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-Motivation: Advanced Reactors Testing at INL

National Reactor Testing Station National Reactor
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- Motivation: Advanced Reactors Demonstration and Deployment
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I Content Note

The content of this presentation is taken from the lecture
notes, publish articles and INL’s internal scaling reports.

This presentation focused on the general overview of the
scaling for developing experimental facilities for reactor
systems.
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- Presentation outline

- Part-l: Objectives, Scope and Importance
- Part-ll Scaling approaches
- Part-lll (specific application)

— Scaling of reactor system primary loop

IDAHO NATIONAL LABORATORY



Part-I:

Jlll Objectives, Scope and Importance

- Reactor systems are complex

- When designing experiments, it is best to vary each parameter to observe how
the result changes

— Practicality
— How can we simplify these problems?

Prior studies:

- Phenomena Identification and Ranking Tables (PIRT)

— ldentify the phenomena of interest (POI), state of knowledge (SOK) and
figure of merits (FOM)
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Part-I:

Jlll Objectives, Scope and Importance (cont’d)

e For LWR analysis o For ideally scaled facility
o Single phase and two-phase flow o Full pressure, prototypic fluid
o When considering facility size, many o All materials to be same as model and
factors to consider prototype
= Available space, scale relations o Ratios (scale facility and prototype)
of existing facilities = Length ratio—to match available space
= Need to compensate for e Determine velocity ratio
shortcomings in existing facilities = Area ratio—to match commercially available
= Justifiable rationale, impact on pipe
total cost = Volume ratio—from length and area ratios

e Determine power ratio
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Part-I:

Jlll Objectives, Scope and Importance (cont’d)

e Evaluation model development e Modifying ideally scale to
and assessment process (EMDAP) engineering scale facility
e |deal scaled model evaluated o After ideal scaling verification, need
with system code (e.g., RELAP5) engineering decisions for realistic facility

= Use component that can actually be
obtained or built
e Scaling ratios should be same as IET

o Full power operation
o Results are scaled
o Transient (startup and after

shutdown) e Some distortions unavoidable, examples
= Break (i.e., LOCA) analysis = Reactor core, steam separator
assembly,

= Commercially available pipe
diameters and thicknesses
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Part-I:

Jlll Objectives, Scope and Importance (cont’d)

o A APEX-1000
e Test facilities S o
development to mimic . SPES-2 / ROSA APEX-600
reactor. transient ACME
scenarios — —
Secondary-side ADS1 ADS4 IRWST Sump
8 saturation triggering triggering injection injection
a | I 6 )U:. 1 1
8 ’ L R : Secondary g g i i
a | I - o S-S R
| Primary | % % ! !
: : 73 = 1 |
- ' sl s |
: : §1E '
1 | ® 93‘ 1 1
I I 1 « : L:‘ -
< =!: T«‘. —!1 r:1 >
f’):’obvﬁgg:f: natu?gltl::l;?ct:ifation ADS1-4 depressurization IRWST injection ngg;}ﬁ;m

Time Stages
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Part-Il:

Jlll Scaling Approaches: Buckingham Pi Theorem

- Buckingham Pi Theorem [3-4]

(# of m terms) = (#of variables) — (# of reference dimensions)

» Dimensionally homogeneous equations:
— Dimensionless products
— Reference dimensions

- Method of Repeating Variables

List the variables involved in the
problem

Express each variable in terms of
basic dimensions (MLtT)

Determine the number of 1 terms

Select repeating variables
Form the dimensionless Pi terms

Verify that all Pi terms are
dimensionless
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Part-Il:

- Method of Repeating Variables

 This method can be used in all parts of engineering (i.e., reactor physics!), not just fluid
mechanics

* Instead of having to run several different sets of experiments, we really need to run one
set of experiments
— Vary I'1 and measure 12

— Reduces complexity, cost, and effort of experiments

 Tells us what terms are important in an equation
— DOES NOT tell us what the relationship between I groups is

— [1 groups are not necessarily unique, they depend on your choice of repeating
variables
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Part-Il:

I Governing Equations

- Start with an incompressible fluid with < Define dimensionless variables:
constant viscosity in a gravity field

— Continuity

- Momentum
ov

a—+§-V\7):—Vp+p§+,u,V2\7
t

oT

a—+17-VTj =KV T+V-(4V%55)
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Part-Il:

