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THE ROLE OF SIMILITUDE IN THE DESIGN OF LMFBR
SAFETY-RELATED SIMULATION EXPERIMENTS

E. J. Chapyak and V. S. Starkovich

Energy Division
Los Alamos Scientific Laboratory
University of California
Los Alamos, NM 87545 USA

ABSTRACT

In this paper we examine the implications of scaling in
the design of simulation experiments for two major areas of fast
reactor safety research — the transition phase and postdisas-
scmbly energetics. Specific scaling requirements and compatible
experimental designs are formulated and compared with ongoing
programs having similar objectives. Suggestions are also out-
lined for future out-of-pile experimental research.

INTRODUCTION

A key feature of liquid metal fast breeder reactor (LMFBR) hypotheti-
cal core-disruptive accidents (HCDAs) is the extreme thermophysical en-
vironment generated during the postulated accident sequence. Because
these harsh environments usually can e generated only in-pile at con-
siderable expense, simulant matericls at modes* temperatures and pressures
are often used to model accident progressions. In this paper we develop
and apply a rationale for designing “optimum" simulant-material experi-
ments for LMFBR safety research in the areas of transition phase and post-
disassembly energetics.

BACKGROUND

Any simulation experiment that qualitatively exhibits phenomena simi-
lar to those present in an accident sequence can be useful in an anaiyti-
cal or numerical model if that model can be validated, verified, or have
parameters set by such an experiment. An extrapolation to prototypic con-
ditions (i.e., the hypothetical accident) can then be made with some
confidence. Frequently, however, the validity of models used in LMFBR
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accident analysis must be questioned because the physical conditions under
which the models were validated are significantly different than the
corresponding prototypic conditions.

This distinction can be quantified by the concept of similitude.
Briefly, a model experiment employing simulant materials is said to ex-
hibit similitude to the prototypic case if, and only if, the relative
magnitude is the same for all corresponding terms in the energy, momentum,
and mass-conservation equations and boundary conditions describing both
the accident sequence and the model experiment. A model experiment ex-
hibiting similitude thus ensures that the relative strength of all physi-
cal phenomena in the experiment will duplicate that i- the accident
sequence. The major adlvantages of such an experimen. ure:

(1) The experimental results can be used by themselves to infer the
behavior of the accident progression, and

(2) Analytical or numerical models validated by an experiment ex-
hibiting sirilitude gain credibility for accident analysis applications.

Unfortunately, it is usually impossible (except in the most simple
situations) to design an experiment that rigorously fulfills the re-
quirements of similitude. A more realistic goal is to insure that any
imbalances in the appropriate equations are relatively small (i.e., much
less than an order-of-magnitude discrepancy).

SCALING REQUIREMENTS

Scaiing requirements derived from considerations of similitude can be
obtained by examining all terms in the relevant equations and boundary
conditions, as listed in Table I. These equations describe multiphase,’
multicomponent, chemically inert flow past solid boundaries and as such
are applicable to both transition-phase dynamics and postdisassembly ener-
getics (assuming, of course, that terms modeling all phenomena of im-
portance have been included). For simplicity of notation, homogeneous
flow has been assumed.? Upon averaging these equations over flow area
(perpendicular to flow direction), we obtain more convenient forms for the
viscous stress terms involving the friction factor and Nusselt number. It
is assumed in the following that the Nusselt number and friction factor
can be expressed as functions of the time-dependent Reynolds numbers,
Prandtl numbers, concentrations, or other dimensionless scaling parameters
as developed in the next two sections.

TRANSITION-PHASE APPLICATIONS

Consider first the problem of designing a simulant-material experi-
ment for a transition-phase situation - that is, a situation where the
active-core geometry begins to differ from its original state. The
scaling requirements obtained from enforcing similitude suggest two sig-
nificant problems. First, an accurate simulation of sodium's



TABLE 1

Governing Equations.

