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Xbs t rnc t 

It  is often useful in nonproliferation studies to be able to remotely estimate the power generzted by a power 
plant. Such information is indirectly available through an examination of the power dissipated by the plant. 
Power dissipation is generally accomplished either by transferring the excess heat generated into the atmosphere 
or into bodies of water. It is the former method with which we are exclusively concerned in this report. \Ye 
discuss in th i s  report the difficulties associated with such a task. In particular, we primarily address the remote 
dctcction of the temperature associated with the condensed water plume emitted from the cooling tower. \Ye 
find that the effective emissivity of the plume is of fundamental importance fcr this task. Habing examined the 
dependence of the plume emissivity in several IR bands and with varying liquid water content and droplct size 
distributions, we conclude that the plume emissivi ty, and consequently tile plume brightness temperature, is 
dcpcndent upon not only the liquid water content and band, but also upon the droplet size distributiorr. 

Finally, we discuss modcls tfcpcndeut upon u detailed point-by-point dcscription of the hydrodynamics anti 
thcrrnodynamics of the plume dynamics axd thosc based upon spatially integrated models. We describc in dctnil 
a new integral model, the LANL Plume Model, which accounts for the evoiution of the droplet site distribution. 
Some typical results obtained from this model are discussed. 

. 



1 Introduction 
The objective of anti-proliferation activities iS to be able to detect the possible production of materials thz t  
might be used in the creation of nuclear weapons. As part of this effort, i t  is important to  be'able to monitor 
power generation of nuclear power plants. Since all power generating plants are not 100% efiicient, they must 
also dissipate heat. The amount of heat that must be dissipated is generally expected to  be proportional to the 
amount of power generated. Power plants typically use water to carry the heat away fiom the reactor vessel. 
This water is commonly cooled either by coo!ing ponds or cooling towers. Rom a remote sensing point of view. 
it is the cooling ponds or exit gases frclrn the cooling towers which are the most directly observable measurements 
of the power generation. In this report we will focus exclusively on the potentia1 value of remotely observing 
the gases exiting from a wet cooling tower for predicting the power dissipation in the ccoling tower. 

Ambient air is drawn into a wet cooling tower where it exchanges heat with the atomtied warm coo!ing 
water. The heat lost by the cooling water goes to both heating the air and water vapor and vaporizins the 
liquid water contained within the ambient air and the cooling Rater itself. The amount of heat which is lost by 
the circulating cooling water is gained by the ambient air; consequently, the total heat gained by the  ambient 
air is directly related to the heat dissipated by the cooling tower. Eowever, this heat exchange is not merely 
reflected in the temperature change of the air, but also in the beat required to vttporize liquid water. 

which are of 
greatest interest. A8 will be demonstrated later in this report, it is the condensed water phase which most 
determines the radiative properties of the plume. For this reason and because the water content of the plume is 
important in determing the heat dissipation, both the liqiid and water vapor content of the air must be tracked 

The warni, moist air exiting from the cooling tower interacts with the ambient air in a complex fashion. 
Ambient air is entrained wi th  the exiting air through shear induced turbulence, especially close to the cooling 
tower exit orifice. The entrained ambient air cools the plume exiting from the cooling tower. The air is also 
cooled by adiabatic expansion, thermal diffusion and radiative los.ses. As a consequence of the falling plume 
temperature, the saturation increases and water vapor condenses, thereby heating the air. Further from the 
cooling lower, entrainment continues and the diffusion of the plume becomes important. The plume continues 
to cool, retarded r;omewhat by condensation. Evcnt.ually, the air is no longer supersaturated, the droplets begin 
to evrtporate and the excm water is diffusively dispersed. 

The extent to which plume properties and processes must be accurately modelled depends, in part, upon 
the spatial resolution at  which the data is obtained. If  the the properties of the piume change Eignificantly over 
tire distance which the plume is resolved, the derived properties of the plume will not directly reflect the e s t  
plume conditions. Consequently, it is only with the aid of plume models that exit cmditions might reasonably 
be extracted. Plume models can additionally be used to hvestigate the sensitivity of the plume properties to 
initial conditions, which will only be approximately known. In this d0cumer.t we mill begin to address these 
issues. 

