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Abstract 

This paper presents a new model for explosive puff rise histories that is derived 

from the strong conservative form of the partial differential equations of mass, momenta, and 

total energy that are integrated over space to yield a coupled system of time dependent nonlinear 

ordinary differential equations (ODEs). By allowing the dimensions of the puff to evolve 

laterally and horizontally, the initial rising spherical shaped puff evolves into a rising ellipsoidal 

shaped mushroom cloud. This model treats the turbulence that is generated by the puff itself and 

the ambient atmospheric turbulence as separate mechanisms in determining the puff history. The 

puff rise history was found to depend not only upon the mass and initial temperature of the 

explosion, but also upon the local stability conditions of the ambient atmosphere through which 

the puff rises. This model was calibrated by comparison with the Roller Coaster experiments, 

ranging from unstable to very stable atmospheric conditions; the agreement of the model history 

curves with these experimental curves was within 10%. 

1.0 Introduction 

A two-dimensional or fully three-dimensional time dependent model of buoyant 

puff rise is impractical in the context of the real time Lawrence Livermore National 

Atmospheric Response Advisory Capability needs. Consequently, the present approach deals 

with only volume-averaged quantities that give the time-dependent response of buoyant puffs 

arising from explosions. This approach reduces the model to a set of coupled, nonlinear ODEs 
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that can be integrated very rapidly. A simplified puff-atmospheric turbulence model that is 

dependent upon the Richardson number (Ri) is developed. This explosive source model is 

subsequently used to initialize the source in a particle dispersion model. 

Baker et al.( 1983) define an explosion as a rapid exothermic chemical reaction 

that produces an overpressure that can be heard. Explosions can be due to either high explosives 

(e.g, TNT), propellants, or hydrocarbon detonations. High explosives have very short reaction 

times that produce very hot gases (TeXp1-5,000 K) whereas hydrocarbon explosions are much 

cooler (Texpl- 1,350 K) and have loner reaction times. The authors present empirical relations 

for a fireball radius and duration in terms of the mass equivalent of TNT, M, as 

R* = 1.93 M0.32/ (Te,p1/3600)”3 (1) 

t* = 0.299M0*32/ (Te,p1/3600)10’3 

While the chemical reaction is proceeding, the spherical volume of radius, R*, is 

assumed to have a uniform bum temperature, Texpl. The radius grows at the rate, R*/t* until the 

time, t* is reached and the chemical reactions cease. Meanwhile, the hot gases rise, expand, 

entrains and turbulently mix the cool atmospheric air, distort in shape, and eventually rise to a 

final height in equilibrium with the atmosphere. The equilibrium height to which the puff rises is 

strongly dependent upon the atmospheric stability condition and will discussed later. 

2. Model Formulation 

The motivation for using the strong conservative form of the Navier-Stokes 

equations is that the volume integration simplifies by using the Gauss divergence theorem. Since 

‘these equations are well known, they will not be stated here. These conservation equations are 
- 

written in terms of mean and fluctuating variables, e.g. p = + p”, u = u + u”, etc. The mean 
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flow is responsible for “entrainment” whereas the fluctuating flow is responsible for turbulent 

mixing and dissipation. At present, it is assumed that the effects of water vapor are small. (Note 

that water vapor can be included as an additional conservation equation if considered significant 

in a particular application. 