Mass
ot
30 1 . .
=« -0 (fluid field)
x Zki
Momentum
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P+ ouj 5;; - ax, s + o8 (£fluid field)
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Eoergy
du, du, 3q.
3 L ou 2 wpda . A1 (f1uis field)
Pat * PY% ax, P 3z i) 9x. 9x.
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T, o' «— (uolid field)
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Boundary condition: contiguity of heat and mass transfer between fluid and
solid fields, where

¢ & r.n e;n‘rﬁ.n ®n °

¢ " Sen Tun * Lfn * € (T-T-n) ’
e'n e * Lvn - lnT (if liquid and vapor in equilibrium) ,
- cgnT (othervise) , and
P «=pIT RT/a
o gn 0 .
-1 P: ewT;/T (if liquid components immiscible) ,

%5ee Appendix for nomenclature.

phase-transition characteristics appears unattainatle; and second,
sodium's Prandtl number can be preserved only if other liquid metals are
employed as the sodium simulant. Such problems have p:ompted experi-
mentalists to divide the entire transition phase into the more easily
characterized areas of cladding relocation, fuel crust formation,> and
boiling pool experiments.

In some ~ladding-relocation experiments, a gas designed t. simulate
sodium vapor is blown vertically past a melting cladding simulant while
the relocation of the czadding is traced. Most evperiments have employed
argon and Wood's metal; 15 we have attempted to identify other simulants
that might better satisfy the requirement of simiiitude. Table II



presents the results of this study for three pairs of simulants. All
applicable scaling requirements derived from Table 1 are shown, along with
an indication of how closely the simulant pairs satisfy those require-
wments. The requirement for coolant thermal diffusivity is omitted because
diffusivity i. roughly proportional to kinematic viscosity for a gas.
Likewise, the requirement of equal ratios of specific heats for the sodium
vapor and its simulant has not been included because of the weak de-
pendence of this ratio on the particular simulant gas employed. Note that
phenomena associated with fuel-cladding interaction (e.g., wetting) are
not examined in this class of experiments.

Of the three simulant pairs, helium-lithium appears to most closely
satisfy similitude., Lithium is about a factor-of-two larger than the
ideal for cladding thermal conductivity; however, this is still quite good
compared to the other simulant pairs, where more than an order-of-
magnitude discrepancy is observed in several categories.

Boiling-pool LMFBR safety experiments have traditionally focused on
steady-state internally heate” boiling, where the principle concern is the
dispersive nature of the flow.’’’ Simple calculations suggest that if
heat transfer and certain viscous effects are unimportant, the Kutateladze
scaling parameter should be relaced to the flow-regime character.

Under these assumptions, any liquid could be used to determine the onset
of dispersive behavior. Although this paper does not specifically address
uranium dioxide/steel boiling-pool experiments, many of the scaling
requirements and simulant materials derived in the next section are also
applicable to these experiments.

POSTDISASSEMBLY ENERGETICS APPLICATIONS

The postdisassembly energetics problem begins with a highly disrupted
active core region consisting of a two-phase (liquid and gas) mixture of
uranium dioxide, steel, and perhaps gaseous sodium under high pressures
and temperatures. As this mixture expands and progresses through the
intact upper-core structure (UCS), the mixture tends to flash and interact
with the steel structure and any liquid sodium films that may be present.
Finally, the mixture interacts with the sodium pool above the UCS, driving
a liquid sodium slug against the containment vessel.

Simplified simulation experiments of this accident progression have
been carried out at both SRI International® and Purdue University,
where a single two-phase component (usually water) is allowed to flash
through a simulsted UCS. Because of the difficulty in simulating two-
phase sodium behavior, we restricted our attention to the case where only
gaseous sodium is present. Thus, the model experiment described here
could be identified better as an upper-core injection experiment, the
latter stages of the accident sequence (interaction with the sodium pool)
having been ignored temporarily.

