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ABSTRACT THEORETICAL BACKGROUND

Scaled experiments were performed to characterize the This experimental study, based on hydraulic force
Iorces of fluid jets impacting waste tank components, similarity between a 1/6-scale model and the prototype
"]"hefluid Jetswill be produced by mixer pumps used to [754t diameter, million.gallon tanks at Hanford], was
resuspend settled solids In million.gallon burrted waste designed to satisfy geometric, kinematic, and fluid
tanks on the Hanlord site, Components (including a dynamic ratios. A diagram of the experimental model Is
radiation dry weil, air litr circulator, and steam coli) were shown in Figure 1, The potential effects of nearby solid
modeled el 1/6-scale, Forces on the full-scale tank boundaries, such as the tank floor and the test articles,
components are predicted based on experimental data aresimilar In the model and prototype. Geometric scaling
and theoretical scaling relationships, Drag coefficients, Is applied to four ratios 1) the elevation of the Jet nozzle
determined for the radiation dry well and air lift circulator, above the floor (El to the jet diameter (di=t),2) the ratio of
were used to develop relationships between fluid jet the test article diameter (dwl) to jet dlarfieter, 3) the ratio
parameters and the impact forces on these two of cylinder offset from the nozzle centerline (oftwl) to the
components, jet diameter, and 4) the ratio of test article dlame[er to the

nozzle diameter (do).
INTRODUCTION

A. Submerged Jet Fluid Dynamic ScalingRadioactive wastes, stored In million-gallon double-
shell tanks (DSTs), are to be retrieved as part of the
overall cleanup of the U,S. Department of Energy's A submerged jet, discharged through a nozzle, can be
Hanlord Site in southeastern Washington. The DST characterized by three regions', 1) an Irrotatlonal core,
wastes generally consist of a liquid supernatant over a wherein the jet centerllne velocity equals the nozzle exit

: much smaller volume of settled solids. The current velocity; 2) a transition region; and 3) a mixing region
referenceapproach is to resuspend the settled solids with where the Jetflow Is fully established and the Jet diameter
mixer pumps located near the tank floor, These pumps expands at a relativelyconstant angle. The mixing region
will generate two horizontal, opposed, high-volume, high- is the area of Interest to this study, The velocity (U) at
velocity jets of tank fluid and direct the jets at the settled any point within the established, submerged, free jet
solids. As the pump slowly oscillates, the jets sweep out (assuming no Interaction with a component or waste tank
arcs of fluid that suspend and mix the settled solids with lloor or wall) Is a function of the jet half angle ct
the waste fluid. Some tanks contain internalcomponents, expansion (el, the normalized distance from the nozzle
suspended tram the dome, that extend Into the path of (x/do), and the radial distance from the jet centerline lr).
the expanding jets. There Is concern that the Impact
lorces of the jets may damage Internal components. To Test Article
address this concern an analysis was performed to define
the non-uniform nature of the near-floor jet velocity dcyl

= profiles and their Interactions with the complex Nozzle "-_ I"T', /| offcy I
geometries of the structures tn the path of the Jet,' Id0_/ __.._._._l...].t ,.I.-.4.,
Experimentswere conducted to quantify the Impact forces L-.___ 8 [ JL / I I , J j

: Icr three tank components. These forces are presented _T--p=_ "--- i,_."t-'--=_.--.F--_- _-r II,.,,.,.- ±_.--.-.._ "r i .-...- i 1
based on two approaches: 1) measured data are scaled T .,uv..------- - ....

to the lorce on waste tank componen,, using theoretical _x ="l Idj'_e t l
scaling relationships, and 2) correlati_,ns oi lorce on =Z
waste tank components are developeo based on _'_,Y Side View End View
experimentally determined effective drag coefficients and
jel veloclly profiles, X

Figure 1, Model Diagram



This can be expressed as Drag coefficient (Cd) IS defined In terms of the drag

U = f(Uo, x/do, e, r) (1) force

where Uo Is nozzle exit velocity. , Cd = Fe/(p A U2/2) (5)
where U Is free stream fluid velocity and A Is profile area,

An emPirical mathematical expression relatng the jet Cn Is made up of two terms:
tlalf angle of expansion (the angle measured from the
cone surlace to the cone axis, d6termlned Cd = Cp + Ct A,,/A . (6)
photographically) and the kinematic viscosity of the jet where C. is pressure coefficient, Cf Is skin-friction
tluid was observed by Donald and Singer as coefllclen_ and A= Is characteristic surface area for shear.

