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Executive Summary

The god of this program was to develop innovative flow visudization methods and reliable
predictive techniques for the energy, mass, and momentum transfer in the presence of surface reactions
for the passvation treatment operations of spent nuclear fuel (SNF) dements. A generic SNF canigter,
to sore high- and medium-enriched fudls, was devel oped to serve as a common experimenta
configuration.

A unique flow visudization technique was developed to modd a reaction between the passivaing
oxygen gas and uranium hydrides found on corroded areas of wet-stored SNF elements. In the
experiments, hexanoic acid and sodium metal smulated the oxygen and uranium hydride respectively.
The hexanoic acid and sodium metd reacted to form hydrogen, the same by-product of the passivation
reaction. The hydrogen is buoyant compared to the surrounding fluid and therefore rises. To observe the
effects of the reaction on the flow field, dye wasinjected upstream of the sodium. The experiments
showed that the rising hydrogen behaved smilarly to buoyant plumes, such as those observed in open
fires or gases exiting a smokestack. The hydrogen entrained the surrounding fluid, introduced vel ocity
fluctuations and ingahilities into the flow, and enhanced fluid mixing. The entranment caused the dye
filaments to stretch and bend, and the buoyant hydrogen created counter-rotating vorticesin the flow
field that straddled the reaction site. While the hydrogen convected fluid away from the upstream
portion of the reaction Ste and created vortices, these same vortices convected surrounding fluid into
the downstream portion of the reaction. High resolution photographs contained in the report document
this behavior. It was determined that alocal surface reaction can affect the surrounding flow fidd.

Experiments were aso conducted with the INEEL Matched Index of Refraction facility to study the
overdl flow field of the generic SNF canister. The canister had a perforated basket support plate
through which an inlet pipe transported the passvating gases, and experiments were conducted on the
perforated support plates with 50, 8, and 4 percent open areas. With the 50 percent open area, the
flow was smilar to a submerged impinging jet, with formation of alarge vortex and entranment and
recirculation through the holes of the plate. With the 4 and 8 percent open area plates, recirculation
regions arose downstream of the plate, and two main recirculation zones formed upstream of the plate.
Flow did not reenter the inlet plenum through the smadler open area plates as it did with the 50 percent
open area plate. The flow with the smaller holes in the support plate was smilar to a confined impinging
jet.

Ve ocity and turbulence measurements included the mean distributions of redid and axid
components and their root-mean-squared fluctuations. The rms radia velocity fluctuations were
consderably larger than the rms axid fluctuations. Large vaues of the radid fluctuations were observed
inthe wal jet, and moderate values were observed in its wake. Moderate to high vaues aso appear
near the perforated support plate in the region directly affected by the recirculating eddy. Loca turbulent
intensities were observed to be on the order of 100 percent or greater. The results show thet flow in the
plenum region of the canister upstream of the perforated support plateis sengtive to the inlet flow
congderations. Downstream of the plate, the flow rdlaminarizes as it flows axidly over the SNF
elements. It is clear that despite the conceptua smplicity of the canister design, the overal flow pattern
within the canister is very complex. An uneven flow digtribution near the surface of the dements may
lead to uneven passivation trestment of the dements.



Various numericd models were devel oped to analyze the complex nature of flow in the SNF
canisters. Two- and three-dimensional models were devel oped to assess different flow features.
The general-purpose code provided adequate results for the simulation of the low Re pipe flow.
Agreement between the measured and predicted results was adequate, but refinements to the model
could lead to improved comparisons. Modeling results that depended on inlet flow conditions to
the plenum were found to be very sensitive to the assumptions made to the inlet pipe flow
conditions. The sdlection of inlet boundary conditionsisimportant to accurately predict turbulent
flow conditions for these complex geometries. The modeling results are very sensitive to the type
of turbulence model used for the simulations. Extremely large variationsin the flowfield were
noted for the different models. The most realistic results were obtained with alow Reynolds
number turbulence model with accurate upwinding schemes. Low-order upwinding schemes and
poor assumptions for the inlet flow profiles lead to drastic changesin the results.

It is necessary to include the details of the holes in the plate within the numerical moddl. It may
be possible to develop a“porous plate’” model for disperse holes, but model limitations may make it
difficult to accurately model awide range of design options. For example, if such amodel
impeded re-entrant flow into the plenum region, such alimitation may not detect situations where
such flow truly exists. If aporous plate model were developed it would have to be developed with
care to insure the appropriate physics are properly considered. Numerical convergenceis dow for
the three-dimensional flow fields modeled. The order of magnitude changes in the velocity field
across the computational domain make it difficult to obtain fast convergence. As the next
generation of computing platformsis developed, it will be easier to include the necessary details to
analyze the details of the flowfield. More uniform flow up past the fuel elements will be obtained
through the use of a plate that restricts the flow and does not alow it to re-enter the plenum region.
Detailed analyses and testing would have to be conducted to truly assess the uniform characteristic
of the flow.
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Nomenclature

function of

cross-sectiona area

tube diameter

hydraulic diameter, 4 A/ P

frequency

acceleration of gravity

units conversion factor, e.g., 1 kg m /(N ), 32.174 (Ibm/Ibf)/(ft/sec?), etc.
spacing between surfaces

turbulent kinetic energy

length

mass flow rate

wetted perimeter

pressure

pitch

radial coordinate; r, canister wall radius
canister wall radius

gpacing from jet inlet to impingement plate
absol ute temperature

thickness

time-mean axial velocity component

rms axial velocity fluctuation
friction velocity, (g, tw/ I w)"”

time-mean radial velocity component (also Uy)
bulk or mixed-mean velocity

radial velocity fluctuation

rmsradia velocity fluctuation

local circumferential velocity component
time-mean circumferentia velocity component

axia coordinate



y coordinate perpendicular to thewall; aso horizontal distance from centerlinein
experiment

z vertical location in experiment

Non-dimensional guantities

K,  streamwise pressure gradient, (n/(r ut3)) g dp/dx

K acceleration parameter, (n/V p2)(dV p/dx)

L* length, L/(ry Re)

Re Reynolds number, 4 m /P D mfor tube; Rep h, based on hydraulic diameter,

VpDH/nN
St Strouha number, e.g., fD/U
u’ streamwise velocity component, U/ut

X axial distance, x/(ry Re)

y wall distance coordinate, y (getw / T w)Y2/ nw

Greek symbals

a coefficient of therma expansion

e dissipation of turbulence kinetic energy
g intermittency

I wave length

m absolute viscosity

n kinematic viscosity, nir
r density

t shear stress

t wall shear stress



Subscripts

b evaluated at bulk or mixed-mean temperature
centerline
hole

in inlet

w wall, evduated at wal temperature

vi



1. INTRODUCTION

The god of this research program was to develop reliable predictive techniques for the energy, mass
(including chemicd reactions) and momentum transfer in drying, passivation and transfer operations of
Spent Nuclear Fuel (SNF) from wet to dry storage. Such techniques were needed to assist in design
of transfer and storage systems, prediction of the performance of existing and proposed systems
and safety evaluation of systems as necessary at later dates. The goal of the present project was to
provide the scientific knowledge required to develop numerical predictive methods treating the key
flow phenomenain generic smulations of drying and passivation problemsin Environmental
Management. The objective of the tasks was to obtain fundamental measurements of the basic
velocity and turbulence fields in generic idealizations of flow processes in SNF canisters during
transfer and/or storage. These operating conditions give typically low Reynolds number flows.

A wide variety of fuel element geometries are accommodated in the storage of spent nuclear
fuel. The fuel may have high-, medium- or low-enrichment so criticality considerations affect the
number of fuel elements that can be stored in asingle fuel basket or canister. Typicaly, only afew
high- or medium-enriched elements can be stored in one basket whereas fuel elements with low-
enrichment can be packed densely, approaching the appearance of arrays in a shell-and-tube heat
exchanger. Element shapes may be circular rods, annuli, plates, squares, trapezoids, hexagons, etc.
(Figure 1). Proposed canister sizes range from 14 to 24 inches (36 to 60 cm) with lengths of ten to
fourteen feet (3-4 m). Typically, elements or assemblies are placed in baskets for dry storage, with
drain holes in the basket support plates at the bottom. The hole pattern gives an open arearatio of
three to nine percent, depending on the design. The number of baskets vertically in a canister
depends on the lengths of the fuel elements being stored. Consequently, there is no one generic
fuel element/assembly and no single generic fuel storage configuration.

One can, however, identify generic flow phenomena and paths. For example, in a passivation
and/or drying system once suggested with flow arranged to pass from one end of a canister to the
other (asin one earlier Hanford concept), the sequential flow paths would be: (1) Inlet downflow
through atube; (2) an impinging jet, spreading radially in a semi-confined region (formed between
the bottom of the canister and the bottom support plate of the basket); (3) flow through a perforated

Figure 1. Examplesof fuel elements considered for storage in SNF canisters.



plate, which is the bottom portion of the support basket; (4) vertica parallel flow paths around and
between the fuel e ements/assemblies; and (5) contraction into an exit.

The passivation and/or drying of the fuel is accomplished by convective mass transfer from the
gas flow through and around the fuel elements. Distribution (or maldistribution) is determined by
the relative flow resistances of al the paths. While this concept apparently has not been selected for
application, it provides an excellent example of the coupled, complex phenomenawhich may be
present in canister flows.

For effective passivation of potential pyrophoric reactions, adesign aim would be to control
and distribute evenly, high mass transfer rates to the fuel elements. These rates will depend on the
flow pattern and turbulence levelsin the vicinity of the elements. As noted in Figure 2, the fluid
mechanic design for optimizing this process leads to a sequence of questions concerning the
turbulence levels and flow patterns from the reacting surface to the inlet flow. In order to solve
these questions several fundamental flow features are involved. First, one needs to determine the
fluctuating velocity components in low Reynolds number turbulent or transitioning flow in a tube.
Then, the turbulent transport and possible laminarization of a semi-enclosed impinging jet flow
must be investigated. Finally, low Reynolds number flow through an array of holes (the basket
support plates), and the decay of turbulence around an array of fuel elements must be known.

These features can be considered to be the generic flow phenomena of interest in the fluid
physics of SNF transfer and storage. Despite extensive literature on impinging jets and flowsin
arrays, fundamental measurements of these phenomena at the conditions appropriate for some
proposed SNF applications are meager to non-existent.

Airmn Tor :IF-E|||I:'.."J1I:":-:'| =2 fﬁe’:.‘.‘.‘.‘b.‘:’: pradiction nrlj mass transfer botween the Muid and elemonts

Fundamental fluid physics questions evolving

Effects of turbulence on mass (heat) transfer in an array of
alements? Streamwise pressure gradient? Crossflow?

\ 4

Decay of turbulence in flow through an array of elements ?

b

What are characteristics of turbulence {and velocity fiekd)
enlering the array? = leaving a pattern of multiple holes?

&

Effects of flow through multiple holes on turbulence and velocity fields?

What are turbulence and velocity fields approaching the holes?

$

Decay of turbulence and velocity in a semi-confined low-Reynolds-number turbulent impinging jet?

Eﬂém of inﬁm-.r turbulence -un behavior of tﬁe iin pinging j&?

¥

Turbulence distribution from low-Reynolds-number turbulent low in a circular tube?
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Figure 2. Identification of fundamental questions and flow phenomenain the fluid physics
of SNF canisters.



2. GENERIC FUEL CANISTER

Although thereis no single spent fuel storage configuration, one can identify generic flow
phenomena and paths. Our research group developed a generic idealization of a combined drying
and passivation (surface oxidation) approach, representing a section of avertical cylindrical
canister containing baskets of SNF elements. This ssimulation includes flow phenomena that occur
in canigters for high-enrichment and medium-enrichment fuels, where fuel element spacing in the
canister isincreased as compared with low enrichment fuel. A steady flow of helium plus oxygen
passivation gasis introduced at the bottom of the canister viaa centra tube from the top. Fluid
spreads radially near the (circular) bottom canister wall and then flows through an array of holesin
the perforated basket support plate. Fluid then flows around the elements and out the top.
Dimensions and flow rates for the idealized situation are within the ranges for typical drying
canisters. Approximate calculations have identified the ranges of values of flow parameters needed
to determine the flow regimes occurring in practice.

Thisis an idealized description that has been devel oped for a geometry which induces the
generic flow phenomena expected in typical SNF canisters, with provision for inflow to smulate
purge gas flow, including an oxidizing component for passivation of uranium hydride surfaces.
Initial models correspond to sparse loading of smulated elements as for highly- and moderately-
enriched fuels. A perforated plate is employed to ssmulate characteristics of flow through the
support plates of basketsin canisters. The idedlization (Figure 3) was chosen to have a canister
diameter of 18 inches (46 cm) and a basket length of about four feet (1.3 m). A long "dip tube" of
oneinch diameter (2.5 cm) serves asthe inlet for the drying/passivation gas. It is recognized that
current canisters may not have this configuration but comparable passages for circulation have
been suggested in some proposed designs. Consequently, comparable generic phenomena could be
expected to occur. Suggested design flow rates for the earlier hypothesized application indicate that
the Reynolds number in the inlet tube would be expected to be between 2500 and 5000, i.e.,
relatively low. The distance between the basket support plate and the bottom of the canister was
taken to be two inlet diameters (2 in. or 5 cm). For convenience in physical and numerical
modeling, while retaining the key flow phenomena, symmetry and circumferentia periodicity were
employed to the extent possible.

18" 1D Section AA

Stainless,

35"
Steel Cylindrical
Canister SNF Element
@
) '

Main Chamb

5-0
Element Support

(Porous Plate) _\

Inlet Plenum ~

NS
— A b
2 Inlet Pipe DiametersJ

Figure 3. Schematic diagram of idealized SNF canister for study of generic flow processes
occurring in drying and/or passivation.



For thisidedization, at Re = 2500 the governing nondimensiona parameters would be given

approximately as shown in Table 1.

Table 1. Nondimensional parameters for the generic SNF canister.

Inlet circular tube

Re » 2500; L/D » 80

Axisymmetric impinging jet

Re_ » 2500; /D » 2; H/D » 2, R/D » 6

Perforated bottom support plate

Ithole » 40-160’ ph/Dhole » 4’ t/Dhole » 1

Array of fuel elements

R€, a0 » 70; LID, » 6; p/Dy e » 2
Lt » 0.4; “Equivalent” K, » 0.02; K_» - 0.11

Scientific needs

As noted, despite the wide range of previous work on individual fluid physics phenomena
occurring in these generic problems, a number of scientific needs remain. These needs lead to the
objectives and tasks being addressed in the present project. New fundamental experimental

measurements needed include;

Determination of the decay of turbulent fluctuations in the outflow of alow-Reynolds-number

impinging jet along a semi-confined wall

Determination of the decay of turbulence (relaminarization) in flow around arod bundle

Determination of the overall flow pattern and time-resolved distributions of mean velocity
components and turbulent fluctuations from the central inlet tube through the vessel

Determination of typical paths of (smulated) oxidizing molecules from introduction until

interaction with a surface

Engineering needs

To develop useful, reliable predictive techniques for describing flow and turbulence fields plus
related heat and mass transfer in applications to SNF canistersin generd,

Computer codes available or proposed to address heat and mass transfer in SNF canisters must
be assessed by comparison to careful measurements -- at the (non-dimensional) conditions of
the applications -- of the fundamental phenomena described above.

Suitable computer codes must be improved or developed to treat successfully any significant
discrepancies observed in the comparisons, using the fundamental measurements for guidance.

Resulting computer codes or supporting subroutines must be verified by successful comparison
to benchmark measurements at conditions corresponding to the ranges of parametersin the

applications.




3.FLOW IN A MODEL SNF PASSIVATION CANISTER
Experimental Setup

Figure 3 from the previous section is a schematic drawing of the generic SNF passivation
canister synthesized from various existing designs and passivation geometries. The purpose of this
canister isto passivate up to four SNF elements. The SNF elements are placed in the main chamber
supported by a porous support plate positioned approximately 2 inlet pipe diameters above the
bottom of the canister. The SNF elements are spaced 90° apart on the support plate and 5 inches
from the centerline of the canister. This design provides for both the drying and passivation of SNF
elements.

One strategy to passivate the fuel rodsis to inject a gas of 98% helium and 2% oxygen into the
canister viathe inlet pipe at a Reynolds number of about 2,500. This gas would then exit the inlet
pipe at the bottom of the porous support plate and impinge on the bottom plate of the canister. The
passivation gas would then spread within the inlet plenum and eventually flow through the porous
support plate and into the main chamber. Once the passivation gas enters the main chamber it
would flow along the SNF elements and passivate any corroded areas.

How visudization experiments were conducted with a¥scde modd of this generic desgn. Figure
4 isaschematic drawing of the model SNF canister with model SNF eements used for this research.

The modd canigter, inlet tubes and exhaust tube were congtructed from clear acrylic. The modd
canister was divided into two sections: alower section consisting of the cylinder below the porous
support plate, and an upper section consigting of the cylinder above the porous support plate. The
porous support plate was constructed from adisk of 1/8” thick white PVC plagtic. This plate was
drilled in the center with a 3/8” hole for the inlet tube and with a square matrix of 1/16” holes spaced

Flow Inlet

1"pPvC

Fipe Tee Flow Outlet

3/4" Dia (ID) Acrylic Tube

,-.\u\ 8"x8"x1/2" Lexan
718'x12" | 7 (Top and Bottom)
White PVC [ ~~J] B
Rods (4) - 1/8" All Thread
1 /_ 1/4" Dia (ID) Acrylic Tube
H 5
f 45" Dia (/D)
/ Acrylic Cylinder
. i / (Watertight Seals
B H Ps Top and Bottom)
H 4.75" Dia
H White PVC Plate
1/8" Drain ] N (Watertight Seal At
Tube ' Junction With
Cylinder Walls)
{2 Inlet Pipe Dia
41 = = T

Figure 4. Schematic drawing of a model generic SNF passivation canister.
Y4 gpart to achieve approximately 4% porosity. The model € ements were made from solid white PVC



plagtic cylinders and the top and bottom plates were made of clear Lexana . A meta soda pop
dispensing cylinder was modified to perform as a pressure vessal. The pressure vessd was fitted with
Swagdloka tube fittings and connected to a compressed air supply with meta tubing.

