
Pergamon 

hr. J. Hclrr Mus., Trmjefer. Vol. 37, Suppl. I, pp. 97FlO6, 1994 
Copyright :<, 1994 Elxxier Science Ltd 

Printed in Great Bnta~n. All rights reserved 
0017-9310194 06.00f0.00 

0017-9310(93)EOO4%M 

Scaling and analysis of mixing in large stratified 
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Abstract-This work develops scaling and governing equations for mixing processes in large interconnected 
enclosures under stratified conditions. Injected buoyant jets, plumes from heat sources, and wall jets from 
heat transfer to structures can generate such mixing. Using the hierarchical two-tiered scaling analysis 
method, criteria are developed for the prediction of ambient enc~osurefluid stratification due to temperature 
and/or concentration gradients. Simplified governing equations for mass, energy, and species conservation 
result. In their simplified form, the governing equations allow both scaling and simplified modeling and 
analysis of integral system behavior. The application to numerical analysis of mixing is illustrated with an 

example related to nuclear reactor containment mixing. 

1. INTRODUCTION 

MASS, ENERGY and species transport in large inter- 
connected enclosures is of interest in a variety of appli- 
cations, including nuclear reactor containments, 
building fires, HVAC systems, chemical processing, 
and pollutant dispersal. The important transport 
mechanisms are often characterized by time and 
length scales which can differ by orders of magnitude, 
from low velocity convection in large stratified or 
stagnant regions to high velocity flows in thin jets. 
Often strong stratification is observed in large enclos- 
ures, induced by temperature and/or concentration 
gradients. Inside stably stratified enclosures, jets 
become the primary source of vertical mixing, both 
wall jets created by natural convection boundary lay- 
ers and free jets generated by injected fluids or heat 
sources. 

When strongly stratified, an enclosure’s ambient 
temperature and concentration distributions can be 
considered one-dimensional, with negligible hori- 
zontal gradients except in narrow regions occupied by 
jets. Jaluria and coworkers [l-3] have exploited the 
one dimensional temperature distribution to develop 
zone mixing models for enclosure fires. Under zone 
mixing, the ambient enclosure temperature dis- 
tribution is divided into a hot ceiling layer and cool 
floor layer divided by a sharp horizontal interface. 
Mixing between the regions is then generated by buoy- 
ant plumes from fires and by wall jets which form on 
cold structure surfaces. Fox et al. [4] and Smith et 
I(!. [5] found that experimental results for transient 
stratification of boiling water reactor (BWR) pressure 
suppression pools could also be predicted using 
numerical solutions of ordinary differential equations 
describing the effect of buoyant jets on the vertical 
temperature distribution. Peterson ef al. [6] showed 
that convenient scaling parameters for design of 

scaled experiments for reactor containment simul- 
ation can be derived for stratified conditions. 

Both scaling and modeling of stratified mixing in 
large enclosures require detailed and accurate empiri- 
cal models for wall and free jets. Considerable 
research has been devoted to the study of transport 
by jets, plumes, and wall boundary layers in large- 
scale stratified systems. Strong stratification is com- 
monly found in ecological systems, both air and water 
bodies, where jet and plume dispersal of pollutants 
such as smoke stack and sewage discharges are of 
interest. Several useful general references are available 
for mixing by free buoyant jets in stratified and 
unstratified environments [7-91. Entrainment into 
wall jets can also be treated using integral methods 
[l-3]. 

This work derives governing equations for mixing 
of stratified fluids in large enclosures. The hierarch- 
ical, two-tiered scaling analysis (HTTSA) method, 
presented by Zuber [IO], is applied. The scaling pro- 
cess results in nondimensional parameters which 
govern when the onset and breakdown of ambient 
stratification occurs for enclosure flows driven by wall 
and free jets. The parameter for forced jets is shown 
to correlate existing data for stratification breakdown 
by free buoyant jets in shallow fluid layers. An appli- 
cation of the governing equations to numerical analy- 
sis is then presented. 