The interface between the ambient atmosphere and the hot plume is assumed to 

be a “discontinuity” over which the temperature, density, and velocities vary rapidly. The 

vertical momentum component is initially zero, but the buoyant hot gas induces a vertical 

component of momentum upon the existing radial momentum. Thus, the spherical explosion 

will eventually distort into an idealized elongated ellipsoidal. Many of the previous attempts at 

modeling puff rise (Turner( 1973) and Boughton and DeLaurentis (1987)) constrained the puff to 

be a sphere throughout the entire rise. The puff appears to be more complicated with the initial 

spherical cloud evolving into a mushroom-shaped cloud. The present model assumes that the 

mushroom cap is composed to two half-ellipsoids with a common radius, r, in the horizontal 

plane. The stem is assumed to resemble a cylinder. The upper portion of the cap is a half- 

ellipsoid of height above the center of mass, z, h+, and the lower portion is an ellipsoid of 

height, h-, below the center, z. The center of the cap rises at the velocity, wp. Initially, the 

spherical puff is expanding at a speed, s. By vector addition, the interface at the top and bottom 

of the puff will experience different net velocities, and gradually, hf and, h-- will be distinct. The 

notation, h‘, refers to either h+ or h-, The equation for an ellipsoid is: 

(x2+ y2)/? + z2/(h’) = 1. (3) 

The stem can be assumed to be a cylinder of height (z-h-), and radius, R* Conveniently, such an 

assumption produces simple algebraic expressions that simplifies the integration over space. The 
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stem volume for a cylinder is: 

V, = n(z-h-) R*2 (4) 

The ordinary differential equations (ODES) representing spatially averaged puff 

conservation of mass, momentum, and total energy are obtained by integrating the governing 

partial differential equations over space. There are two relevant boundaries: 1. the discontinuity 

of the hot puff and the ambient atmosphere interface, and 2. the boundary at infinity. At the puff 

centerline, the flow in the radial direction is zero because of symmetry; likewise, for the 

gradients in temperature, pressure, and density. Because of entrainment and turbulent mixing, 

any local gradients within the puff are assumed to rapidly dissipate, the variables within the 

puff, pp, wp, up, P,, and ep are assumed to be spatially uniform. Also, it is assumed that the 

variables, pa,T,, u,, Pa, and e, are independent of their x and y locations, but only depend on the 

height, z. A simplification can be made by assuming at the height, z, that Pp(z) = P,(z). 

Across the moving puff-atmosphere interface, the jump conditions are be 

satisfied by using the Liebnitz integration relation at the moving puff-atmosphere interface. The 

surface areas projected on the radial and vertical directions can be given immediately as: 

neSe = n( 2rehee, + 2ek re 2 ) 

where e, and ek are the unit vectors in the r and z cylindrical coordinates, respectively. The 

advective fluxes, in the radial and vertical directions, are given by: 

F, = [(pu), (puu), (Puw), (pue)lT 

and 

F, = [ (pw), (pwu), (PWW), 

for the conservation of mass, radial momentum, vertical momentum, and total energy, 
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respectively. Because the puff boundary is growing laterally and vertically at some yet 

unspecified velocity, s, 

s = {sr e, sz ek), ( 7 )  ' 

The advective velocity that comprises the flux on either side of the puff interface is shifted in 

order to coincide with the expanding and distorting interface, The entrainment of a quantity, Q, 

is given in terms of fluxes of the mean variables. (Note, Q=l when the mass conservation 

equation is considered.) 

The mean value flux quantities are defined as: 

and the turbulent flux quantities as: 
- - -  -- 
f ' l a  = plqau'laAr +p'la~'laAz , 

With these preliminary definitions, the well-known strong conservative form of 

the mass, momenta, and total energy equations are integrated in all three spatial dimensions. 

using the Liebnitz integral rule, the Gauss divergence theorem, and assuming the mushroom 

cloud geometry of the explosive puff. The resulting ODES representing the uniform averaged 

puff-atmosphere conservation of mass, momentum, and energy are given by: 

d a d t  = (fa - fp) + qcadV/dt, 

- -  -- - -  
d(G)/dt  = (faGa - fpGp) + (fla~",- f',u",) + q u P  padV/dt, 

- - -  -- -- - -  
d(mw)/dt =(pa-pp)gV+(faza - fpzp) + (ftaw",- f'pw"p) + qwppadV/dt9 

d(G)/dt= (faZa - fpZp) + EO (T: - T: )AT + ( pa-pp)gVGp + (f laella- f' 
- -  -- -- 

+qGadV/dt ( 15) 

(13) 



where 

m = lpp dV = ppV. (16) 

The rate of entrainment mixing of Q is limited by the available projected area and difference in 
. .  

fluxes, (f"Qa - fpQp). This flux difference tends toward zero as the puff state variables tend 

toward the ambient atmospheric variables. 