For cylinders In a uniform crossflow field, more than 90%
tan 9 = 0.238 v°'l°_ (2) of the drag Is caused by pressure variation while less

where v is the fluid kinematic viscosity In Stokes (1 Stoke than 10% results from viscous stresses on the surlace.
= 1.076x10"3ft=/s),_ The relationship was deduced using For these conditions, lt has been found that the drag
data from four Newtonlan fluids: water, sugar solution, coefficient decreases slgnlflcanlly as the Reynolds
air, and hydrogen flowing into air, Kinematic viscositiesof number Increases from 105 to lOS.3 This reduction Is
these lour fluids range from 1.07x10"5to 1.07x10_ ft2/s, attributedto the increased turbulence present In the Iluld
Therelore, the relationship should be valid to quantify the boundary layer. The drag coefficient Is also a lunctlon of
jet angle oi expansion of tile prototype waste tank slurry the surface roughness (_/dwl) and the free stream
(v = 1.79x10"5ft2/s, assumed Newtonlan because of the turbulence ('I'1),parameters thai affect the boundary layer
high water content) and the model fluid, water (v = separation mechanism. Literature data are not consistent
6.58x10"6tt2/saL111 F). with respect to the quantitative effects of free stream

turbulence or its effect upon drag coefficient.4 Even so,
In the mixing region, beyond the point where the jet in this analysis the drag coefficient is assumed to be a

flow is fully established, the centerlinevelocity [Ua(x)] of a function of Reynolds number, characteristic area, surlace
free jet can be calculated as a function of distance (x) roughness,and turbulence lnlenslly, expressed as

from the nozzle by tile equation C¢_= f(Re, de,/=,L, c/d_l, TI) (7)
Uo(x)/Uo= Kddx (3) where L Is length of the test article Impacted by the }eL.

where K is ihe diffusion coefficient. = Once the modeling
scale is selected and the fluid properties are known, the Using Equation (5) to characterize the drag force, the
axial distancr_ relationship between model and prototype ratio of the drag forces between the prototype (Fr,) and
is established using Equations (2) and (3), the model (Fm) is

Finally, lt is assumed that dynamic similarity exists Fp/Fm= (Cdp PpUp2 Ap)/(CdtaPr" Urn2Am) (8)
when the Reynolds number (Re) oi the model component Equation(8) will be used to scale the impact force on the
equals that of the prototype component at the scaled prototype from measurements of the force on the model
location (x). Reynolds number scaling Is based on the jet by equating the drag coefficients of the model and the
centerline velocity Icr a free jet as a function of the prototype. The scaling relationships are 1) fluid
distance from the nozzle [Ua(_)] and the allan'referof the properties icr the prototype (pp = 74.914 Ibm/ft3) are
test article, known at the design point; 2) ft=sldproperties for the

model (Pm = 61.8467 Ibm/ft3) _'_rea function of the fluid
Rem= [(U¢(x)d_l P)/t=]m= Rep temperature measured during the experiment; 3) test

[(Uc(x) dw, p)/p]p (4) article dimensions are scaled (Ad'Ar, ==36); 4) the model
The velocity, fluid density (p) and viscosity (p) were jet velocity prolile Is scaled geome,'rically and dynamically.
adjusted for the tesl to make the model fm) and The Reynolds number equivalence relationship, Equation
prototype (p) Reynolds numbers equal and satisfy (4), relates the velocities (U _/Lim2 = 0,1581)' 5)thep
Equation (4). surface roughness Is of only minor Importance and is

scaled; and 6) the turbulence Intensities In the model and
13, impact Force Scaling prototype are not scaled.5 However, the flow will be

highly turbulent in both the model and the prototype.
Fluid impingement on the component by the Jet Based on the experiment scale and operating conditions

creates a pressure force, normal to the surlace and a Equation (8)then reduces to
frictional force, tangential to the surface, which resolve
into thf, drag component (Fd) parallel to the initial flow Fp = 6.89 Fr. (9)
stream, and llft component (FI) perpendicular to the fluid Thus, the Jet Impact force on a prototype waste tank
motion. Drag and lift forces are considered component Is projected Lobe 6,89 times the lorce on the
independently, model component at a scaled axial distance (x)trorn a

nozzle with the scaled nozzle discharge parameter (Uodo)
used in these tests.
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EXPERIMENTALARRANGEMENT

