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REVIEWOF GROUT PARTICULATE-EMISSIONSMETHODOLOGY

A model has been developedby WestinghouseHanfordCompany (Program
Release)to estimatethe quantityof particulateaerosolsthat would become
airborneduring the pouringof grout into a storagevault. Informationand
equationsderived from spill experimentswere used in the model to determine
releasefractions. This letter report discussesthe similaritiesand
differencesbetweenthe spill experimentsand the grout vault operations,the
applicabilityof the spill equations,and the use of particledepletionmodels
to accountfor the residencetime of particlesin the grout vault. The
followingequation is recommendedfor ProgramReleaseto estimate the quantity
of aerosolgeneratedduring pouring:

F - 1.26E-5Fr°'35Arch°'4s(Rhoa/Rhol)2"2

A method is also recommendedto estimateaerosoldepositionin the grout
vault.

1.0 Similarities/DifferencesBetweenSpill Experimentsand Grout Operations

The spill experimentsinvolvedspills of varioussolutionsand powders
from a height of 1 to 3 m in a large tank (20 m3). The followingparameters
were varied:spill height (I-3m), material quantities(125-1000cc for
liquids),materialform (powders,solutions,slurries),and solution
characteristics(density,viscosity,surfacetension). In each experiment,
the duration of the spill was on the order of a few secondsand ventilation
flow was provided by pullingair throughparticulatesamplers. A flow rate of
about 5 m°/minwas used. At this flow rate, the residencetime of air in the
tank was 4 minutes. Experimentswere performedat room temperatureand under
low relative humidities(RH).

Grout operationsconsistof continuouspouringof a slurry into a large
vault (6000m3). The temperatureand relativehumidity in the vault are
elevated(40°C and 100% RH). The volumetricflow rate throughthe vault is
suppliedby a ventilationsystem that draws 1.7 m3/s throughthe vault. As
the vault fills, the residencetime of air in the vault decreasesfrom 5g
minutesto 7 minutes. Key parametersassociatedwith both the grout pouring
operationsand the experimentalslurry spills are presentedin
Table I.

Table I. Comparisonof Spill Experimentsand Grout Operations

Grout Spill Experiments
_ (SlurrySpills}

SolutionDensity,g/cc 1.6 1.12- 1.41
SolutionViscosity,poise 0.022 0.01 - 0.05
SurfaceTension,dyne/cm 70 58 - 68
VentilationFlow, m°/s 1.7 o.og
ResidenceTime, min 7 - 59 4
Spill Height,m I - 10 3
QuantitySpilled,cc 3785/s 1000



Solutioncharacteristicsroughlycorrespondto experimentalvalues. The
height of much of the grout spill is greaterthan that of the experiments,but
is not consideredextremefor model application.

One major differencebetweengrout pouringoperationsand the spill
exherimentsis that the grout is releasedthrough a semi-continuousprocess
and the experimentswere single-eventspills. The proposedmodel (Program
Release)accnuntsfor this differenceby representingthe grout pour as a
series of small spills (less than ] second in duration). The representation
of the grout pour as a seriesof small spillsappearsacceptablefor the
followingreasons:

I) One of the parametersin the equationsderived from the experimental
spills is the radius (R) of an equivalentsphere of liquid spilled. For
pour times of less than I second,the equivalentsphere radius is on the
order of the actual radius of the pour. Grout is poured througha 5-cm
(2-inch}diameter pipe so the radius as calculatedusing a O.02-second
factor is the actual radius of the pour (vol- 3785 cc/s x 0.02 s =75.7
cc, R = (3/4 vol/_)I/3= 2.6 cm). For pours of less than I second,the
equivalentsphere radius is less than 9.6 cm (3.8 inch).

2) The equationis not very sensitiveto the time chosen. The release
fractionis proportionalto R"U'_o'"Increasingthe time factor from I
second to 100 seconds(and increasingthe volume spilled)would cause the
releasefractionto be reducedby 42%. Decreasingthe time factor from I
secondto 0.01 secondcauses the releasefractionto increaseby 71%.