In Table III we present the scaling requirements derived from en-
forcing similitude together with the degree that selected simulant materi-
als actually meet these requirements. With primary emphasis placed on the
vaporization characteristics of uranium dioxide (U07) and steel, the
best simulents we have identified are an n-propyl alcohol, ammonia, and



TABLE 11

Scaling Requirements for Cladding Relocation Experiments

Steel, | Prototypic Lithium, Woods Metel, WVater,
8odium| System Relium Argon Relium
Scaling Requirement® Descripticn Value Value Value Value
L ¢ Tag/Lg, . Ratio of internal steel to 5.0 4.4 1.1 3.4
latent energy
2. ey, Ratis of coolant gas to clad 4.4 4.0 b ] 4.0
internal energy
3. Re_aple,l/m Coolent vapor Reynolde nusber 250.1 92.0 27.7 133.2
’
b (g e Clad thermal diffusivity 1.3x10" s.2x10° 3.1x102 s.9x10°
5. @)y, Cled Reynolds mumber 7.2x10% 1.1x10° 1.6x10° 7.2210°
6. O /12, Clad surface tension 2.9x10"2 3.0x10”2 2om0 2 6eml
7. QID.VL“ Sete volumetric energy deposition q, Q0.1Q, Q=0.3Q, Q=0.2Q,
3. Yig Sets experimental length ecale tet, =142, £=0.2¢, 1,248,
9. %/VL“ Sete vapor . :locity ueSuep uc®1.26u,, um0.85ucp  ucml.llug,
10. P/ D Legg Sate pressure PP, P=0.12P, P=0.22P, P=0.18P,
11. ¢t/ Sets geometric similarity R R KA NA

SThe listed parsmeters chould ba the same under both model and prototypic conditions to preserve similitude. The
subscripte s anc c designate steel and coolant (eodium) respectively. The aubscript p stands for prototypic value.
All eceling requirements can b» made dimensionlees by aultiplying by suitable powers of the gravitational acceleration.



TABLE 111

Scaling Requirements for Postdisass.mbly Energetics Simulation Experimente®

U0, Propyl Alcohol, Ethlene Glycol,
Steel [ Prototypic Wi, L% Vater,
Na, System He, Re, Steel
Senlinggggqulre-entb Description Value Value Value Value
1. eyTe/L_, amscys Ratio of fuel internal to 12.5 3.8 %.9 18.0
vf latent energy
2. epTi/L__ G My Ratio of steel internal to  10.5 17.9 17.9 ™
ve latent energy
3. -./-f Ratio of steel to fuel 0.21 0.28 0.27 RA
solecular weight
8. wu.fug Ratio of coolant to fuel 0.09 0.07 0.0? NA
molecular weight
S. TeplTf Ratio of fuel melt to £ 05 0.03 0.04 0.06
vaporization tesperature
*
6. Toe/T, Ratio of steel melt to 0.03 0.07 0.07 MA
vaporization temperature
7. Peloglyg Ratio of static to dynamic 102-5x103 6x103 4x102 2x102
fuel pressures
8. PJ/o,Luy Ratio of static to dynsmic  1.8x102 1.3x102 1.3x102 "
steel pressures
9. Lyg/Lgs Ratio of latent fuel energies 6.1 9.0 [ W ) 6.8
10. Lo /Lg, Ratio of latent steel energies 27.7 4.1 4.1 RA
11. Lg/L g Ratio of fuel to steel lgtent 0.3 0.6 0.6 WA

energies



TABLE IIT (cont)

D0,, Propyl Alcohol, Ethlene Glycol,

Steel, | Prototypic WNH,, M, Water ,

Na, System Re, He, Steel
Scaling Requirementd rs=ription Vslue Value Valye Value
12. P, /P Ratio of steel to fuel 0.81 0.86 0.64 MA