A schematic dlagrarn of the facility Is shown In Figure
2, The Jetnozzle, located at a Ilxed poslllon near the tank
wall parallel to the floor and perpendicular to the tank
wall, was directed toward the center oi the tank, The
experiments were conducted In an existing8-ft, diameter,
9.tr high tank. Although the test tank dimensions do not
correspond to a 1/6-scale oi the lull scale DST, they
match reasonably well with the nozzle-to-wall dimensions
oi a single liquid let located at the centerera DST, Also,
other arrangements were provided to scale the DST
dimensions, To model liquid depth, the tank was

partitionedInto two regions by a talse floor, 3-ft trom the
tank upper rim, This tloor was used to regulate bulk flow
circulation patterns and limit vertical length oi model
components. At the tank wall directly opposite the
nozzle, turning vanes direct the jet flow to the lower

portion oi the tank. An annular space, sized to Ilmlt
velocities to <3 IUs around the edge of the talse floor,
allowed fluidto flow lrom the lower section of the tank 1or

flow entrainment into the expanding jet.
Test articleswere suspended trom a test lrame on top

oi the tank (Figure 3), Tension/compression load cells ....
were used to measure the axial and lateral lorces on the Figure3. Test Facilityand Experimental Hardware
test articles, Test articles positions were monitored using
a translationstage (elevationwas manually positioned). A Table 1. Instrumentationand Accuracy
turbine tlowrneter on the pump suction line was used to
monitor llow rate. Instrumentation and measurement Measured Measurement
accuracy are summarized In "l'able 1. Variable Instrumen!.__._...__ Accu._ra__Y.temperature thermocouple +_.1.0F

A. Test Articles flow rate turbine flowmeter +0,5%

Jet forces were evaluated tor models of a radiation velocity diflerer_tlal
dry weil, air lift circulator, and steam coil, 3hewn in Figure pressule transducer _..+3,8ft/s
4. The dimensions lor the scaled test articles are
summarized In Table 2. These itemswere constructedto test linear variable

geometrically match waste tank components in the jet position displacement
translormer _+0,075In.

Cooling Water axial Iorce load cell +1.15 lbl

,_ transverseforce load cell _+.0,12lbl

1 In, diameter

____jJ- Heat_ path according to design drawings at a 1:6 scale ratio of

(,_ _,,_ ,_-_ F_.xchanger__J I model to prototype,
.... _____.._..._ The radiation dry well model Is a right circular, solid

aluminum cylinder, The model extends 2-1/2 In. below

Process _ the nozzle centerllne and tn_.ersects the expanding liquid
Water "_ 4 0 0 g jet at ali scaled distances trom the nozzle.

7 Turbine [-I __ [-1 The air lift circulator model Is a right circular cylinder,

.

I / False Floor II above the nozzle centerllne. Forces on the air lift

_:_ ..,=1 _ZLIL_______ ctrculalor are asymmetric because '_f a cylindrical
" '" thermocouple guide extending along the side of the

4 in. 13 in. _ cylinder to 2-1/2 In. below the nozzle centerline. II is
diameter Orifice _ Drain positioned at the air It11 circulator perimeter. Ali

Drain . experiments were conducted with the thermocouple guide

Figure 2, Experimental Facility Flow Diagram
=



Table 2. Test Article DIn,lensions B. Experimental Procedure

Test Article Article Dimensions a.ndTolerances To obtain a test condition the axial distance from the
nozzle circular, 1,0 In. diameter 4-0,001 in, nozzle (x) and the vertical elevation (z) were established;

the flow rate was set and fluid temperature confirmed;
radiation cylinder (solid), 1.104 In, diameter lhen measuremems were taken at varying transverse
dry well +0,005 in, positions (y) across the Jet. The test article location
air lift cylinder, wall thickness 0,125, matrices tor model and corresponding prototype locations
circulator (ALC) 5,000 In. outside diameter, ,+0,005 In, are listed in Table 3. Test conditions are summarized In

