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Experimental and Numerical Tests of jets with particles Analysis of accretionary lapilli from Redoubt volcano produced during the March 23, 2009 eruption
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Surr(;un eth ylhmer—gramed outer nms. Accretionary lapilli are found in diverse eruption deposits a.round the \_avorld, yc-t they show.S|m|lar m!err!al str.uctures. Using decades of research in gas-particle flows, Using DNS, Li et al. [2011] investigates both particle-free and particle gf“::;ﬂﬂs of ash the vent (see Figure 5). Nearly 20% of all aggregates formed during !
we show that these structures reflect the turbulen‘t structure of each plume that produced them. Particle clustering and size segregation are ubiquitous in highly turbulent gas flows carrying solid particles such laden jets, with Re~1700, and their results (Figure 3) correspond closely =P’ IAEETES this short eruption had at least one internal rim, and 8% also had a core
as volcamc_: plumes..ancclcd'mto la.boratory gas jets, particles become segregated and form clusters of similar sizes by interacting and modulating the turbulent structure of the flow that carries them. Carried to the experimental results of Yuu et al. [1996]. In both numerical and - = 15} il of larger crystals. ;
in suspension, the size of solid particles or aggregates is much more important than either their shape or density. We use this knowledge to analyze the formation of accretionary lapilli and ashy hailstones — - : . . ° g8er o GRS
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O eruptions in W ich there is evidence of liquid water in the plume—the March 23, 2009 eruption of Redoubt Volcano, Alaska, and the 2011 eruption of Grimsvitn volcano, Iceland. At Grimsvétn, are added. In the particle-laden jet here, the volume fraction is ab 5 S © Poorly sorted interior B25% : e o 1o 4%
lage clear hailstones contanpe_d clumps of fine ash, and individual particles distributed eccentrically within the stones indicate that the stones picked up the ash at random during transport. At Mt. Redoubt, d‘ ddi ' | P db =R -n’r;. 1Yo Hme HEHOHUS 4 Rt I0> o o 3 = Ho it § Ak "?’ "
with textural features of lapilli and other tephra, weather radar observations, and ATHAM numerical simulations of the plume, we were able to determine the eddy structure in the plume that carried and = l.c sl e 'y paruclc.s- o "-_“ oy eonphing fo pmdlfcc boll? - ° E ’2 5 . 3 1o A0S
formed the lapilli sampled in the deposits produced by this eruption. segregation and clustering of particles in the flow. This coupling varies S < e |
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clustering and segregation (Figure 3a). The variations between panels are s s = =) p ‘sr:::: ianer rim sl SPveaclustes
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We determine the rate of Flls§1pat10n of turbulent kinetic energy by assuming thz_at t.he rate of production of turbulent kinetic Kolmogorov Structure of Turbulent Flow b= e %o  Slamatar o ;z;lzt:mjtipﬁ:i:ner rims P ey - 10
energy by the largest eddies is balanced by the rate at which it is destroyed or dissipated by viscosity in the flow. Turbulent T —— v AR GG Aggregate Rim Diameters (microns)
energy is transferred from large eddies to small eddies, forming an energy cascade. The rate of dissipation controls the spatial . : . S % a R S e &
frequency spectrum of this energy cascade, as shown in Figure 1 [Pope, 2000]. Whereas the turbulence in the largest structures is | S'gmﬁcaf’cef or aggregation: _ . 8 2 Figure 5. Grain size distributions for ash particles in . Figure 6. The results of analysis of 214 aggregate rims from
anisotropic, in high Reynolds number flows breakup of large eddies results, at some finer scale (typically on the order of 1/10 of T - el L et weutinin These studies show that the separate paths taken by particles with ‘ = o aggregates and for aggregate and lapilli rims recover cf Table 1, some which are internal as shown in the inset. Outer
the width of a plume), in a universal isotropic and largely homogeneous turbulence structure that is defined by the rate of kinetic ! . different response times and (/) numbers provide a mechanism for rapid £ » = . £ from all tephra deposits sampled aldvarll)ous ldlSlZlnCCS oL rims were typically formed of much finer ash. In those cases
energy transfer and dissipation [Pope, 2000]. The foundation of this dissipation scaling is the Richardson-Kolmogorov cascade, ] g,::;ywé:sr;:nf.on) al’s and efTicient collisions between particles of different sizes (lravcll.mg on S g S e S the March 23, 2009 eruption of Redoubt volcano, like the inset above, clustered large crystals form a core.