The pressure vessd air supply was routed through a precison control valve and to a vent aso fitted
with a control vave. The pressure vessel was connected to a Heise 15-ps pressure gauge. Water was
pumped by a Masterflexd  Console Drive pump with Easy-Loada pump head via neoprene tubing
from the water supply to the pressure vessd and then to the inlet tube on the top of the modd cylinder.
A Swageloka reducing union tee was inserted at a high point dong this tube in which a hypodermic
needle was inserted for dyeinjection. The inlet/exhaust valve was made froma 1’ PVC pipetee. The
inlet pipe was secured in the vave (tee) with a1/4” Swageloca tubefitting and a PV C pipe plug. The
exhaust tube was glued into the pipe tee with acrylic cement. A 42" Parker O-Ring Sed was
compressed into a groove cut into both the top and bottom Lexan plate and asmilar sed was
compressed between the upper and lower cylinders to hold the porous support plate in position and
provide watertight operation. The entire apparatus was secured with 1/8” al thread bolts. Finaly, a
small 1/4” acrylic tube was attached to the bottom of the cylinder (lower section) to purge air bubbles
and to provide adrain. Theinlet tube was connected to the pressure vessdl by ¥4 1D neoprene tubing
and Swageloka tubefittings. A 1" neoprene tube was used to extend the exhaust tube to adrain.

Figure 5 is a photograph of the experimental apparatus. In atypical experiment, water is piped
from the building water supply into an open supply tank (not shown in picture but located
just to the left of the pumps). The open supply tank alows the water to reach thermal equilibrium
with the laboratory environment and allows the air bubbles normally entrained in the supply water
to escape through the free surface. This water is then pumped from the supply tank via neoprene

Figure 5. Photograph of the SNF canister flow visualization apparatus.

tubing and a console drive pump to the pressure vessel. The pressure vessel was fitted with a clear
plastic tube that provided a visual indication of the water level and pressurized with compressed air



to maintain the water level at a constant level. The air pressure pushes the water out of the pressure
vessel viaan outlet tube that extends nearly to the bottom of the pressure vessal. The water then
flows through neoprene tubing to the model canister flow inlet, through the model canister and
through the flow outlet. Water from the flow outlet is piped directly to a drain and discarded.

The volume flow rate of water into the canister is controlled by varying the flow rate (rpm) of
the water supply pump and the air pressure in the pressure vessal. The flow rate establishes the
amount of water flowing into the pressure vessel and the air pressure maintained in the pressure
vessel keeps the water level inside the pressure vessel at a constant level and dampens out pressure
pulses caused by the pump head. Thus, the flow rate out of the pressure vessel and into the model
canister can be maintained at a constant, steady state value. With standard viscosity and density
information, the flow rate established by the pump and pressure vessel, and the dimensions of the
inlet pipe (inside diameter), the Reynolds number of theinlet flow is calculated. Additionally, by
using air pressure to maintain the water level inside the pressure vessel at a constant level, only the
pressure indicated on the pressure gauge could be used to establish the inlet flow Reynolds
number. With this system, inlet tube Reynolds numbers from less than 100 to approximately
12,500 were attainable.

Air bubbles inside the model cylinder presented a major problem in these experiments. Air
bubbles would frequently attach to the cylinder walls and accumulate under the porous support
plate. This problem was reduced by flushing the cylinder with a solution of soap and water before
each experiment and by slowly injecting the initial charge of water into the cylinder while it was
tilted at a steep angle and oriented so that the drain tube was on top. The soapy water appeared to
coat the insde walls of the cylinder with athin film that prevented air bubbles from adhering to the
inside of the cylinder. Also, the dow initial water charge allowed the air bubbles that accumulated
under the porous support plate to escape through the drain tube.

Experimental Procedures

For each experiment the model canister was cleaned and flushed with soapy water to prevent
the buildup of air bubblesinside the canister. The apparatus was then thoroughly rinsed to remove
all soap and soap residue and slowly charged with water from the pressure vessel. Colored poster
board was placed behind the apparatus and 65W flood lamps provided indirect lighting. Once the
flow was established at the prescribed flow rate (Reynolds number), 1-2 ml of blue propylene
glycol dye (food coloring) was injected into the water stream well upstream of the inlet tube. The
dye was observed asiit flowed through the inlet tube, impinged on the bottom plate, flowed
through the porous support plate and, finaly, circulated through the main chamber and into the
flow outlet tubing. A 35mm SLR camera with motor drive and a CCD color video camera were
used to record pictures of the flow.

Experimental Results

Figure 6 is a sequence of six photographs that describe the flow from the inlet pipe into the
main chamber of the model canister. The photographs were taken from a position directly in front
of the canister and dightly above the plane of the porous support plate. Thefirst picturein the
sequence shows flow in the inlet pipe as it approaches the inlet plenum. The characteristic
parabolic shape of the boundary layer inside the inlet pipe is distinguishable and establishes that
thisflow isfully developed. The next shot shows the flow just after it enters the inlet plenum and



begins to impinge on the bottom plate. This photograph describes how the inlet flow impacts on
the bottom plate and beginsto flow radially along the bottom of the canister toward the outer walls.
Continuing on in the next picture, the flow spreads throughout the inlet plenum and beginsto
develop counter rotational vortices characteristic of confined, submerged impinging jets on aflat,
semi-infinite plate (Fitzgerald and Garimella, 1988).

At this paint in the injection process, the flow is just about to pass through the porous support plate
and enter the main chamber of the canister. Because of the perforated plate, this geometry has been

!

Figure 6. Flow visualization of semi-confined impinging jet, and subsequent flow through
perforated plate and into main treatment chamber. Pictures are take at arate of three
frames per second.

cdled a semi-confined, submerged impinging jet.



The picture on the bottom left shows the flow asit just begins to flow through the porous support
plate. Note that the flow that emerges above the porous support plate is non-uniform and unevenly
digtributed. The next picture in sequence shows the flow asit continues to passinto the main chamber
and confirms the uneven, nonuniform nature of theinitid flow into the main chamber. Thefind picture
shows the flow in the main chamber severa seconds after passing through the perforated support plate.
Asthisflow continues into the main chamber the flow veocity is dramaticaly reduced because of the
much larger volumein the main chamber. Viscous effects begin to dominate this stage of the flow
causing the flow ingtabilities observed earlier to dampen out, dlowing the flow to rdlaminarize as it
moves upward. The relaminarization phenomena a this point in the flow isimportant because this
establishes that the flow in the main chamber can be modded in the laminar flow regime.

Figure 7 isa series of photographs showing the flow as it emerges through the porous support plate
a an inlet pipe Reynolds number of approximately 2500. The photographs were taken from a position
directly above the modd canister and are looking down through clear water toward the bottom of the
main chamber. The white PV C plastic porous support plate with the square matrix of holes can be seen
on the bottom of the canigter. The narrow inlet tube is visble in the center and the two somewhat larger
modd SNF dements are visble just to the left and right of center.

Thefirst figure in the sequence shows the flow after it has entered the inlet plenum and just
before it begins to pass through the perforated support plate. The next picture shows the flow as it
begins passing through the porous support plate. This photograph clearly shows how the flow first
emerges in the area between the model SNF elements at a distance of about 70% of the canister
radius. The following picture shows the flow asit continues to pass through the porous support
plate in the area between the model SNF elements and also begins to flow through the other areas
of the porous support plate. Fluid can be observed emerging in the areainboard of the model SNF
elements aswell asin the arearadially outboard of the model SNF el ements. Close ingpection of
the flow plumes arising from the porous support plate give the first indication of flow non-
uniformities in this section of the model canister. The last three pictures describe how the flow into
the main chamber continues to be dominated by flow in the area between the model SNF elements
and the continuing uneven, non-uniform flow that developsin this lower section of the canister.

Figure 8 is a sequence of photographs showing the inlet flow as it emerges through the porous
support plate at various Reynolds numbers. The photographs were taken from a position directly above
the modd canister and are again looking down through clear water toward the bottom of the main
chamber. In these photographs a portion of the white PV C porous plate with its square matrix of holes
isvishle on the bottom of the main chamber with the model SNF e ements appear as large, dark,
circular shadows at |eft center. The larger, dark shadow at right center is the inlet/exhaust vave a the
top of the model canister. These shadows are due to the camera position. For these photographs, the
camera was mounted dmost directly above the modd SNF elements and therefore the large vave
located on the top of the canister obscured a portion of the main chamber.



Figure 7. Top view of flow through the perforated plate at ainlet Reynolds number of Re
= 2500. Pictures are take at arate of three frames per second.

The photographs clearly describe theinlet flow as it emerges through the holes in the porous
support plate. Note that at low Reynolds number (Re = 2500) the flow emerges from the porous
support plate in an area generally between the model SNF elements and at a distance of about 70%
of the radius from the center of the plate exactly like that observed in Figure 5. The remaining
photographs describe how the area where the flow first emerges from the porous support plate
moves radially outward as the Reynolds number increases.

The phenomenon described in this series of photographs isimportant because of its relationship to
the overal misson of SNIF passvation. Observations indicate that introducing flows into the plenum
chamber a higher inlet Reynolds numbers introduces additiond ingtabilitiesinto the lower region of the
main canister and increases the tendency for non-uniform flow in the main chamber.
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Figure 8. Flow as it begins to pass through the perforated plate at various Reynolds
numbers. The flow in the upper left hand corner is at Re = 2500, and in sequence, the
Reynolds numbers are at 5000, 7500, 10,000, and 12,500 respectively.
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Fow into amodd SNFF passivation canigter exitstheinlet pipe at the porous support plate, impinges
on the bottom plate of the canister and flows radialy outward, being roughly uniform about the
centerline. Two counter rotating, torodid vortices form in the inlet plenum: one at a distance of about
70% of the radius, the second near the outside wall. The inner vortex causes non-uniform and uneven
flow to be pushed through the porous support plate at a distance of about 70% of the radius of the
caniger, generaly in the area between the moddl SNF dements. Severa nonuniform, dow, upward
moving vortices develop in the main chamber just above the porous support plate. As this non-uniform,
uneven flow continues to migrate upward into the main chamber, the change in volume dows the flow
where viscous effects begin to dominate and many of the flow ingtabilities are dampened out. Flow
aong the model SNF dements gppears to relaminarize and flow evenly toward the exhaust tube. Higher
Reynolds number flow introduces additiond ingtabilitiesin theinlet flow and could cause the flow in the
main chamber to remain unstable and non-uniform for alonger time as it migrates upward into the main
chamber before being dampened out by viscous effects. The rlaminarization of flow in the main
chamber by lower Reynolds number inlet flows establishes that the surface reaction phenomena that
occurs on acylindrica surfacein a SNF passivation canister can be adequately modeled and examined
using aflat plate in the laminar flow regime. Additiona results and description can be found in Mcllroy
[2000].
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4. FLOW OVER A FLAT PLATE WITH A SURFACE REACTION
Experimental Setup

Figure 9 is a schematic drawing of the surface reaction flow apparatus which was designed and built
to support this research.

Dye

Injection Main Channel
/ Device Test Section \
! =
f Recovery Plenum
~<—— Inlet Plenum
Reticul ated Polyether
Foam Screen Supply
Tank
Main I
Circulation
Pump Control Valve

Figure 9. Schematic Drawing of Surface Reaction Flow Apparatus

Theinlet plenum, main channel, recovery plenum and dye injection device were constructed
from clear ¥%" acrylic and joined together with Weld-On No. 4 Clear, Water Thin, Moderately Fast
Curing Solvent Cement. These main components were mounted on legs made of 17 acrylic rods
and fitted with adjustable feet so that the apparatus could be leveled. The lower section of the inlet
plenum was packed tightly with Reticulated Polyether Foam. A 21-liter acrylic container was used
asthe supply tank. A 7 gallon per minute (gpm) variable speed, centrifugal drive micropump was
used as the main circulation pump. The main apparatus was connected to the supply tank by 1"
stainless steel piping and %2’ neoprene tubing with Swageloka fittings and Masterflexa tubing
connectors. A large lever-action ball valve controlled flow to the supply tank in the 1" stainless
steel piping and asmaller lever action ball valve controlled flow to the supply tank in the neoprene
tubing. The pump was connected to the supply tank and inlet plenum by %2’ neoprene tubing,
Swageloka fittings and Masterflexd tubing connectors. The dye injection device consisted of a
bridge, injector support, connection tubing and injector. The bridge was constructed of 1" clear
acrylic. The injector support was constructed of ¥2” and 1/8” clear acrylic and the connection
tubing was constructed from a4’ (OD) rigid acrylic tube. The injector was constructed from a 2”
long 0.0512" diameter metal tube drilled aong the centerline with 8 holes 0.0135” in diameter
(N0.80 drill) approximately 0.2" apart. The bottom (end) of the injector tube below the lowest
injection hole was sealed with liquid metal. The injector was joined to the connection tube by an
18-gauge veterinary needle base. The connection tube was connected to the dye supply with ¥4’
(ID) clear No. 16 Tygona Tubing. A 0-100 rpm Masterflexd L/S variable speed console drive

13



pump with Easyloada roller pump head was used as the dye injection pump. A GralLab Model
451 Electronic Timer/Intervalometer was used to pulse the dye injection pump thus ensuring a
small, accurate and consistent volume of dye was injected into the main solution flow. The test
sectionwas a3’ x 6" x ¥4 aluminum plate. The plate was tapered to a point on the leading edge
and a2’ x 2’ x 1/8” cavity was machined along the long axis of the plate, centered along both the
length and width of the plate. The test section cavity was filled with pure sodium metal by pressing
asmall amount of sodium into the cavity and then trimming the sodium so that it was even with the
top of the plate and smooth. The test section with embedded sodium is stored in mineral oil
between experiments for safety.

The flow solution consisted of a mixture by volume of 80% minera oil and 20% hexanoic
acid. Hexanoic acid (C,;H,,COOH) is soluble in mineral oil and reacts well with sodium. As the
solution of mineral oil and hexanoic acid flow over the sodium in the test section, the acid in the
flow solution reacts with the sodium in the test section. This reaction produces a hexanoic salt
(C.,H,,COONa) on the surface of the sodium and rel eases hydrogen bubblesinto the flow. The

chemical equation for thisreaction is,
C,H,,COOH + Na® CH,,COONa+*H,

The injection fluid consisted of a similar mixture by volume of mineral oil, hexanoic acid and
Sudan Black B high purity biological stain. The density of the injection fluid was carefully
matched to the density of the main flow solution by adding the necessary volume of hexanoic acid
to 150 milliliters of minera oil and 1 gram of biological stain. The density of this solution was
compared to the density of the main flow solution by placing adrop of injection fluid in a
graduated cylinder filled with main flow solution. The density of the injection fluid was adjusted
until the drop of injection fluid was neutrally buoyant in the flow solution.

The test section was prepared by hand-pressing athin slab of metallic sodium into the cavity in
the aluminum plate. Sodium metal is quite soft so this was accomplished with little effort.
However, because sodium is so soft, it often proved difficult to trim the excess metal even with the
surface of the duminum plate. Every attempt to trim the entire dab of sodium with one continuous
cut resulted in the slab being pulled out of the cavity. The problem was minimized by using very
sharp razor blades and only trimming a small a section of the excess sodium at atime.

In atypical experiment, a solution of mineral oil and acid is thoroughly mixed and placed in the
supply tank. The main circulation pump then pumps the solution from the supply tank into the inlet
plenum. The solution flows through the polyether foam screen where flow irregularities are
dampened out and into the main flow channel. The solution then flows into the recovery plenum
whereit is drained into the recovery piping/tubing and back into the supply tank. The liquid level
and velocity of flow in the main channel is controlled by the speed of the main circulation pump
and the two lever-action ball valves that control flow from the recovery plenum into the supply
tank. When this flow is stabilized at a constant pump speed and flow level in the main flow
channel the test section is placed in the main channel and the dye injection device positioned
upstream of the test section. Dye isinjected into the main flow and the effects of the surface
reaction on the filaments of the dye are observed and recorded. Once the dye passes the test section
it is vacuumed from the flow to prevent contamination of the main flow solution which was
recycled. Failure to remove this dye would result in a very dark flow solution at some point and
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make observation and photography very difficult and require changing the working fluid often
(periodically).

Experimental Procedures

Because the Reynolds number of the flow in the main chamber of the idealized SNF
Passivation Canister is approximately 350, al experiments were conducted with similar a Reynolds
number in order to match the flow characteristics of the experiment and actual flow in the canister.
Because flow at Reynolds number 350 proved to be somewhat fast in some applications,
experiments were also conducted with Reynolds numbers of approximately 100 and 160. When
the solution in the main channel is at the desired velocity and at the correct level, the test section is
placed in the main channel with the centerline of the test section aligned with the centerline of the
main channel. After afew minutes the sodium in the test section begins to react with the hexanoic
acid in the flow solution. The dight delay before the acid and sodium begin to react isdue to an
oxide layer that forms on the sodium during storage.