Table 4.
ALC guide cylinder (solid), 0.175 In. diameter

+0,005 In. Table 3, Prototype and 1/6-Scale Model Experimental
steam coil three coiled cylinders, 6.729-1n, maxl- Conllguratlons(')

mum diameter, 3.485., 5.000-, 6,501-1n.
helix diameters 4-0,01 in,, 0.667 in. Elev, JromFloor to Distance from
staggered pitch. I-beam support frame- Nozzle Test Test Article
work, Center- Article, to Nozzle (b)

Test Article _ In. ft {in,)

centered at the leading edge of the circulator, Radiation 18 (3) :3(0,5) r 5 (11) 11 (25)
conservatively positioned to receive the maximum force, dry well 18 (41) 25 (57)

The steam coli model consists of three concentric Air lift 18 (3) 30 (5) 5 (11)11 (25)
helical coils supported by two central vertical I-beams and ¢lrculaLor 1B (41,)25 (57)

a lower horizontal support I-beam. The steam coli model Steam coli (°) 12 (2) 18 (3) 14,6 (33.5) 25 (57)
physically represents the major components of the steam 18 (3) 18 (3) 14,6 (33.5) 25 (57)
coil that provide the main source of the component drag 18 (3) 54 (9) 14.6 (33,5) 25 (57)
within the jet; minor details were not modeled, The major

sources of steam coli drag are the coils and the horizon- (a) Model values are shown in parenthesis.
tal and vertical I-beams. Forces impacting the steam coli (b) The prototype nozzle exit Is 17,5 In, lrom the pump
may be asymmetric because of the lower horizontal I- centerline.

beam orientation. The steam coli was tesled at two ele- (c) Three I-beam orlentatlons-pa_'allel, perpendicular, and
rations (vertical locations); 3 In. and 9 In, above the tank 45.degree angle to the flow-were evaluated at nozzle
floor, The steam coli was _mpacted by the jet at ali B-In. exit velocity U1. At nozzle exit velocities U2, U3, and
elevation poslLIons,but had little or no interaction with the U4 the force measurements were only taken with the
jet at 9-In. elevations. I-beam perpendicular to the llow.

. Table 4. Prototype (=)and Model (b)Operating Conditions

,,__, .'._-_;__'_,,_; _:'."_:_,"_,dBm_Wi_:._,_i, ,_:.. Case Exit Velocity
, ,:_.... .",_ ...... I.D, ft/s ..

_-_ , " . _' _ . '. _' Number Prototype Model'

_: '! "" :i:i'i'' [;_ _ :,--.,_ U1 58,8 147.92, _..... ".". " ::'! ' _ . '",, , " U2 45.0 113.20
_i " " :" ;,_". i'"_,._.--,_ ._' . . ' _1 U3 30.0 75.47

....z_, ."_ ' ." I :"", i__-_J_"" i_""_, _ U4 15.0 37.73

_." ',, :: -". ':,_"_ :' .=_,: ._ _'_,. (a) Prototype, full-scale, 6.1n.-dlameler nozzle, slurry at
_:,..,,', ;,',:" :' ?., : .=,i: " . " 220 F with p=74,914 Ibm/ft3 and p=1.3439x10 "_Ibm/ft-

'"""_ ' " ..... "' :" =""':'_';_II__:L_"_"$"_"_ ,'_'_ 111 F wilh p=61,8467 Ibm/ft_ and p=4.0717x10 _
"',-, ...... ..,..-,-,_._ ..... . ,.,_ _,, RESULTS DISCUSSII;,,N....... ,,,..;.,..I ,-,_.... _,;_ -.. _._ .;_,_ AND

L,' ,:".--..'.L:.-"_,;-!:,;_._-,_.',1"';,_,_,_;_._,.,__'_'.J_l_ I_ '.._3'2f A. Measured Force,_