2. HIERARCHICAL SCALING 

The individual transport mechanisms which govern 
mixing in large volumes are characterized by time and 
length scales which can differ by orders of magnitude. 
In large-scale systems, the complexity of the inter- 
actions of the various transport mechanisms can make 
analysis, numerical modeling and experimental Simul- 
ation a daunting task. For this reason Zuber [lo] 
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NOMENCLATURE 

A area I! velocity 
B buoyancy flux I/ volume 
(’ specific heat s horizontal coordinate 
c constant, equation (41) ?’ horizontal coordinate 
d diameter vertical coordinate. 
n mass diffusion coefficient 

e; vertical unit vector Greek symbols 
F vector of fluxes Taylor’s jet entrainment constant 

9 gravitational acceleration 7 thermal expansion coefficient 
G vector of conserved quantities 6 boundary layer thickness, Kroneker 
Gr Grashof number delta 
H height 0 nondimensional temperature 

I 
enthalpy Ll dynamic viscosity 
thermal conductivity kinematic viscosity 

k,,,k,, entrainment coefficients h specific or characteristic time ratio 
ItI mass, exponent/number of vertical nodes I’ density 
M momentum 5 residence time 
I1 number ofjets X mass fraction 
ns number of species/phases (11 specific frequency. 
n unit normal vector 

P perimeter Subscripts 
P pressure ambient 

PI. Prandtl number tj free buoyant jet 

4 power bl wall jet (boundary layer) 

Q volume flow rate C entrainment 

RC Reynolds number .i index number 

Ri Richardson number k index number 

S surface 0 entrance/nominal value 

S vector of source terms sf ambient, stratified fluid. 

t time 
T temperature Superscripts 

11, jet entrainment velocity S specific (for a well defined geometry) 

u mass average velocity vector + nondimensional quantity. 

presented a hierarchical, two-tiered scaling analysis to 

provide a convenient and self-consistent method for 
ranking the importance of transport processes in a 

specific system, and for specifying the required level 
of detail for the analysis and scaling of the processes. 
For illustration of HTTSA the specific problem of 
nuclear reactor containment analysis is examined 

hem, however, the results are easily generalized to 
other systems. 

can exist between the injected buoyant jet fluid and 

the ambient enclosure fluid. Based on criteria pre- 
sented here, at later periods of a LOCA, strong strati- 
fication can be expected in the gas spaces of passive 
containment systems. Stratification in BWR pressure 
suppression pools remains important throughout an 
accident. The transport of hydrogen and aerosols also 
become of interest in the case of severe accidents with 

fuel damage. 

Light water reactor (LWR) containment systems The HTTSA method divides a complex system into 
typically consist of large volumes interconnected with subsystems, modules, constituents, and phases. For 

pipes, channels, or doors. Pressure differentials drive the application to mixing in and between large enclos- 

transport between the volumes. Following a loss of ures, individual enclosures and interconnecting chan- 

coolant accident (LOCA) steam generated in the reac- nels between enclosures can be selected as subsystems. 

tor pressure vessel by decay heat can vent into the as illustrated in Fig. I. Within each subsystem mod- 

containment structure. The transport and con- ules are defined. The large enclosures are divided into 

densation of the steam is strongly affected by its mix- liquid pool and gas space modules, as appropriate. 
ing with the ambient noncondensable gas. Due to the The constituent materials of each module are then. 

large differences between the molecular weights of for a typical LWR containment, water. non- 

water vapor and air/nitrogen, and the typical differ- condensable gas (air or nitrogen), aerosol particutates, 

ences in their temperatures, large density differences steel, and concrete. The primary phases are liquid 
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FIG. I. Hierarchical scaling for large interconnected LWR enclosures. 

water, gas/water vapor mixtures, and solids. Each 
phase can exist in several geometric forms, such as 

droplets, films, and bubbles, or as a continuous phase. 
This work defines free jets, wall jets, and ambient fluid 
as the primary phase geometries in large enclosures. 
For each geometrical configuration of a phase, there 
exist fields which describe the distribution of mass, 

momentum, energy, and species, which may vary with 
time. Each field is governed by conservation require- 

ments and by transport processes which can be char- 
acterized by a length scale (the specific area) and a 
time scale (a rate). 