When this reaction was well established, the dye injection device was mounted on the
sidewalls of the main channel. The injector was positioned in the center of the main channel and
the spring-loading mechanism was adjusted to provide a dight downward pressure of the injector
on the bottom of the main channel. The timer/intervalometer was programmed with the appropriate
on/off timing for the dye injection pump and the dye injection pump was set for the desired speed.
With this system, when the timer/intervalometer was energized, it provided a pulse of electrical
power to the dye injection pump for a specific period of time. When the dye injection pump was
energized by the timer/intervalometer, the pump then operates at the preset speed (rpm) pumping a
small, specific volume of dye into the dye injection device. When the necessary photographic
equipment was in place, the timer/intervalometer was energized, dye was injected into the main
flow solution and the effect of the surface reaction was photographed as the dye filaments passed
over the test section.

Safety Procedures

Because hexanoic acid is a strong corrosive and sodium is a very dangerous metal, safety was a
priority during the experiments. Material Safety Data Sheets were obtained and posted at various
locationsin the lab. Sodium metal (received in ingot form) was maintained in aminera oil bath and
stowed in afume hood. The aluminum test sections that had sodium pressed into the test cavity
were also stowed in amineral oil bath. During periods when the apparatus was idle and no
experiments were being performed the entire apparatus was covered and plainly marked with a
hazard/danger sign. Also, before experiments were conducted, proper operation of the building's
ventilation system was confirmed and hazard signs were posted in the laboratory. Additionally,
adequate supplies of personal protective equipment such as rubber gloves, safety goggles, lab coats
and aprons were maintained in the lab.

Experimental Results
Figure 10 is a sequence of twelve side view photographs that describe the flow of a solution of
80% mineral oil and 20% hexanoic acid at a Reynolds number of approximately 350 asit passes

over the test section where a surface reaction takes place. The photographs were taken with a
Nikon D-1 digital SLR camerawith a 28-70 mm zoom lens and Nikon Capture software. The
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camerawas positioned on the side of the main channel, perpendicular to the main flow on aplane
roughly level with the center of the flow solution. Lighting was provided by a Nikon SB-28X
Autofocus speedlight equipped with aflash-diffusion lensin arear-curtain mode and with the
laboratory fluorescent lights turned off. The camera was operated in the continuous shutter mode at
2 frames per second (0.5 seconds between photos). The image dataformat is JPEG (8-bit), the
shutter speed was 1/80" second, the aperture opening was 3.2, the sensitivity was |SO 800 and the
white balance was on automatic.

The flow isfrom left to right and approximately 1 4" deep. A total of 8 dye filaments are
injected into the main flow approximately 6” upstream of the test section. The dye filaments from
the dye injector and the hydrogen bubbles resulting from the reaction between hexanoic acid and
sodium are clearly visible. Also, note that bubbles are rising from the entire length of sodium metal
in the test cavity. Thefirst picture describes the flow as the top six dye filaments approach the
rising bubbles from the surface reaction. The six visible dye filaments describe the upper regions of
alaminar boundary layer consistent with classical low Reynolds number boundary layer flow.
Additionaly, note that the dye filaments are level and roughly uniform as they approach the
reaction site. Also, note the pronounced hump in the rising bubbles about half way up the bubble
stream between the aluminum plate and top of the photograph. The next picture describes theinitial
interaction between the rising bubbles and the top dye filament. Note that the hump in the rising
bubble stream has moved about the same distance downstream as the dye filaments. Thisindicates
that the rising bubbles, which have both horizontal and vertical velocity components, have a
horizontal velocity component that is roughly equal to the horizontal component of the dye
filaments. Accordingly, the bubbles are being convected downstream at about the same velocity as
the dye filaments. Note how the top two dye filaments are turned dightly upward.

In the next row, the pictures describe the continuing interaction between the dye filaments and
rising bubbles. Note that the leading edge of the hump of bubbles previoudly identified is now
almost exactly coincident with the leading edge of the top dye filament. The top dye filament has
been pushed dightly upward and developed a barely visible curl at the tip that indicates the initial
roll-up into a vortex. Also, note that the tips of the top four dye elements have al been imparted
with avertical velocity component before they actually come in contact with the bubble stream.
The following picture isthe first photograph of direct interaction between the bubbles and dye
filaments. In this photograph, the top four dye filaments are clearly being convected upwards and
the third from the top dye filament has been pulled into what appears to be a void between two
pronounced humps in the rising bubble stream. Also, the top two dye filaments appear to be
passing among and between severa bubbles in the leading edge of the bubble stream.

The next pictures describe how the top four dye filaments are now fully involved with the
bubble stream. These photographs show additional evidence of the interaction between the bubbles
and dye streams. The upper right corner of the next picture describes vertical humpsin the top two
dye filaments, which are actually theinitia stages of a vortex rollup on the near side of the bubble
stream. On the fourth row, the pictures describe the continuing vortex formation by the top three
dye filaments and clearly show the fourth from the top filament curling up and around the third
filament. These pictures clearly describe the vortex forming just above the end of the aluminum
plate. The rest of the pictures show continuing convection downstream of the curled dye filaments,
and the interaction between dye filaments and the bubbles. The figures demonstrate well-
developed vortex patterns combined with buoyant bubble convection.
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Figure 11 isan enlarged view of the ninth picture in sequence shown in Figure 10, along with
an expanded view of the dye and bubble interaction. In the top picture, one notices a distinct
periodicity of the bubble humps on the leading edge of the bubbles. Thisis similar to the billowing
effect that one observes on rising smoke plumesin crossflow. We believe this arises due to the
Kelvin-Helmholtz instability. Thisinstability occurs when the flat plate boundary layer interacts
with the rising, buoyant fluid that is entrained by the bubbles. Thisinteraction causes an inflection
point in the velocity profile, which in turn generates an instability [Crepeau and Mcllroy, 1999].

The bottom portion of Figure 11 clearly shows the beautiful and complex interaction between
the rising bubbles and the dye filaments. Some of the bubbles interact individually with asingle
dye filament generating a sharp peak, while other bubbles rise as a group, pushing filaments up and
deforming en masse.

Figure 11. Expanded view of the ninth picture in the sequence shown in Figure 10, and an
enlarged view of the dye-bubble interaction.

Figure 10. Side view of the dye bubble interaction at Re = 350. Sequence goes from |eft-to-
right. Note the periodic humps (billowing) of the leading edge of the bubbles, and the
complex interaction between the dye and the bubbles farther downstream. Pictures are
taken at half-second intervals.

Figure 12 is a sequence of six top-view photographs that describe the same type of flow from a
position above the test section. The Reynolds number is approximately 350. The same camerawas
used for these photos but the lighting was changed. The laboratory fluorescent lights were turned
on and two 20-Watt incandescent mini flood lamps were positioned on either side of the main
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channedl at the test section. A 65-Watt incandescent flood lamp was positioned above and
downstream of the test section. The camera settings were the same as in the previous sequence but
the shutter speed was set at 1/125" second and the aperture was set at £6.3. Again, the flow isfrom
left to right and the dye filaments and hydrogen bubbles resulting from the reaction between
hexanoic acid and sodium are clearly visible.

Thefirst two pictures describe the flow as it approaches the bubbles from the surface reaction.
Note that the dye filaments are straight and intersect the test section almost perfectly on the test
section centerline. The next picture describes the initial interaction between the dye filaments and
rising bubbles. Note that the top dye filament has been pushed to the side of the bubbles and the
next dye filament has aready begun to interact with the bubbles and is also being pushed to the

: = T iy
— ‘-._-;wﬁ s B e
— ik 5 i R S

Figure 12. Top view of the dye-bubble interaction at Re = 350. Pictures are taken at two
frames per second.

side of the rising bubble stream. This photograph a so displays the early stages of the top filament
rolling up into avortex asit is convected downstream. The fourth picture clearly describes the dye
filaments being pushed to the sides of the bubble stream downstream of the reaction site. Also, note
that the last filament to interact with the bubbles has been broken up and is diffusing into the main
stream flow. The last two pictures describe the dye filaments being pushed to both sides of the
bubble stream and the continuing downstream interaction between the filaments and bubbles. They
clearly show the vortex formations downstream of the reaction site. These downstream vortices
stop rotating as they are convected downstream because of viscous dampening.

Figure 13 is a sequence of ten side view photographs that describe the same type of flow at a
Reynolds number of approximately 100. Again, the photographs were taken with a Nikon D-1
digital SLR camerawith a 28-70 mm zoom lens and Nikon Capture software. The flow is from left
to right and approximately 1 %" deep. Note that the bubble stream rises at a much steeper angle
because the flow is considerably slower than it was for the previous photographs. Also, note that
bubbles are rising from the entire length of sodium metal in the test cavity indicating that the entire
surface of the sodium is actively involved in a chemical reaction with hexanoic acid from the flow
medium.



Thefirst picture in Figure 13 describes the approach of the top six dye filaments to the reaction
ste. Note that the dye filaments are level and describe the same characteristic shape of afully
developed boundary layer flow observed previously. Also, note that the humps in the rising bubble
stream are not as pronounced as they were in the higher Reynolds number flow. The second
picture shows the initial interaction between the rising bubbles and the dye filaments. The top two
dye filaments are being turned dightly upward before they actually encounter the bubble stream.
The second row of pictures describe the top four dye filaments as they appear to begin to be
stretched, thinned and convected upward by the bubble stream exactly as what was observed
previously. The third row describesthe first hint of a curl being formed downstream of the reaction
site. Note the rollup formation just below the free surface and about half way between the reaction
site and the end of the aluminum plate. The rest of the pictures display similar behavior described
in Figure 10. The dye filaments flow level until they encounter an upward velocity component
imparted by the rising bubble stream. The filaments are then convected upward toward the free
surface and begin to form small vortices as they are pushed outboard and downstream.

Figure 14 is a sequence of twelve top-view photographs that describe the same type of flow
from a position above the test section. The flow isfrom left to right at a Reynolds number of
approximately 100. The photographs look down at the dye filaments at a dight angle to the left of
vertica (as one looks upstream toward the dye injection device) because the camera was offset
dightly in order to observe the lower dye filaments as they approached the reaction site.

Thefirst row of pictures shown in Figure 14 describes the initial approach of the dye filaments
to the rising bubble stream. Note that the dye filaments are straight and echeloned upstream which
again describes the characteristic boundary layer of low Reynolds number flow over aflat plate.
The second picturesin the first row describes the top filament asit is just beginning to be turned by
the bubble stream near the free surface.
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The second row shows the top dye filament asit is fully involved with the bubbles as they
spread out |aterally to both sides of the flow at or near the surface. Also, note that the second dye
filament from the top has traveled some distance into the region of the surface reaction and not yet
encountered the rising bubble stream. The pictures show the initial rollup of the 2™ from the top
dye filament asit is pushed up and to the l&ft of the bubble stream and the 3 from the top dye
filament asit is being pushed to the right of the bubble stream. The pictures describe afully
developed vortex curl on the |eft side of the bubble stream being convected downstream and the 3
and 4" from the top dye filaments being turned to the right and pushed upward toward the surface.
Note that the 2™ from the top dye filament has been redirected back toward the right side of the
bubble stream and diffused by interaction with bubbles. These photographs clearly describe the
formation of vortices on both sides of the flow. The remaining pictures in the sequence describe the
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Figure 13. Side view of dye-bubble interactions at Re = 100. Pi ctures are taken at half-second
intervals, and proceed from left to right in sequence.

dye filaments on both sides of the flow stream being convected downstream without dramatic
changes. Thisindicates that the vortices developed on either side of the rising bubble stream stop
rotating as they are convected downstream and the instabilities encountered earlier die out due to
viscous dampening.
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Figure 14. Top view of the dye-bubble interaction at Re = 100. Pictures are taken every half-
second. Note the formation of vortices that form downstream of the reaction site.

Figure 15 is a sequence of ten end-view photographs that describe the same type of flow at a
Reynolds number of approximately 100. These photographs were taken downstream of the
reaction as the flow approaches the observer. The camera was positioned at the end of the main
channel, parallel to and coincident with the long axis of the main flow channel on a plane roughly
level with the center of the flow solution. Lighting was provided by two 20-Watt incandescent
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mini-flood lamps on each side of the main channel, a 65-Watt incandescent flood lamp shining
indirectly on the inlet end of the main channel, and a 65-Watt incandescent flood lamp shining on
the test section from a position downstream from and above the test section.  The |aboratory
fluorescent lights were on. The camera was operated in the continuous shutter mode at 2 frames
per second. The image data format was black and white TIFF-RGB (8-bit), the shutter speed was
1/80" second, the aperture opening was f3.2, the sensitivity was | SO 1600 and the white balance
was on automatic. The flow is approximately 1 ¥4’ deep and atotal of 8 dye filaments are nearly
simultaneoudly injected into the main flow approximately 6” upstream of the test section. Again,
note that the entire width of the cavity embedded with sodium meta is covered with hydrogen
bubbles. This establishes that the entire slab of sodium is reacting with hexanoic acid from the flow
medium.

Theinitia picturein Figure 15 describes the dye filaments as they encounter the rising bubble
stream and are being convected upward and outboard of the reaction site. The next shows the dye
filaments as they are carried outboard by the bubble stream and theinitial evidence of the vortex
rollup on the tip of the 2™ from the top dye filament. The second row of pictures describes the top
dye filament being rolled under the 2™ from the top dye filament asit continues to be convected
upward, outboard and downstream. The rest of the pictures clearly show the vortex (curling) action
imparted to the dye filaments by the rising bubble stream, then stabilizing and losing their rotating
action after viscous dampening.

Figure 16 is a sequence of twelve top view photographs describing off-center flow from a
position above the test section. The flow isfrom left to right and at a Reynolds number of
approximately 160. The dye injections for these photographs were injected about 5/16” off center
in order to observe the affect of the rising bubble stream on the flow on either side of the reaction
Ste.

Thefirst three pictures in the sequence given in Figure 16 describe the flow as it approaches
the test section, then turn outboard. Note that the dye filaments are straight and pass to the right of
the embedded sodium. Note that the top dye filament has been turned further than the dye filament
directly underneath. The next three pictures also describe the turning action imparted to the top dye
filaments by the bubble stream. Again, the top dye filament has been pushed further outboard than
the lower dye filaments. The rest of the pictures in the sequence describe the outboard motion
imparted to the upper dye filaments and that downstream of the reaction Site, these dye filaments
are convected downstream without significant change to their orientation.

Figure 17 isan enlarged view of the last picturein Figure 16, and it describes how the lowest
dye filament turns toward the reaction site. This phenomenais due to the counterrotating vortices
formed on both sides of the rising stream of bubbles and the fluid transports the reacting fluid
downstream of the reaction site. This phenomenon isinteresting because it gives some insight into
how the reaction over the entire length of the test section is able to continue.
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Figure 15. End view of the dye-bubble interaction taken at two frames per second. The
Reynolds number is Re = 100.
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Figure 16. Top view of the off-center dye injection at Re = 160. The flow visualization clearly
shows the formation of counterrotating vortices caused by the rising bubbles. The last pictures
show that the fluid near the plate is convected toward the reaction site by the vortices.
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Figure 17. Expanded view of the last picture shown in Figure 16. Note that the dye filaments
are being convected into the downstream portion of the reaction site by the counter-rotating
vortices created by the rising bubbles.

The chemical reaction on the surface of the test section produces hydrogen bubbles that rise to
the surface due to buoyancy forces. The bubbles develop a vertical, upward velocity. Bernoulli’s
principle establishes that the inside of the bubble stream develops a dightly lower pressure than the
free stream flow on either side of the bubble stream. The higher pressure on the sides of the bubble
stream push the bubble stream inboard forming a thin stream of bubbles rising to the surface. The
main flow streamlines upstream of the area of the reaction site are stable, straight and level. As
these streamlines approach the rising hydrogen bubbles they encounter the vertical flow of the
rising bubble stream and are turned upward and compressed toward the free surface.

When the bubbles reach the free surface they are slowed by the free surface boundary layer
and pushed outboard toward the sides of the main flow channel by continuity considerations. As
the main flow streamlines encounter the lower and spreading bubbles near the surface, they arein
turn slowed and pushed outboard as they are also being convected downstream. The main flow
streamlines cannot continue to move sideways toward the channel walls so they are convected
downward and back toward the bottom of the flow channel. This combination of upward and
outboard motion imparted to the streamlines by the rising and spreading hydrogen bubble stream
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creates the counter-rotating vortices observed on both sides of the flow centerline just downstream
from the reaction site. As the flow continues to be convected downstream the vortex rotations die
out and the flow resumes relatively stable non-rotational and uniform flow. All but the lowest
regions of the main flow that travels along the sides of the reaction site are aso turned upward and
outboard, away from the reaction site. However, the lowest regions of this flow, that very closeto
the surface, isturned inward and convected toward the reaction site before also being turned
upward and outboard by the rising bubble stream. Figure 18 isatwo dimensional schematic
drawing of the flow imparted to the main stream by the rising bubbles.

The motions described for streamlines on and near the centerline of the test section are consistent
with classical flow phenomena. The rising bubblesimpart both vertical and horizontal velocity
components to the flow that are perpendicular to the main flow streamlines near the reaction site.
When the main flow interacts with these components the main flow streamlines are twisted, curled
and stretched into counter-rotating vortices that dampen out once the flow travels some distance
downstream. A more subtle relationship exists between reactants in the chemical reaction that takes
place on the surface of the test section.