,..,,,..:,.................. ._...... t .... _ ...... The drag forces on the waste tank prototype
componems weTe calculated ft'ore the time-averaged (10

Figure 4. Model of Air Lilt Circulator with Thermocouple sec average) model measured forces using Equation {9)
Guide, Radiation Dry Weil, and Steam Coil (lair and are summarized in Table 5.
to right)

,,

n..... ' III I I II ]_1J_ -



Table 5. Scaled Forces on Prototype DST Equipment dimensions of the drag"body aie'slg'nlficant compared to
the dimensions ot the Jet structure as In the case for this

Axial Case Calculated Force(_'),Ibr study,
Dist. I,D. Radiation Air Lift Steam
ft..J.._ Number Dry Well Circulator C._..oll(b...)) The distribution of forces over the length of the model
3,6 U1 8g (¢) is required to calculate an accurate drag coefficient for

• the test articles, However, only the total force was
5 U1 83 measured in the tests, Thus, an approximation oi the

U2 55 fluid velocity distribution Impacting the model is required,U3 27

U4 5,5 Radiation Dry Weil, The narrow model width In
7 U1 113 (°) comparlson to the jet horizontal profile width allows for

good approximation of the local Jetvelocity using only the
11 U1 167 94 measured vertical velocity profile at the jet centerllne.

U2 91 54 Averages ol the jet velocity over that vertical zone
U3 38 24 impacting the dry well model were calculated by two

14.4 U2-per(d) 180 dltiering techniques: 1) the average impact velocity was
U3-per 84 calculated as a linear average over the height of the
U4-per 21 vertical velocity profile with the center oi applied lorce

assumed at the Jet centerllne, and 2) an averaging
14,6 Ul-par 115 technique was used wherein the centrold of the velocity

U1-45 233 profile was calculated to determine the center of applied
Ul-per 303 drag lorce and the area weighted average velocity was

18 U1 79 71 determined. For each technique an effective drag
U2 45 43 coefficientwas calculated using the average velocity, the

measured force and Equation (5)° "To compare these
25 Ul-par 47 55 66 calculated drag coefficients with generally accepted

U1-45 113 values for cylindrical bodies, Reynolds number values for
Ul-per 164 each method are listed in TabJ., 6. Examination of the
U2-per 97 calculated drag coefficientsreveals a reasonable range of
U3-per 43 values when compared to those generally accepted,
U4-per 10 especiallyin light of the rather subjective techniques used

37.4 Ul-per 109 (=) to arrive at average velocity values.3
U2-per BO (=)
U3-per 43 (=) A more general approach to drag coefficient

characterization was Investigated wherein a parameter
(a) Equivalent force applied to lower end of test article, termed the effective drag coefficient (Ce) was calculated
(b) At 1B-in. elevation above DST floor, from the model data using the following relationship:

(c) Extrapolated from experimental data points, C. = Fm/(pm Umax,rn;z) (10)
(d) Orientation of steam coli horizontal I-beam to the jet

flow are described by per = perpendicular, 45 = 45 where Um_.m Is the maximum model jet velocity for a
degrees, and par = parallel, near-floor jet. This Ce term Incorporates the Impact area

of the jet on the test article. For the radiation dry well
B, Drag Coefficients data, Ce appeared to exhibit dependence on Uomand a

relation for Ce was formulated:

The experimentally measured force and Jet velocity C, = 0,0011 Uom 0'412 (11)
prolile data were evaluated to develop values of drag

: coefficients.5 In this analysis, there were two concerns: For the radiation dry well model, this relation yields values
1) the development of drag coefficients for a non-uniform within _+10% of those calculated by use of Equation (10)
flow field, and 2) the potential of wide variation In drag lot each test condition data set.
coefficient for very minor changes in Reynolds number,
effects which could complicate development of drag force Air Ult Circulator. Drag coefficient calculations for this
correlations, model are complicated by the dlflering geometry ol the

body and the guide. With only a total drag force value
Equation (5) can be applied to the jet lorce available, determining the fraction attributable to each

experiment model II several important assumptions and component Is not straightforward. When the air lift cir-
limitations are realized, Drag coefficients for three- culator model is located 11 In, from the nozzle, only the
dimensional bodies are typically defined lor the case thermocouple guide is impacted by the jet, and the drag
where that body is subjected to a uniform flow field, with coelllclent analysis should be straightforward, At this
the Reynolds number essentially constant over the length axial Iocalion, for nozzle exit velocity Ul through U4, the
oi the body. For a submerged liquid jet, the assumption
ol unllorm velocity Is unattainable If the characteristic