Two time constants are calculated for each geo- 
metrical configuration. The specific frequency (for 
well defined geometry) or characteristic frequency is 
defined as the ratio of the rate of mass, momentum, 
energy, or species transport into the geometry volume, 
to the capacity of the volume to store the mass, 
momentum, energy, or species. The specific fre- 
quencies for free buoyant jets, w&, and natural con- 
vection wall jets, wk,, and the characteristic frequency 
for the ambient fluid, w,r, are 

where U, is the characteristic entrainment velocity over 
the jet surface area A, V the volume occupied by the 
phase geometry, and n the number of free or wall jets. 

The second time constant is the residence time, r, 
the ratio of the volume occupied by the geometrical 

configuration V and the characteristic volume flow 
rate into the configuration QO. The residence times for 

fluid in free buoyant jets, rf, natural convection wall 
jets, ~fi,, and ambient fluid, r,r, are 

Because flow in ambient fluid is generated primarily 
by entrainment into walls and free jets, the same 

characteristic volume flow rate QO is used for each 

geometry. 
When fluid residence times in one phase geometry 

are short compared to residence in another, then the 
detailed transient distribution of mass, energy, and 
species in that phase geometry become unimportant, 

and only the integral, quasi-steady, time averaged 
behavior requires consideration. When residence 
times in the ambient fluid are large compared to resi- 
dence times in the free and wall jets, that is 

z,r V-f -=-- >>I 
Gf Vd 

7;;1 n h, vb, 

- = --~ >> 1 
6, nbl vhl 

(3) 

then three assumptions become valid : 

l the jets transport mass and energy instantaneously 
within the ambient fluid, 
l the jet entrainment rate, trajectory and discharge 
location can be predicted using quasi-steady empirical 
correlations, without analysis of the detailed transient 
turbulent transport within the jets, and 
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l the volume occupied by the jets can be neglected, 
and the jets can be modeled as line or plane sources 
and sinks for mass, energy, and species. 

Under conditions where the ambient medium strati- 
fies, discussed later, the distribution of mass, energy, 
and species becomes one-dimensional, and can be 
described by simple, coupled ordinary differential 

equations. Stratification can be particularly important 

when jets originate at intermediate elevations in an 
enclosure, because the fluid above or below (depend- 
ing on buoyancy) may not be entrained and mixed, 
and thus may be effectively isolated. 

The product of the residence time and the specific 

or characteristic frequency gives the specific or charac- 
teristic time ratio II. For the three phase geometries, 

the time ratios arc 

This time ratio characterizes the change in mass, 

momentum, energy, or species during fluid residence 
in a jet or ambient volume. Large and small values 
of the time ratio indicate strong and weak coupling, 
respectively, and in either case the details of the trans- 

port processes become unimportant. Under stratified 

ambient conditions, large values of the time ratio for 
jets indicate that the ambient will be well mixed. in 
the elevation range where the jet takes entrainment. 
Under unstratified conditions, large values of the time 
ratio indicate that the entire volume is homogeneously 

mixed. 

3. FREE JETS, WALL JETS, AND AMBIENT 

FLUID 

Here the three regions shown in Fig. 2 (free jets. 
wall jets, and ambient fluid) are considcrcd. This scc- 

tion uses empirical correlations for jets to derive 
characteristic entrainment velocities and dimensions. 
With these quantities, criteria are developed for when 

buoyancy forces result in strong stratification in the 

ambient fluid, such that horizontal gradients of tcm- 
perature and concentration arc negligible. Criteria are 

also derived for assessing the volume occupied by jets 
relative to the total fluid volume. Finally, simplified 

governing equations are presented for the stratified 

ambient transport. 