From a remote sensing perspective, it is the radiative properties of the cooling tower 

carefully. CIC 

2 What We Need to Know 
Our stated objective is tc determine the power dissipated in a wet cooling tower. Eeat is transfered from the 
cooling water to the ambient air and the make-up water. The make-up water is added to the cooling tower 
to compensate for the loss of cooling water due to evaporation. Heat is also lost from the cooling water by 
evaporation. The air stream carries away the water evaporated from the cooling water as both water vapor and 
condensed water droplets. Consequently, the enthalpy of the air stream is i n c r e e d  due to both heating and 
the infusion of water. 

Neglecting the heat transfer ssbociated with the make-up water, the heat lost by the cooling water is taken 
u p  by the air. With this approximation, we can express the rate of heat dissipation in the cooling tower, Q, as 
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w)icre iY is the vertical velocity of the air stream, A is the cflictive area of the- cooling tov;cr, and / I ,  thc t ~ t a l  
tthulpy of thc kir pcr unit volurric, is dcfincd by 

€1 = CpaPaT + cpwpv7’ + L s u  - 
Here cp,, nnd cpu are the specific heats a t  contstant pressure for dry air and water vapcr, respec tivelp; pa and p, 
are the mass densitia of dry air and water vapor; and I, is the 1&nt heat of vaporization. Became the relativr. 
amount of water vapor compared to that of air is small, N cbn also be written as 

H=pah=pa((cpa + c p u q u ) T + L q u ) s  

where q,, is the mass mixing ratio of water vapor. 
In order to determine the rate of heat dissipation, 9, we must determine W, A,T,,,, T3uI, and the  inici 2nd 

outlet air mass densities and water vapor mixing ratim. Becauae of the  small changa in tempcraturc, the 
ir.let and output air mass densities are nearly identical. LieiDg the ideal ges hv;, the inlet air density can be 
determined knowing the air pressure and inlet air temperature. if me assume that the outlet air ie satura:ed, we 
can determine the outlet water vapor mixing ratio fiom tbe outlet temperature. Knowing the relative humidity 
of the inlet air and the inlet air temperature, the inlet water vapor m%ng ratio is fixed. The enthalpy change 
of the air is relatively insensitive to the inlet air relative humidity since the cool unsaturated inlet s i r  contains a 
relatively small amcunt of water vapor. In figure (1) is plotted the change of enthalpy of the air due to passage 
through tlie cooling tower under the wumption that the inlet air temperature is 295 degrees Kelvin and that 
the outlet air is saturzted a t  a temperature of 315 degrees Kelvin. What is plotted is the dependence of the 
relative change of enthalpy on the inlet relalive humidity. The maximum change in enthalpy occurs when the 
inlet relative humidity is zero. An examirstion of figure (l), indicates that knowing the d a t i v e  humidity to 
within aborit 10% will result in an relative uncertainty of less than 5%, which is probably adequate in m a t  

The two additional parameters required are the outlet air velocity, M’, and the effective area of the cooling 
tower. We will assume that the effective area can be provided fiom either the satellite data or other sources. 
Since this parameter does not change with time, lacking its value implies that  only relative values of hest 
dissipation can be determined. 

The vertical movement of the air inside the cooling tower is primiarily due the buoyancy induced by t!w 
heating of the air. However, the Row of the air is impeded by the cooling tower; thereby, significantly reducing 
its value. Following Popendiek and Eishen (1992), there are p:essure losses encountered at the entrance and m t  
of the cooling tower, on pnssage through the tower packing, where much of the heat excbange tzkes place, artti 
passage through the cylindrical portion of the tower. in order to determine W various properties of the c001i:ig 
towr  must be known, Assuming that these can be determined or approximated, the air velocity is primarily a 
function of the inlet and outlet air densitia (Popendiek and Eishen, 1932). 