density

13. Rep, 3 pgl gel/me Puel vapor leynoid- oumber 1.2z103 3,2x102 3.8x102 8.8x102
1. Regy, a prl gl/mg Stezl vipnr Reynolde mumber  8.0x102 3.0x102 &.3x102 7Y
15. Regy a (L)>/2/v, Puel liquid Reynolds nwmber  1.9x107 1.0x108 1.5x103 1.0x10?
15. Regp o (L,p)3/2/v Steel 1iquid Reynolde mumber :.Ix107 6.0x106 6.3x106 m
17, (Lyg)3/2/%, Fuel thermal diffusivity 1.6x10° 2.6x107 2.6x107 7.4x107
1% (L)Y 2/x, Steel thermal diffusivity 2.2x107 2.3x107 1.0x10? 2.2x197
19. og/o’ Puel surfuce tension 1.3x10-3 182103 6.8x10~ 1.6x10°3
20. o./ofl.jf Stezl surface tension 35.0x10-3 4.8x10°3 3.3x10°3 NA
21, epeT/L g Ssts temperature scsle T™T, T=0.08T, T=0.08T, T=0.1371,
22. P/pgLlyp Sets pressure scale L P=0.04P, P=0.047, P=0.130,
23. YLy Sets experimental scale =t :-o.up !.-o.u, ’Fl,
245, o/ Sets geometric similarity A WA RA RA

Sproperties of protypic materials were taken from "Properties for LMYBR Safety Analysie,™ ANL-CEN-RSD-76-1, March 1976.
Wominal values of all quantities were used except in Requirement 7 where an uacertainty band was emwployed.

Brhe 1isted parameters should be the same under both model and protypic conditions to preserve similitude. The
subscripte o, c, end f designate steel, coolant (sodiwz), and fuel (V0;) revpectively. The eubscript p stands for
prototypic value. All scaling requirements can be made dimensionless by multiplying by suitable powers of the
gravitational acceleration.



helium system, which is representative of U0, volatility near the high
end of its uncertainty band, and an ethlene glycol, ammonia, and helium
system, which is representative of U0, volatility near the low end of

its uncertainty band (note the large range of uncertainty for Requirement
7 in Table II1). Also listed in Table III is a water-steel system for
comparison with ongoing experimental vork.9110 None of the steel simu-
lants can model steel’s rather large ratio of vaporizaticn latent heat to
fusion latent heat (Reguirement 10). In addition, propyl alcohol's
melting point is lower than ammonia's, thus precluding the modeling cf
U0, freezing and crust formation with the propyl alcohol system.

However, the propyl alcohol system reasonably matches all other require-
ments, except for the liquid fuel Reyrolds number (Requirement 15), which
may not be important irn a flashing situation when the fuel vapor is
expected to dominate the frictional flow properties. The surface tension
and viscous properties of the ethlene glycol system are slightly poorer
than the propyl alcohol system. Note that it is possible to change the
length scale of the experiment by ignoring gravitational similitude
(Requirement 23) thus making the heat-transfer comparisons agree more
closely.

The water-steel system designed to fulfill the requirements of si-
militude in a pure U0y blowdown case would consizt of a roughly full-
scale system (Requirement 23) at reduced temperatures and pressures
(Requirements 21 and 22). Most scaling requirements are reasonably well
satisfied for this system., The fact that Requirement ! is =nct satisfied
implies that the vapor-pressure behavior of the system wiil be incorrect.
In particular, the initial pressures and temperatures given by Require-
ments 21 and 22 would have to be violated to reflect the actual behavior
of water.

The Purdue experiments in this area appear to be more in agreement
with similitude considerations than do the SRI experiments.9 However,
the modeling of the inertial effect of the sodium pool above the upper-
core t.ructure does not satisfy similitude in either the SRI or Purdue
studies, where water also was used to model the sodium pool. Here, si-
militude requires a much lighter fluid with a density around 125 kg/m3.

CONCLUSIONS AND RECOMMENDATIONS

Several recommendations can be made from this study. First, we be-
lieve that the feasibility of a helium-lithium system should be
investigated for cladding relocation experiments, particularly if heat
transfer and viscous effects are of interest., Problems could arise be-
cause of the difficulty in working with lithium and the size of the ex-
periment (1.6 times larger than prototypic length scale). However, the
helium-lithium system offers a substantial improvement over the argon-
Wood's metal system.