The term, qFadV/dt, represents the so-called virtual mass addition term. Daly and 

Harleman (1966) show that as a body accelerates through a fluid, a force must be applied to that 

body as well as to the fluid pushed out of the way, and is different from a drag force that is 

typically dependent upon the square of the relative velocities of an object moving in a fluid. The 

constant, q, is about 0.40 to 0.50. 

The combined radial surface area from both the hemisphere and stem are given 

as: 

A, = xr(lh+l +Ih-l) + 2.n ?z2/(?+z2) ), (17) 

(18) 

Because the puff cap is assumed to be the union of two halves of an ellipsoid, the time rate of 

change for the puff heights in terms of the radial growth rate is given by: 

A, = 2x2 + nrz(2r/(r+z)- Tz/(r 2 2  +z )). 

dh+/dt = -(h+/r)dr/dt, (h+ > 0 ) (19) 

dh-/dt = -(h-/r)dr/dt , (h -<O) (20) 

Because h+ decreases in time as r grows, h+ is constrained to always be greater than a cutoff 

value taken to be 2 m. By manipulating the time rates of change of mass, volume, and the 

conservation of mass equations, the radial component of the moving frame velocity is given by 
- -  - _  

sr = 3{2(pau,-ppup) I/{ [(6-8q);da + 25p11. (21) 
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and 

sfZ = -(h'/r)dr/dt. 

3.Turbulence Models 

The turbulent eddy viscosity and thermal conductivity are assumed to have two 

contributions: one arising from the ambient atmosphere, and the other from the puff itself. It is 

assumed that the local Richardson number, Ri, characterizes the turbulence in both the 

atmosphere and puff. The ambient turbulent atmosphere can be treated by standard methods 

derived from measured quantities and a variety of stability conditions. The atmospheric 

turbulence contribution, ,f'au"a, and f',e", appearing in Eqs( 12-15) uses the atmospheric 

turbulence models at various layers presented by Pielke (1984). The local static stability is 

determined by the local lapse rate is misleading and often fails in the convective mixed layer. 

The rise of thermals from the surface or their descent from cloud tops depends on their excess 

buoyancy, not the ambient lapse rate. Stability must be determined with respect to water vapor 

content and the saturated adiabats. The virtual potential temperature is defined as 

-- -- -- 

e, = T, + 0.0098 1 *z 

where 

T, = T( 1 + 0.61q). 

and q is the specific humidity (the mass of water vapor per unit mass of air). Following Fleagle 

and Businger (1980), the non-dimensional Richardson number, Ri, which denotes the ratio of 

the buoyant energy to the shear kinetic energy, and is defined as: 

Ri = gdlne,/dz/ [ ( d d d ~ ) ~  + ( a ~ / d z ) ~  ] (25)  

Fleagle and Businger (1980) classify the atmosphere as unstable (convective) for RkO, neutral 

for Ri = 0, and stable for R b O .  
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In contrast to the well-studied atmospheric turbulence, the puff-atmospheric 

turbulence model is an uncharted area. Libby and Williams (1980) have pointed out that clouds 

of either hot or cold gases can enhance or suppress turbulent mixing. The puff-atmospheric 

turbulence model involves those fluctuating terms having the following structure 
--- 

Ai[ p"pQ"pw"p 1 (26) 

All turbulence models require a means of closure. The puff-atmospheric interface 

is quite turbulent, so any particle at or near this edge may be inside or outside of the puff at any 

instant of time. To avoid calculating very detailed complex higher order closure models, the 

following assumptions were made: 
- - -  
P"p = Pp - Pa 9 

Q"p = 8 p  - Q, - 

- -  
wtlp = wp (assuming Wa = 0) 