I Governing Equations

+ Substitute and simplify:

— Continuity
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Part-Il:

I Dimensionless Groups

Strouhal Number Prandtl Number Pr — i _ i o
gHc o pc i v

2

Ec:V—
VL
,_PVL
O
C

Euler Number Eckert Number

Reynolds Number

Weber Number

Mach Number

Froude Number
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Part-Il:

B Two-Fluid Model

 Continuity

1 O

Sl o oo +V v, = Zu,T,

G — T, _ Mixture time constant
¢ L,/v,, phasek time constant

p)
P I,,L,  mass tranfer rate
Y, =—=r————

Taken from:
Schlegel, J. (2022) [5]
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Part-Il:

B Two-Fluid Model

« Momentum: . B-Py . T .. M,

d; (/Odo + L. )(Vdo — Voo |
U

1 5 x % * * k% % % 1 % * *
—a,pv, +V -a,pvv, =—Fua,VP +—V -al\r. +1,
Sl ot i PV K PrViVi 124" k Re, A( k A,T)
1 ® % % 1 ® * %[ = ®
Reynolds number +——a,p8 +Np My ———Voa, 1, +Zu L, (“"ki _Vk)
Euler number I'r, Re,
FrOUde number +Euk (P,h _PA)VaA Taken from:

Drag number Schlegel, J. (2022) [5]

R LiVioLo nertia r AP, pressure losses
e, =F— = —— U, = -
k - = k 7 -

o viscous forces ProVio dynamic pressure

"

e, — Vio _ Inertia N = a,L, (p a0 T Pco )("”do = “’co)
E = — - D — 2 SN et e
gL, body forces ProVio dynamic pressure
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Part-Il:

Bl Two-Fluid Model

- Enthalpy:
r(rI‘AU(Tm TA(I)
i+ i -
1 arP
+FEu Fc o4 ——
{S]k ot
+ f{j? V*ak'f;f'(l’ i )+ND AECAJM ( i~ Vi )+ZZ’AF ( )+ Nf a2 (QM)
k
Po. — ProVioAiz L,  convection
k — — o
Peclet number k,oAT, conduction
Eckert number s v;, _ mechanical energy
Interface Heating k Ai,,  thermal energy Taken from:
, : Schlegel, J. (2022) [5
number _ dulokio(Tiy =Ty ) _ interfacial heat transfer e B

v, Al n ion
ProVioA ko convectio IDAHO NATIONAL LABORATORY




Part-Il:

B Two-Fluid Model

- Interfacial Jump Conditions: Converted enthalpy ratio and density ratio.
' Surface tension number is often replaced

by Weber number—requires weber
numbers for each phase.

Ai,,  enthalpy change

N, =

1

o =1L, latent heat

N, = Pao _ density ratio
IOCO

H,.,o, surface tension force

pressure losses

dynamic pressure

surface tension force

IDAHO NATIONAL LABORATORY
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Part-Il:

Jl Modeling and Similarity

 To be useful, experiments must provide data that can be applied to full-scale prototypes
— How to assure similarity?

- Geometric Similarity « Dynamic similarity
- Height/length ratio, etc. — Most restrictive requirements for most
- i.e., a 1/100 scale model airplane scale models
~ Often easiest type of similarity — Arises from momentum equation

- Kinematic similarity * Reynolds, Froude, Euler numbers

— Geometric similarity is a prerequisite ~ * Thermal similarity
~ Arises from continuity equation — Also, can be very restrictive for heat
transfer problems

— Arises from energy equation
* Peclet, Prandtl, Eckert numbers

IDAHO NATIONAL LABORATORY
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Part-Il:

- Scaling vs. Similarity

« Scaling is much different than simple similarity
- How do we design a system so that it is similar?
 Task is finding key design parameters that must be addressed!
« Often we look at system design, rather than just single-component

- How to preserve friction losses and other system-integral parameters?