Regarding the ambient air, we require knowledge of its temperature, pressure, and relative humidity Thew 
values can be obtained somewhat from nearby meterological measurements. Assuming thal the oatlet air is 
saturated, we require in  addition the ou:let air temperature. Ii is the air temperature, therefore, that is the 
primary variable to be determined from satellite meesurements. This conclusion is, hcwever, based upon our 
assumption that the plume exiting from the  cooling tower io  saturated. We wil! want to test thie h>pothr-si: 
later, especially a regards thc subscqucnt behabior of the plume. 

C 2 s e S .  

3 What We See 
The properties of the plume which are remotely detected are b u d  dependent. In the visible bznds the primary 
murce of radiation is the sun. In these band& it is the scattered solar radiztion which is detected. In the lower i H  
bands, when the wavelength is IC+ than about 4 microns, radiation is cupplied from both the sun and tare-itrial 
sourcw. The solar radiation will contribute to the detected radiation through scattering. The terrestrial murce 
of radiation consists of emittance from the atmosphere, earth’s surface, and the plume itself. The plume  ill 
no! only ernit radiation but will also scatter radiation from all s o u r c q  inc!uding sources from within itseif. 

2 

?-- . 



The plume temperature is in the neighborhood of 300 degrees Kelvin. At these temperatures the peak of 
the black body radiation lies above 9 microns. Since we are primarily concerned with the plume temperature, 
we will focus our attention upon bands in the mid-IR, above about 3 microns. For the sake of simplicity, a t  
wavelengths in the solar overlap region, we will assume that any measurements of the plume occar a t  night 
when contamination from solar reflection can be neglected. 

The visible bands, though they do not inform us directly of the plume temperature, still have some value.. 
Assuming that the total sca t te r i~g  optical depth of the atmosphere is sufficiently less than one, solar scattering 
from the plume gives direct evidence of the locntion of plume scatterers. Molecular scattering within the plume 
is of a Rayleigh nature. This means that the scattering optical depth is inver~ely proportional to Ad. Standard 
Rayleigh scattering calculations show that for wavelengths nezr 0.55 microns the scattering optical depth per 
kilometer is on the order of 10”. An examination of the Shettle arid Fenn aerosol data (1979) indicates that ihe 
scattering optical depth per kilometer a t  0.55 microns is, even for a visibility of 2 kilometers, less than 2.0. The 
scattering optical depth of water vapor is somewhat complicated by the tendency of water vapor to  coagulate 
into multiple molecules and to condense on dust. Using the result listed in Iqbal (1983), the scattering optical 
depth for one centimeter of precipitable water k w r ~  is given by 

1 kw,A = 0.008635-. 
A2 

The amount of water vapor in air at 320 degrm Kelvin is leso than 100gm/rn3, which is equivalent to 10 
centimeters of precipitable water. Hence, the scatterin6 optical depth per kilometer is less than about 0.285 at 
0.55 microns. 

The remaining contribution to scattering from the plume is that from water droplets. The >lie scatterins 
results a t  a wavelength of 0.55 microns are shown in figure (2). The value of the scatterins optical depth per 
kilometer a t  each wavelength is obtained under the assumption that :he droplet size distribution is a delta 
function at  the given radius and that the density of liquid water is 10’6gm/cmS, which is a typical density in 
the cooling tower plume. For such a single size distribution, the optical depth per kilometer is given by 

- 

where p and p, arc the density of water in a volume of air and within the water droplet, respectively, Qe is the  
extinction eficiency factor and r is the droplet size in microns. 

Droplcts size distributions discharged fiom cooling toKers ty;~lcally display 8 bimodal characteristic. The 
smaller sized distribution is composed chiefly of droplets from about 1 to 10 microns, while that for the larger 
sizes is are generally greater than about 50 microns. (Sauvageot, 1989). The smaller sizes are due to condensation 
of water vapor onto aerosol nuclei. The larger sizes are due to salts emitted from the cooling tower and ate 
referred to as drift droplets. The relative amount of drift droplets is generally less than ten times smaller than 
that for the condensation droplets. 

