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EFFECTS OF TURBULENCE ON

LOW ALTITUDE FIREBALLS AT LATE TIMES* (U)

H. M. Ruppel and R. A. Gentry
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico 87544

Let us precede a discusaion of the effects of turbulence on the dynamics
of fireballs with a review of the turbulence model currently in use at Los

Alamos.! The equations we solve ara:

the mass equation
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the momentum equation
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the internal unergy equation
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*Thia work was performed under the joint auspices of tha United States Atomic
Energy Commission and tho Defense Nuclear Agency (~NA Subtask No, HC=061, DNA

Work Unit No. 13--Calculations at Low Altditude).



and the turbulence cnergy equation
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A detailed liet of the symbols used is includad as Appandix A,

'Th. salient feature of this an! sevoral other similar modols now in uase
is the transport aequation for the .urbulence energy. This equaticn contains
ocxreation due to buoyancy and shear, and dissipation and diffusion. Consider
in particular the buoyancy term, since this has engondered ascme commaent in

the recent past, In this connection note that one modals corrulations hn-
tween components of velocity and other scalar functions as
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This ims commonly referred to as the flux approximation, Using this approxi-‘
mation in revarae for _ . %EL_ldldl to
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Then amsuning hydrostatioc equilibriuwm we vbtain
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Hence a nice physical interpretation of this term is to view it as the con-
tribution to the change in turbulence energy from changes in the potential
energy due to the correlation of fluctuations of density and velocity in a
gravitational field., Note that in order to have creation rather than de-
struction of turbulence energy, the density and pressure gradiants must be
of opposite sign.

An agsumption which is made in the derivation of this model is that there
exists immediately a state of equilibrium between eddies of all sizes. We as-
sume, in other words, that the time taken to equilibrate the csscade process
by which energy is transferred from the largest addies where it is created to
the smallest eddies where it is dissipated is small compared to the times that
matter in the problem, Current eatimates for this equilibration time in fire-
balls vary {rom perhaps one tenth to one torus formation time, but these num=-
bers are uncertain,

Another assumption which must be made in calculations with this model is
the size of the integral scale ~ that is ‘he size of tha largest or energy
carrying addiaes., What we usa for the scale is a phenonenological form fitted
by Bart Daly at Los Alamos to the experiments of Wygnanski and Fiedler,?

They measurud the scale and the mean vertical velocity profiles of free jets.
It was possible to fit their data rather wall with the form

o(r,z) = 0,14 d(s) (2 - :—"-g-:%) 5

Ir this axpression d(xz) is taken to be that distance at a given & from the
axis to the point at which the vertical componant of valocity changes aign,
In somo approximation, then, in the region of intecrest d(s) is the radius to
the point of maximum amplitude of vorticity, Also v(0,z) is the vertical
velocity on the axis at a given z} v(r,s) is the veri.ical velocity at r and
B8, This form yives » scale which hus ite minimum on the axis and rises to a
maximum where v(r,s) vanishes. When v(r,z) bacomesnegative, we simply sat
it tn sero., This, then, leads to /i scale which varies from perhaps 1/20th
to 1/5th km over tha fi: 'hall, Figures 1 end 2 give an indication of the
affect of the scale on the turbulence energy, Figura 1 is a plut of the maxi=~
num in any cell and Fig., 2 a plot of the total turbulence eneigy, each for two
different scalea, In both camos the dashed curve was calculated with a scale,
e = 0.,), conntant over the mesh while the snlid curve was obtained with ¢
eimplified voresion of the phinomenological wcale discussed above. The sualee
diffor by about a facror of J and the enarpies by roughly an order of magni-
tude. One can argue ¢.140ly that this is a conaistent picture by equating
the oreation and decay at steady state. B8ince the creation is pioportionul
toC x mean flow quantitier and the decay im proportional to 0q/e”, one has



OA = oBq/8® ,

where A and B are combinations of constants and mean flow quantities, If
then the mean flow is roughly independent of the scale, this results in

q~ s ®

This argument is vo be taken only as an indication of the order of the effect
rf the scale on the turbulence energy. In the example of the large scale
case the total turbulence anergy remains at about 1% of the total kinetic
energy in the mesh,

For the valua of 0 that we use it is intaresting to note that the rise
altitude, as defined by the pocition of the ce2ll with the maximum internal
anerkgy, is littla affaected by changes in the scale, Figure 3 diuplays the
altitude as a function of time for twu scales. The x's were nbtained with a
scale larger than the solid curve, the increase being 50%; however, at 210
secs there is ouly a 1/2 km difference in height. Thers appears to be no
difference in the two calculations for times less than 75 secs, This las:
point has been a consistent finding in our calculations - that the turbulence
has virtually no offect on dimcnsional data at less than 75 secs and only a
slight effect thereafter., This conclusion may depend on the rather small
value for 0 that we are using,