Almogt al of the evidence suggests that, for the horizontal geometry used in thisinvestigation,
the main flow filaments are convected away from the reaction site. However, as has been described
in the photographs, the chemical reaction is continuous and vigorous aong the entire length of the
surface of the sodium metal. Thisindicates that sufficient hexanoic acid to sustain this reaction is
present along the entire length of the sodium surface. Chambré and Acrivos [1956] suggest that the
parameter k/0.339S b, relating to the rate of reaction at the surface, describes whether areaction is
chemically controlled or transport controlled. High values indicate a high reaction rate at the
surface whereas low values indicate alow rate of reaction at the surface. Therefore, very small
values of this parameter establish that the reaction is chemically controlled and very large values

Rising Bubble Stream

- Sodium \—Alumi num Plate
Figure 18. Schematic drawing of flow imparted to mainstream flow by rising bubbles.

establish that the reaction is transport controlled. In this parameter, K is the reaction rate constant, S,
= n/D where D is the coefficient of diffusion in the mixture and b = Re”’D/L. Although the exact
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valuesof k, D, S and b are not known, an order of magnitude approximation can be made from
available data. This establishes that the value of the k is very, very small (on the order of 10™ to 10
** em’/molecule second) and D is very small (on the order of 10° cm’/second). From knowledge of
the main flow solution density and viscosity, n = mir so n » 0.0042 cm’/sec® and S**» 20. Finally
b = Re”D/L where Re » 350, D » 10° cm’/second and L » 45 cm, so b » 10°. From these
etimates, k/0.339S b is on the order of 10" — very, very small. Accordingly, the Chambré and
Acrivos parameter indicates this reaction is chemically controlled. Observations cannot dispute this
finding but the last sequence of photographs indicate that at least some of the hexanoic acid

necessary for areaction may be coming from the lower portions of the flow that travels down each
sde of the reaction site.
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5. MATCHED INDEX OF REFRACTION STUDIES

One of the tasks performed by the INEEL was take pointwise turbulence and vel ocity
measurements with two-component laser Doppler velocimetry in the unique INEEL Matched-
Index-of-Refraction flow system. Additiona flow visualization work was aso performed.

The goal of this portion of the study was to provide the scientific knowledge required to
develop and to assess numerical predictive methods treating the key flow phenomenain generic
simulations of drying/passivation problemsin the environmental management of spent nuclear
fuels. The objective of the INEEL tasks was to obtain fundamental measurements of the basic
velocity and turbulence fields in generic idealizations of flow processes in SNF canisters during
transfer and/or storage. As noted, proposed operating conditions give typically low Reynolds
number flows. For an extensive literature survey of related work, see Condie, et a. [2001].

Choice of Experiments

The objective of the present tasksis to obtain fundamenta measurements of the basic velocity and
turbulence fields in the generic SNIF canisters during the trestment process. As noted earlier, the
expected range of inlet Reynolds number is about 2500 to 5000 for the potential applications.

However, in the range 2000 < Re < 3000 or 0, the flow may be laminar, turbulent or intermittent
depending on the entry geometry and the distance from the entry [Rotta, 1956; Lindgren, 1953; Patel
and Head, 1969]. So a the lower end of the expected application range, the flow State at the exit of the
tube (the jet) would be uncertain unless experiments were performed with the identical inlet geometry
and flow rate. At some time in the future direct numerica smulations [Moin and Mahesh, 1998] may be
able to predict this flow state adequately.

Two experiments were designed and conducted. Thefirst was aimed at providing overal flow
visudization for afully-developed, turbulent entering flow. As aconsequence of its smplicity, it was
possible to obtain data for severd flow configurations of interest. The second was a more detailed
design to take advantage of the INEEL Matched Index of Refraction flow system and its two-
component laser Doppler velocimeter for pointwise velocity and turbulence measurements. The inlet
flow configuration sdlected could be expected to provide an intermittent flow, undergoing trangition from
turbulent to laminar [Patel and Head, 1969]. Consequently, the present study is expected to provide
two inlet flows representing the range of conditions likely at the lower Reynolds numbers. While the
second apparatus was designed for severa configurations, only one configuration could be employed in
the time avallable due the required duration of the time series measurements at each measuring location.
For both experiments, most but not all measurements were obtained for Re [0 2500.

Overall flow visualization

Corroded spent nuclear fuel (SNF) elements may be passivated by injecting treatment gases
into a storage canister containing the elements. For effective passivation, adesign am would be
controlled, moderately high mass transfer rates to the fuel elements. These rates would depend on
the flow pattern and turbulence levelsin the vicinity of the elements. By developing ardiable
predictive technique for the energy, mass and momentum transfer in the presence of surface
reactions, transfer and storage systems can be efficiently and safely designed. An overall objective
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of the research program described in this report is to understand the fluid physics of the passivation
process. This objective was pursued by using flow visualization techniques and experimental
measurements of the flow field to support computational models.

A water-flow experiment with a 3/4-scale model (relative to the idedlized canister) has been
used for overall flow visualization and velocity measurements, with and without an array of
simulated fuel elements. Its purposes were to obtain initial indications of the gross flow behavior
and to investigate the circumferential periodicity of the flow. Standard flow visualization
techniques, using fluorescent dyes and neutrally buoyant particlesilluminated by laser and white
light, were employed. Observations have been made with perforated plates (representing basket
support plates) having three hole geometries, with and without simulated fuel elements.

Flow visualization experiments were performed in atransparent, approximately 3/4-scae
geometric model of our idealized canister in awater loop. The apparatus is shown schematically in
Figure 19. The cylindrical canister contains four simulated fuel element tubes symmetrically
distributed. The region contained between the bottom plate of the smulated canister and simulated
bottom plate of a basket will frequently be called the “inlet plenum” or plenum region since it has
some features of the plenum of a shell-and-tube heat exchanger or anuclear reactor. Theinlet
plenum width is twice that of the inlet pipe diameter. The interface between the inlet plenum and
the smulated fuel element bundle consists of a perforated (porous) plate, which simulates a basket
support plate. Three geometries of simulated basket support plates with 50%, 8%, and 4% porosity
were used. The 4% and 8% porosity plates lie within the 3% to 9% range of porosities of typical
storage canisters. Plate perforations consist of holes drilled in a square lattice array with 1.90 cm
spacing between holes. The spacing is three-quarters that of the idealized prototype. The 50%
porosity plate was used to investigate the effects of plate porosity on the flow field further.

Theinlet flow to the apparatusis provided by gravity feed from an approximately 60 liter
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Figure 19. Schematic diagram of apparatus for flow visualization.

reservoir which is elevated about one meter above the apparatus inlet. Flow from the apparatusis
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collected in a separate reservoir where it is pumped continuoudly back to the inlet reservair.
Gravity feed and pump flow rates are controlled by valves. Reynolds number scaling of flow rate
to the prototype is employed. The experiments reported employ an inlet tube Reynolds number of
2,500 + 100.

Due to the low velocities in the apparatus the fluid temperature profile in the flow loop must be
close to isothermal if currentsinduced by natural circulation are to be avoided. The induced
velocity is small in comparison with forced convection if the Richardson number, Ri = ga DTL/V?,
the ratio of buoyant to viscous forces, is significantly less than one. Because inlet fluid is
effectively mixed with fluid in the apparatusin the inlet plenum, it is difficult to prescribe an
effective DT. It was observed from flow visualization that fluid in the apparatus and reservoirs must
be within approximately 1C to avoid noticeable distortion of the flow pattern. The fluid is
typically within 0.2¢C of ambient temperature during experiments. The small temperature
difference is due to pumping power and friction. The apparatus and reservoirs are filled severa
days before experiments are conducted to achieve near isothermal conditions. Thiswaiting period
also insuresthat the water is well deaerated so that bubbles do not leave solution and attach to
walls (using Kodak Photoflo surfactant also helps prevent bubble formation and attachment).
Bubbles are more of a problem for light scattering than for flow perturbation.

Flow visuaization was performed using fluorescent dye and neutrally buoyant particles with
laser light sheet illumination. A typical configuration for laser illumination is shown in Figure
20. The configuration for white light illumination is similar to that for laser illumination except that
acollimated light source and adlit are substituted for the laser and light sheet generator. Collimated
laser or white light sheets were a so configured to bisect the inlet plenum and downstream of the
perforated plate perpendicular to the flow axis. An example photograph of inlet plenum flow is
shown in Figure 21 which shows a cross-section of an inner ring vortex (compare with later
Figures 23 and 24). For the photograph, Rhodamine WT fluorescent dye was illuminated with a
light sheet generated by an argon-ion laser. The light sheet approximately illuminated a plane
midway between the perforated plate and the wall (window).
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Figure 20. Schematic diagram of illumination for flow visualization using a laser light sheet.

The motions of neutrally buoyant particles were tracked from long duration photographs and
from video recordings. The photographs and video images were then analyzed to provide fluid
velocity information. The procedure for extracting two-dimensional, radial and axial, velocity
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information from particle pathline photographs is as follows. First, photograph a dilute cloud of
particles using collimated white light sheet illumination with sufficient sheet width (0.5 cm s
typical) to insure that the majority of particles do not wander out of the beam during the exposure.
A typical exposure duration isfrom 1/2 sfor flow in theinlet plenum to 6 s for flow downstream of
the perforated plate. Second, scan enlarged prints of the negatives into Canvas software (Deneba
Software Inc.). Third, correct for distortion caused by refraction from photographing at an acute
angle through a cylindrical wall. This process was done by linearly scaling to provide the same
cylinder inside radius as equal axial length. Fourth, trace particle pathlines on a separate image
layer in Canvas, then use flow visualization information and video recordings to determine velocity
direction. Finally, transfer the velocity vectors to a cross-section drawing of the apparatus.

Figure 21. Visualization of vortex formed in the region contained between the bottom plate of the
simulated canister and simulated bottom plate of a basket (“inlet plenum”).

Another technique employed for extracting vel ocity information was to capture video images
of the neutrally buoyant particles using a RaasterOps frame grabber board in a computer and then
overlaying images for known time intervals. This technique was successful for characterizing the
higher velocity flow field outside the wall jet in the inlet plenum. The velocity in the wall jet was
too high to track individual particles between frames taken at 1/30 sintervals. Particle path line
photography proved to be more successful outside the higher velocity eddiesin theinlet plenum
and downstream of the perforated plate. The much higher resolution of 35 mm black and white
film compared to video images permitted awider field of view for particle tracking.

The neutrally buoyant particles were silver coated hollow glass spheres of approximately
fourteen microns in diameter. These spheres are available from TSI Incorporated. The spheres
exhibit afairly broad range of densities. This density variation would not be a problem for
turbulent flow. However, for low Reynolds number laminar flow the spheres must be more closely
neutrally buoyant. Near-neutral buoyancy was achieved by mixing a batch of spheres with water in
abeaker and waiting severa hours. The mgjority of the particles settle to the bottom and many float
on the surface. The remaining particles in suspension (calculated to be less than one per cent of the
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total) plus water were removed using a hypodermic syringe and then injected directly into the
apparatus. This method proved to be quite successful in providing the highly reflective neutrally
buoyant particles necessary for particle tracking. One objective of these experiments was to find a
suitable particle for PTV experiments proposed for the MIR model. We would use asimilar
technique to sequester silver-coated hollow glass spheres that are neutrally buoyant in the oil used
in the flow loop)

Experimental uncertainties

The experimenta uncertainties associated with the velocity vectors to be shown in Figures 23
and 24 result from a number of sources and vary with position. The sources include (1) uncertainty
of visually interpreting path line length, (2) distortion caused by refraction through a cylindrical
wall at varying anglesto normal and (3) uncertainty associated with the transient shifting of flow
patterns. The uncertainty in estimating flow rate is measured to be less than five per cent of
measured value and is not significant relative to the uncertainties in velocity vectors.

The uncertainty of interpreting particle path line length is estimated as + 20% of the measured
length. The correction for distortion caused by refraction from photographing at an acute angle
through a cylindrical wall was performed by linearly scaling the radia dimension to provide the
same cylinder inside radius as equal axial length. This approach does not account for distortion due
to the uncorrected wall curvature (somewhat similar to spherical aberration in alens). This
distortion increases with the angle from normal to the cylinder wall and was determined from
photographs of arule placed inside the water filled cylinder. The maximum distortion for camera
view angles used in the photographs is estimated to be + 20% of the measured length.

The overal RMS uncertainty [Cook and Rabinowicz, 1963] of determining the velocity vector
due to the above sources, without considering the transient shifting of flow patterns, is
approximately + 30%. It should be understood that the vectors do not represent an average velocity
for their positions. Average and instantaneous vel ocities could be determined in experiments using
Particle Tracking Velocimetry (PTV). This technique would provide more accurate velocity
measurements with three-dimensional vel ocity components rather than the two-dimensional
components described in this report.

Results

Experiments were conducted to determine the canister flow field with three perforated plates
with open areas of 50%, 8% and 4% (porosities). Experiments reported are for inlet tube
Re = 2,500 + 100. Although laminar flow in a smooth tube can occur at Reynolds number as high
as approximately 40,000, it is believed that the tube is sufficiently long and the entrance conditions
sufficiently abrupt to insure that turbulent flow exits the tube and impinges on the plate.

With a 50% open area plate, the flow pattern is comparable to that of a submerged impinging
jet on a semi-infinite plate with formation of alarge vortex and entrainment and recirculation
through the holes in the perforated plate near the center. Downstream flow is primarily through the
outer holes. A single main recirculating eddy forms encompassing the plenum and part of the
region for the element array. The flow pattern, as determined from the various flow visualization
techniques, is shown in Figure 22.
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With the 4% and 8% open area perforated support plates, recirculation regions occur
downstream of the plate and two main recirculation zones (plus a small corner flow vortex) form
upstream of the plate. Flow does not reenter the inlet plenum through the plates with less open area
as it does with the 50% open area plate. In these cases the flow patternin the inlet plenum has
some features of a confined impinging jet [Morris and Garimella, 1996].
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Figure 22. Effects of design of basket support plate on smulated canister flow shown by
deduced streamline patterns for (top) fifty percent open area and (bottom) four percent open
area.

The flow is approximately circumferentially periodic and symmetrical about cross-sections
through the four outer tubes for experiments using each of the three perforated plates. This
observation implies that numerical predictions and detailed measurements can concentrate on an
1/8-the sector of the idealized geometry rather than the full cross section. The flow isonly
approximately symmetrical because of time varying asymmetry of flow development in theinlet
plenum, shown in Figure 21, and vortices downstream of the 4% porosity plate that Slowly
oscillate in position. The positions of the vortex centers may vary by one or two centimeters
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(approximately D, ) over aperiod on the order of one minute. Although the vortices are similar in
different quadrants, the positions of their centers do not appear synchronized in time.

Flow visualization experiments show tube cross-flow and resultant vortex shedding, although
the vortices do not show the clear aternating pattern of a Karman vortex street [Tritton, 1977]. A
Reynolds number based on tube diameter of approximately 40 is about the highest number for
which there is no unsteadiness due to vortex shedding [Tritton, 1977]. This Reynolds number
corresponds to a cross-flow velocity of only approximately 0.004 cm/s for water flow across the
5.72 cm diameter outer tubes. The measured tube cross-flow velocities near the 4% open area plate
(Figure 23) are position dependent, but are of the order of 0.1 cm/s, which correspondsto Re, »
1,000 (transition to turbulence occurs at approximately Re, = 3 x 10° for acylinder in cross flow).

The vortex shedding frequency should scale with Strouhal number, St = fD/U, a non-
dimensiona frequency. A typical value of St for laminar flow isabout 0.2 [Tritton, 1977] athough
there is no reason to expect one specific value for a non-uniform velocity distribution. Overdl the
Strouhal number is observed to be a function of Reynolds number [Tritton, 1977]. The observed
variations in eddy positions occur with afrequency of approximately one minute with a variation
of at least £30 s. The variation implies that this behavior may be a chaotic process, in the sense that
the flow has uncorrelated behavior, exhibiting sensitive dependence on initial conditions [Tufillaro,
Abbott and Reilly, 1992]. The three dimensions of fluid motion further the possibility of chaos.
(We have not investigated this aspect mathematically.) Strouhal number scaling may be used to
estimate the vortex shedding periods to be expected in the MIR model and in the prototype
canister, which would be approximately 3 s and 0.3 s respectively, assuming Reynolds number
scaling of cross-flow velocity for Re = 2500. A non-dimensional wavelength (I /D) for the vortices
may be expressed as| /D = U/fD = 1/St. If Stisapproximately constant in the models and the
prototype for the same Reynolds number then the non-dimensional wavelength should aso be
approximately the same in the model and the prototype. This non-dimensional wavelength
preserves the geometric scaling implied in Reynolds number scaling.

Results from experiments using the apparatus containing the inlet tube and the 4% porosity
plate, but with the outer tubes removed, indicate that the vortices downstream of the plate are not
solely formed by vortex shedding from the tubes. The circulation pattern within a distance of about
one cylinder radius downstream of the plate is similar to the mid-tube cross section flow shown in
Figure 24, complete with the vortex near the plate and one vortex downstream of the plate. The
two main counter rotating vortices in the inlet plenum shown in Figures 23 and 24 are present in
about the same positions.
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Figure 23. Instantaneous velocity distribution in a plane through the simulated fuel elements, Re,
» 2500.
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With the tubes removed, subsequent vortices downstream of the plate as shown in Figure 24
are not present and the flow approaches an approximately parabolic laminar velocity profile within
about three cylinder radii downstream of the plate. The fully developed laminar velocity profile for
an annulus has the form U(r) = -r* + A*In{r} + B, wherer isradius and A and B are constants.
This approach to alaminar profile is consistent with the criterion that, for a circular tube flow,
fully-devel oped flow is approximately achieved within about L/D = Re/30 [Smith, 1960]. The
Reynolds number in the array downstream of the plate based on hydraulic diameter is
approximately 70 for an inlet Re = 2,500. With the tubes present, vortices persist for the majority of
the tube bundle length and the flow only starts to approach a fully-developed laminar profile near
the exit of the bundle (L/D, » 6, where D, isthe hydraulic diameter » 18.3 cm).
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Figure 24. Instantaneous velocity distribution in a plane mid-way between the simulated fuel
elements, Re, . » 2500.
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Discussion

The experiments fulfilled the objective of providing flow field information to be used for
design of the experiments conducted in the Matched Index of Refraction (MIR) flow loop. A
successful means of selecting neutrally buoyant particles for use in either thiswater flow loop or in
the oil-filled MIR flow loop was a so demonstrated. The experiments accentuate the difficulties of
obtaining accurate velocity information in a non-index matching flow loop and of characterizing a
transient three-dimensional flow field with two-dimensiona short duration representations.