Postdisassembly simulation experiments could be designed to approxi-
mately satisfy similitude. In plac: of the flashing-water source used in
current fluid-dynamics experiments, a propyl alcohol source would be some-
vhat better at modeling phase-cransition phenomena. In addition, the



scale size required for a propyl alrohol exneriment is more than a factor-
of-two smaller than the scale size of the ( .rresponding water experiment,
wvhich is approximately full scale.

ACKNOWLEDGMENTS

This work was performed under the auspices of the United States

Department of Energy and the Nuclear Regulatory Commission.

9.

10.

REFERENCES

J. E. Boudreau and J. F. Jackson, "Recriticality Considerations in
LMFBR Accidents," Proc. Fast Reactor Safety Meeting, CONF-740401,
Beverly Hills, California April 2-4, 1974,

Scaling requirements pertaining to the process of diffusion (e.g.,
droplet growth) and heat/momentum transfer between phases or
components cannot be generated from these equations. However, no
esseutial loss of generality is incurre hecause the ratio of
kinematic viscosity to diffusivity is ap, oximately a constant for
gases, and heat/momentum transfe- betweer fields can be modeled in
terms of component Reynolds ard Prandtl numbers.

Fuel-crust formation . rneriments are not discussed in this paper.

Robert E. Henry, "Wood's Metal Cladding Relocation Experiments,"
Argonne National Laboratory report ANL/RAS 77-37 (May 1978).

T. G. Theofanous, "Clad Relocation Dynamics - The Physics and

Accident Evolution Implications,” Proc. Fast Reactor Safety Meeting,
CONF-761001, Chicago, Illinois October 5-8, 1976.

T. Ginsberg, "Observations of Flow Characteristics of Volume-Heated
Boiling Pools," Brookhaven National Laboratory report BNL:-NUREG-24270
(December 1977).

M. Farahat, "Experimental Simulation of Boiled Up Fuel Pools,"
Argonne Wational Laboratory report ANL/RAS 78-24 (June 1978).

H. K. Fauske, "The Importance of Dispersal and Fluidization in
Assessing Recriticality in LMFBR Core Disruptive Accidents,” Trans.
Am. Nuc. Soc. 22, 283-284 (June 1975).

D. W. Ploeger and D. J. Cagliostro, "Development and Characterization
of a Liquid-Vapor Bubble Source for Modeling HCDA Bubtles," Stanford
Research Institute Technical Report 2, Project PVU-3929 (March 1977).

T. G. Theofanous zad D. Christopher, "The Termination Phase of Core
DPisruptive Accidents in LMFBRs," School of Nuclear Engineering,
Purdue University report PNE-78-126 (February 1978).



F

~

-

2

)
8

-

2

Nomenclature uvsed

density of two~phase mixture
relocity of specific component
sysiem pressure

gravitational accelcration
heat-flux vecter

shear stress

total ecergy of the liquid and gas mixture
friction factor

radius of equivalent flow ares
Revnolds asmber

Russelt number

thermal conductivity
temperature

th otid

thermal diffusivity of the n
volumetric heat-generation rate
density of the nth solid

pn/p = density ratio between ath

pl.n
energy of the nth gaseous compogent

energy of aﬂ' liquid cosponent

i

APPENDIX

n scaling analysis of Table 1

[
Jn

€tn
T
an

I‘fn

gas component and mixture

/p = density ratio between nth liquid component and mixture

specific heat at constant volume of o't gaseous component

specific heat of nth: solid component

specific heat of oth liquid component

melting tempe=ature of ot" component solid

lerent heat of fusion of the nt" component

latent heat of vaporization of uth liquid component
l/-n = universal gas constent/molecular weight of n
fraction of total space occupied by vapor
vapor-pressure paraseter for nth cowponent
vapor-temperature parameter for oth component
surface tension

kinematic viscosity

arbitrary vertical-length scale

arbitrary radial-length scale

collision cross eection

th

component