- - -  
ulVp = u p  - u, 

- - -  
ellp = ep - ea 

The contribution to the puff-atmosphere projected on the i-th axis is given by: 

where Ai is either the r or z projected area, k,, and kep.a are the effective eddy viscosity and 

turbulent thermal conductivities, respectively. These constants, k,, and kep-,, were determined 

empirically by comparing the model results with the observed puff height of the Roller Coaster 

experiments, Church (1969). For simplicity, it was assumed that kep.a, = kp-a. 

Note that these turbulence terms in the two momentum equations involve 
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products of the velocity differences, and can be interpreted as “turbulent drag” terms. These 

“drag” terms render the system of ODES nonlinear. However, unlike the atmospheric turbulence, 

the puff-atmospheric turbulence terms, Eqs(3 1-32) vanish when the puff dependent variables 

approach atmospheric values; this property is consistent with the assumption made earlier. 

Entrainment, the atmospheric turbulence, and puff-atmospheric turbulence are considered to be 

the dissipation terms whose magnitudes determine the time at which the puff reaches a steady 

state height. 

Atmospheric stability plays a very important role in governing the rate of rise of 

the puff and in determining the time required for a puff to reach a steady state height. The puff- 

atmospheric dissipation terms, kp-a and kep.,, are assumed to be a function of the local Ri, and 

height, z, above the surface, similar to the atmospheric turbulence models. The height of the 

surface and mixed layers is a function of time of day, degree of surface heating, surface type, 

albedo, soil moisture and latitude. In summer months, the mixed layer characterized by strong 

convective heating can be anywhere from 1,OOO to 2,000 m above the surface. On clear nights, 

near dawn,,the convective mixing of the atmosphere ceases, and the atmosphere is very stable 

with the mixing depth from 100 to 300 m above the surface. The above model is convenient to 

characterize the various atmospheric stability conditions. The present puff rise model assumes 

that the atmospheric soundings are available to determine the initial conditions. 

An eddy diffusivity coefficient, kp-,(z), is assumed to be a function of height, z. 

From the surface to the top of the surface layer, kP-, is assumed to vary linearly with z. From the 

surface layer to the transition height 

Ztransitioq = zsl+ (zrn1- z d 3  (33) 

kP-, becomes a maximum at z ~ ~ ~ ~ , ~ , ~ ~ ,  and then reduces to a smaller value at z = zml. Above h,,, 

Page 9 



kp+, is assumed to be constant. 

In general, a puff that has lost much of its buoyant momentum can be trapped at 

the mixed layer. The critical feature determining whether a puff will be trapped at this layer, or 

punch through it, depends upon the excess vertical momentum of a puff. For a stable 

atmosphere, an explosion with a certain mass will equilibrate at the mixed layer, but an 

explosion with double the mass may punch through and equilibrate at a much larger height. 

Because of the initial temperature difference, an exploding gasoline vapor cloud may equilibrate 

at a much lower height than a TNT explosion. 

By experimentation, the puff-atmospheric eddy coefficients were found to 

increase with increasing Ri whereas the ambient atmospheric turbulence decreases with 

increasing Ri. In the unstable atmospheric conditions, the ambient atmospheric eddy coefficients 

increased with decreasing Ri, and the puff-atmospheric eddy coefficients decreased with 

decreasing Ri. At present, there has not been any detailed studies or models formulated to 

understand the turbulence of hot gases mixing with the cooler atmosphere. The determination of 

the puff-atmospheric turbulence parameters is basically an inverse problem. 