It is apparent from these experiments that despite the conceptual smplicity of the canister
design, the flow pattern is very complex. Of concern is the uneven flow distribution near the
surface of the smulated fuel rods. Higher velocity is observed near the surface towards the canister
centerline than towards the outside, where, except near the perforated plate, the velocity is an order
of magnitude lower than near theinside. A more even flow distribution is expected to provide
more uniform drying and passivation in the radial direction. Possible design changes that could
provide a more uniform distribution include (1) an optimized distribution of perforated plate holes,
(2) alonger inlet plenum length (to decrease radia velocity tangent to the perforated plate which
will presumably provide a more even flow distribution); and, (3) a higher packing density of fuel
rods, although criticality considerations may not permit this approach. The canister and plate
geometry might be optimized using a CFD code once it has been verified that the code can predict
the flow field reliably.

The mean flow in the semi-confined impinging jet region between the bottom of the canister
and the perforated plate (“plenum” region) was not sensitive to the presence of fuel eementsin the
basket. However, in independent studies, McCreery [1999] found that the location of the vortices
that form at the separation of the wall jet was sensitive to the plenum aspect ratio, /D. Thistrend is
comparable to that found by Morris and Garimella[1996] for confined impinging jets. For both the
semi-confined (present) and confined cases, the non-dimensional location varies approximately as
the square root of the aspect ratio. An additional influence is to provide a more even distribution of
flow through the plate as aspect ratio increases. The most evenly distributed flow (although far
from perfect) was found for an aspect ratio of four. This result may be due to the occurrence of
decreasing radia velocity and a more even pressure distribution adjacent to the plate as aspect ratio
increases.

Matched-Index-of-Refraction Experiments

At the INEEL Matched-Index-of-Refraction (MIR) facility, matching of the refractive indices
of models and fluid allows measurements in and around complex geometries by optical techniques
without disturbing the flow. A 0.6-scale model of the generic SNF canister wasinstalled in this
facility to obtain detailed pointwise data for the three-dimensional turbulence field (and mean
velocity field) by laser Doppler velocimetry (LDV). New velocity and turbulence measurements
concentrated on low Reynolds number turbulent flow in the entry tube and the semi-enclosed
impinging jet outflow or plenum region for atube/jet Reynolds number of 2510. These
measurements examine the first two flow phenomenain the sequence that leads to surface
passivation and/or drying.
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The benefit of the MIR technique is that it permits optical measurements to determine flow
characteristics in passages and around objects to be obtained without locating a disturbing
transducer in the flow field and without distortion of the optica paths. With a transparent model of
different refractive index than the working fluid, the optical rays can be refracted in such a manner
that measurements are either impossible (e.g., cannot “see’ the desired location) or require
extensive, difficult calibrations. Thompson, Bouchery and Lowney [1995] demonstrated this
situation conceptually when laser Doppler velocimetry is applied to arod bundle; with refractive-
index-matching the measurement and position determination are relatively straight forward while
without matching the beams may not cross to form the measurement control volume at the desired
focal length, if they cross at al. The MIR technique is not new itself. Corino and Brodkey [1969]
employed it to measure turbulence structure in a circular tube earlier. Recent applications of the
technique include, but are not limited to, those of Durst, Jovanovic and Sender [1993], Parker and
Merati [1996], Cui and Adrian [1997] and Becker et a. [1999, 2002].

The advantage of the INEEL system isitslarge size, leading to improved spatial and temporal
resolution. To date most other experiments with index matching have been small, with
characteristic lengths of the order of five cm or less. In contrast, the INEEL MIR flow test section
has a cross section of about 60 cm x 60 cm and is about two meters long, allowing the use of
models of substantial size. Since the system volume is over 3000 gallons, alight mineral oil was
selected as the working fluid due to environmental and safety considerations; its refractive index
matches that of some quartz. Figure 25 shows the test section with atest model installed for the
present study. With the fluid temperature controlled, the quartz model can barely be seen at some
wave lengths in the visible spectrum, e.g., the plates aligned vertically near the intersecting laser
beams; indices are matched for the blue and green beams of an argon-ion laser (the external end
containment plate is easily seen since it is made of acrylic plastic). The design flow rate can give
Reynolds numbers up to about 10° based on the cross section of the test section. The refractive
index of the fluid is maintained at the desired value by a parallel temperature control system which
maintains a constant temperature in the test section to within 0.1°C. In measurementsin an
experiment on transition induced by a square rib, meaningful velocity and turbulence data were
obtained as close to the surface asy” » 0.1 and less [Becker et al., 1999].

Budwig and his students measured the viscosity, density and refractive index of the mineral oil
used in the INEEL MIR as afunction of temperature in his laboratory at the University of Idaho
[Orr, Thomson and Budwig, 1997]. The thermal conductivity of the preliminary sample of the ail
was measured by Sparell [1995] at three temperatures using the test method of ASTM E1225,
modified for liquids. Based on the specific gravity one may estimate the specific heat from
handbook relations. From this information, one may estimate the Prandtl number (Pr = n/a) to be
about 250 at 24°C. The main loop and temperature-control loop were equipped with several
thermistor probes for temperature measurements. Differential pressure transducers and manometers
can measure flow speed and static pressure using several pitot-static probes and various wall static
pressure taps. An available hot-film anemometer system, for velocity or wall shear stress data,
consists of a Dantec 56B10 Main Frame unit equipped with a56N22 Mean Vaue unit and seven
56C17 constant-temperature bridges. The output of the constant temperature bridges can be
acquired using a Power Maclntosh personal computer and its National Instruments MI1O board.
Available LabView software can display and store mean velocities, rms velocities and spectra
information.
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Figure 25. INEEL Matched-Index-of-Refraction flow system with quartz model installed to study
the fluid physics of an idealized SNF storage canister (present study). Also seen arethe LDV
transmitting optics and three-directional traversing mechanism.

Ve ocity and turbulence measurements are primarily obtained with atwo-component, TS|
fiberoptic-based laser Doppler velocimeter. Transmitting (and receiving) optics are provided by a
Model 9832 two-component fiber optic probe for 514.5 and 488 nm with alens of 350 mm focal
distance. Included in the probe isa Model 9832-X X -Lens collimating lens option to reduce the
measuring control volume; the diameter is estimated to be about 60 nm in the MIR minera ail.
The laser is awater-cooled, 4 watt argon-ion Model Lexel 95. Beam splitting and frequency
shifting are provided by aModel CB-2F ColorBurst system. Signal analysis and data processing
are accomplished viaa Model S65-2 two component signal analysis system including a two-
channel IFA 655 digita burst correlator and FIND-W (Elow INformation Display-Windows-
based) software. For acquiring additional signals such as flow rate, temperature and hot-film
measurements simultaneoudly, a TSI Model DL4 four-channel “Datalink” multichannel interfaceis
available.

Data acquisition is controlled viathe FIND-W software for the LDV system. Desired
traversing locations plus measuring parameters are specified by the operator and then the sequence
isinitiated. Data reduction to determine mean quantities and/or spectrais accomplished later, using
other FIND-W subprograms. Ultimately, the raw time series data are transferred to permanent
magnetic or optica storage media such as compact discs.

While the backscattering LDV mode [Durst, Melling and Whitelaw, 1976] is more convenient

in operation, the validated data rate is much lower than when using forward scattering for the same
conditions. To obtain statistically meaningful results, longer measuring times are required with
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backscatter than forward scatter. Since its low velocities lead to inherently “sow” characteristic
times for flow phenomenain the MIR system, it is desirable to employ forward scattering to avoid
longer measuring times than needed. The traversing mechanism was designed to usethe LDV in
the forward scattering mode and to avoid relative motion between the test section and the optics.
To accomplish the latter objective, it is mounted directly on the structure supporting the test section.
For vertical motion, platforms on each side of the test section are moved s multaneoudly under
precise computer control to maintain alignment of the transmitting and receiving optics.

In order to match the refractive indices, the refractive index of the oil is varied by adjusting the
oil temperature via the temperature control system. The temperature at which the indices are
matched best was determined by experiment. With the LDV placed so one blue beam passed
through a quartz rib and one green beam passed through a horizontal plate of atest model, the
LDV data acquisition was operated in the two-velocity coincidence mode and oil temperature was
gradually varied [Stoots et & ., 2001]. The maximum sampling rate that was obtained served to
indicate the best temperature for operation so that the blue and green measuring control volumes
were most coincident (the refractive indices vary with wave length so there would be adight
difference in positions when in ail). For the il in the MIR flow system this maximum occurred at
about 23.7°C.

Experimental uncertainties

The following uncertainty analysisis derived largely following the approach of MacManus et
al. [1996]. Instead of presenting asingle overall uncertainty value, individual sources of uncertainty
are discussed.

Particle Behavior. LDV measurements require seeding of the flow field with a second phase
such as particles, bubbles or droplets. In thiswork, it is believed microbubbles were the seeding
particles. There are two criteria that must be met to ensure that the movement of the bubbles truly
represents the turbulent movement of the continuous phase. First, the size of the bubbles must be
smaller than the Kolmogorov microscale. Second, the inertial relaxation time of the bubbles should
be less than the Kolmogorov time scale. The procedure recommended by Calabrese and
Middleman [1979] may be used to estimate the inertial relaxation time [Stoots et al., 2001].

Frequency Measurement. The manufacturer's specifications claim that their IFA 655 digital
burst correlator has aresolution of 0.05 per cent of the reading.

Optica Errors. Great care has been taken by the investigators to ensure that the alignment and
intersection of the beams within the flow field are correct. Since the index of refraction of the ail is
wavelength-dependent as well as temperature-dependent, matching indices of refraction for both
beam wavelengths simultaneoudly is impossible; the optimum temperature for the green component
of laser light is not exactly the optimum for the blue. Thus, some misalignment can be expected
when more than one beam passes through quartz and oil. The temperature at which the indices are
matched best for both components was ultimately determined experimentally. In order to match
the refractive indices, the refractive index of the oil was varied by adjusting the oil temperature via
the temperature control system. In an earlier experiment, with the LDV placed so one blue beam
passed through a quartz rib and one green beam passed through a quartz horizontal plate of test
model, the LDV data acquisition was operated in the two velocity coincidence mode for short time
series and the oil temperature was gradually varied [Stoots et al., 2001]. The maximum sampling
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rate that was obtained served to indicate the best temperature for operation so that the blue and
green measuring control volumes are most coincident. For the oil in the MIR flow system this
maximum in coincidence sampling rate occurred at about 23.7°C. A comparable test conducted
with the small central tube of the present model reconfirmed this temperature as best for its GE 214
quartz. At this condition the reduction in overlap of the two MCVsis estimated to be about thirty
percent of their lengths, thereby reducing the size of the effective MCV when operating with the
coincidence mode. There is aso an uncertainty in the crossing angles of the beams (and focal
distances) in air or oil that leads to uncertainties in the velocities [ Schwartz, Lesniak and Murthy,
1999]. The valueis an approximately constant error but usually our normalized presentation will
cause this error to cancel from the results presented.

Statistical Uncertainties Due to Finite Sample Size. Estimation of the Statistical errors
encountered due to afinite sample size followed the approach presented by Bendat and Piersol
[1986] and used atypical sample size of 10,000 and measurement time of six to eight minutes.

Y anta and Smith [1973] have plotted the number of points required to obtain desired accuraciesin
the statistical estimation of mean velocity and its standard deviation (rms fluctuation) within a given
confidence level. They conclude that with u¢U of about fifteen per cent, 1000 data points would
provide uncertainties of about one per cent in the mean velocity with a 95 % confidence level. For
ucthey predict that 1000 data points would give a statistical uncertainty within about five per cent
with a 95 % confidence level. These estimates likely do not take into account the duration required
to obtain the specified number of independent samples [Becker, 2001]. Further, in some low
velocity regions considerable fewer samples were obtained at individual locations.

Positional Accuracy. For all three directions, motion is accomplished with traversing
mechanisms consisting of a spindle and a stepper motor. The spindle advance is 40 threads/inch.
The stepper motor gives 200 steps per revolution, corresponding to an advance of about 3nm per
step. The position is determined with an “ Accu-Rite” indicator with manufacturer's specifications
of an accuracy of +/- 0.0001 inch or about 2.5 mm; its meter readsin increments of 2 mm.
Indicated variation in position while the system iswarming is about 5 mm. The positiona accuracy
becomes important in deducing the wall shear stress and the wall location from fitting the
measurements for y* < ~3. Thus, the absolute uncertainty of aposition is of the order of 5mm but
for positioning during a continuous traverse the relative positioning uncertainty isless.

Temperature Accuracy. The index of refraction for the oil isarelatively strong function of
temperature [Orr, Thomson and Budwig, 1997]. Mismatch of the indices of refraction for the all
and quartz plate can result in movement of the measurement volume as well as distortion of the
fringes within the measurement volume. Durst, Keck and Kline [1979] recommended that the
indices of refraction should be matched to the fourth decimal point (i.e., 0.0001). For the oil used in
this work, the temperature control must therefore be better than +/- 0.3°C. Temperature control
tests were conducted with both water and oil in the loop. Measurements of the spatial and temporal
variation with a precision thermistor probe have shown spanwise uniformity and steadiness within
0.1°C [Stoots et a., 2001].

Uncertaintiesin oil properties. The properties of the light mineral oil were measured by Orr,

Thomson and Budwig [1997]. Anindication of the precision of these data is provided by their
variationsfor 3s; these were 0.002 g/cm’ and 0.3 centistokes or about 0.3 and two per cent of
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typical values, respectively. The latter uncertainty would dominate the uncertainties in Reynolds
numbers, making them of the order of two percent of their calculated values.

Calibration. To obtain a measure of the accuracy of the overal LDV system during itsinitial
installation, the mean velocity indicated by the data processing system was compared to that of a
rotating “ calibration wheel” passing through the measuring volume formed by the laser beams.

The indicated velocity agreed with this standard to within about 0.3 percent. The variation along
the axis of the measuring volume was less than one per cent of its average value. Thisvariationisa
contributor to the apparent turbulence intensities of the LDV technique [Condie et d., 1998].

Turbulence and Vel ocity Distributions by Laser Doppler Velocimetry

For the turbulent fluid physics experiments, a circular quartz model was designed, fabricated
and installed horizontally. The design is described in Figure 26. With the exception of the bolts
providing axia constraint, the materials are transparent; the structural end plates are acrylic and the
remaining sections are finished quartz tubes and plates to match the refractive index of the light
minera oil. Tubular sections were fabricated from GE 214 quartz while flat ones were of GE 124
quartz.

The central tube has an internal diameter D of 14.99 mm and a length of about 105 cm
(L/D » 70). In the present configuration the nomina dimensions are plenum spacing
H/D = &/D = 2, canister internal radiusr /D = 9, pitch of holesin the perforated plate p,/D = 1 and
hole diameter d /D = 1/4 in a square pattern. The configuration and dimensions of the perforated
bottom support plate are presented in Figure 27. Quartz tubes representing spent fuel elements may
beinstalled in the 71 cm long space corresponding to a basket. These dimensions are about 0.6
times those of the reference idealization. Figure 28 shows the model installed in the MIR test
section with oil temperature approximately at the level for matching of the refractive indices. Since
the matching is aimed at the blue and green wave lengths one can see some components faintly in
other regions of the visible spectrum. Also visible are some rough surfaces, such asthe holesin the
perforated tube.

Theinlet configuration is evident in Figure 25 on the left. A small circular plenum contains a
flow straightener to avoid swirl from the upstream plumbing. The flow then passes through a
standard reducer and extension to a flexible tube of one inch (25 mm) inside diameter and
approximate length of 18 in. (460 mm) before an abrupt geometrical contraction into the quartz
central tube of the model (I.D. = 14.99 mm and L/D » 70). The oil was circulated to the model
through an auxiliary flow loop by a centrifugal pump driven by a motor controlled by avariable
frequency drive. Flow was measured with a Micro Motion Coriolis mass flowmeter, Model CMF
100. The time-averaged mass flow rate was typically held constant to within about 0.05 percent
from run to run and its rms fluctuation during a run was of the order of 0.4 percent.
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Figure 26. Design of 0.6-scale model for studies of the generic turbulent flow processes of
idealized SNF canisters.

In accordance with the earlier discussions of the fundamental fluid physics questions involved,
the objectives of the LDV experiments were to determine the inflow turbulence of the impinging
jet and the turbulence and velocity fields of the flow approaching the perforated plate. The
examination of these questions requires fundamental measurements of the decay of turbulence and
velocity in the low Reynolds number impinging jet and its surroundings and of the low Reynolds
number turbulent flow in the inlet tube.

For the present applications, design flow rates are expected to give tube Reynolds numbers
between 2500 and 5000. Tabulated LDV data for mean and rms axial velocities are available from
Lekakisfor pipeflow at Re » 4130 [Durst et a., 1996] and Satake et al. [2000] have direct
numerical smulations at Re » 4300, corresponding to the inlet conditions of Shehata and McEligot
[1998]. Otherwise, the only profile data known in the range of interest are the tabulated mean
velocity profilesby H. C. Reynolds with an impact tube at Re » 3020 and 4080 [Reynolds,
Davenport and McEligot, 1968] and the figures of Patel and Head [1969] at Re » 2440, 2615,
2680, 3000, 4060 and 4430 with a pitot tube. Consequently, a byproduct of the present
measurementsis a set of new data for Reynolds stresses and mean velocities for flow in the range
2500 < Re < 4000 (along with laminar measurements for comparison to the analytical prediction,
e.g., Kays[1966]).