IDAHO NATIONAL LABORATORY



Part-Il:

Jlll Scaling Methods

Linear scaling * Others scaling methods, such as
power-to-mass scaling, dynamic
system scaling (DSS) and sequential-

Three-level scaling parallel interdependent complement
scaling (SPIC)

Power-to-volume scaling

Hierarchical two-tiered scaling (H2TS)

Fractional scaling analysis (FSA)

Taken from:
Wang et al. (2021) [6]
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Part-Il:

Jll Scaling Methods (cont’d)

« Traditionally scaling parameters are expressed using scaling ratios

« The ratio of the nondimensional numbers in the scaled-down model and
prototype should be close to unity to maintain and preserve the phenomenology
such as flow and heat transfer dynamics, as shown in equation:

l/)R_ l/)model _l/)m 1

l/)pro totype l/)p
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Part-Il:

Jll Scaling Methods (cont’d)

Scaling parameters used in various scaling method [2]

S mboI Llnear scaling | volume scaling Ishii) scaling H2TS scaling
1 I /

Length ratio

Diameter ratio dR IR dp dp Is Ts
Area ratio ag I? dg 2 d2 dg?
Volume ratio Vi == dg? I, di2 I di?
Velocity ratio Ug 1 1 IRZ 172
Time ratio tr In 1 172 IRZ
Power-volume dr I 1 | 172 [ 172
ratio

Power ratio Pr /i d2 de2 [172 2 1172
Acceleration gr fj= 1 1 1
ratio
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Part-Il:
e Scaling Methods (cont’d)
m

Linear scaling Miniature replica of the prototype - Distortion in acceleration and energy LOFT, SEMISCALE,
1960s + Interpretation of the component’s transfer LSTF, PKL, ROSA,
( )
interactions «  Acceptability of the scaling factor's low  BETHSY, LOBI
limit
Power-to-volume e Time preserving D|Stort|ng in PANDA, INKA, PKL,
scaling (1970s) « Height preserving « pressure drop PACTEL, BETHSY,
. heat loss SMART, SPES,
« multi-D phenomena ROSA IV
Three-level scaling, * Reduction in construction costs « Time scale is shifted PUMA, ATLAS
Ishii (1980s-1990s) « Scaling in important local » Distortions in multi-D phenomena
phenomena
H2TS (1990s) » Scaling hierarchy for complex » Contradiction of scaling criteria APEX, ACME
system

» Distortions in multi-D phenomena

« Scaling in important phenomena 0 Dt of dhster e

FSA method (2000s) + Analysis of state variable and » Static evaluation of scaling distortion
scaling distortion

Taken from:
Wang et al. (2021) [6] IDAHO NATIONAL LABORATORY




Part-Il:

ll Linear Scaling

* Developed by Carbiener and Cudnik (1969) [7] and Nahavandi
et al. (1979) E/8] independently

—obtained identical similarity laws for IET

* Dimensions are proportionally reduced by an identical factor
—traditionally the characteristic length ratio
—miniature replica of the prototype

. Botlh ’éhe transportation time of fluid and sound is proportionally
scale
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Part-Il:

Jlll Linear Scaling (cont’d)
Adv.:

 Better interpretation of the interactions between components
— When the effect of gravity is relatively smaller than the system pressure drop

 Acceptability of the scaling factor’s low limit
Disadv.:
« Sensitive to length scale (e.qg., entrance effects, and boundary layer) phenomena

« Some energy transfer processes are difficult to be simulated
— difficult to reduce diameter or thickness, e.g., fuel rods and SG tubes

Modified method was suggested by Yun et al. (2004 [9], which requires the same

geometry similarity criterion but preserve the gravity effect




Part-Il:

Jlll Power-to-volume Scaling
« Suggested by Nahavandi et al. (1979) [8]

* It can be seen as the first proposed solution to the scaling problem (Deng et al.,
2019) [10]

o ltis a simple, straightforward method for the design of test facilities with full-
pressure, full-height, and time-preserving

e The conserving of time and heat flux in the prototype is helpful to reproduce
the phenomena with strong gravity effect

e A good choice for LBLOCA tests because it guarantees an equal time ratio

IDAHO NATIONAL LABORATORY




Part-Il:

llll Power-to-volume Scaling(cont’d)
Adv.:

« Same working fluid, height, pressure and similar structural materials, etc.