which states that the rate of energy dissipation is proportional to the product of turbulent kinetic energy and average fluctuation —1 = T intersecting paths), impacting aggregation. To assess aggregation in a gas- Distance in meters Alaska.
ity divi in Fi 7 siciodndls Ly by L i i : icle sizes, we studied clear hailst : , , .
velocity divide by some turbulent length scale (o in Figure 1a). 7 I ! g o par:;cle (fj](;\v g"‘h a\"::f;g{}? ;::;lcl:g:; a\:lf Sal:ti::clesca(;a\rvcfll;s(::rlflsn & Figure 3. Results of DNS study of Li, et al. [2011] which accurately simulated experimental results of Yuu et al. Radar Data S ] :
o ¥ GRS p;o LI:ce i s p . [1996]. Particle size increases from right to lefi, all other flow parameters are equal, and volume fraction is about Figure 7a. Backscatter C-band radar images of the March 23, 2009 eruption of Redoubt volcano in Alaska that began at 12:30:21. From left to right, images are flbout five minutes apart. The grid
Laboratory jets (small scale, low Re) versus Volcanic plumes (large scale, high Re) : . Im ;Z'én"&'éff?e) Iy ~ length scale for turbulence Re ol A i 10°. Variations in the degree to which particles are coupled to the flow are evident, and agree with the S(1) number lines are at 5 km both vertically and horizontally, showing a 1.6:1 vertical exaggeration. These are compared with snapshots of ATHAM model runs at the same times and scales.
Laboratory flows, with lower Reynolds numbers, have much narrower ranges of eddy sizes to couple with particles [, =length scale for global Re limits. Permission to use figure obtained from International Journal of Multiphase Flow.
than do large-scale volcanic plumes [Denlinger et al., submitted] or atmospheric flows [Siebert et al., 2006] . We can
test theories of gas-particle coupling with laboratory experiments backed up by numerical simulations of the same Figure 1a
experiments; here we compare DNS results (Figure 3) with ATHAM results (Figure 8). The scaling of this comparison
is shown in Figure 1b and 1c. 5 . . .
s B & Ash-infused hail from Grimsvotn in 2011 | 12:35:12 12:39:42 12:45:37
At Grimsvotn in 2011, hailstones swept through a volcanic plumc and cloud, collccting ash, and were transported and deposited about 3 km from the vent. Pordur ArasS)n sampled and photog}mphcd «9J. ‘45-
this deposit shortly afier it was produced (Figure 4). Radar measurements of the plume producing this hail [Petersen et al., 2012] show that particle volume conccntra.tlons were less ﬂ\fm 1073, so 2-
way coupling dominated particle interactions in this gas-solid suspension. The hailstones in the photograph were measured with Imagel, and the ash visible in each hall§lone was exal?'nned. M(?st
hailstones had ash inclusions of various sizes, some clearly formed from clusters of smaller ash particles, and the inclusions are distributed eccentrically in the ro.und hailstones. The sizes seen in the = 15km
ash inclusions in the photo are larger than single grains visible in the image, supporting the view that the hailstones swept through the plume or cloud, incorporating ash and clusters of ash as they I
grew. This is the same mechanism proposed by Van Eaton et al. [2015] for the March 23, 2009 eruption (event 5) at Mt. Redoubt, Alaska. -r
. | |
DNS Gas-Particle Jet Simulation of Li et al., (2011) ATHAM simulation of March 23, 2009 eruption of Mt. Redoubt, Alaska
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Mechanics of turbulent gas suspensions of solid particles

The primary factor that determines the nature of particle modulation of turbulent gas-solid suspensions is the solid volume fraction, - 38 43 48 53 58 63
or the volume of solid, dense particles per unit volume of gas [Said Elghobashi, 2004a; Saber et al., 2015]. For turbulent gas-solid 10" a7 68 73 78