Although there is general agreement of models of this type that O may
be exprossed as 0 = fs v2q, the values of £ differ among the various inves-
tigators. We currently use a value of 8 = 0,02 which valuea is based on the
work of Launder, Morse, Rodi, and Spalding.? They compared six turbulence
models in the prediction of freeo shear flows. In the mcdel which they call
the Prandtl energy model they define a turbulence viscosity which is anal-
ogous to the above 0 and in comparison with experiment they arrive at the value
for B vhich we are currently using. Daly then performed an independent check
by testing this result against the channel flow atudies of Laufar,' who weas~
ured both the Reynolds stress and the gradient of the mean velocity, Using
the flux approximation one can relate tha tu» to obtain ¢, This was done for
Reynolde numbcrs in the range 10“ to 10°,

Another point which must be addressad is the saeoding of the initial tur-
bulence, From the equation for the tuibulence energy it is clear that in
order to generate turbulence it is necessary that some turbulence %@ alrsady
present. In the raal firedball, instabilitiems serve to initiate the turbu-
lence, In our numarical simulations we must seed tha turbulence in some way,

Figure 4 demonstrates the indepandence of the 'ate time turbulence level
and distribution on the method and level of meeding., .t displays contour
p-ota of the turbulence energy for two rathor different seedingst In the
upper plotas the turbulence was seeded am proportional to the vorticity while
in the lower plots aw proportional to the kinetic energy. Clearly the two



methods of seeding yield marked differences in level and configuration ini-
tially, but by 30 secs they have coalesced into e single distribution., What
has happened is that the turbulence has decayed away in regions which cannot
support it and has grown in those places where shear and buoyancy can support
ic.

Figure 5 indicates how rather local the shear creation, in fact, is;
the same is true of the buoyancy creation. Moreover, the region of largest
shear creation is at the upper edge of the fireball, and hence turbulence is
mecst pronounced in the region of steepest temperature gradients, One mignt
expect that the turbulence will reduce tha maximum gradiente and that is in~
deed vhat we find, In Fig. 6 there is a comparison of the maximum gradient
of interual energy calculated with and without turbulence. Both of these
were carried out with a fine grid and iudicate what is probably the major
effect we will find that turbulence has: tha degrading of temperature and den-
sity gradients.

Of courss the turbulence itself depends crucially on the gradients of
the mean flow; both the shear and the buoyancy creation are products of mean
flow gradients, It is thig which causes us to devote such effort to improve
our non-turbulent calculations, particularly as they affect temperature and
density gradients, If these are overly diffused by numerical of!act.. lictle
is gained by simply adding turbulence to the hydrodynamics. To achieve this
we use an ALE-like code® which allows the cells to follow the fluid motion as
nuch as is possible, This minimizes the amount of fluxing in the rsezone
process and reduces the diffusion of all the physical quantities and their
gradionte.

One can see¢ the effect of resolution on turbulance energy by comparing
contour plets from a high resolution calculation with a low resolution re-
sult at 20 secs as in Fig, 7, The fine grid caulculaticn has a maximum turbu-
lonce enexrgy of 1.2 x IO'L while tha coarse grid on the right has A uwaximum
of 8.5 x 10=3, The total turbulence energy differs by about tha same ratio.
Since the minimum cell size in the two calculations differs by a factor of
2=1/2 and the turbulence anergy by only 50%, it is reasonable to assumo that
further refining of the sone eisza will not greatly affect the amount of turbu-
lernce energy. Note also that tha configuration of the two calculations in
Fig. 7 are similar in appearance.

As a referance, note that the maximum vertical velocity is about 0,14
kin/eec. The maximum turbulence energy corresponds to a fluctuating velocity
of 0,01 km/sec or roughly 10X of rhe maximum mean flow velocity., Finally
let us return to the effect of turbulence on dimensional data,

Figura 8 displays a riee history for a coarce grid calculation with and
without turbulence, The inclusion of the added viscosity due to turbulence
causvs only a alight decroase in altitude at lats times, 1t 1is, however,
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conceivable that as better calculations with sharper gradients are performed,
higher levelg of turbulence may be supported which increase the net effect.
In addition a larger value of B would likely lead to more pronounced differ-
ences due to turbulence.
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APPENDIX A
Notation
p = density
t = time
th
xj = J° coordinate
t.l.J ~ jth component of velocity

¢ = turbulence viscosity

8 = integral scale

q ™= specific turbulence energy

gj = gravitational acceleration in jth direction
P ™ pressure

A = dilational viscosity

U = ghear viscosity

8,, = Kronecker delta function

I = gpacific internal energy



Maximum Turbulence Energy in Any Cell (ergs)
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Total Turbulence Energy (ergs)
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Fig. 8. Altitude as a function of time for & cosrse grid calculatiom, with
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