Neglecting the influence of the large size drift droplets, we expect that the droplet size contained within t h e  
plume will be between about 0.1 to 20 microns. Consequently, for all droplet sizes of interest, the scattering 
optical depth for water droplets ia about two orders of rnaginitude larger than that for any other plume con- 
stituent. The trend indicated in figure (2) indicates that the scattering optical depth for the drift droplets wit11 
sizes greater than about 50 microns are at least an order of magnitude smaller than that for droplet sizes in  the 
.1 to 20 micron range. 

The size of the plume is on the order of the cooling tower exit orifice. This is especially true for distances 
within a few diameters from the cooling tower. The orifice size is certainly less than or equal to about 100 
meters, and much less than that for mechanical draft cooling towers. Consequently, in order that the scattering 
optical depth be a t  least one, plume constituents with scattering optical drpths per kilometer less than 10 tvil! 

not be visible. We conclude, therefore, that in the visible bands it is primarily the location of the droplets with 
sizes from about 0.1 to 20 microns that the mlar scnttered fiignal tracks. It is worth noting that the ground 
resolution in the visible is superior to  that in higher bands: therefore, satellite image:?. in the visible informs US 
of the concentration of these droplet sizes a t  a significantly higher spatial resolution than the IR. 

. 
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3.1 Radiative Transfer with Plume 
For the sake of simplicity let us examine the radiation t ransferh  the mid-IR a t  night. In particular. we arc 
primarily interested in bands above 3.5 microns. The scattering optical depth per kilometer from mclecules, 
water vapor and aerosols decreases with wavelength; consequently, their scattering optical depths are smaller 
than those listed above. The scattering optical. depth per kilometer for Rayleigh scattering at 3.5 microns is on 
the order of 6 x while for water vapor it is less than 7 X IO-'; and for aerosols it is less than about 0.4 
for 2 kilometer visibiity, but only about a third of that  for 10 kilometer visibility. As a consequence, we will 
assume that molecular and aerosol scattering in the mid-IR and above can be neglected. 

However, just 88 in the visible bands, scattering cannot be neglected from water droplets. Since we expect 
plume cross-sections to be on the order of tens of meters, scattering optical depths per kilometer greater than 
100 will rcsult in plume scattering optical depths significantly greater than one. An examination of figures 
(3) through (5) indicate that certainly within the expected droplet sizes scattering cannot be neglected. In 
these figura we have considered scattering within three bands, 3.5-4.0 microns, 8.0-8.8 microns, and 10.0-1 1.5 
microns. The importance of scattering apparently decreases with wavelength. In all c a s e .  it is the droplets in 
tbe range of about 1 to 20 microns that most signficantly affect the scattering properties of the plume. 

Because the computation of three dimensional transport is costly and time consuming, we want to develope 
a simplified one dimensional model of the plume, atmosphere and surface. If scattering were completely absent, 
radiance received at the detector from a given view direction would be due to  the emission and transmission 
through the atmosphere from volume and surface elements only within the line of sight in that v ies  direction. 
However, when scattering is present, scattering from volume and surface elements outside of the line of sight 
cail contribute to the radiance received at  the detector.* For example, when the radiative surface properties are 
inhomogeneous, scattering from the atmospkre results in the well known adjacency effect. - 

In  the mid-IR atmospheric scattering is negligible, but scattering within the plume is not. This means that 
plume volumes not located within the line of sight mill affect the radiance emitted into the view direction. 
Because the temperature and radiative properties of the plume vary BJ a function of position, it will not be true 
that radiative properties of the plume are strictly a function of only one variable, e.g., the distance normal to 
the axis of the plume. Properties of the plume outside of the region defined by the line of sight will influence 
the radiance received a t  the detector. The effect, in a manner similar to that of the atmospheric point spread 
function, is to reduce the spatial resolution of the detector. To fully describe the radiative transfer in this 
environment would require a three dimensional transport code. We might, for example, attempt to define a 
transfer function through the plume es a function of absolute position along the plume and B coordinate relative 
to that location. Such an effort is, however, beyond the scope of this document. 