Church (1969) has reported the measured puff cloud top heights as a function of 

time for varying amounts of explosive and atmospheric stability conditions. Ideally, the inverse 

problem could be solved by time marching the set of nonlinear ODES of the present model 

simultaneously and adjusting the parameters simultaneously to minimize the least squares errors 

between the predicted puff cloud heights and the observed heights. However, such an approach 

requires huge demands upon the computer resources, and a simpler approach was used. Rather 

each experiment was optimized separately to obtain a reasonable average of the parameters. The 

experiments used from 6.4 to 1019 kg TNT equivalent amounts of explosive mass. In a sense, 
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the parameters were interpolated for t h s  range of TNT explosive. Whether such parameters are 

reasonably valid beyond range for which they were calibrated can only be determined by future 

experiments. In addition, there is a concern that three dimensional effects such as large 

atmospheric shear can become quite important for very large explosions. Such effects were 

ignored in order to obtain such a simple model. 

Table 1 lists the maximum and minimum values for the puff-atmospheric eddy 

viscosity and area multipliers. Model experimentation revealed that for very stable atmospheres, 

the puff-atmospheric viscosity and area multiplicative factors needed to be increased with 

increasing positive Ri number, and visa versa. Intuitively, this is physically consistent. An 

unstable atmosphere is very turbulent, and in such an atmosphere, the puff is being buffeted by 

strong eddies that induce mixing rapidly, so the puff-generated turbulence is of minor 

importance. However the presence of finite duration updrafts or downdrafts can either accelerate 

or decelerate the puff dramatically. For neutral or stable conditions, the atmospheric turbulence 

plays a progressively decreasing role with increasing positive Ri number. In very stable 

atmospheres with Ri > 0.5, the puffs are observed to equilibrate rapidly to the mixed layer that 

can be relatively close to the surface. Thus, the hot puff must dissipate its heat rapidly. This 

implies that entrainment and the puff generated turbulence are the dominant mechanisms. So for 

increasing positive Ri, the effective area and puff eddy dissipation would increase with Ri. In 

Table 1, kp-a = kep-, are listed as a maximum and minimum values for the various ambient 

atmospheric Richardson numbers. Likewise, the effective area coefficient, 3, is assumed to vary 

with height similar to the puff-atmospheric eddy viscosity coefficients. These parameters were 

fine-tuned to the 63.6 kg TNT equivalent of the Roller Coaster experiments. In a separate 
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section, these parameters will be adjusted for larger or smaller explosions. 

Table 1: Puff-atmospheric parameters calibrated for 63.6 kg TNT explosions 

This table illustrates that the mean flow entrainment and “turbulent drag” upon 

the hot puff increases with increasing Ri. This is physically consistent with the experimental 

observations that a puff looses its excess buoyancy rapidly in a stable atmosphere, but rises 

higher in a less stable atmosphere. In seperate model calculations, it was observed that for a very 

stably layered atmosphere, that doubling the explosive mass causes the puff to equilibrate at a 

significantly higher layer, while halving the explosive mass causes the puff to equilibrate at a 

lower height. Similarly, if the lower layers of the atmosphere are unstable, say for the first 

kilometer above the surface, the standard atmospheric model of the upper portions of the 

atmosphere tend to have more neutral atmospheric conditions. So a puff generated by a rather 

large explosive mass rising in the upper layers will entrain cooler atmospheric air and encounter 

a “turbulent drag” that eventually slows and stops a puff from rising further. 

4. Approximate Analytic Solutions 

The various Roller Coaster and Site 300 experiments were integrated numerically 

because the puff dimensions and density, are constantly changing dimensions and exact 

‘ solutions are intractable. It is convenient to examine simplifying analytic expressions to obtain a 

“feel” for the physics involved. Assume that in a small time interval, At, the puff mass, mp, the 
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density difference term, AC, the puff dimensions,, the interface velocities, s, and s,, and the 

turbulence parameters, kpma and kep.a, are slowly varying. 

For convenience, the atmospheric turbulence is defined as 

Aatm = -Katm(Ri)(&ia/dz). 

and F’ = Fa +Ai kp_,A+. 