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suspt;psmr:;. .ltl;rcc Ibroadlc?tggoncs of coupling :;rc defined (Figure 2); one-way coupling, two-way coupling, and four-way 1waycoupling: |  2way coupling: 022 497'N. 17°25.019'W 1570 m
coupling [Said Elghobashi, 2004a; Saber et al., 2015]. 10' F e Turbulencei Figure 4. Hailstones photographed by Pordur Arason with a flash and a macro lens on 11 June 2011 at 12:20 UTC in situ in a ditch through Ihe. as{z layer at 6.4 22.497'N, ...).. ol ;vﬁee-m
i mdmuodmuuh L. 3.0 kmm SSW of the vent. The scale on the margins shows ticks at 1 mm intervals. Temperature measurements at Grimsfjall (6 km to the E) indicate that air temperatures were belo zing Fig 7b. ATHAM images of the growth (7b_1), full bloom (7b 2), and de cay (7b_3) of internal ed dy structures in the ery Gon ol "
One-way coupling occurs for volume fractions less than 1 ppm, and is passive transport. Particles of any size carried by the gas (or — by Hufiker el (A0 of the vent. . "y ; he near s » of each round hailstone. These fragments are larger than the ; 2 = = e S p plume for the March 23, 2009
. . i . = i o aw . o A a e from the start of the eruption fo this time. Irregular fragments of ash are small and isolated within a small portion of the near surface of e . eruption. The innermost two surfaces enclose the homogeneous turbulence of the inertial subrange (Figure 1a), and are compared { ke )
falling through it) do not modify its turbulent structure in any significant way. This is the mechanism of transport in distal ash ~ = o|  modulationdy : iy i di t cases are clusters of ash rather than particles. Individual clusters can also be seen within clouds of ash near the surface of some larger stones. radar data in Fi A — . seseale; The dnssial subnge [ WHers most of the [all Jeee pared to backscatter images from
clouds. = 10°F ah Diszipation Mechanisms ash particles forming them, and in most cases : ata in |guf'e aa .lc same m-CS . e same scale. The ine f a g : b'f) 1¢ lapilli in Figure 6 first cluster and begin to grow, and
NK ke e of is where th.c transfer ralc.o( !urbulcnl kl.nc.tlc energy from large to small eddies is at a maximum. I'here are three nested model surfaces shown in each figure
Two-way coupling occurs when volume fractions are between 1 ppm and one part per thousand. In two-way coupling, the S particle-laden flow W corresponding to three kinetic energy dissipation rates (0.1, 5, 10), and all surfaces are largely internal to the actual and radar-measured plumes. The areas ol:
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Each particle or aggregate size suspended in turbulent gas is coupled to a range of eddy sizes, depending upon the ratio of particle response time relative to the turnover time of eddies in the flow, defined Vassilicos, J. C. (2015), Dissipation ":);z)rb;:cm l;lc;:s, r:ln:tunl Rcvdlcws c::‘ﬂl:lc:.l:' hf:i'}f'c"n'f;f;n?};?w'&nows number gas-partcle turbulent jes, Physicochemical Engincering Aspects, 109, 13-21. o A
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Stokes equation shown in Figure 2 [Goto and Vassilicos, 2006; Monchaux et al., 2012; Vassilicos, 2015]. This S(/) ratio, and the range of eddy sizes that result from it, are given by the following expressions: withthe ericrzy scaltrig from ATHAN simulations for the E ; § ,
3 3 d., | = eddy size (m) March 23, 2009 event [Van Earton et al., 2015], przduccs 1.h|s S o § 10-
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rims begin to form in the inertial subrange shown in Figure . k
Ic, but as lapilli grow they are increasingly carried by large, 1
anisotropic eddies in the flow that are maintained by mimet U ,
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