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Turbulent buoyant plumes

Morton, Taylor, Turner (1956) model of buoyant convection from
maintained source.

Key assumptions:

plume is steady on timescale longer Q)

than eddy turnover time; —p \O <=
oo = kU

self-similarity of mean pro les; © ©

entrainment velocity proportional to D

a characteristic velocity of the plume; 6

linear dependence of density to con-
centration;

density di erence is small compared
to reference density (Boussinesq ap-
proximation).
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Turbulent buoyant plumes

Replacing velocity and buoyancy
pro les with equivalent top-hat
pro les and de ning: ;
mass ux -O Q th
4 Ue = :
Q=2 urdr = Ub%

momentum  ux
Z

M =2 u’rdr = U%b%

buoyancy ux
V4

F=2 g(e )urdr= g(e )Ub%
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Turbulent buoyant plumes

Conservation of mass, momentum and buoyancy through a contobime
leads to a system of 3 governing equations:

d 2 _ . dQ .
o (b2U) = 2kUb; dz = 2k” oW
d 2 2v_ 2. e . FQ.
&(bU)—bg—O ; dz_M’

dz bUg 0 = U 0 o dz’ dz Q

with ambient strati cation represented byuoyancy frequenciN with

gde,
QdZ

N2 =
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Uniform strati cation N2 = const
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Uniform strati cation N2 = const

For a pure plume there are 3 dimensional parameters: dherce buoyancy

ux Fo, the buoyancy frequenci and a density scaleg. Therefore the
rise height,H, scales as

H  (Fo= o) *N **

An estimate for rise height of volcanic plumes can be made bytireg Fo
to source mass uxQp,

Fo_g g T T

0 0 0 0 Ta

Qo;

SO ~
H Q7'N
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Comparison to volcanic plume observations
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Volcanic plume structure
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Volcanic plume model

Woods (1988) developed a model of volcanic plumes, extanttie
classical Morton, Taylor, Turner model with descriptions of:

the heat content of the erupting material

heat enchange between particles and entrained air
the thermodynamic expansion of the gases
nonlinear variations of density with temperature
varying atmospheric strati cation

di erent entrainment rates in jet and plume regions
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Volcanic plume model

De ne
mass ux Q= Ub?% momentum ux M = Ub?;
column temperature T; mass fraction of gas n,

and mass fraction of solids 1 n;
and formulate conservation equations through control volumes:

dQ dM 5. d -
dz =2Ue eb; d——g(e ) b=, dz 1 nQ =0
d
= CpT + gz+ 3U? Q =2Ue &b (CaTa+ 92):

Constitutive equations:

Py’
Qm . Q. Qupy , O
- —ca Mo s =S Ry = 2R, + =M
G=QeT Q™ ReTg Rt R
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Volcanic model solutions

Plume radius, velocity, temperature, density
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Comparison to volcanic plume observations
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Wet plumes

Water vapour in the plume can condense as it is raised to higtitude,
releasing latent heat.

Water added at the vent or through entrainment of moist atmospit air
has been included in the volcanic plume model.
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Wet plumes
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Wind-blown plumes { observations
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Wind-blown plumes

Hewett, Fay & Hoult (1971) model of buoyant plume in cross-@in

Formulate conservation
Q-9

equations in a ) o 2 SEEE—— =)
plume-centered coordinate \/ \ O /L6 M) o
system. i &7

Y —

o/ ¥ /C
Air entrained into plume hasm=)> 9 @:,-"S © \ e
horizontal momentum. o i O

Entrainment velocity into
the plume is

Ue = ksjU(S) V cos j+KkyjV sin j
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Bent-over plume model { uniform strati cation

Dimensionless controlling parameters:

Kw.

ks

10 _wkEF?
! 1=4811=4"
Fo N

0.4

1} 0.3

0.2

0.1

25

a

TO 55/70 5-2/24-2 u’z4euT5 10 0 5 10
T T T y T y T T T

Rise height& Plume radius

M.J. Woodhouse

Volcanic plumes

13 Oct. 2011

16 / 17



Conclusions

Simple mathematical models provide a scaling relationshipvben
rise height and mass uxi Q).

Observations broadly follow this scaling, but some signi taoatter.
Volcanic plume models allow additional physics to be makland
recoverH Qézl scaling.

Including water phase change in plume model suggests mastu
content of atmosphere can result in signi cant overestimatioh
source ux based on rise height.

Wind may limit rise height of plumes from small/moderately size
eruptions.

A simple mathematical model of wind-blown plumes can be
formulated.
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