A rearrangement of the vertical velocity ODE gives 

dwd ( A i  k,-,A, i: + F’Gp + (Aatm -Ai  gV) + dt/Mp = 0 

Under the above assumption, this ODE can be integrated to yield the following expression: 

wp = [6- F’ +(& F’)*exp(-6At/Mp) I/{ [ l-q,exp(-6At/Mp)]A~ kp-,A, } 

where 6 = [ (F’)2 - 4(ACgV-Aatm)(Ai kp+A,) ] 112 . 

and K, = -log( & F’). 

Assume 0 < A; I 0.5ca. The expression for wp simplifies, after expanding 6 to yield: 

- 
wP s [ 2(Ap gV -Aatm)/F* -I- F’ exp(-3uaAt/h) I/( [ l-hexp(-3GaAt/h)] (40) 

The buoyant velocity, wp, is directly proportional to the difference of the buoyant force and 

atmospheric dissipation, and inversely proportional to the surface area and wind velocity. The 

greater the ambient wind speed, Ua, the faster wp decays. Next, assume that the radiation 

transport is small; the energy equation can be linearized. For convenience, define: 

F* = { ~p + kep-a(?a - Cp> IA,(Up-Ua)+Az(Wp-Wa) 1 I 

and G = (pa - pp)gVwp - Gat”’ -&CY (T: - T ~ ) A T .  

The solution to the differential equation 

deddt +‘(F”(ep-e,) + G) = 0 

’ 

(34) 

(35) 

(43) 
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is ep = e, + (qexp( -8AVMP) -G)/F" (44) 

. As with the expression for wp, increasing the wind speed decreases the time for 

the energy of the puff to approach the ambient energy at a height, z. Also, the larger the mass of 

the puff, the longer is the time required the puff energy to dissipate. A necessary and sufficient 

condition for stable, physically acceptable solutions is that the puff turbulence terms be positive 

definite. From these simplified expressions, it is clear that for sufficiently long time, there exists 

a height H such that wp (H)+ 0, up (H)+ u,(H), pp(H)+ p,(H), and T, (H)+ T, (H). 

5. Roller Coaster Series 

The model results were primarily compared and calibrated against the series of 

Roller Coaster high explosive experiments undertaken at Tonopah Test Range at the Nevada 

Test Site in May and June, 1963. These shots were performed from dusk to dawn under a variety 

of atmospheric stability conditions, ranging from unstable to very stable atmospheric conditions. 

The height of the cloud tops was obtained either by photographs or by theodolite tracking 

measurements. A vertical illuminated grid was erected to measure photographically the puff tops 

at various times, up to 5 minutes after the explosion. The ambient temperature and wind profiles 

were measured up to 600 m from the surface at a station 3.6 km from ground zero. These data 

and the observed heights at various times were documented by Church (1969) and were used to 

construct the local Ri number profile for each experiment. 

Figure 1 shows the puff height histories for unstable, neutral, and stable atmospheric 

conditions for constant 63.6 kg TNT equivalent explosions. Figure 2 shows two puff height 

histories under stable conditions, but with two different TNT mass equivalents. Upon examining 

the plots, most of the errors resulted from the mismatch at early times. However, the asymptotic 

time heights are within 5% of the measured heights, denoted by the x's in these figures. 
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6. Statistical analysis of the model predictions against the Roller Coaster experiments 

The absolute residual error were calculated using measured 12 Roller Coaster 

and 3 Clean Slate field experiments against the prediction of the present model. Church (1969) 

listed the heights of the cloud tops at the following intervals: 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 

minutes after detonation. The average absolute residual error (AARE) is defined as: 

AARE = 1 ~ 1  I z,o&l(ti) - ztield(ti))l'/(ztield(ti) N&sl (45) 

The average absolute residual error over the entire set of Roller Coaster and Clean Slate 

experiments is about a 10.1%. The predicted early time results account for most of the error. 