The particlesof primaryconcernin the grout (radioactivecesium)are
soluble. In the slurry spill experiments,the solubleaerosol (uranine)was
the portionof the aerosolthat was measured. Consequently,resultsfrom the
experimentare consideredappropriatefor determiningthe releasefractionof
solublematerials. Insolubleparticlesmay not be as accuratelypredicted.

The high humidityin the grout vault indicatesthat any aerosolfrom a
grout pour would be less likely to decrease in size becauseof evaporation
than would aerosols in the spill experiments. Ballingeret al. (1988)show
how to correctfor the evaporationand settlingthat occurs in the
experimentalchamber (calledthe RadioactiveAerosolReleaseTank or the RART)
but that would not occur in the actual grout pour.

The "initialaerosol" is the aerosolthat was originallyformed from the
spill. In the spill experiments,this aerosolchangedby evaporationand
settlingbefore it reachedthe collectiondevices (impactors). It is
appropriateto use the equationsderivedfrom the initialaerosoldata for the
grout operations,particularlyif other credit is taken for aerosoldepletion.
Thus, data from the impactorswas correctedto accountfor the change. Both
the impactordata and the correcteddata were reported in Ballingeret al.
(1988). The correcteddata are referredto as the initialaerosoldata.

As noted in Table I, ventilationconditionsin the grout vault differ
markedlyfrom those in the experimentalchamber. The smallerresidencetime
in the RART would allow less particledepletionthan in the vault. In



addition,filterscollectingthe aerosolin the RART were only I-2 m from the
spill site. In contrast,the vault exhaust is locatedin an upper corner, 20
m or more from where the grout is poured. Therefore,filter loadingsin the
experimentalchamberare expected to be higher than would occur in the vault
exhaust.

The primaryparticledepletionmechanismexpectedunder vault conditions
is gravitationalsettling. Thermophoresis(as a result of a temperature
gradientwithin the vault) could contributeto depletion;however,this effect
is expectedto be minor comparedto settling. An analysis (including
equations)of the effectsof gravitationalsettling in the vault is presented
in Section4.0.

2.0 Models to Estimate.__Rel_ease_Fract.ionsfrom.Slurry_Soi_l'Is

Severalequationsare given in Ballingeret al. (1988)to predictthe
fraction(F) of material that will aerosolizeduring spills of solutions
(includingslurries). These equationsare:

Equationsfor MeasuredData:

F = 8.12E-I0Ar-ch-°"ss--o,4-,.L_ 3e eqn 1
F = 2.3E-5Arch" {Knoa/Knul)2.4Fro. eqn 2

Equationsfor CorrectedData:
F = 8.9E-I0 Arch°'Ss eqn 3

F = 6.31E-6Arch°'4s(Rhoa/Rhol)2'2Fr°'3s eqn 4

Definitionsare:

Fr = V2/(g* R) = 2H/R

V = spill velocity,cm/s
g = gravityconstant,cm/sz
H = spill height,cm
R = radius of equivalentsphere,cm

Arch --ArchimedesNumber = Rhol2 H3 g/u2

RhoI --liquid density,g/cc
= liquid viscosity,poise (g/cm s)

Rhoa = densityof air, g/cc

The followinganalysisis providedto determinethe generalapplicability
of equationsI through 4 to slurry spills (the equationswere developedfrom
spills of all types of solutions)and to determinethe most appropriate
equation for the grout process.

In this analysis,the equationsare used to see how well they predictthe
release from the slurryexperiments. The parametersin the experimentsare

H = 300 cm
vol = I000 cc R=(3/4 vol/Tr)I/3
R = 6.2 cm



g = 980 cm/s2
Rhoa = 0.00121g/cc (Welty,Wicks, and Wilson 1976)
Fr - 96.9

Resultsfrom the spill experiments(withvarying solutiondensitiesand
viscosities)are presentedin Table 2. These values were obtainedfrom Table
A.2 of Ballingerand Hodgson (1986)and AppendixA of Ballingeret al. (1988).
Table 2 presentsthe actual releasefractionsobtained in the experimentsas
well as the release fractionspredictedusing equationsI and 2.