Table 6. Calculated Drag Coefficients and Reynolds set, no general correlation Is presented, These
Numbers for Model Radiation Dry Well approaches to steam coli drag coefficient derivation seem

to yield reasonable results.
Case Axial Reynolds Number Drag Coefficient
I.D. Posltiorl _105)based on based on C. Force Correlations
Num__ _ Area Linear _rea
U1 25 4,27 3,53 0.6g 1.O1 Force correlations lcr the radiation dry well and the air

41 2.72 2,08 0.68 1,12 lift circulator are presented as a function of component
57 1,86 1,40 0,72 1.31 centerline distance from the nozzle exit and the nozzle

discharge parameters. Information Is presented lrom two
U2 25 3,17 2,58 0,67 1.02 approaches: 1) data points were obtained by scaling

41 2.05 1,54 0.58 1.15 model force measurements to prototype conditions using
57 1,49 1.12 0,53 0,98 Equation (9), and 2) curves were obtained by using

U3 41 1.36 1,01 0.49 0.91 equivalenldrag coefficient correlallons and velocity profile
correlationsto calculate prototype forces.5

drag coefficient calculated using Equation (5) ranges from
1.1 to 1.4 for these assumptions, (C_ at Ul = 1.07, C d at Radiation Dry Weil, A relation was developed
U0 = 1.35), describing the force Impacting the prototype as a function

of prototype operating parameters. Force on the pro-
For the larger axial distances (xm >25 In.) an approach retype Is defined by Equation (9); force on the model Is

similar to that outlined lcr the radiation dry well was Incor- definedby Equation (10) where C,, Is effective drag ecel-
petered to arrive al an eflectlve drag coefficient (Ce), For ficlent;

the air lift circulatorwith a proportionately largerJetimpact UmM,m = K3.1n' Uomdom/xm (13)
area, the effective drag coefficient was found to vary
linearly with axial distance such that where Uom is model nozzle exit velocity (ft/s); xm Is

C. = 0.0022 xm (12) distancefrom nozzle to model centerllne (rf); and dcta Ismodel nozzle diameter (ft), K_en,Is obtained from tests

where xm equals the model axial distancefrom nozzle (ft), with 3 In, floor-to-nozzle centerline spacing and expressed
This relation yields effective drag coefficients In by Equation (13).s

agreement with the test data to within _.+13%. K_=n.= [13.86 Uom-o.tes][x(0,036 Uom°'3e=)] (14)

Steam Coll. The steam coli presents a geometry Location relationships between the model and the
even more complex than the air llft circulator, turther prototypeparameters are scaled, The prototypeaxial dis-

: complicating the evaluation of effective drag coefficients fences from the nozzle (xp) are derived as
because of the lack of Information on the distribution of
drag torces among the various separate components el xp = (xmdwl,p tan em)/(d_l,m tan ep) (15)
the assembly, One approach used to examine the force where xm is the model distance from nozzle (ft),
data was to assume that when the lower I-beam support Combining Equations (9), (13), (14), and (15) the axial

: is parallel to the jet axis, its drag contribution Is negligible, lorce(F_ correlationis

and to assume that ali forces are generated from the Fp .'=[0.1275 Uop2"°4°]coils. In this approach the coils are modeled as a simple
solid cylinderwl_,han outside diameter equal to that oi the [(xp/5.252)(0,051 Uop°'_ -1)]2 (16)

outermost coil. Then when the I-beam is not parallel to where Fp Is prototype radiation dry well axial force _lbf),
the jet axis, the I-beam drag force is "taken as the dlf- Uop is prototype nozzle exit velocity flus), and x. Is
terence in force measured between the parallel and prototype axial distance from pump nozzle (ft), _he
perpendicular orientations, cuwes shown In Figure 5 are based on Equation(16); the

dale points are calculated from Equation (9) using meas-
At nozzle exit velocity U1 57 In. from the nozzle, the

