
SBLOCA 

Different FacWIies: 
LOFT and Semiacale 

Four Break Stases: 0.1% -10% 

Observe the spread of data; 
Preaerft practlœ in W P Safety Analyste; 
OnecalculatkinandonenqMrimentfors^iw^run. 

Tim e (s) 

Figures. Scaled Depressurization History 
Different Facilities - Différent Small-Break Sizes 

LOFT and Semfccaie - sbLOCA 
Note: One Computation and one experiment acriv^ 

Fractional Change O» 

Sample Demonstration of Data Synthesis at System Level 
(Figures 4 and S reproduced from Wulff et al., 2005) 
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Consider a fluid of density p, specific heat Cpf flowing at a mass flow rate W through a vessel of 
volume V, heated by one source and cooled by sink. For a well-stirred vessel, it may be 
assumedthat the fluid temperature in the vessel is equal to that at the outlet. Consequently, the 
energy balance becomes 

= Wc,(T fc -T)+ / j ,A , (T , - T ) - A 2 A 2 ( T 2 - T ) . (104) 

Defining the turnover frequency by 

and two FRCs - one for heating-up 

and the other for cooling down 

= £ (105) 
' pV V 

= ( 1 0 6 ) 
PCpV PCp\ 

= O 0 7 ) 

we can express Eq. (104) in terms of the FRCs, thus 

* * ot (TjB - T)+ûj, (T, - T) - ©2 (T2 - T) (108) co. 
dt 

This equation can be used to establish the hierarchical ranking of the three processes. 
Inasmuch as we are interested in changes toward or away from a state of equilibrium, we can use 
the equilibrium temperature T« to express the temperature in a non-dimensional form. Therefore 

T - T , 
T =• 

Where 
T - T » in 

(109) 

T - T = " . ( T . - T J - ^ ( T i - T J ( n o ) 
cot +cox - co2 

We define the effective FRC of the aggregate by 

coe = cot - co2 (HI) 

and use it to scale the clock time to obtain the effect metric Qe 

t + = 0 e t = n e . ( i i 2 ) 

By means of Equations (112,) (111,) (110) and (109) we transform Eq. (108) in a self-similar 
form 

dT+ 
= 1 - T + (113) 

dt 
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which, for the initial condition t+= 0 : T+= 0, integr ates in: 

r (114) 

We observe: 

1. For one agent only (say, a>i) Eq. (114) reduces to the equation cited in Bird et al. 
(i960;) 

2. The method can be extended to any number of agents of change (sources or sinks of 
energy;) 

3. The effective FRC, that is, Eq. (111,) provides the scale for establishing the 
hierarchical ranking of the individual agents of change; 

4. The fractional change of energy in two systems will be the same, provided that the 
effect metrics fie in the two systems have the same numerical value; 

5. Distortions of time and/or of individual FRCs between two systems can be 
accommodated, provided that the comparison is made at a constant value of the effect 
metric Qe 

IX. CONCLUSIONS AND CLOSING COMMENTS 

9.1 Fractional Scaling Analysis (FSA) 

From the preceding discussion we can conclude that 

1. A single concept, the FRC co (and therefore a single method,) can be used to derive the 
time constant for processes of change caused by convection, diffusion and wave 
propagation. 

2. A single concept, the fractional change Q, that is, the effect metric Q (and therefore a 
single method,) can be used to derive scaling criteria for changes of momentum and 
energy in solids as well as in fluids. 

3. The characteristic length X is a geometry- and process-dependent parameter. For an 
aggregate of interacting modules, it depends also on the configuration of the modulus. 

4. A single module M, characterized by a single state variable F, acted upon by a single 
agent of change <5 (whence the corresponding FRC go) may be considered a first level 
element in a hierarchical approach to scaling. 

5. Two or more interacting modules, each having its own state variable, can be considered 
as an aggregate acted upon by one or more agents of change. Such an aggregate can be 

31 



modeled in terms of one (aggregate) module characterized by an effective state variable. 
This aggregate module can be considered as one element at the second hierarchical level. 

6 The time constant for a process of change of state variables in an aggregate of interacting 
modules acted upon by one or more agents is given by the effective FRC. The latter is a 
function of the effective state variable, of the agents of change, as well as of the 
configuration of the modules. 

7. The significance of the effective FRC is that it provides the proper time constant for 
scaling the clock time in a time-dependent evolution process involving an aggregate. 

8 The effective FRC coe and the characteristic length X are functions of the aggregate and 
therefore, of the hierarchical level at which the problem is being addressed. Conse-
quently, to each level there is a corresponding effective FRC and a characteristic length X. 
This confirms the three statements of Allen and Starr (1982) quoted in Section 4. 

9 The fractional scaling paradigm can be applied to any level of interest and/or complexity 
at which the question of quantifying the change is being addressed. 

9.2 Application of FSA to NPP 

An analysis of an NPP can be structured by addressing the problem at three hierarchical levels, 
process, component and system. Each level considers questions of increasing complexity. Thus: 

1. At the process level the question is: given a process, what is its effect on the change of 
the corresponding state variable? 

2. At the component level the questions are: given a component, what are the effects of 
various processes on the change of a state variable? What is the ranking of their 
importance in that change? What are the effects of scale distortions (if present) in 
geometry and/or time, on the change of a state variable? 

3. At the system level the questions are: given a system and a postulated T/H scenario, 
what are the governing processes and corresponding components? What is the ranking of 
their importance on the postulated T/H process? What are the effects of the components' 
distortions, if present? What are the components' interactions? What changes can be 
made and what are the trade-offs? 

The purpose of applying the FSA to a NPP is to develop a single method that can address these 
questions at all levels of interest. 
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