3.1. Forced,jets 
In large volumes, free buoyant jets can be expected 

to be turbulent. For turbulent forced jets. List [8] 
provides an empirical relationship for jet volumetric 
entrainment rates which is useful for scaling purposes, 

where s(r is Taylor’s jet entrainment constant, typically 
taking a value around 0.05. and M = M, is the 

momentum of the jet, 

For a forced jet the momentum flux is conserved along 
the path of the jet, such that 

With algebraic manipulation 

FIG. 2. Schematic of jet discharge in large volume, (I) injected buoyant free jet, (2) buoyant free jet from 
heat source/sink, and (3) natural convection wall jet. 
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or 

2 _ ‘ho d 
- K+r,4J2 

Hs, sf 

where dbj is the local lateral spread of the jet. Thus for 
a turbulent forced jet the jet aspect ratio takes a value 
independent of Reynolds number, following the com- 
mon observation that forced jets spread with a con- 
stant angle. 

For the case of a forced jet, equations (5), (6) and 
(8) provide the characteristic horizontal velocity gen- 
erated by entrainment, 

ue=$$= L’,(&)(l+$$. (10) 

3.2. Buoyant plumes 
Empirical treatments also exist for entrainment into 

turbulent buoyant plumes. Here we are interested pri- 
marily in plumes generated by the injection of a buoy- 
ant fluid into a lighter or heavier fluid. The specific 
buoyancy flux B is related to the densities of the 
injected fluid and ambient fluid, p0 and pa, respec- 
tively, and the volume flow rate at the source, QO, by 

B = g(P”-Po) 
y Qw 

d 

(11) 

For a plume generated by a heat source or sink, the 
buoyancy flux is given by 

&-“By’ 
Pc 

where 4 is the heat addition rate, /3 the fluid thermal 
expansion coefficient, and c the specific heat. 

In an unstratified ambient with constant pa, the inlet 
buoyancy flux B is conserved along the length of the 
plume, allowing simplification of the plume analysis 
and the derivation of relationships for the plume 
dimensions and entrainment rates. In the enclosure 
case considered here, the ambient is stratified, in gen- 
eral reducing entrainment. However, for scaling pur- 
poses it is still reasonable to use relationships derived 
for unstratified conditions. For round plumes List [8] 
gives the local momentum flux as 

M = k 
m 

B2’3#3 

and the volume flux as 

(13) 

Qb, = k,B “3z5,3. (14) 

Values for the constants k, and k, are approximately 
0.35 and 0.15. 

The characteristic plume dimension is given by 

dbj = $ = $ z. 
m 

The local volumetric entrainment is given by 

(15) 

A characteristic plume entrainment velocity can then 
be calculated as 

3.3. Wall jets 
Wall jets form on vertical hot or cold surfaces, 

due to heat transfer. Both temperature gradients from 
sensible heat transfer and concentration gradients 
from condensation with noncondensables present can 
result in vertical flow and entrainment of ambient 
fluid, as illustrated in Fig. 2. Characteristic entrain- 
ment velocities and dimensions for wall jets are 
derived here. 

Based on an integral solution, Jaluria and Cooper 
[3] provide useful relationships for turbulent wall 
boundary layer thickness 

z = o 565[ 1 + 0.494Pr2’3] ‘1 I0 6 

z . Gr;“0fQ.8”5 (18) 

and the characteristic boundary layer velocity 

UZ l.184Grij2 
-= 
v [l +0.494Pr2’3]‘/2 (19) 

where Gr? = g(p, - p0)z3/p,v2 is the Grashof number 
and Pr = pc/k the Prandtl number. The integral solu- 
tion gives the volumetric flow rate at elevation z as 

@ = 0.1463U 6 = 
Pbl 

b’ b’ [I +0.494pr2/3]2’5pr8/‘5 t2’) 

where pb, is the wall jet horizontal perimeter. The 
plume entrainment velocity scale is then 

Qbl 0.11 7Gr?5 
UC = z = [I +0.494pr2:3i2,5pr8:‘5 f’ (21) 