As can be seen in Table 2, equationI overestimatesthe releasefraction
by severalorders of magnitude,and equation2 tends to underestimatethe
releasefractionby about half. If the densityof air is used insteadof the
densityof the liquid in the Archimedesnumber in equationI, there is a much
closer agreementwith experimentaldata (as shown in last column in Table 2).
The values presentedin Table 2 neglectboth the evaporationand the settling
of particles.

Table 2. ComputedEquationValues for Slurry Experiments(MeasuredEquations)

ReleaseFractions

RhoI Viscosity Density Predicted
Run No. _ _ Arch Ratio Actual Eqn 2- _ EQn 1(a)
2 1.123 0.032 3.3E+13 0.00108 8.7E-06 8.7E-06 0.022 1.2E-05
4 1.155 0.030 (b)3.9E+13 0.00105 1.1E-05 8.8E-06 0.024 1.3E-05
I 1.189 0.049 1.6E+13 0.00102 9.2E-06 5.5E-06 0.015 7.5E-06
5 1.201 0.031 4.0E+13 0.00101 1.8E-05 8.1E-06 0.024 1.2E-05
3 1.334 0.013 2.8E+14 0.00091 4.6E-05 1.5E-05 0.072 3.2E-05
8 1.345 0.013 2.8E+14 0.00090 2.7E-05 1.5E-05 0.072 3.2E-05
6 1.286 0.013 2.6E+14 0.00094 3.0E-05 1.6E-05 0.069 3.2E-05
7 1.407 0.029 6.2E+13 0.00086 1.6E-05 6.7E-06 0.031 1.3E-05

Average 2.1E-05 1.0E-05 0.041 1.9E-05

(a)The densityof air was used insteadof solutiondensity in the Archimedes
number.

(b)Viscositywas not measured for run 4. This value is assumedbased on the
similarityto other slurryproperties.

Data on the initialaerosolare also given in Ballingeret al. (1988)and
are used to derive equations3 and 4. Table 3 comparespredictionsof the
releasefractionusing equations3 and 4 to the initialaerosolrelease
fraction. Initialaerosoldata are back calculatedfrom the experimental
results by estimatingthe evaporationand settlingof airborneparticles
before they reachedthe collectiondevices.

Again, equation3 overestimatesthe releasefractionsby severalorders
of magnitude,but if the density of air is used, equation3 works fairlywell
(agreeswith experimentalto within 40%). Equation4 underestimatesrelease
fractionsby a factor of about two.



3.0 Application04 Model_ to Grout Vault Operations

Equation4 is the most appropriatemodel to apply to the grout operations
becauseit reflectsthe initialaerosolthat would be generatedfrom a liquid
spill. The use of this equationallows evaporationand settlingconditions
within the grout vault to be consideredseparatelyfrom those in
the spill experiments. If equation4 is multipliedby a factor of 2, the
resultsseem to reasonablyand conservativelyreflectthe quantityof initial
aerosol (beforeevaporationand settling)that was producedby the slurry

' experiments. Becauseof the discrepancyabout which densityto apply in
equationsI and 3, equation3 is not recommended,and the use of equation4

Table 3. ReleaseFractionsfrom Slurry Experiments- InitialAerosol

ReleaseFractions
.... PredictedVa]ues

Run No. _ _ _ (Eqn 4_x 2 Eqn 3(a)
2 9.6E-06 0.024 1.1E-05 2.2E-05 1.3E-05
4 1.3E-05 0.027 1.1E-05 2.3E-05 1.4E-05
I 1.0E-05 0.016 7.1E-06 1.4E-05 8.2E-06
5 1.9E-05 0.027 1.1E-05 2.1E-05 1.4E-05
3 5.2E-05 0.078 2.0E-05 4.0E-05 3.5E-05
8 3.0E-05 0.079 2.0E-05 4.0E-05 3.5E-05
6 3.4E-05 0.075 2.1E-05 4.2E-05 3.5E-05
7 1.9E-05 0.034 9.IE-06 1.8E-05 1.5E-05