As noted, most of the present data were obtained at Re » 2500. At this Reynolds number for a
tube of the present L/D of about 70, the velocity field can be expected to be fully laminar, fully
turbulent or an intermittent flow undergoing atransition from the former to the latter [Rotta, 1956;
Patel and Head, 1969]. For the development of alaminar flow from a uniform inlet velocity, Kays
[1966] suggests that the approach of the friction factor towards 16/Re is a reasonable measure of
the development of the velocity profile. Based on the analysis of Langhaar [1942], he notes that the
friction factor iswithin two per cent by about (x/D) = Re/20 which convertsto x” = x/(r,Re) » 0.1
in terms of laminar entry coordinates. For a Reynolds number of 1500, this distance is about 75
diameters and at Re » 2500 it would be about 125 diameters.
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Figure 27. Fabrication sketch for simulated basket support plate.

Initial measurements of U, V, ug véand uv have been obtained in the tube, about 1.7
diameters upstream from the exit for Re » 1500, 2510 and 3500. These data provide the initial
conditions for the jet which impinges on the bottom of the smulated canister. They also permit
assessment of the models employed in numerical predictions.

Figure 28. Model installed in MIR test section. The black ring is a gasket sealing the acrylic end
plate.
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At Re » 1500 the mean axial velocity profile U{r} agrees closely with the expected parabolic
profile for afully-developed flow in atube. At Re = 2510 this profile is flat across the central
region of the tube as shown in Figure 29 (the data from the tube are represented by the diamond
symbols). For afully-developed laminar flow, the centerline velocity would be twice the bulk
velocity whereas for fully-developed turbulent flow it would be expected to be U /V, » 1.3 or 0.
The appearance of the profile isthat of a developing one with alaminar boundary layer growing
near the wall but not yet reaching the centerline. Since the measurement station is about 68
diameters from the tube entrance, this observation would be consistent with alaminar development
length of about 125 diameters for this Reynolds number. However, the data for root-mean-squared
fluctuations, u¢and v¢ show evidence of turbulent behavior.

The datafor Re = 2510 and 3510 have been examined in terms of the wall coordinates
employed normally for developed turbulent flows. The variabley isthe distance from the surface.
Since the high Reynolds number asymptote is approximately logarithmic (u” » 5+ 2.5Iny"), semi-
logarithmic coordinates are employed [Kays and Crawford, 1980]. Results for the mean velocity
are compared in Figure 30 to each other, to other investigators, to alaminar asymptote and to the
turbulent law-of-the-wall. For fully-developed, low Reynolds number turbulent flow the levels of
the profiles decrease as the Reynolds number is increased until they approach the law-of-the-wall
or universal velocity profile approximately [McEligot, Ormand and Perkins, 1966]. The data for
Re = 2510 have the appearance of aBlasius (laminar) boundary layer profile [Schlichting, 1979]
when plotted in this form. Measurements from other investigators for the range 3000 < Re < 4400
are taken from the experiments of Reynolds [1969], Shehata[1984] and Durst et a. [1996]. It is
seen that our values for Re = 3510 and x/D » 68 are consistent with the data of others and their
trends, as well as the observation of Patel and Head [1969] that the transition from laminar to
turbulent flow proceeds rapidly along the tube for Re > 3000.

Mean velocity profile
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Figure 29. Axial mean velocity distribution entering the plenum region. The diamonds indicate the
flow in the tube near exit, circlestheinitial station of entering jet.
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Some preliminary turbulence measurements were examined (Figure 31). Here the rms
fluctuations have also been plotted in terms of wall coordinates; the non-dimensiona axial
component (ud)” is represented by diamonds and the radial ones (v§)" by circles. These data suffer
from statistical uncertainty due to low datarates or short duration of sampling but they do
demonstrate significant levels of turbulence. For comparison, Figure 32 presents typical results
from a number of other investigators using a variety of methods plus direct numerical smulation
[McEligot and Eckelmann, 2001]. While these data are for low Reynolds number turbulent flow in
channels, results for circular tubes have approximately the same magnitudes [Durst et a. 1996].
One seesthat for fully-developed turbulent flow, (u9” peaks at avalue of about 2.5 near y" = 15
and (v" has lower values with its peak further from the wall (not shown, but peak magnitudes are
typically 0.8-1). The present data generally have lower values at comparable locations in Figure
32.

One can conclude that the flow from the inlet tube is one that is intermittently turbulent and
laminar, i.e., undergoing axid transition. However, the mean velocity profile still has
predominantly laminar behavior.

In the remainder of the results to be presented, most velocities and their fluctuations are
normalized by the bulk velocity in the inlet tube (V) as one useful reference velocity. This
quantity is equivaent to the bulk velocity at the jet entry and is about 55 per cent of the maximum
velocity of thejet (or tube). For reporting the turbulence levels, turbulence intensities normalized
by pointwise mean velocities are avoided because they can give misleading high valuesin regions
of low velocities.
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Preliminary turbulence measurements
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Figure 31. Root-mean-squared vel ocity fluctuations near exit of central tube normalized in wall
coordinates, Re = 2510.
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Figure 32. Typical measurements and direct numerical smulation of root-mean-squared velocity
fluctuations at low Reynolds numbers by avariety of investigators [McEligot and Eckelmann,
2001].

Theinitid jet profiles are shown in Figures 29 and 33. The mean axia velocity isin the former
and turbulence components in the latter. These measurements are at approximately 0.07 diameters
from the tube exit. As expected, the mean profile is essentialy the same asit is 1.7 diameters
upstream inside the tube although one can see dlight evidence of spreading or entrainment at the
edges. For the jet, the axia fluctuations dominate over the radial ones. Highest values of u¢occur in
the shear layer between the flat central region and the surroundings in the plenum region and reach
magnitudes that are about twenty per cent of the inlet bulk velocity. This shear layer corresponds to
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the upstream boundary layer in the tube. At thislocation the radia fluctuations are small with
maximum values of the order of two per cent of V. Later it will be seen that in the semi-confined
plenum region the radial fluctuations are much greater than the axial ones.

As noted previoudly, fluid physics data for impinging jets are sparse. Most of the extensive
literature deals with heat transfer measurements. Only afew investigators report flow
measurements for confined impinging jets and apparently none have examined the semi-confined
geometry of the present study. Further, only afew experiments utilized a well-devel oped inlet flow
for the jet [Cooper et al., 1993] asin the SNF application. The present objectivesinclude
understanding the turbulent or laminarizing flow field approaching the perforated plate, i.e., the
upstream conditions for that plate. Even for confined jets, only Fitzgerald and Garimella[1996]
appear to have measured turbulence quantities outside the impinging jet and itswall jet. They
present rmsradia velocity fluctuations, primarily in and near the wall jet a high Reynolds
numbers. Emphasis on the region outside the wall jet islacking in their study.

Preliminary turbulence measurements
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Figure 33. Root-mean-squared velocity fluctuations of inlet jet at initial station, normalized by bulk
velocity in inlet tube.

Two-component LDV measurements of the turbulence structure and mean velocity
distributions for the semi-confined impinging jet and its surroundings upstream of the perforated
plate were conducted. Time series data have been obtained for: (1) radial profilesin the semi-
confined region at 0.046 < x#D < 1.97; (2) freejet profiles at -x/D » 0.07, 0.5, 1.0 and 1.5; and (3)
wall jet profilesat r/D » 1 and 1.3. The term x¢is measured from the solid bottom plate and x is
taken from the tube exit opposite to the direction of jet flow (however, the axial velocity U is taken
as podsitive in the direction of the jet flow). These locations are on the vertical centerplane between
the two middle rows of holesin the perforated plate so they are not directly affected significantly
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by upstream influence from the holes. Additional subtasks would be desirable to address the
behavior in a plane through aline of holes for comparison. The last two data sets provide data for
comparisons of theinitial behavior predicted numerically and to the higher Reynolds number
experiment of Cooper et al. [1993].

The development of the free jet is shown in Figure 34 in terms of its axial mean velocity
profiles. The circles are for theinitia profile at 0.07 diameters and the profile at x/D = -1.5 is given
by squares. There is no significant change as the jet proceeds halfway across the plenum (H/D = 2)
except adight increase in its breadth. By ahaf diameter from the impinging plate the velocity in
the central region decreases as radia outflow from the stagnation region begins to feed the ensuing
radia wall jet.

Jet mean velocity profiles
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Figure 34. Development of impinging jet frominitial station to x#D » 0.5 from impingement plate.

Overdl behavior of the radia wall jet is shown later with the plenum region results. Theinitia
conditions of thisjet were measured at r/D » 1, alocation where tabulated data are also available
from the experiment of Cooper et al. [1993] (courtesy of David Jackson, UMIST). Cooper €t al.
had an impinging jet from afully-devel oped turbulent tube flow at Re » 23,000, about an order-of-
magnitude higher than the present experiment. Their impingement plate did not have another
surface opposite to confine the flow. Consequently, we refer to it as a semi-infinite impinging jet.
Though there are obvious differences from the present experiment, it is one of the few experiments
with time-resolved data on the flow structure of impinging jets with a well-developed initia flow.
The spacing from the tube to the plate was the same, /D = 2. Available were profiles of the mean
and fluctuation radial velocities at a number of radial stations. Figure 35 compares the mean
velocity profiles and the turbulence measurements are in Figure 36. In these figures, the variable y
is the distance from the impinging plate.
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Wall jet from impinging jet
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Figure 35. Mean velocity profiles of wall jets evolving from impinging jets near impingement
region, r/D » 1.
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Figure 36. Comparison of profiles of root-mean-squared radial and axia velocity fluctuationsin
wall jet near initiation.

At the same non-dimensional location (one diameter from the centerline) the present wall jet is
significantly thinner than the one of Cooper et al. and, consequently, the peak value of U /V, (or
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VIV,,) isgreater. In the present experiment the maximum axial inlet velocity was about 1.8 times
V.,.» and the peak radial mean velocity was about 1.5 at this location. In the experiment by Cooper
et al. the fully-developed turbulent tube flow had alower centerline velocity, giving alower non-
dimensional momentum flow rate and the resulting peak radial mean velocity was only about 1.1 at
the same radia position. Despite the thicker boundary layer, the peak in their turbulent wall jet was
closer to the wall than observed in the present study.

In contrast to the free jet, the radia fluctuations in the wall jet are mostly greater than the axial
ones. Theroot causeis likely the different orientation of the nearby constraining surface. In Figure
36 theradid fluctuations veV, , (denoted ugr) are represented by the squares the axial ones by the
circles, and triangles show the radial fluctuations of Cooper et a. In both experiments significant
radia fluctuations are seen further from the wall than the apparent mean boundary layer. Again the
region of Cooper et al. isthicker than ours. Their fluctuation profile shows two peaks, one
corresponding to the region of maximum shear stressin the outer region and the other in the near-
wall region as turbulent boundary layers with an imposed freestream flow. Our vépeak is about the
same magnitude as the maximum of theirs, about fourteen per cent of V., but itslocation
corresponds to the high shear region near the wall whereas their highest values are in the outer
region. Although v¢is generally greater then u¢there appearsto be a*“spike” in the present data
approximately at the high shear region at the outer edge of the wall jet (it is not clear whether this
occurrence is fortuitous).

The flow in the inlet plenum provides the upstream conditions for the flow through the
perforated plate smulating a basket support plate. For Re = 2510 this flow pattern is presented in
Figure 37 in terms of mean velocity vectors. This planeison the vertical centerline of the model
between two vertical rows of holes as seen in Figure 27. Main features are the high velocity
impinging jet, the thin expanding wall jet, alarge recirculating eddy near the outer wall of the
canister and relatively low velocities near the perforated plate. The flow in the wall jet remains
attached until it impinges on the outer wall of the plenum region and induces the main recirculating
eddy. Only asingle mgjor eddy is seen rather than the two observed with the water flow
visualization. Outside the impinging and wall jets, flow is relatively quiescent with velocities about
an order-of-magnitude less than the inlet vel ocity. In the plenum region upstream of the perforated
plate, the radial velocity component at a point is generally greater than the axial component, except
in the recirculating eddy. In the vicinity of the perforated plate, flow is primarily radialy inward.
Tabulated values of this velocity distribution can be made available for comparison with the
predictions of CFD codes proposed for canister flows.

The turbulence field upstream of the perforated plate may be examined in terms of contour
plots of the magnitudes of the root-mean-squared fluctuating velocity components. Presumably, the
higher the turbulent kinetic energy (k = (U* + v’ + w?) / 2) carried into the element array, the more
effective the mass transfer to the elements. In the present experiment radial and axial components
were determined. The present data would be suitable for comparison to predictions from Reynolds
stress models [Hanjalic, 1999] or k-e-v* models.
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Figure 37. Mean flow pattern of a semi-confined impinging jet and its surroundings, Re,, = 2510.
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By using quartz for the canister end plate and perforated plates so that these transparent

elements had the same refractive index as the minera oil, it was possible to obtain LDV data for

the component normal to those surfaces much closer than other investigators could. In this
configuration, this component corresponds to the axial direction.

Contours for rms axial fluctuations normalized by the inlet bulk velocity are displayed in Figure
38. At theinlet jet, values are moderate, consistent with the inlet profile shown earlier in Figure 33.
In the rest of the flow, u¢V . (denoted udU in the figure legend) islow with adlight increase in the

region of the main recirculating eddy. With the exception of the outer region (r/D & 7), values
immediately upstream of the perforated plate are less than one percent of V.
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Figure 38. Distribution of root-mean-squared axia velocity component ud¢V, . for a semi-confined

impinging jet and its surroundings, Re,, = 2510.
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Thermsradia velocity fluctuations are generally considerably larger than the rms axia
fluctuations. Although alocal Reynolds number for the bulk outflow between the plates would
vary fromRe,, ( = 0.25 Re /(r/D)) » 1260 at r/D = 1/2 to zero at r,, the turbulent fluctuations
remain significant, and there is no evidence of alaminarization phenomenon. Figure 39 presents
the normalized distribution of v& High values are seen in the wall jet and moderate values mostly in
its wake region or the haf of the plenum near the wall jet. Moderate to high values also appear
near the perforated plate in the region directly affected by the main recirculating eddy. Near the
perforated plate in therange 0 < r/D < 7, v€is still moderate while u¢is low. For the most part, v¢is
the same order or larger than the mean radial V so the loca turbulence intensities véV{r,x} are of
the order of 100 percent or greater turbulence levels. These large relative values of v¢imply the
likelihood that there are considerable fluctuations in the incident angle as the flow approaches the
holesin the perforated plate. This situation differs significantly from flow conditioning applications
of perforated platesin wind tunnels.

As shown by the velocity vectorsin Figure 37, the eddy structure observed in the plenum
region of the 0.6-scale MIR model with oil flow exhibited only a single torroidal vortex near the
outer radius at Re » 2500. On the other hand, the structure observed in the water flow apparatus
(with a 4% open area perforated plate, similar to that in the oil flow apparatus) at the same
Reynolds number showed two counter-rotating toroidal vortices (Figures 23 and 24). Therefore the
difference in eddy structure was examined by conducting a series of flow visualization experiments
at varying flow rates in both the oil flow and water flow models.

Flow visualization in the oil flow apparatus was achieved by injecting small air bubblesin the
inlet flow line. The results were recorded photographically. Various camera shutter speeds were
used to record bubble path lines. The results shown in Figure 40 were obtained using a duration of
one second for Re » 1650, and 1/2 second for Re » 2200 and Re » 4200. The photographic and
lighting techniques were the same as for flow visualization in the water flow apparatus as described
earlier in this report.
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Flow visudlization in the oil flow gpparatus clearly shows a double vortex structure for inlet
tube Reynolds numbers less than approximately 2,100. The double vortex structure is shown in the
photograph for Re » 1650 in Figure 40. The eddy structure changes from a double structure to a
single vortex between Re » 2100 and Re » 2300. This transition is characterized by flow which
oscillates non-periodically from a double vortex structure to asingle vortex structure. The
photograph for Re » 2200 shows part of the wall jet flow recirculating in an inner vortex and part
of the flow proceeding along the wall to the outer vortex. The photograph for Re » 4200 shows a
single vortex structure.

The flow visualization experiments conducted in the oil flow apparatus implied that a similar
trangition in eddy structure should exist in the water flow apparatus, but at a higher Reynolds
number. Without simulated fuel elements downstream of the perforated plate, the transition
occurred at Re » 2900-3200. However, with the smulated fuel elementsin place, the double eddy
structure was observed for al inlet flow rates up to Re » 4500, the maximum achievable in the
apparatus. It is concluded that the presence of the smulated fuel elements could have induced the
wall jet flow to separate from the wall and form the double eddy structure. However, time (and
funding available) did not permit conducting comparable experiments in the oil flow apparatus
with simulated fuel elementsinstalled. The effects of these changes in plenum flow pattern on
convective mass transfer with the fuel elements remains unclear.