, ured model forces. Calculated values of F. check within
effective Cd for the coli section was calculated to be 0,91, +6 Ibr of prototype values scaled from test measure-

: typical oi cylindrical drag bodies, At this same location ments, Equation (16) is thus recommended for u_e In
and Reynolds number a C¢ of 2.13 was calculated tor the
I.bearn support in the perpendicular, maximum drag calculating prototype radiation dry well lorce. Ex-
orientation. This value is typical oi published values for trapolation oi the above relationships to axial distancesor
similar geometries such as square rods in cross flow and nozzle flow rates and/or sizes beyond those modeled Inthe current effort should be attempted only wilh caution

. rectangular flat plates perpendicular to the flow.3 and after thorough analysis.

An effective drag coefficient for the steam coli was Air Uft Circulator, The data, scaled to prototype
calculated using Equation (10) and the limited data forces as described for the radiation dry weil, are
available for the steam coli in the I-beam perpendicular presented in Figure 6 as open data points, At nozzle exit
orientation. For this data set, C, = 0,024'7 resulted In
matching ali individually calculated Fm values to within
+_24%, With this range el uncertainty and limited data

, ,, , . ,
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Figure 5. Prototype Radiation Dry Well Force Versus Figure 6, Prototype Air Lilt Circulator Force Versus
Distance from Nozzle Exit (Comparison oi Data Distance trom Nozzle Exit (Comparison of Dataand Correlation),
and Correlation).

velocity U1, the force on the air lift circulator assembly Is are shown as shaded symbols, A c'orreiatlon' of force
greater at 11 ft trom the nozzle exit than at 5 lt from the versus distance valid Icr nozzle exit velocity range U1
nozzle exit, This results because at the closer distance, through U3 [Equation (17)] can be used lcr prototype
the Jet passes beneath the body of the air lift clrcuJator distances :=7 ft lrom the nozzle exit. Caution should be
and only Impacts the thermocouple guide; at the 11 ft dis- used lcr any extrapolation of this correlation beyond the
rance lrom the nozzle exit, the jet radius has expanded range of actualtest conditions.
and is Impacting the lower portion ol the air III[ circulator Steam Coll. Using Equation (9), the measured Iorce
body as well as the thermocouple guide. values lcr the model steam coil were scaled tO prototype

A correlation was developed describing the torce conditions and are presented In Table 5, Steam coil

Impacting the air lift circulator prototype based on horizontal I.beam configurations ordered by decreasing
prototype operating parameters using the same Iorce are Ul-per, U1-45, U2-per, Ul-par, U3-per, and U4-
methodology presented for the radiation dry weil. The per. Facility size limited nozzle to model centerllnedistances .and no data were obtained corresponding to

correlation between prototype nozzle velocity (Uop),
distance from nozzle (xp), and axial torce (Fp) is an actual prototype steam coil distance of 37.4 ft from the
applicable tor a test range equivalent to t 1 tt < Xp< 30 lt . nozzle exit. Forces (F) were extrapolated to this location.At the test article, the area ct Impact can be approximated
and dop= 0,Sf[: b a rectan le of width (d I) and height (riaI) tor the

,s Y g w .

= _'1U s model lower edge at the jet centerllne, and the Jetvel°cltyFp [0.03322 Xp. ] o.3e_

[(x_/5.252)1 . cp - 1)]2 (17) can be delined as the velocity at the let centerline, Theratio oi centertlne velocities reduces to a ratio oi

Calculated values of F. lrom Equation (17) compare to
direct scaled values w_hln +6 lbl. Note that xp.Is the distancesfrom the nozzle. "l"heretore,

prototype distance from the no;lie in It. F:z= (F1xi 2 rl,=)/(x22 rl'ott) (18)
where subscript 1 relers to a data location and subscript

In *,he waste tank, air lift circulators are located 3.6 2 relers to any other location. Data obtained at either
and 7.0 lt lrom the nozzle. No measurements were tz_ken 14,6 or 25 tt lrom the nozzle were scaled using Equation
at these distances. The existing lorce data, torce
correlation, and air lilt circulator geometry were analyzed (18) to estimate the torce Impacting the steam coil at 37.4