Average 2.3E-05 0.045 1.4E-05 2.8E-05 2.1E-05

(a)The densityof air was used insteadof solutiondensity in the Archimedes
Number.

with an additionalmultiplicationfactor of 2 is recommended. Thus, the
equationis

F = 1.26E-5Fr°'_5Arch°'45(RhOa/Rhol)2`z eqn 5

Examplevalues for the grout vault are:

Rhoa = 0.00113g/cc for air @ 40°C
Rho.= 1.6 g/cc
Rho_/Rho1 = 0.00071
g = 980 cm/sz
= 0.022 poise

Vol = 3785 cc (assuminga 1-secondlspill)
R = 9.6 cm R = (3/4 vol/_)_

In these examplecalculations,the initialvelocityof the spilledmaterial is
neglected. Table 4 shows the range of releasefractionsat the extremegrout
vault conditions.



Table 4. Release Fractionsfor Grout Spills

Height Release
Arch Fr __

1036 5.8E+i5 214 1.2E-04
102 5.5E+12 21.1 2.3E-06

4.0 Depletionof SpillParticlesin theVault.

Particlesto be generatedin the grout pouringoperationare assumedto
be similarin size to those from slurry spill experiments. Ballingeret al. i
(1988)shows an averageAerodyna_,icMass Median Diameter (AMMD)of 3.1 #m anC
averagegeometricstandarddeviation(sigma-g)of 6.7 for slurry spills. The
initialsimilarityin particlesize distributionsmay not persistafter a
period of time; the higher humidityand a lower ventilationrate in the grout
vaults shouldproducea lower rate of evaporationand a higher rate of
gravitationalsettlingand alter the particlesize distributionfrom what
existed in the spill experiments.

An initialaerosolsize distributionwas computed for the slurry spill
experiments. An evaporation/settlingcode was developedand used to simulate
conditionsin the experimentalchamberand back calculatewhat the original
spill aerosolwould have been given the amount collectedon the experimental
apparatus(cascadeimpactors). As shown in the document (Ballinger et al.
1988),the initialaerosolfrom slurry spillshas an averageAMMD of 15.8
microns and a sigma-gof 10.1. This size distribution,when plottedon
probabilitypaper,gives the fractionof particlesin each size range.
Figure I shows the plot. Table 5 shows the mass fractionof the total aerosol
in each size range. Sizes of I, 3, 5, 7, 10, 20, 50, and >50 (assumedto be
100) micronswere chosen for the calculationsof particlesettling.

Settlingvelocitieswere determinedusing the followingequation (Chan,
Ballinger,and Owczarski1989):

Vs = RhOpD2 g Cm/(18_)

Vs = settlingvelocity,cm/s

RhOp= particledensity /ccLg
= particlediameter,_,_

g = gravity constant,cm/s2
Cm = Cunninghamcorrectionfactor,dimensionless
= gas viscosity,poise

This equationpredictsthe settlingvelocityof particlesin still air. The
pouringoperationmay produceturbulenteddies that would decrease settling
velocity. This effect is neglectedin the followinganalysesbecauseof the
lack of quantitativedata on turbulencecreatedfrom spills and its effect on
settlingvelocity.

The size measured in the experimentswas in AerodynamicEquivalentDiameter
which means that the particlescapturedexhibitedthe behaviorof a sphere of

unit density (I g/cc) with the measureddiameter. Thus, Rhop is
1 g/cc.



Figure I. Size Distribution of Particles from
Slurry Spills (Average Initial Aerosol)



g = 980 cm/s2
Cm-- I for particles<1000 pm
= 0.00019poise @T _ 40oC (Welty,Wicks, and Wilson 1976)

Vs is calculatedusing these values and is shown in Table 5.