Effect of perforated plate

Holes in the perforated bottom plates of typical basket designs have length-to-diameter ratios
(L/D,,,,) of about 0.5 to 5. Conceptually, one could attempt to estimate the effects of such plates on
the mean flow magnitude and direction plus the turbulence components by applying the method of
Taylor and Batchelor [1949] who considered gauze screens. However, it is not clear whether their
approach would be valid for perforated plates with L/D, ,, greater than the order of one. In the
present experiment, L/D, . » 3.2 which isan intermediate value for typical designs of canister
baskets.

hole

In the plenum region upstream of the perforated plate, the radial velocity component is
generally greater than the axial component, except in the recirculating eddy, and the fluctuating
radial component is much greater than the axial counterpart. As shown in Figure 37 one set of
measurements was obtained downstream of the hole, essentialy at the entrance of the basket which
would carry an array of fuel rods. In theradial direction these data were taken at the same location
as the holes but in the spanwise or circumferential direction they were offset dightly. The locus of
the hole centers was along y » 7.5 mm and the data were taken at y » 10.95 mm. The axial
location was about 6.5 mm downstream of the plate. Thus, relative to the holes the measurements
were at about 1.7 diameters from their outlets and at aradius of about 0.9 diameters. We believe
these locations would have provided data characteristic of the expanding jets from the holes at their
outer edges.

If the flow through the holes were uniform, the average bulk velocity V... would have been
about 0.16 m/sec, giving a hole Reynolds number of about forty. These limited downstream data
give 0.136 < U < 0.166 m/sec or aten percent variation. The lower values were near the center of
the smulated canister. As one sees from Figure 37, the flow is predominantly parallel to the axis of
the canister. The radial mean velocity was about one percent of the axial component (or |ess)
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except near the hole nearest the center (about twelve percent there). Relativeto V, . ... therms
axia fluctuations were about 3 to 7 percent and the radial ones were about 0.5 to 1 percent. In
absolute values, upstream of the plate the radial fluctuations ranged from about 0.09 to 0.18 m/sec
and in the jets downstream the range was about 0.0008 to 0.002 m/sec, a reduction of about two
orders-of-magnitude in the radia fluctuations. The reduction for the axia fluctuations was
approximately a factor of four.

The apparent effects of the perforated plate at these conditionsis to convert the predominantly
radia mean flow in the plenum region to an axial flow and to reduce turbulence substantialy.
Since the turbulence of the jets provides the initial freestream turbulence relative to fuel elementsit
islikely that there would be a substantial effect on the convective mass transfer (drying or
passivation) of the elements. However, it would be a mistake to generalize this observation to other
conditions. Taylor and Batchelor [1949] show the effects vary with grid resistance which, in turn,
varies with both the hole configuration and Re, .. Additional measurements are desirable, both
with the present model and with other conditions.
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6. NUMERICAL MODELSOF FLOW IN THE SNF CANISTER

The intent of the computational modeling work was to assess the ability of industrial computational
fluid dynamics codes to predict complex flows. These codes are readily available and used for flow
predictions throughout the DOE complex. The models wereinitially used asis, then modified as
needed to properly predict flow with representative fuel storage containers.

A number of phenomena exist within the apparatus that need to be examined to determine their
importance in the overal mass transfer to the surface of the fuel rods (see Figure 41). The ultimate
goa of the type of system being analyzed is to oxidize any exposed fuel on the fuel rods. In this
situation, the rate at which oxygen is transferred to the surface of the rodsisimportant. The
phenomena that will impact this mass transfer include the turbulence levels within the pipe prior to
impinging on the plate, the jet impingement, flow between the porous plate and canister bottom,
flow through the porous plate (holes), and the flow up past the fuel rods themselves. Each of these
phenomena has been analyzed with computational tools.

Center Tube
Flow Entrance

Flow Past Fuel Elements Fuel Elements
(Relaminarizing?)
No
Fully Developed
Flow Through Orifice Plate Low Reynolds number
(Low % Open Area) o_// Turbulent Pipe Flow

Low Reynolds number
Turbulent Impinging Jet

Figure 41. Different flow regions that are of interest to the development of the numericad models.

The flow through the orifice plate poses the grestest uncertainty for the modding efforts. It dso
presents the greatest challenge in modding the complete syslem. The Sze and spacing of the holes are
not smdl rddiveto the Sze of the plateitsalf. Thiswill result in the modeling complexities because the
flow through each hole needs to be included in the modd to properly assess flow digtribution. Including
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each individua hole will increase the number of dements required to mesh the complete geometry and
incresse computationa times.

Severa modeling activities were conducted to assess the slow situation in the ssmulated flow
system. The modeling activities included low Reynolds number modeling of the inlet pipe flow,
two-dimensional flow modeling of the impinging jet onto the bottom of a cylinder, three-
dimensional modeling of general flow patterns into the symmetry section without the porous plate,
and three-dimensional modeling of flow in the symmetry section with the porous plate.

Theinitial round of modeling qualitatively assessed the flow patterns in support of the
experimental effort and to work towards vaidation of the modeling approach. The models
progressed from the most basic to a complex model of the complete three-dimensional geometry.
All modeling results were completed with the general -purpose finite element code FIDAPO . The
results of the scoping calculations will not be presented here because they were conducted to
support the design of the experiments and were intended to give “order of magnitude’ guidance to
the experimentdists.

The remainder of the numerical modeling report will include analysis of the turbulent flow in a
long pipe, turbulent flow in the inlet section to the experimental apparatus, the impinging jet region,
three-dimensiona flow into a container without a plate, and three-dimensional flow within the
complete system, including the porous plate.

Pipe Flow

The entrance to the flow geometry is along pipe down the center of the apparatus. To
accurately predict the flow entering the plenum region of the apparatus, the exit conditions of the
pipe have to be predicted correctly. The Re of the flow in the pipe will bein thelow Re
turbulence range (Re ¢ 2500).

Numerous models are available to model turbulent flows. The majority of these models are for
higher Re flows. These models include k-epsilon, k-omega, renormalized group (RNG) model,
eddy-viscosity, and others. There are fewer models, or variations of models for low Re flows.
Within FIDAP, the k-omega model is very robust and models the viscous sublayer, rather than
approximating the flow within this region. See Wilcox [1994] for details on a number of the more
common turbulence models.

The low Reynolds number pipe flow was modded axisymmetricdly. The non-dimensond diameter
of the pipe was assumed to be 1, and the length of the pipe was set to be 240. The large L/D ratio was
used to ensure the results would be representative of fully developed flow. The experimenta data to
which the results are compared was taken from Reynolds [1969]. The inlet velocity and fluid viscosity
were set to ensure Re = 3017 was obtained for the modd.

Figure 42 shows a comparison of the non-dimensiond velocity profile (U*) for experimental and
numerical data. In addition, a comparison of the velocity profileisaso made. The best results are
shown between the k-w model and the experimenta data. The ability to integrate through the boundary
layer (better job of moddling the viscous sublayer region) leads to the improved results.
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Figure 42. Comparisons between Low Re data and numericd predictions made by FIDAP (Re=3017,
fully developed flow L/D = 240). The left hand side compares the measured and predicted velocity
profiles, while the right hand side compares the non-dimensiond velocity profile hear the wall.

The implementation of the k-w model within FIDAP is the only potentia turbulence model for
low Re flows. The most common turbulence models are all designed for high Re flows (on the
order of 10°). The k-w mode is for much lower Re number flows and rather than model the
viscous sublayer, adequate mesh must be used to actually capture the changes that occur very close
to the wall of the computational domain.

The implementation used within FIDAP istraditionally suited for dightly higher Re than those
modeled here. Overall though, the comparisons are adequate for the types of trends trying to be
predicted with the present models. Some of the differences shown in the non-dimensiona curves
could be due to the numerically estimated wall shear stress, which is needed to non-dimensionalize
the velocity. The velocity profile isin good agreement and the agreement between the two can be
considered adequate for industrial type smulations.

Inlet Pipe Flow Model

The second type of pipe flow simulations considered a geometry similar to one used in the
experiments. The experimental apparatus consisted of two different diameter pipes. A larger
diameter pipe was used for the entrance flow, which was then connected to a smaller diameter
pipe. A schematic of the geometry is shown in Figure 43.

Figure 44 shows a comparison between the measured and predicted data for the exit of theinlet
gpparatus for aRe of 3500. In generd, there is afair agreement between the predicted and measured
data. Estimates of the wall shear stress and experimentd uncertainties could account for some of the
differences between the modd and experimentaly data points. In addition, a more refined low Re
turbulence modd could have improved the agreements as well.
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Figure 44. Comparison between measured low-Re pipe flow data and the numerica predictions of
FIDAPsk-omegamodd at aRe = 3500. Experimental data obtained by D. McEligot and G.
McCreery at the INEEL.

Modeling of Impinging Jet in 2D Geometry

Several standard turbulence models were used to analyze the flow out of the pipe onto the
lower plate. The intent of this work was to examine the sengitivity of the jet spreading to the type
of numerical model used (turbulence model and upwinding scheme). In addition, the length of the
pipe in the model was varied to demonstrate the sensitivity of the results to this parameter as well.
The geometry consisted of along inlet pipe and the plenum region (porous outflow boundary
condition selected). Flow entered the pipe, impinged on the lower plate and then exited the
computational domain through a*“porous’ support plate.

The “porous’ support plate approach is the only way to model this complex three-dimensional

geometry in an axisymmetric simulation. The porous support plate approach alows for a pressure
drop to be associated with the outlet boundary of the computational domain. Thistype of boundary
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condition would be good for meshes or screens where the hole sizeis small relative to the problem
geometry. A schematic of the system is shown in Figure 45.

The model was developed to dlow for easy variation of the length of the inlet pipe. Thiswould help
assess how sendtive the outlet velocity profile wasto pipe inlet conditions and length. An axisymmetric
modd for the pipe and plenum region was.

The turbulence modelsincluded k-w, standard k-e, and the RNG version of the k-e modd.
Additiona modds were used to show the severe limitations of these models. These models are standard
within FIDAPO . The k-w modd is integrated through the viscous sublayer, whereas dl of the other
techniques rely on awall function gpproach. The wall function gpproach is not particularly suited for low
Re flow because of the nature of the assumptions used near the wall.

Figure 46 shows representative modeling results for this jet impingement region. The
turbulence models used included the standard k-e, RNG k-e, and the k-w model. Figure 46 shows
how widely the results varied for different models and numerical schemes.

U, represents the flow along the direction of the pipe. It is not surprising that the results vary for
the different models, but it was not expected that such a huge variation would exist. The axia
velocity (U,) varied by afactor of 3 for the different models. The radial velocity components
(lower portion of Figure 46) also varied by afactor of 3. It isreadily apparent that the type of
model and numerical scheme selected will impact the predicted flow field. As discussed
previoudy, the k-w is specifically designed for low Re flows and it also gave reasonable agreement
with the measured pipe data of Reynolds.

Inlet
Flow
T Inlet
Flow Perforated
Representative Pate
Fudl Storage
Container Plenum "
Region\|\. < >
Plenum
/A Region
<~ o

Figure 45. Schematic of impinging jet mode. The porous plate boundary replaces the perforated plate
that exigtsin the full modd. System is used to examine expansion and impingement of jet onto lower
plate. Distance from pipeto lower plate was 2 inlet pipe diameters.

60



0.01 T

0.00 — e

0094 020555 . 0.060

-0.02 1

Uz (m/sec)

Ur (m/sec)

-0.03 1
-0.04 A

k-epsilon, Default

0057 O k-w, First order
- . = = = *RNG k-epsilon
006 RNG Long
-0.07 A © k-w:Long Pipe
-0.08 -
Radial Location (m)
0.18
0.16 k-epsilon, Default
014 O k-w, First Order
' = = = *RNG k-epsilon
0.12 1 RNG Long
0.10 T ° k-w: Long Pipe
0.08
0.06

009400 0050 0100 0150 0.200  0.250

Radial Location (m)

Figure 46. Comparison of different turbulence modes and numerica solution schemesfor flow
impinging on lower plate of system. “First Order” refers to the type of upwinding scheme used for
convective terms. Models used include standard k-e, RNG k-e, and the k-w modd.

Figure 47 shows the spread of the impinging jet as the flow moves out radially from the
centerline of the pipe. The k-w model was used for these results because of the favorable results
presented for low Re pipe flow. All of these results show the proper qualitative trends for
impinging jet flow onto aplate. The jet impinges on the plate, the flow spreads rapidly, increasing
the speed of the flow along the bottom plate (often referred to asa“wall” jet). Theflow
accelerates, entrains other fluid (allowed to enter back into the flow domain through the porous
plate outflow boundary condition), and then peak velocity startsto slow asthe “jet” spreads and
entrains other fluid.
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Figure 47. Verticd veocity profileslocated at the indicated radid position from centerline of pipe (Re =
5,000, k-w modd, long inlet pipe).

The impinging velocity vectors are shown in Figure 48. The low Re flow exits the pipe,
spreads, impinges on the plate, and then spreads over the bottom plate of the canister. These
vectors are the result of ak-w simulation with the porous plate outflow condition. The re-entrant
characteristic of the flow is aso shown in the lower section of Figure 48.

More smulations were also conducted to examine the impact of the porous plate on the flow in
the storage container. These simulations assumed the full geometry, laminar flow, and no porous
plate. These tests were to be used in conjunction with the three-dimensional simulations to better
understand the impact the plate has on the flow.

The experimental results previoudy discussed in this report did examine flow in a more open
plate structure. This open plate structure was shown to alow flow to recirculate back into the
plenum region. The porous plate modeling approach used for Figure 48, show a similar flow
characteristic.
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Figure 48. Flow impinging onto bottom plate. Top: High velocity vectors are colored red, low ve ocity
vectors are colored blue. Note “boundary layer” characteristic aong the bottom of the plate as the flow
spreads out over the plate. Only a portion of the plenum region is shown. Bottom: Streamlines of flow
in plenum region (re-entrant flow).

Figure 49 shows streamlines for amodel that did not consider a porous plate in the geometry.
These simulations considered laminar flow and removed a porous plate just above the plenum
region. The results show the formation of arecirculation zone near the bottom of the canister.
Quialitatively, these results show recirculating flow patterns similar to those of a porous plate (holes
much smaller than geometry features).
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Figure 49. Flow recirculation in “open geometry” (laminar flow). Results here show how flow would
recirculate in a system that did not have a porous plate to distribute the flow more evenly into the fuel
gtorage region.

Three Dimensional Geometry without Plate

Thefirgt three-dimensional model developed only considered flow out of the pipe,
impingement on the lower plate, and flow up past the representative fuel rod. Figure 50 shows the
representative symmetry section and a detailed few of the mesh at the lower regions of the
geometry (semicircular cut out represents fuel rod). These laminar flow predictions were conducted
to later make comparisons with the three-dimensional predictions that contain the porous plate (see
next section). Comparing these results would allow a quditative analysis of the impact of the
porous plate on the flow within the apparatus. The genera flow characteristics could also be
analyzed with this type of model.

Figures 50-52 show the geometry and typical laminar flow results. Symmetry planes were used
through the middle of the fuel element and at the plane %2 way between the fuel elements. This
model did not include the porous plate as mentioned above. The model consisted of roughly
80,000 elements. Flow exited the pipe, impinged on the bottom plate, flowed past the fuel element,
and out the top of the domain. The intent of these smulations was purely quditative.
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Figure 50. Schematic of symmetry section and mesh near pipe outlet and representative fuel eement.

Figure 51. Flow recirculation viewed from the symmetry plane through the representative fued eement.
(Laminar flow with no porous plate included in the modd).
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Figure 52. Flow recirculation pattern on symmetry plane between fud rods. Flow characterigtic is
quditatively smilar to conditions shown in 2D smulations (see Figure 49).

Quaditative comparisons between the two-dimensiona results shown in Figure 49 and those of
Figures 51 and 52 show arecirculating flow. Particle traces are shown for particles introduced near the
fud dement (Figure 51) and near the symmetry plane (Figure 52). In generd, the recirculating
characteridic of the flowfied found in Figure 49 agrees withwhat is shown in Figures 51 and 52. The
flow, if not impeded by a porous plate, will recirculate in the lower regions of the canigter, and then flow
up past the fud dement.

Three Dimensional Geometry with Plate

The complete geometry was modeled next. A 1/8" symmetry section was selected for meshing.
The definition of the mesh was one of the most important features of this modeling effort. Trade-
offs between boundary layer mesh refinements, total mesh, and mesh aspect ratios had to be
weighed in order to insure the numerical solution would converge and that the flow field would be
adequately resolved. A significant amount of time was spent on refining the finite e ement mesh for
this particular geometry.

Figure 53 shows atop view of the three-dimensional symmetry section. These simulations
differ from those previously discussed because the model includes the details of the porous plate.
The holes are on 1 inch centers and %z inch in diameter through a%ainch plate. A preliminary mesh
consisted of over 320,000 elements. Elements were compressed above and below the porous plate
to capture changesin the flow field as it enters and leaves each of the holesin the plate. The mesh
was later refined and contained over 714,000 elements. Figures 54 and 55 show the final mesh for
the simulations. Convergence of the problem was found to be very sensitive to the aspect ratio of
the elements. This was due to the fact that the flow recircul ates above as well as below the plate.
Without a fine mesh, these flow features would not be detected and caused convergence problems.
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Figure 53. Top view of 3D geometry. Smulated fud rods are shown above the plate surface. Holesare
on 1-inch center to center spacing. Plate is Yainch thick with ¥2inch holes through the plate.
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Figure 54. Top view of three-dimensiond symmetry section. Holes are shown with localized mesh
arranged to capture flow through holes. Large hdf circle isthe representative fuel rod. Meshis
compressed near flow inlet (lower |€ft) to properly resolve the flow impinging on the bottom plate.
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Figure 55. Side view of the geometry and mesh
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Fgure 56 shows the flow impinging on the lower plate as it exits the pipe. The flow formsasmdl
recirculation zone near the jet, the location of which is dependent on the Re of the pipe flow.

The model only considered the region below the plate and a portion of the fuel storage region above
the plate. The main interest was in how the flow went through the porous plate. The results presented
here consdered laminar flow, not low Reynolds number turbulent flow conditions. In addition, the
model did not consider the developing flow in the entrance pipe. The inlet boundary condition assumed
fully-developed laminar flow prior to impinging on the plate.

