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Summary We present experimental measurements of merging velsdifisheet plumes near horizontal surfaces in turbulentemnv
tion. We show that the mean velocities of merging increash increase in near-wall Rayleigh numhbgta.,) . The mean merging

velocities are shown proportional to the plume rise velesijti.e. the dimensionless rate of mergiﬁg(%), equal to a near-wall

Reynolds numbefRe,,) is a constant for a given Pr.

INTRODUCTION

Rising sheets of hot fluid, often described as sheet plumiseoplumes, are the commonly observed near-wall coherent
structures in turbulent convection over hroizontal sueéd ],[2]. These sheet plumes form and merge over the haako
surface and at any instant result in a complex pattern ofrepitstructures [1]. These plume structures exhibit a commo
fractal nature [1] implying a possible commonality in théymamics at all Rayleigh numbéRa). The external shear cre-
ated by the large scale circulation modifies these dynanyiedigming the plumes in the direction of shear. Understagdi
this predominant near-wall dynamics in turbulent comvattis important in defining wall functions in turbulence mod
elling. In addition, since the line plumes transport mosthef heat from the plate [5], quantifying the dynamics of éhes
structures near the wall will help in understanding the ficedimg in turbulent convection. In the present study, weseng
measurements of merging velocities of sheet plumes nedrdfieontal surface in turbulent convection in the range of
10° < Ra < 10° for Pr = 0.74 and5.2. We then propose scaling laws for the mean merging velsaitfenear-wall
sheet plumes.

PLUME MERGING RATES

Figure(1) shows the planforms of sheet plumes observedtheavall in temperature driven convection in water and air
at Ra,, = 1.1 x 10" andRa,, = 2.5 x 102 respectively. HereRa,, = 9BATLH? g the Rayleigh number based on
the near-wall temperature differendd’,, and is equal td?a/2. The dark lines seen in the images are the sheet plumes.
The planforms in water are obtained by electrochemicalalization [4] from unsteady, temperature driven, conecti

in a 30cmx 30cm tank. The planforms in steady, temperature drivernyexdion of air confined between two 250cm
50cm horizontal plates are obtained due to the scatterbtfligm smoke particles when a horizontal laser sheet isgolass
grazing the bottom plate. Figure 1(a, b and c) shows the safiggdume merging in water f@ = 6 where is the aspect
ratio defined as the ratio of length (L) of the tank to the hiighof the fluid layer and heat flux = 2340W/m?. Figure
1(d,e and f) shows a similar sequence in airfor 5 and heat flux; = 57.64W/m?. In such planforms, two adjacent
and parallel plumes that are merging are identified and theg#in spacing between the two plumes as a funcion of time
is measured. The measurement is made by using a prograratbatthe coordinates of the line plumes from successive
image frames from mouse clicks and then estimates the rateanfge of spacing between the merging plumes. Similar
sequences of plume merging are identified at the samgat different times or different locations in the planformsing
which multiple measurements of merging velocities at theesRa,, are obtained.

Figure 2(a) shows the mean velocity of merging of sheet piije= % as a function ofRa,,; the mean being calculated
from the multiple measurements at the salg,. Here,% is the rate of change in spacing between the two merging
plumes. This figure shows that the mean velocities of meriiogase with increase iRa,, for a given fluid. It could
also be noticed that the plumes merge faster in air comparttat in water at the samia,,. We assume that the mean
velocity of mergingV;,, is proportional to the vertical centerline velocity of the plume at a height af0Z,, given by the
expressior/, = Co(ggff)z/5(%)1/5, Gebhart et al.(1969); wheté, = (;z%7—)"/? is a near wall length scale. This
characteristic velocity., which is a function of heat flux, indirectly determines therging velocities of sheet plumes.

Using the expressionSu = 0.07Ra'/3Pr=002 and 5 = 47.511;’;—3'/2, Puthenveettil et al.(2011), the near-wall Reynolds

number(Re,, = V.Z,/v), is then obtained a&e,, = 3.99Pr 05 Figure 2(b) shows that the non-dimensional
mean merging velocity of plumés,, Z,, /v = 1.176 Pr~""® obtained from the measurements is a constant for the two
fluids at all Ra,,. Note that the measurdd,, Z,, /v equal to the near-wall Reynolds numbge,, has the samér

dependence as that of the derived,, but with slightly different prefactor . Sincg,, = H/Ra}f, the Reynolds number

(Rey = V.H/v)is obtained aRey = 3.16Ras/ > Pr—75. Figure 2(c) shows the variation &, H /v with Ra,, and the
expression based on the measurements is givéf),&&/v = 0.97Ra/>Pr=07. Itis seen that/,, H/v = Rey, scales
asRa./? and has the sam@r dependence. Using the flux relation [6], the expressiornMarobtained in terms oRe
is Nu = 0.025Rey Pr® ™. Figure 2(d) shows the dependence of dimensionless meanityebf merging of plumes
on Nu. This figure showed thdt,, H/v = Rey is proportional to the flux supplied for a given fluid. The riéisg
expression from the experimeitu = 0.12Rey Pr® " is found to match with the derived relation with slightly hiy
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Figure 1. Sequence of plume merging indicated by arrowfor = 5.2 at Ra,, = 1.1 x 107 andg = 2340W/m?;(a) t=0s, (b) t=4s
and (c) t=8s and’r = 0.74 at Ra.,, = 2.542 x 10® andq = 57.64W/m?; (d) t=0s, (e) t=2.5s and (f) t=4.5s.
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Figure 2. (a) Variation of mean velocities of merging of plumes wit,, for Pr = 0.74 and5.2 (b) Variation of dimensionless

mean merging velocitie¥,,, with the near-wallRa., for Pr = 0.74 and5.2 (c) Variation of Reynolds numbeRe with Ra., (d)
Dependence of Nusselt numh®h, on Rex

prefactor. We expect that the differences in the prefadiet@een the measured and the derived relations to be due to th
uncertainities in the prefactor values used in the flux aethtkan plume spacings relations.

CONCLUSIONS

Mean velocities of merging of plumes increase with incréadeayleigh number. The mean merging velocities is pro-
portional to the vertical centerline velocity of laminaresh plumes. The near-wall Reynolds numBer, is a constant

and whileRey scales asRa%U/‘g. The dimensionless mean velocity of merging of plumes awcty proportional to the
Nusselt number for a given fluid.
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