Disadv.:

e An increase in hydraulic resistance in the model due to the reduction diameter
o which is important for SBLOCAL dominated by natural circulation
o the full height require high material costs

e An increase in heat loss in heater and cooler
o heat losses and core power ratio are higher in model than prototype
o distort the system natural circulation and long-term cooling transient
= especially in low power experiments.
e Distortion in multi-D flow phenomenon

o e.g., effects of surface tension and transitions in the flow regime observed
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Part-Il:

Jlll Three-Level Scaling

o Suggested by Ishii and Kataoka (1983, 1984) [11-12]
— assumed each component is a 1-D system

— use 1-phase and the drift-flux two-phase flow formulation
e Scaling criteria used for 1-D conservation equations with boundary conditions

These three levels of scaling mainly include:
(1) Scaling of integral response function: system conservation equations are
solved with a linear small-perturbation method
o this level gives the dynamic scaling of a whole component

(2) Scaling of control volume and boundary flow: secondly, the mass and energy
inventory and boundary flow are scaled
o which preserve inter-connected components TH interaction

(3) Scaling of local phenomena: compromising with conflicting similarity criteria.

o maintain and conserve the physical phenomena




Part-Il:

B} | 4ggoL, | A
I Three Level Scaling R e b

Subcooling Number N, = (]L”}(A—p]

SUL

e \ Pe
- For two-phase flow scaling we use Froude Number F,,_[V(f Ap
small perturbation analysis gLy,
— Start with the 1D drift-flux model Drift Number N, [ij
— Determine characteristic response '
function Time Ratio Number 7, =
- Highlights key dimensionless
numbers Thermal Inertia Ratio N, , =

Taken from:
Schlegel, J. (2022) [5]
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Part-Il:

Jll Three-Level Scaling (cont’d)
Adv.:

* No requirement to keep the same height, pressure, fluid and structural material
— flexibility in the design of test facilities, especially for the reduced-height facilities
- the flow regime and multi-D phenomena can be well preserved

— reduction in scaling distortions, such as those originated by structural heat loss
and pressure drops

Since the axial length is reduced, the time scale in the model is shifted in the two-
phase flow natural circulation loops, reduction in time

Adv: simulating slow transients, such as SBLOCA

Disadv: such as vapor generation and condensation that may be distorted
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Part-Il:
Jll Three-Level Scaling(cont’d)

Disadv.:

* Distortions due to

— reduction in scaling distortions, such as those originated by structural heat loss
and pressure drops

— difficulty in matching the local scaling criteria

* e.g., flow stagnation, reverse flow in individual tubes, critical heat flux (CHF)
and reflooding

— An optimal height scale but, no criteria on the minimum-height scales without
significant scaling distortions
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Part-Il:

Jll Top-down vs. Bottom-up Scaling

- Top-down scaling - Bottom-up scaling
— Based on conservation equations — Focus is on dominant
for a control volume — mass, mechanisms

momentum and energy

— Comprehensive groups of
similarity parameters

— Includes boundary and initial
conditions

— Time ratios for various
processes
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Part-II:
Il H2TS Scaling

« Developed by Zuber’s research team [13-15]
— scaling forbids exact similitude between the prototype and the test facility
« ability to rank processes according to their importance on the system

A hierarchical architecture of the system is generally accompanied with a spatial,
temporal, and energetic hierarchy

« Alower level in the hierarchy only transfers its average to the higher level since less
detailed information is needed at higher levels.

IDAHO NATIONAL LABORATORY



Part-Il:

Jlll H2TS Scaling (cont’d)

System
decomposition Flow chart of the H2TS scaling
l analysis method [6]

Scaling hierarchy
determination

<

v v

Top-down scaling analysis ‘ Bottom-up scaling analysis

v

Dimensionless numbers
and similarity criteria

Not meet
standard

caling distortion
evaluation

Meet
standard

Determination of design
parameters
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Part-Il:

Jlll H2TS Scaling (cont’d)

* The procedures of H2TS method are mainly composed of four stages.

(1) System breakdown: Separating the system into subsystems, modules,
constituents, phases, geometrical configurations, fields, and processes.

(2) Scale identification: Developing a hierarchy for characteristic volume fraction,
spatial scale, and temporal scale.

(3) Top-down scaling: Establishing a scaling hierarchy with conservation equations.
For each scale level, these equations are nondimensionalized to obtain characterized
time ratios and similarity criteria.

(4) Bottom-up scaling: Scaling analysis of key processes and phenomena to
achieve similar criteria for local phenomena.