3.4. AmbientJluid stratification criteria 
The scaling is performed for a large volume enclos- 

ure with arbitrary geometry and characteristic height 
H,, as shown in Fig. 2. The equations of mass, 
momentum, energy, and species conservation inside 
the enclosure are 

^ 
;+v*(p”) = 0 

P,(;+v.(..)) = -VP+pV2u-pge, (23) 

api 
,t+V*(piu-kVT) = 0 

JPX, 
dt + v ’ (PXjU - PDVX,) = 0 (25) 

where u is the mass average fluid velocity vector, P 
the pressure, el the vertical unit vector, i the fluid 
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enthalpy, T the temperature. and x, the mass fraction 
of spccics.j. The Boussinesq approximation is used for 
the convective terms of the momentum equations, 
where the convected density is assumed equal to the 

nominal ambient density pi). Nondimensiollai scaling 
parameters are selected for the enclosure such that the 
scaled quantities take values of order unity inside the 

ambient fluid, 

where u, is the characteristic radial velocity induced 

by entrainment in jets. 
Now the mass and momentum conservation equa- 

tions can be written in nondimensional form 

.@ +v: .(&I,:) = 0 (27) 
\I 

: + (,u,l 

where the entrainment Richardson and Reynolds 
numbers are 

while for concentration induced stratification it 
rcquircs 

Under stratified conditions the momentum equation, 

equation (28), also takes a simplified form, 

V$ P.7 = p,Fe; (36) 

or in dimensional form in Cartesian coordinates. 

Using the characteristic horizontal velocity gcncrated 
by entrainment in a forced jet, equation (IO), gives 

(39) 

For a turbulent forced jet it is reasonable to expect 
that Rr,, H,,p,,jp > I. Thus the criterion for ambient 
stratification becomes 

Introducing the vorticity, 

<;: = Vf x u,; (30) 

pressure can be eliminated from the momentum equa- 

tions, giving the vorticity transport equation, 

+ &.,~e V$& x e=. (3 I) 

When the entrainment Richardson number is Large 

compared to unity, Ri,,,,<, >> I, and large compared 
to the inverse Reynolds number, Ric,,,~i ~p/p‘, RQ,,,, 
then the vorticity transport equation reduces to the 

simple form 

Vsp$ x e, rr 0. (32) 

Then in the ambient fluid, buoyancy forces cause hori- 
zontal density gradients to become negligible, except 
in narrow regions at the perimeters of free and wall 
jets. Thus the ambient fluid becomes stratified. In 
Cartesian coordinates. equation (32) can be written as 

(33) 

For thermal stratification problems, equation (33) 
requires 

Experimental data exist for the breakdown of stable 
stratification. l_Jsing equation (40) one can look for a 

relationship to correlate the data in the form 

(41) 

Jirka [I I] correlates stability data by Lee ef ~1. [I21 
and Jain and ~dlasubramanian [I 31 in the form 

Figure 3 shows a comparison of equations (41) and 
(42) with the experimental data. Equation (41), with 
C = I .O. follows the trend of the stability data better 
at higher H,,j11,,,, values. It is also interesting that 

the data for stability of nonvertical injection are also 
correlated reasonably well by equation (41). The stab- 
ility data were generated in shallow water layers. 
Because the recirculation patterns which result aftct 
the breakdown of stratification are three-dimens~otl~~, 
for enclosures the breakdown of strati~cation will be 
modified somewhat. 

With C = I.0 equation (41) provides criteria for 
when an injected jet will not cause break down of 
stratification in an enclosure. 
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Unstable 
^ ^ 

FIG. 3. Stability criterion for round free buoyant jets. 

103 

the ambient is almost always satisfied for turbulent 
(z)Rir*,i(1+&y3> ’ (43) buoyantplumes. 