Figure 56. Side view of the 3D flowfield leaving the pipe region and entering the plenum region of the
container. Mode contained over 700,000 e ements. Recirculation zones form in plenum region and
more uniform flow occurs up past fue demert.

69



Figure 57 shows a comparison between the experimental results and the numerical model. The
results only compare the general flow structure below the plate. The general location of the
recirculation zones are in agreement. The flow leaves the entrance pipe and impinges on the
bottom plate. The flow spreads out, forms 2 recirculation zones, and flows up through the porous
plate. An examination of the flow in a plane paralld to the bottom plate shows a number of
recirculation zones in this plane, indicating the complex nature of the flow up through the plate and
past the fue rod.

Figure 57. Qualitative comparison of flow structures below plate. L eft-hand side shows the
experimental results and the right hand side shows the numerical results. (Re = 2500, S/D = 2,
Porosity of 4%).
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7. CONCLUSIONS AND RECOMMENDATIONS
Conclusions

Our research group has devel oped experimental and computational results to develop reliable
predictive techniques for the energy, mass and momentum transfer plus chemical reactionsin
drying, passivation and transfer of spent nuclear fuel from wet to dry storage. An idealized SNF
canister was defined to investigate fluid flow associated with drying and passivation. The canister
configuration includes flow phenomena that occur in canisters for high-enrichment and medium-
enrichment fuels, where fuel e ement spacing in the canister isincreased as compared with low
enrichment fuel. The canister diameter was taken as 46 cm (18 in.) and a single basket of about 1.3
meters (4 ft.) length was considered. A long central tube served asthe inlet asin one earlier
concept for a passivation process. While this concept apparently has not yet been selected for
application, it provides an excellent example of the coupled, complex phenomena which may be
present in canister flows. Suggested design flow rates for this hypothesized application indicate that
the Reynolds number in the inlet tube would be expected to be between 2500 and 5000, i.e.,
relatively low.

A unique flow-visualization method was devel oped to simulate a passivation reaction between
oxygen gas and uranium hydrides found on wet-stored spent nuclear fuel e ements. Using
hexanoic acid as aworking fluid and sodium metal to simulate a corroded area on an SNF element,
we were able to visualize the effect that the reaction will have on the surrounding flow. The
research showed that the reaction between the acid and the sodium produced a localized
concentration of bubbles, which rose in the flow, causing various disturbances.

Although the hexanoic acid-sodium metal reaction produces hydrogen bubbles in a two-phase
flow, and the passivation reaction is strictly single phase, some valuable fluids insight were
obtained. During the passivation treatment, hydrogen is liberated as a byproduct of the reaction.
The hydrogen is buoyant compared to the surroundings, and will therefore begin to rise. This
behavior is similar to a buoyant plume that is observed in open fires. One aspect that makes our
scenario different isthat it is abuoyant plume in a crossflow. The rising hydrogen entrains the
surrounding gases, dightly enhancing the mixing. The entrainment also causes the fluid in the
freestream to convect towards the reaction, thereby “feeding” the downstream reaction aress.

The buoyant reaction product combined with the fluid in crossflow produced a billowing
instability that affected the surrounding flow field. These instabilities can couple with the
instabilities that occur throughout the flow in the canister to produce complex flow patterns. We
also performed experiments with multiple reaction sites on the surface, including a series of in-line
and staggered reaction sites. In addition to increasing the flow complexity, additional reaction sites
serving to enhance the mixing of the fluids.

A water-flow experiment with a 3/4-scale model (relative to the idealized canister) has been
used for overall flow visualization and velocity measurements, with and without an array of
simulated fuel elements. Its purposes were to obtain initia indications of the gross flow behavior
and to investigate the circumferential periodicity of the flow. Standard flow visualization
techniques, using fluorescent dyes and neutrally buoyant particles illuminated by laser and white
light, were employed. Observations have been made with perforated plates (representing basket
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support plates) having three different hole geometries, with and without smulated fuel elements.
The flow patterns exhibited are very complex and provide a non-uniform flow distribution along
the simulated fuel elements.

Experiments were conducted to determine the canister flow field with three perforated plates
with open areas of 50%, 8% and 4% . Experiments reported are for Re,,, = 2,500 + 100. Although
laminar flow in a smooth tube can occur at Reynolds number as high as approximately 40,000, itis
believed that the tube is sufficiently long and the entrance conditions sufficiently abrupt to insure
that turbulent flow exits the tube and impinges on the plate. The flow is approximately
circumferentially periodic and symmetrical about cross-sections through the four outer tubes for
experiments using each of the three perforated plates. This observation implies that numerical
predictions and detailed measurements can concentrate on an 1/8-th sector of the idealized
geometry rather than the full cross section.

With a 50% open area plate, the flow pattern is comparable to that of a submerged impinging
jet on a semi-infinite plate with formation of alarge vortex and entrainment and recirculation
through the holes in the perforated plate near the center. Downstream flow is primarily through the
outer holes. A single main recirculating eddy forms, encompassing the plenum and part of the
region for the element array.

With the 4% and 8% open area plates, recirculation regions occur downstream of the perforated
plate and two main recirculation zones (plus a small corner flow vortex) form upstream of the
perforated plate. Flow does not reenter the inlet plenum through the smaller open area plates as it
does with the 50% open area plate. In these cases the flow pattern in the inlet plenum has some
features of a confined impinging jet [Morris and Garimella, 1996].

The Reynolds number in the array downstream of the plate based on hydraulic diameter is
approximately 70 for Re,,, = 2,500. With the tubes present, vortices persist for the mgjority of the
tube bundle length and the flow only starts to approach a fully-developed laminar profile near the
exit of the bundle (L/D, » 6, where D, isthe hydraulic diameter). The flow distribution is uneven
near the surface of the simulated fuel elements. Higher velocity is observed near the surface
towards the canister centerline than towards the outside where, except near the perforated plate, the
velocity is an order-of-magnitude lower. These experiments show flow across the smulated
elements and resultant vortex shedding, although the vortices do not show the clear alternating

pattern of a Karman vortex street [Tritton, 1977].

Velocity and turbulence distributions were measured with laser Doppler velocimetry in the
INEEL Matched-Index-of-Refraction (MIR) flow system. A 0.6-scale modd of the idealized
canister was employed with dimensions as follows: plenum spacing H/D = §/D = 2, canister
internd radiusr/D = 9, pitch of holes in the perforated plate p,/D = 1 and hole diameter d./D = 1/4
in asquare pattern. Most measurements were taken at Re, ., = 2510. Data were taken on flow in the
inlet tube, the impinging jet and flow upstream of the perforated plate (inlet plenum). Flow at the
exit of the inlet tube was determined to be one that was intermittently turbulent and laminar, i.e.,
undergoing axid transition. However, the mean velocity profile still had predominantly laminar
character. Measurements included the mean distributions of radia and axial velocity components,
V and U, and their root-mean-squared fluctuations, véand u¢ These data would be suitable for
comparison to predictions from Reynolds stress models [Hanjalic, 1999] or k-e-v* models.
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Main features of the flow in the inlet plenum upstream of the perforated plate are the high
velocity impinging jet, the thin expanding wall jet, alarge recirculating eddy near the outer wall of
the canister and relatively low velocities near the perforated plate. The flow in the wall jet remains
attached until it impinges on the outer wall of the plenum region and induces the main recirculating
eddy. Only asingle major eddy is seen rather than the two observed with the water flow
visuaization. Outside the impinging and wall jets, flow is relatively quiescent with velocities about
an order-of-magnitude less than the inlet vel ocity. In the plenum region upstream of the perforated
plate, the radial velocity component at a point is generally greater than the axial component, except
in the recirculating eddy.

Thermsradia velocity fluctuations are generally considerably larger than the rms axia
fluctuations. High values of v¢are seen in the wall jet and moderate values mostly in its wake
region or the haf of the plenum near the wall jet. Moderate to high values also appear near the
perforated plate in the region directly affected by the main recirculating eddy. Near the perforated
plate in therange 0 < r/D < 7, v¢is still moderate while uc¢is low. For the most part, v¢is the same
order or larger than the mean radial V so the local turbulence intensities v@V{r,x} are of the order
of 100 percent or greater, implying large turbulence levels. The large relative vaues of ve¢imply the
likelihood that there are considerable fluctuations in the incident angle as the flow approaches the
holes in the perforated plate. This situation differs significantly from flow conditioning applications
of perforated plates in wind tunnels.

Comparison of the present results shows that flow in the plenum region upstream of the
perforated basket support plate is sensitive to the inlet flow characteristics in the expected range of
Reynolds number. What has not been determined is whether turbulent, laminar or transitional inlet
flow is preferable for desired drying characteristics, or whether it matters. Further measurements
arerequired to answer this question.

It is apparent from these experiments that, despite the conceptual ssimplicity of the canister
design, the flow pattern is very complex. Of possible concern is the uneven flow distribution near
the surface of the smulated fuel elements as demonstrated in the water flow visualization
experiments. Higher velocity is observed near the element surface towards the canister centerline
than towards the outside where, except near the perforated plate, the velocity is an order-of-
magnitude lower. A more even flow distribution is expected to provide more uniform drying and
passivation around the elements. Possible design changes that could provide more uniform
distributions (if that is desirable) include (1) an optimized distribution of perforated plate holes, (2)
alonger inlet plenum length (to decrease radia velocity tangent to the perforated plate which will
presumably provide a more even flow distribution) and (3) a higher packing density of fuel
elements, where criticality considerations allow. The canister and plate geometry could be
optimized using a CFD code once it has been verified that the code can reasonably predict the
present and other needed experiments.

Additional lessons learned for design of drying/passivation systems may be summarized as
follows. Bypass flow routes should be avoided and flow distribution should be controlled.
Assumptions of uniform flow could be very mideading. Previous measurements of flow through
perforated plates for wind tunnel conditioning are not likely to be applicable to basket support
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plates. Modifications of basket support plates and lower regions of canisters could be useful to
distribute turbulent flow to the elements.

A number of different numerical models were developed to analyze the complex nature of flow
in spent fuel canisters. Two- and three-dimensional models were devel oped to assess different flow
features. It was found in general that the general-purpose code provided adequate results for the
simulation of the low Reynolds number pipe flow. Agreement between the measured and predicted
results was adequate, but refinements to the model could lead to improved comparisons.

Any of the modeling results that depended on “inlet” flow conditions to the plenum were found
to be very sensitive to the assumptions made to the inlet pipe flow conditions. The selection of inlet
boundary conditionsisimportant to accurately predict turbulent flow conditions for these complex
geometries. The modeling results are very sensitive to the type of turbulence model used for the
smulations. Extremely large variationsin the flowfield were noted for the different models. The
most realistic results were obtained with alow Re turbulence model with accurate upwinding
schemes. Low order upwinding schemes and poor assumptions for the inlet flow profiles lead to
drastic changes in the results.

The method used to model the porous plate is critical in predicting the qualitative flow features
within the system. The porous plate approach gave qualitative agreement to the experiments where
avery open plate was used. But, in those situations where the plate was much more restrictive and
relied on alower open fraction (fewer and smaller holes), the porous plate approach predicted
recirculation above and within the plenum region (re-entrant flow to the plenum). The actual
experiments showed the flow recirculating below the plate, but not re-entering the plenum region
through any of the holes. The three-dimensional models that took this into account qualitatively
predicted the flow correctly.

Based on the present modeling, it appears necessary to include the details of the holesin the
plate within the numerical model. It may be possible to develop a* porous plate’” model for disperse
holes, but model limitations may make it difficult to accurately model awide range of design
options. For example, if such amodel “prevented” re-entrant flow into the plenum region, such a
limitation may not detect situations where such flow truly exists. If a porous plate model were
developed it would have to be developed with care to insure the proper physics are properly
considered.

Numerical convergence is dow for the three-dimensional flow fields modeled. The order of
magnitude changes in the velocity field across the computational domain make it difficult to obtain
fast convergence. As the next generation of computing platformsis developed, it will be easier to
include the necessary details to analyze the details of the flowfield. More uniform flow up past the
fuel elements will be obtained through the use of a plate that restricts the flow and does not allow it
to re-enter the plenum region. Detailed analyses and testing would have to be conducted to truly
assess the uniform characteristic of the flow.

Recommendations

The present measurements have revealed complex flow patterns that are expected to be difficult
to predict. In some regimes, predictions of flow patterns, velocities and turbulence levels would be
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uncertain. Uncertainties in flow lead to uncertainties in convective mass transfer locally along fuel
elements, leading further to uncertainties in drying (and passivation) rates locally.

Further work should concentrate on experiments examining the effects of a sparsely perforated
plate on the turbulence field, both downstream and upstream, and the decay of turbulence fieldsin
simulated fuel element arrays, both sparse (highly-enriched and moderately-enriched) and dense
(low enrichment) plus related velocity fields.

Since suggested design flow rates for SNF storage/passivation applications indicate that the
inlet Reynolds number would be expected to be between 2500 and 5000, the experiments should
be conducted with inlet flow rates giving thisrange. The resulting Reynolds number in the fuel
element array would be of the order of 100, giving strong potential for laminarization as the flow
passes through the array. As shown in the present overall flow visualizations, continuous cross
flow occurs in the array as the exit is approached.

Selection of models with simulated fuel elements (high-, moderate- or low -enrichment) would
be conducted in coordination with technical representatives of the Spent Nuclear Fuel programs.

Additional measurements can be obtained by Particle Tracking Velocimetry (PTV) with the
Moving Particle Tracking system (MPT) and by laser Doppler velocimetry (LDV). The MPT
system would give additiona possibilities and capabilities for quantitative 3-D flow visualization
and measurements of particle fluxes and individual particle paths. The particle tracks would
represent the motion of particular speciesin the flow. The MPT system could be employed to
obtain quantitative flow field visualization in both the plenum and element array regions. In
addition to the velocity field and particle flux fields, data could be reduced to examine individual
particle tracks as suggested in the original proposal. Thisinformation can assist engineersin
understanding variations of surface passivation through an array and approaches to modify designs
to counter the non-uniformities and to improve distribution.

In order to simulate portions of the generic transport problem for an oxidizing component of a
mixture, individual particles might be tracked from introduction via the central tube flow to
multiple interactions with the array surfaces. New PTV techniques are being developed as part of
the scope of parallel work in order to allow thisindividual particle tracking (IPT). Current PTV
methods concentrate on small fields of view (e.g., 8 x 8 x 8 cm® [Kasagi and Matsunaga, 1995]).
For IPT thefield of view must track erratic particlesin al three coordinate directions from the
deduced instantaneous particle motion. The individua particle tracks and additional statistics are
determined by anayzing off-line the motion of al particles that remain in the field of view as
individual particles are tracked. The overall statistics for the particle transport would be derived
from analysis of alarge number of IPT records at the same inlet flow conditions.

Also the overdl flow field would be examined quantitatively via flow visualization deduced
from application of the MPT system. Equipment for the new MPT technique includes a PC-
controlled camera system mounted on alongitudinal traversing system controlled by the same
computer. Traversing can be programmed at variable speeds to about 15 cm/sec. The MPT system
will be based on two 512 x 512 CCD cameras with framing rates of 60 fps with a C-mount lens.
They will be mounted on afour foot linear traversing system with one tilting stage per camera.
[lumination will be by a collimated beam strobe synchronized to the cameras. System control will
be via P450-128M B computer systems and imaging will be by P450-128MB computer systems.
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Control and imaging or data reduction programs are extensions of existing programs written in the
C language with Windows user interface. When held in afixed position the MPT method reverts to
the successful PTV technique [Guezennec and Kiritis, 1990; Choi, Guezennec and Brodkey,

1992; Kent et al., 1993; Guezennec et a., 1994]. The flow visualization and related overall
statistics will be derived from analysis of alarge number of MPT records at the same inlet flow
conditions. Typical results would include mean streamlines and vel ocity vectors plus qualitative
turbulence quantities corresponding to and extending those measured with the LDV system.
Attempts would also be made to obtain transient flow patterns, asin the wakes of the simulated

fuel elements.

To supplement the velocity field data and particle tracks deduced viathe MPT/PTV methods,
measurement of instantaneous vel ocity components would continue by LDV at fixed positions,
primarily in the array. Mean velocities and mean turbulence statistics would be determined from
these time series. Thus, these results would give an Eulerian view while the new IPT method isa
complementary lagrangian approach. The LDV is a two-component fiber-optics-based version
mounted on athree-directiona traversing mechanism. Since the traverse follows rectangular
coordinates and the model geometry is circumferentially periodic, the LDV can be positioned to
measure radial and longitudinal velocity components at one point and, by repositioning,
circumferential and longitudinal components at an equivaent point in another region of the array.
Typical results would include time-resolved, pointwise distributions of the mean velocities, U, V,
W, and their Reynolds stress components. The time series would a so be available for spectral and
wavelet analysis[leWalle, Ashpisand Sohn, 1997; Resnikoff and Wells, 1998]. The upstream
effect of the semi-confinement (by the basket support plate) on flow and turbulence fields in the
plenum region would be examined via experiments varying the distance H/D between the
perforated plate and the solid plate representing the bottom of a canister.

Additional parameters or phenomena which should be investigated systematically include the
inlet Reynolds number and geometry, fuel rod loading, hole pattern and length in the basket
support plate, positioning of the basket support plate (H/D). The results of such studies should
provide new fundamental knowledge on the statistics of particle and passive scalar transport from
lagrangian measurements in arod bundle, the laminarization of turbulent flows entering an array of
elements, in combined cross and longitudinal flow, and turbulence behavior in the surroundings of
a semi-confined impinging jet.
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