Taken from:
Wang et al. (2021) [6]
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Part-Il:

Jlll H2TS scaling (cont’d)
Adv.:

« The top-down scaling is efficient, and the bottom-up scaling is sufficient
— Before scaling, PIRT studies identifies the important and complex phenomena
— Fluid properties and geometric parameters are the two main scaling factors

* Itis an effective way scaling-down the model test facilities

— H2TS scaling is used for the APEX facility, the most accurate geometric
representation of AP600's steam supply System

- developed by setting the characteristic time ratios
by sensibly selecting the geometry, fluid properties and operating conditions
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Part-Il:

Il Fractional Scaling

- Based on concept of fractional rates of - For any signal transfer process:
change:

— For energy, A;represents the length
required to change/dissipate energy
- Based on integral scaling

— Turnover time and turnover length
— Concept of ‘action’
- Scaling parameters expressed

* Two-time scales
— Clock time
— Process time constant,

in terms of energy and time - Three transmission modes
— Similar to control volume analysis — Diffusion
+ Spatial and temporal scales determined — Convection

from geometry and energy considerations — Wave Propagation

IDAHO NATIONAL LABORATORY




Part-1Il:

I Scaling: Natural Circulation Loop

STEAM GENERATOR
- Scaling of natural circulation " ’/
— Single phase and two phase | 7]
— rtant for LWR ident [ POSSIBLE
mpo ant ror accliaents PUMP : /TWU-PHASE REGION
— Small perturbation method —= 0 Loriiiilonss, oy
. = N ) AL
« Based on drift-flux model 7
. . . . REACTOR |¢
- Simplified balance equation (for single - _mﬂﬁﬂﬂ“é}ﬁuu PIN
phase) COMNER i
- Continuit ‘ i
ontinuity NON-BOILING ——{-[4-1 | 2, HEATED
- Momentum HEH e
' £nb
- Energy. U . T,
- Solid N |
° Fluid SINGLE PHASE REGION Slmpllfled LOFT
- Boundary conditions rrear TWO-PRASE REGON £4¢ility loop
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Part-1Il:

I Primary Loop Single-Phase (1-®) Natural Circulation (NC)
L |[Eouationsiand Variables' T |[Remanks T

A1. Governing Equations

1-D loop momentum balance equation N 02 N 1/fl )\ Primary mechanism of core heat
for 1-® natural circulation Z ( ) = Bgpi(Ty — T)Len —— Z [_ (_ ) ( C) ] removal during normal operation
=\ dt puac &4 |2 \dn % and certain accident scenarios
(Each term represents mass flux times
Ve|ocity or momentum rate of Change where the iSUbSCﬁptS refer to the ith Component and Lth is the thermal Provide a basic for Sca”ng
per unit area or force per unit area) center length. The core cross-sectional flow area, a, is used as the analysis of the IET
reference flow area
1-D energy equation for 1-® natural d(TM TC) Rate of change of thermal energy
circulation Clesys 7 pl (TH TC) — gs¢ — Qioss is equal.to the sum of heat
t generation and heat losses

(Each term in this equation has
dimensions of power) Rate of change of thermal energy = heat generation and heat losses
Loop time constant N N Used to nondimensionalized loop

Z ll z sys Msys momentum and energy

Tloop = — T; = = equations
=1 l =1 PiUcoQc

Taken from:
James E. O'Brien (2022) [16] IDAHO NATIONAL LABORATORY




Part-1Il:

I Primary Loop 1-® NC (cont’d)
I =

A2. Nondimensional Parameters [16]

Loop reference length number

Richardson number

Sys

N
I} = z — | where L., = ——
. lref a; =4 P1ac

_ ﬁg(TH o TC)oLth _ IBQQCoLth

2 3
Uco placcpluco
These two forms of Ri comes from an energy balance across the core

Aco = placucocpl(TH —T.) = mcocpl(TH —T¢)

Ri

gPBATL3 , ,
o BgATL, _ 2 _ Gr _ us _ us
u? (%)2 Re? u? uf,

)

For the reactor system natural circulation,

Uy = \/ﬁg(TH —Tc)Lep and u = uc,

Primary mechanism of core heat
removal during normal operation and
certain accident scenarios

Provide a basic for scaling analysis of
the IET

Richardson number (Ri) represents
the ratio of buoyancy forces to inertial
forces

Ri can also be expressed in terms of
the Grashof numbers (Gr) and
Reynolds number (Re)