For turbulent wall jets, equation (21) gives the 
where the jet Richardson number is given by characteristic entrainment velocity, and 

(44 [ 1+ 0.494W3]2~5P, ’ 5 
& = 8.55- 

‘C.H,, Grjj’: (50) 

For the buoyant plume case the local velocity scale 
comes from equation (17) and Ri, ,,,, = 73.1[1 +0.494Pr2”]4’5pr’6:‘SGr~~:. (51) 

Thus for a wall jet when 

73.1[1+0.494Pr2~3]4’5Pr’6~‘5Gr~~~ >> 1 (52) 

(45) then horizontal density gradients in the ambient fluid 

Ri,,_ = %$~p’;;~dhJ?~3($ 
become negligible. For vertical surfaces over 1 m in 

(46) height with typical temperature and concentration 
differences between surfaces and ambient fluids, the 

Thus for a buoyant plume when criterion for stratification is almost always satisfied. 

4.17 Hsf ‘j3 
____ (--) 
km dhjo 

RiJb,z >> I (47) 

horizontal density gradients in the ambient fluid 
become negligible. Gebhart et al. [9] give the length 
scale for the location of the transition from forced jet 

to buoyant plume for cylindrical buoyant jets, ztrans, 

Then equation (47) can be written as 

Because H+ > ztransr the criterion for stratification of 

3.5. Ambientjuid energy and species transport 
Next the energy equation in the ambient fluid can be 

examined, integrating over a thin horizontal volume V 
with height AZ and area A,&), as shown in Fig. 2, 

S[ i3pi 
,, ,t+V.(piu-kVT) 1 dV= 0. (53) 

Applying Gauss’ theorem, this can be written as 

i 
s s 

pidV+ [n*(piu-kVT)]dS = 0 (54) 
Y s 

where n is the unit normal vector to surface S which 
bounds volume V. Summing over the top and bottom 
surfaces, and the various free and wall jet surfaces 
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k = I to IZ with perimeters pI. and height AZ which The species transport equation, equation (25). can be 
bound V. equation (54) becomes reduced in the same way to the form of equation (61). 

pidAdz+ [e,* Wu-kW1 dA 

_ 
s 

[e;(piu-kVT)]dA 
A&l 

= 0. (55) 

The diffusion term is dropped from the jet surface 
entrainment terms, because scaling shows it is small 
compared to convection for turbulent jets. However, 

the diffusion term is kept for the horizontal surfaces, 
because under transient conditions where the jet flow 

rates drop to very low values, then molecular diffusion 
becomes a significant mechanism for vertical energy 
and species redistribution. Noting that under strati- 

fied conditions equations (33) and (34) give p = p(z,t) 
and r,,- = T,Xz,t), respectively (except in narrow 
regions at the perimeter of jets, where the horizontal 
gradients of p and T,, can become significant), then 

for small AZ 

where the vertical volume flow rate is 

QsX4 = s [e; * II] dA (57) 
a,,(Z) 

and the entrainment rate in jet k is 

SQk -xz- = Q; = 
s 

yA[n*u]dpc. (58) 
0 

The enthalpy ik is determined in an upwind manner, 

so that 

ik = i,,(z) SQi > 0 (jet entrainment) 

i, = i,(z) SQk < 0 (jet discharge) (59) 

where the jet discharge enthalpy i, is 

I 

“\, 
p,&Q i dz 

(60) 

Dividing and taking the limit as AZ + 0 the ordinary 
differential equation is obtained from equation (56), 

A,,(z) %; + ; pis,Qsf - A,,(z)kz 
) 

3.6. Ratio ofjet volumes to ambitxt,fluid volume 

When the volume occupied by jets is small compared 
to the ambient fluid volume, then the details of the 
temperature and species distributions inside the jets can 
be neglected, and the material in the jets can be lumped 

with the ambient fluid, A,,- = A. Fluid particle residence 

time in the jets can also be neglected, and the jets can be 
assumed to instantaneously transport fluid from the 

entrainment elevation to the jet discharge elevation. For 
forced jets, the residence time ratio, equation (3). can be 

found using equation (9) 