: to estimate the magnitude of the axial lorce Impacting lt Irom the nozzle exit. Forces obtained at 37.4 ltcompared well using el[her relerence point. This
circulators at these two locations. Forces Impacting the conlirmed the validity of the extrapolation technique, The

prototype of 89 Ibr at a distance oi 3,6 lt and 113 lbl at a average of the two values is listed In "Fable 5.
dtstance oi 7.0 lt were calculated, respectively, "

No correlations are presented tor the steam coli In the

Figure 6 shows Iorces on the prototype at distances raised position, 54 In. above the tank lloor, because small
of 5, 11, ';3, and 25 lt Irorn the nozzle as open symbols. Iorces (<4 lbl) were measured on the model at this
"TheIorces are derived lrom measurements on the model, elevation, and this would translate to less than 28 lbl on
In addition, forces at nozzle exit velocity U1 were es-

-_ timated at distances oi 3.6 and 7.0 lt Irom the nozzle and lhe prototype'whlch would not be slgnlllcant.



D, Uncertainty CI skin Irlctlon coefficient
Cp pressure coefficient

The uncertainty associated with calcu at ng the Impact d=vl test article diameter
Iorce on the prototype (F_,) Is estimated using Equation dl,t jet diameter
(8). The unoedatnlies were determined tor the three test do nozzle diameter

articles at nozzle exit velocity UI at the closest and E elevation of jet nozzle above tank floor
larthest distances from thenozzle at the jet centerllne, F force

Fa drag force
At positions nearest the nozzle where the jet velocity F_ lift force

ts high, force uncertainties associated with the experimen- Fm drag lorce on model
tel parameters are _.+14%, +15%, and +19% for the Fp drag force on prototype
radiation dry weil, air lift circulator, and steam'coli, respec- K diffusion coefficient
tively. Most of the force uncertainty associated wllh the K._=n,coeftlclent for 3 in, floor-to-eenterllne spacing
measurelnents Is caused by the uncertainty associated L length of test article Impacted by jet
with the Jet velocity, In this case, the vetoolty referred to m model
is the average velocity over the Impact area, Uncertain- off=yI vertical distance from test article base to nozzle
ties of the areas of the test articles exposed to the Jetare centerllne
the next dominant terms,: p prototype

r radial distance from jet centerline
The drag coefficients for the test adlcles were Re Reynoldsnumber

calculated from the measured loads on the test article rl
using Equation (5), The uncertainty analysis for the drag "l'_t jet radiuslree stream turbulence
coeffie.lentts presented for the same range of conditions U jet velocity
as the force uncertainty analysis, For the analyses U=(x) centerllne velocity of free jet
nearest the nozzle, drag coefficient uncertalnlles ranged Um=,r. maximum model jet velocity for a near-lloor jet
lrom 12% to 15%, 15% to 19%, and 17% to 22% for the Uo nozzle exit velocity
radiation dry weil, air lift circulator, and steam coil, Uor. model-scale jet exit velocity
respectively, Uodo nozzle discharge parameter

x distance from jet nozzle to test article centerllne
SUMMARY x/do normalized distance trom nozzle

y transverse location
Static lorces on waste tank components produced by z vertical elevation

mixer pump jets Impacting the portion of the component
within Its path were evaluated via scaled experiments, Greek Letters

Forces Impacting the prototypes were scaled from the E/dw¢ surface roughness
model data. Drag coefficients, derived for the radiation e Jethalf angle of expansion
dry well and air lltt circulator, agreed well with measured I_ viscosity
data. Effective drag coefficients were developed to v kinematic viscosity
describe the drag for radiation dry wells and air lift p tluld density
circulators as a function of specific range of distances
Item the }at nozzle to the test article and specific jet REFERENCES
Reynolds numbers, These correlations will be used to
predict the static forces Impacting these components tn t, Donald, M. B., and H, Singer. 1959, "Enlralnment tri
waste tanks lcr a range of proposed operating conditions, Turbulent Fluid Jets.' Transactions Institution of

Chemical Enq!neers.37; 255-267,
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