Table 5. Calculationof Total ParticleDepletionin Grout Vault

• Settling Fraction in Size Total Fraction
Size Fractio_ Velocity Depositing Depositing
.(Ja_ _ _ _ H--102 cm H=103_6cm

1 o.12 o.003 o.o2 o.02 o.oo2 o.002
3 0.12 0.026 0.17 0.15 0.020 0.018
5 0.07 0.072 0.40 0.37 0.028 0.026
7 0.04 0.140 0.63 0.59 0.025 0.024

10 0.07 0.287 0.87 0.84 0.061 0.059
20 0.12 1.146 1.00 1.00 0.120 0.120
50 0.15 7.164 1.00 1.00 0.150 0.150

100 0.31 28.655 1.00 1.00 0.310 0.310
Total 0.717 0.708

_ __ _ ,,

(a)Fractionof particlesless than statedsize and greaterthan size above.

The fractionof particlesdepositingat each time step can be computed
(Beddow1980) by

Dep = l-exp(-VsI/w h) eqn 6

Dep = fractiondeposited
l = distanceto travel to filters,cm
w = flow velocity,cm/s
h = distanceparticlemust fall, cm

Vault dimensionsare 123.5 ft x 50.5 ft x 34 ft. The grout is poured

into the vault center,and the exhaustfiltersare locatedin an_uDp.ercorner.
(Air inlet is in an opposltecorner). Thus, l is (622+ 252 + 34z)°'5= 74.9
ft (2280cm) when the vault is empty. The lowest spill height is 3.3 ft, so l
is = 66.8 ft (2036 cm) when the vault is full. The vault flow rate is
1,700,000cc/s. The averageflow velocitywhen the vault is empty is
calculatedby dividingthe volumetricflow by the height and the averageof
the other two dimensions.

H (empty)= 34 ft = 1036 cm
L = 123.5 ft = 3764.28cm
W = 50.5 ft = 1539.24cm
w (empty)= 0.62 cm/s
H (full)= 102 cm
w (full)= 6.3 cm/s

The distancethe particlemust fall is assumedto be half of the spill
height or 518 cm when empty, 51 cm when full.



Using these values, the fraction of particles in each size range is
computed for both full and empty vault conditions. These values are
shown in Table 5.

The total fraction of material deposited is calculated by multiplying
the incremental fraction of each size by the fraction deposited. Table 5 also
shows these values.

The results showthat about 71% of the aerosol would deposit in the grout
vault. ;T_o, the depletion rate is fairly constant throughout the pouring
process. When the vault is empty, the aerosol has farther to fall, but a
slower flow velocity and slightly longer distance to travel to get to

• the filters. Whenthe vault is full, the distance to fall is much less,
but the flow velocity is greater and distance to the filters slightly
shorter. The trade-off during the pour between flow velocity and fall height
appears to be about even.

Using the release fractions computed in Table 4 and applying a factor of
0.3 for the quantity of aerosol that would remain airborne suggests that from
7.0E-7 to 3.6E-5 of the grout would remain in the air long enough to challenge
the ventilation system.

5.0 Recommendations

The spill data and models presented in Ballinger et al. (1988) can be
used to estimate the release of airborne particles from grout pouring
operations. By dividing the pour into intervals of 1 second or less, the
grout model can obtain a reasonable estimate of aerosol generated in the
vault. It is recommendedthat the following equation be used in Program
RELEASE:

F = 1.26E-5 Fr0.3s Arch0.4s (Rhoa/RhOl)2.z eqn 7

This equation does not underestimate the quantity of initial aerosol from the
experimental slurry spills and can be used in combination with a credit for
particle depletion.

An assumption of about 70% settling may be used because total particle
settling does not vary significantly with vault fill (the trade-off between

. distance particles must fall, and flow velocity is about equal). If a more
detailed estimate is desired, the settling equations may be incorporated into
Program RELEASE.

i
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