Ri can be simplified to the square
ratio of characteristic velocity for
natural convection (u,) and local
velocity (u)
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Part-1Il:

llll Primary Loop 1-® NC (cont’d)
L |[Eouationsiand Variables' T |[Remanks T

A2. Nondimensional Parameters

Loop Resistance number N 2 Provides a solution for the
1 f [ a. steady-state core inlet velocity
My = E “(=+K) (=
im1 2 dh i a; o If the loop resistance number is

known, from calculation or
simulation, the core inlet velocity

For steady state momentum case
can be calculated as well as the

Ri =1Ilp = _B9acoltn_ Richardson number and the loop
Cpul -
P1aclpilco time constant.
Therefore, core inlet velocity Experimental validation could be
1/3 achieved through direct
= ,BQCoLthg measurement of the core inlet
co — velocity in the IET.
P1a:Cp gy
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Part-1Il:

llll Primary Loop 1-® NC (cont’d)
L |[Eouationsiand Variables' T |[Remanks T

A2. Nondimensional Parameters [16]

Loop energy ratio _
M. = (TH TC )0
T =
(TM _ TC )0
Steam generator transport number dsco Represents the ratio of the heat
HSG = transfer to the steam generator
Pr1lco acC l(TM — Tc)o to the core power heat input
p
Loop heat loss number Qioss o Represents the ratio of the other
I1; = : system heat losses to the core
0SS
PiUcodc Cpl (TM - Tc)o heating
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Part-1Il:

llll Primary Loop 1-® NC (cont’d)

The constituent energy equations can be nondimensionalized using the core inlet velocity as the reference velocity, core height as the reference length, core
temperature difference as the reference temperature difference, core flow area as the reference flow area, and the conduction thickness, 8, as the reference

thermal depth for the solid

Conduction thickness a. Defined as the ratio of the solid cross-sectional
5i = —L area of each section divided by the wetted
R, w perimeter
Hydraulic diameter a; Conduction thickness
dhi = 45i — definition is similar to the definition of hydraulic

diameter (flow cross sectional area divided by
wetted perimeter).
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Part-1Il:

llll Primary Loop 1-® NC (cont’d)
L |[Eouationsiand Variables T |[Remanks T

B1. Geometry-Level Governing Equations (for 1-® natural circulation )

Fluid energy equation for 1-® natural

circulation pC a_T +u aT — 4'hconv (T _ T)
p Jat 0z dh s

Solid energy equation for 1-® natural oT.

. . S 2 _ .
circulation pstsE + kSV Ts = ¢
Boundary condition oT

S

—kg E = heony(Ts —T)

Examines fluid-solid transient
heat transfer processes and the
associated scaling issues.

Consideration of this energy
transfer mechanism necessitates
the inclusion of an energy
equation for both the fluid (1-® or

2-®) and the solid.
Balancing between conductive

heat transfer in solid and
convective heat transfer in fluid
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Part-1Il:

llll Primary Loop 1-® NC (cont’d)
T [Erntiens =ndvanzbize | [Remers

B2. Geometry-Level Nondimensional Parameters (for 1-® natural circulation )

Modified Stanton number

4h l Reference velocity is the core inlet velocity
Sti — conv-o Reference length is the heated height of the
pCpucodh ; core
Conduction time number I
* aS (0]
i —\ 52
04U,
Biot number
. hconv6
Bi; = | ———
ks /.
Heat source number 1
_ dsto
Ps psuco o
The reference temperature rise 1 a Obtained from an energy balance across the
sto So core
AT, =
pcpuco Ao
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Part-lll:
I Primary Loop 1-® NC (cont’d)
~ CEquatonsandVariables  Remaks

C1. Similarity Criteria and Scale Ratios (for 1-® natural circulation )

Loop length scale ratio lp = (Ly)r = 1/6 Ratio, R (subscript) represents a model-
= d to-prototype (i.e., IET-to-SMR) ratio
Time constant scale ratio 1 M I . I Selected a value less than 1.0 to allow
7, R === Sys ref P14c _ [ ‘ref for more reasonable velocity ratios for
00p,R — o — — - _hei
2 Pilcolc R Pilcolc R Uco R reduced-height test loops
Fluid velocity scale ratio lref 1/6
uCO,R = = 1 2 = 1/3
Tloop R / R
For steady state natural circulation, requirements
To maintain kinematic similarity, a: The ratio of each component flow area
require geometric similarity in _t =1 to the core area should be the same in
terms of cross-sectional flow a. the model as in the prototype
areas R
ull transient buoyancy an J— eady-state natural circulation scaling
Full t ient b d RlR HFlR Steady-state natural circulati li

friction scaling adopted by can be applied

Full pressure testing with fluid L l matched temperature rise across the
property similitude Lh — ref core, and assuming that the minor
ugo R d h pressure losses and area ratios can be