Because (c+4,/2) 2~ 12, the scaling is nominally sat- 

isfied when V,JH&,, > 1. 
For buoyant plumes, using equation (15) 

Because k,/ki z 16, the scaling is nominally satisfied 

when V,,/H,&,, > 1. 
For wall jets, using equations (19) and (20) the 

ratio of residence times is 

r,r v&b,& 
Grl, Iopr8,lr 

PC 
7bl 

_. = 12.1 v,!-__ -. __ +b 
f&l &I H$+,,p,, [l +0.494Pr2’3]‘7’0 

(64) 

The relative residence time in wall boundary layers 
then depends on the wall perimeter and height, and 
the Grashof and Prandtl numbers. 

3.7. Governing equationsfor the stratiJied ambient,fiuid 

For the stratified enclosure, the governing equa- 
tions can then be written in the following compact 
form, 

i3G dF 
A(z) &+h=S / (65) 

where A(z) is the horizontal cross sectional area of the 
volume at elevation z, and G, F, and S are the vectors 
of conserved quantities, fluxes, and source terms 

respectively, 

G= F= 

+ i (pikQ3 = 0. (61) 
I= I 
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FIG. 4. Transient experimental temperature distribution in a heated pool [4]. 

k$, (pQ’)k 

-P9 

ki, (PiQ’)k 

j, (PX I Q’)k 
(66) 

J 

4. APPLICATIONS 

The one-dimensional governing equations, equa- 
tions (66) can be solved numerically using explicit 
finite difference methods. Fox et al. [4] performed such 
an analysis for an immersed heat source. The analysis 
was compared to experiments which used a 1.35 kW, 
15 cm tall electric resistance heater. The bottom of the 
heater was submerged at a 50 cm depth in a 2 m high, 
95 cm diameter tank. Their experiment found strong 
thermal stratification above the base of the heater, 

with a vertical thermocouple rake measuring neg- 
ligible horizontal temperature changes when moved, 
except in the region near the thermal plume. No 

measurable heat propagation was observed below the 
heater. Heat loss from the fiberglass tank walls was 

calculated to be negligible, however, heat loss from 
the pool surface was up to 10% of the input power. 
Figure 4 shows their experimental data, plotted as the 
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difference between the local temperature and the bulk 

temperature of the water layer above the heater. At 
long times the temperature distribution in the surface 

layer approached a quasi-steady condition. 
Fox et al. [4] modeled the experimental system using 

governing equations, equations (66). The plume cor- 
relation equation (14) with k, = 0.148 was used to 
determine the axial entrainment rate in the plume. 

They assumed that the plume discharged at the 
surface, spreading as an infinitesimally thin layer. Fig- 

ure 5 shows the numerical results. The model predicts 
that a sharp temperature front propagates downward 
in the pool. The experiments show that the front is 
more diffuse, due to the finite thickness of the spread- 
ing layer at the surface. However, the long term tem- 

perature distribution was well predicted. Also, as was 
observed experimentally, the mode1 predicted no 
propagation of heat below the base of the heater. 

5. CONCLUSIONS 

When the ambient fluid in a large enclosure strati- 

fies, the temperature and species distributions become 
one-dimensional and can be modeled by simple 

governing equations, equations (66) using standard 
empirical relationships for jet entrainment. The 
detailed geometry of the enclosure becomes unim- 
portant, and only the horizontal cross-sectional area 
and perimeter must be specified as a function of elev- 
ation. This allows very large reductions in com- 
putational effort compared to three-dimensional 

0 20 40 60 80 100 120 
I em 

FIG. 5. Transient numerical simulation of temperature distributions in a heated pool [41. 



numerical modeling of turbulent mixing in large 
enclosures. Large enclosures mixed by buoyant 
plumes and wall jets can normally be expected to 
stratify. The momentum injected by forced jets can 
potentially break down stratification in large enclos- 
ures; equation (43) provides a criteria for assessing 

when breakdown will occur. 
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