7. Correlation of Parameters As a Function of Explosive Mass 

As stated previously, a very important parameter determining the eventual 

equilibrium puff cloud height is the TNT mass equivalent of the explosive. For a given 

atmospheric stability, the greater the explosive mass, the greater will be the time to achieve 

equilibrium and the higher will be the steady state height be, see Figure 2. In general, the lower 

layers of the atmosphere can experience a wide range of Richardson numbers, but above the 

boundary layer whose height can also vary considerably. 

The experiments against which this model was calibrated had TNT equivalent 

masses ranging between 63 - 1020 kg, and the maximum time €or which measurements were 

taken was 300 seconds after the ignition time. An attempt was made to correlate the mass of the 

explosive to parameters multiplying the puff-atmospheric turbulence parameter, k,.,, and the 

effective cross-sectional area, Z, as functions of explosive mass and average Richardson number 

up to the boundary layer. 

- Denote constants, C1 and C2 as input constants that multiply k,.,, and .=.? 
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respectively. Since the most prevalent TNT mass in the Roller Coaster series was 63.6 kg of 

TNT, correlations of TNT mass, denoted by M were made. 

Unstable atmosphere 

Neutrally Stable atmosphere 

Table 2: Parameters C1 and C2 dependence on explosive mass, M 

0.19 0.37 

0.40 0.5 

1 Atmospheric Stability I Ct c2 

I Mildly Stable atmosphere 1 0.5 - 0.15 log10(M/63.6) I 0.6 

I Very Stable atmosphere 1 0.6 - 0.34 logl0(M/63.6) I 0.6 + 0.094 loglo(W63.6) 1 

For the parameters, C, and C2, a minimum value of the unstable atmosphere should be used for 

very large explosions. Because the model was calibrated with a limited set of experiments, 

extrapolation to explosive masses beyond the calibration limits should be used with caution. 

8. Summary 

A buoyant puff rise model was developed from the strong conservative form of 

the Navier-Stokes equations by integrating over space to yield a set of coupled nonlinear ODEs 

dependent upon the jump conditions of mass, momentum, and energy at the puff-atmosphere 

interface. The puff cloud was allowed to evolve from a sphere to an ellipsoid by allowing lateral 

and vertical degrees of freedom evolving into a mushroom shaped cloud. It was found that the 

rise history of an explosive cloud depended upon not only the explosive mass and temperature, 

but also upon the strength of the puff-atmospheric turbulence, the wind speed, and the effective 

cross-sectional areas. The coupled nonlinear ODEs represented in the model are integrated in a 

matter of a few seconds of computer time. 

The buoyant rise of the hot mushroom cloud is dissipated by radiation, 

entrainment from the mean flow, puff-atmospheric turbulence, and the ambient turbulence. 

Page 16 



From model experimentation, the ambient and puff-atmospheric turbulence were observed to 

affect the rate at which a puff rises. From the limited number of model comparisons to field 

experiments, the model produced excellent agreement with actual puff rise histories. It is 

observed that slugs of hot gas has its own turbulence properties as the slug rises in the ambient 

atmosphere. The atmosphere is very turbulent in the unstable (RI <O) region, the puff- 

atmosphere turbulence diffusivities are quite small. In the very stable atmospheres (Ri > l ) ,  the 

atmospheric diffusivities are negligible, but the puff-atmosphere turbulence diffusivities are 

quite large. It would be very desirable to obtain a better understanding of this phenomenon. 

At least for the Roller Coaster, Clean Slate, and Site 300 experiments, the 

calibrated model puff height history curves were within 10% error of the experimentally 

measured results with the largest errors occurring at the early times. Although the spatial 

dependence are integrated out, it can be concluded that this model appears to have captured the 

essence of the most important mechanisms describing the buoyant puff rise histories, at least for 

the Roller Coaster and Site 300 experiments. 
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