R met by geometric similarity
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Part-1Il:

llll Primary Loop 1-® NC (cont’d)
[ |[Eaustions andVariables T [Remanks TR

C2. Similarity Criteria and Scale Ratios (for 1-® steady-state natural circulation ) [16]

Diameter, area, and - |
(dh)R = (ugo)R, (ai)R = (dizl)R Reference velocity is the core inlet

volume scale ratios velocity
(Vi)R — (aili)R Reference length is the heated height
of the core
Mass flow rate scale S
ratio mpg = (uco ac)R
Core power scale ratio L l Simplified form of the friction number
Ri, = BgAcolLen =11 _ [ ref scale ratio
R pa C u3 FLLR d
h
PR R 3 R Again, assuming fluid property
_(lrer AUz, similitude
qCO,R - L d
th / p h R
Power-to-Volume ratio (q /V')R
colVi
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Part-1Il:

llll Primary Loop 1-® NC (cont’d)
[ |[Eaustions andVariables T [Remanks TR

C2. Similarity Criteria and Scale Ratios (for 1-® steady-state natural circulation )

Richardson number

_ L Ri number ratio can be obtained from
ratio RiR — Lzh any of these two equations
uCO R
Ri. = .Bg Qeoltn
Pi1ac pluco R
Friction number ratio I Same as the Ri ratio, as required
ref
HFl,R - d The model should have a 50% higher
h /g friction number than the prototype

Can be achieved by adding resistance
elements (e.g., orifices)
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I Primary Loop 1-® NC (cont’d)
[ |[Eaustions anVariabies T Remarks

C3. Additional Energy Scale Ratios (for 1-® steady-state natural circulation )

Loop energy scale ratio (TH _T ) (TH _T ) R Indicates that the ratio of the temperature difference
ER — ¢Jo — ¢Jo, =1 across the core to the difference between the mixed
(TM — TC)O R (TM — TC)O,R mean system temperature and the core inlet temperature

remain fixed in the model

Also require, (TM — TC)O,R =1

Steam g(.anerator power indicates that the ratio of SG heat transfer to core power
scale ratio dsGo 1 should be the same in the IET and the SMR

qCO R

So, the ratios of the SG heat transfer and heat losses to

core power should be preserved in the model

dco Due to its inherently higher surface area-to-volume ratio,
R relative heat losses will tend to be larger in the IET

compared to the prototype, need thermal insulation and

guard heating

Heat loss scale ratio
Q1oss,0 —1

Fluid-Solid heat St

. =T = Bi._ = Q =1 St and Bi ratios involve heat transfer coefficient
transfer scale ratios 'R LR R SoR

Ti and Bi includes conduction thickness, which will not be
automatically matched in the IET
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llll Primary Loop 1-® NC (cont’d)
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C4. Additional Energy Scale Ratios (for 1-® steady-state natural circulation ) [16]

Tube Reynolds number ratio _ Meuber _ Mr/Neuver _
Retube,R - -

dtube,R B dtube,R
Primary side inside-tube Re

during normal operation can 4mtube,SMR _ 4mSMR /Ntubes,SMR

. Re =

be estimated for the SMR tube,SMR
from .un'dtube,SMR .un'dtube,SMR
Nusselt number ratio for R 0.8
heat transfer inside the SG N _ €tube,IET
tubes uSGtubes,R — R

etube,SMR
Tube inside-surface thermal —
resistance ratio and overall Rth,inside tubes,R — 1/ NuSGtubes,R
heat t f fficient

eat franster coetiicien Overall heat transfer coefficient ratio
1
USGtubes,R = —R
th,Tot,R
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Jll Summary and Path-Forward

General overview of scaling and similarity

Approaches or types
— Defining and overview
— Remarks

Scaling analysis for natural circulation loop for reactor system
— Single-phase flow and two-phase flow
« Governing equations and nondimensional parameters
« Geometry-level governing equations and nondimensional parameters
— Similarity criteria and scaling ratios
« Specified scale ratios Finalizing the scaling analysis

Scaling for nuclear IET and SET facility design
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