We will determine the optical properties of a section of plume by considering B narrow slice in the direction 
of the line of sight, thereby, neglecting the influence, through the scattering process, of plume slices outside of 
the line of sight. The effective optical depth re of the plume will simply be described by r/IQv - jipl, where r is 
the optical depth perpendicular to the plume axis, SIv is the view direction, and fip is the unit vector normal to 
the plume axis. 

In a one dimensional approximation to the plume, the effect of scattering within the plume can be taken 
into account by the use of the reflection and transmission functions for the plume (Liou, 1980). Consider a 
plume layer of given optical properties and optical depth rp embedded within a vacuum both above and below 
the layer. If IO is the radiance incident upon the top of the plume Izyer, the diffusc radiance reflected, I,, and 
transmitted, I t ,  through the layer are given by (Liou, 1980) 

I@&, 4)  = f4" l1 Rb, &P't 4 ' ) ~ a ( - P ' ,  9 ' ) P ' W w  

It(Tp1 -P14) = ; 1'' 1' T(p,  '$;P'i $')IO(-p'i 4')P'dJ4'd4Jf 1 

where R and T are the reflection and transm'sicn functions, respectively. In both cases, p is the cosine of the 
angle between the vertical and the direction of the radiance. p takes on values between 0 and 1. The optical 
depth is zero at  the top of the layer and rP at the bottom. 



I f  the incident radiation at  the top of ttic plume layer is rnonodirectional. t h  reflected radiance is gjvcn t y  
R(po,  ,$o; p ,  $)Sol wherc SO is the incident flux and (/ iol  40) is the direction of the incident radation. L i k c w i v .  
the transmitted radiation is gillen by T ( p o ,  do; p ,  6)s~ 4- ezp(-rp/po)so/rlo6(r! - no), where the expression 
6(n - no) is a delta function in the direction of the incident radiation. 

The total transmimion through the plume layer is the Bum of the direct!y transmitted radiance and thc 
diffuse radiance. The direct transnlittznce is lo(-po, Co)esp(-r , /po) .  I.Ience, the total transmitted radiailcs 
IT is given by 

- p ,  4) = ~ o ( - P o ,  d o ) e w ( - T p / p o )  + I ~ ( ~ p l  -P, 4). 
Molecular and atmospheric scattering is a function of engle between the incident and scattered radiation: 

consequently, it is a function of the dot product of the incident and scattered directions. In particular, i t  is 
a function of the difference between the azimuthal directions of the incident and scattered radiation. If the 
solution to the radiation field is divided into an unscattcred and scattered field, the coefficients of the resulting 
transport equation for the scattered field is a function of the difierence in azimuth between the monodirectional 
incident radiance and azimuth of the scattered field. If ,  in addition, the reflection boundary condition at tllc 
earth's surface is also a function of the difference in the czimuthal directions between the incident and reftectcd 
radiation, then the equation satisfied by the difference between the radiance at different azimuths, but identical 
zenith angles, will be satisfied by a radiance of zero. Consequently, the radiation field for a monodirectional 
source, rcsulting from scattering which is only dependent upon the relative scattering angle, is a function of 
the relative azimuth, and not upon the absolute azimuth. i t  is clear, therefore, that  the azimuth21 dependence 
of both the transmission and reflectance functions are mly  a function of the difference between the azimutf~al 
angles. -rr 

For layers whose optical properties are invariant under reflection through a plane fccated within the layer. 
the refection and transmission functions are invariant under changes of p and p' to -p and - p r ;  and for o 
and d' to d + T and 4' + n. However, since the reflection and transmission functions depend upon 4 - d'. t h s  
azimuthal dependence is unaffected. Consequently, for such layers, Tr(p, 0; pII 4') =Ts(-p, 4; -p', #), where 
Tj- and To are the transmission functions for transmission from the tDp and bottom, respectively. An analogouc 
relationship holds for reflection from the top and the bottom of such symmetric layers. \Ye will assume ;ha1 
plume layers posssss '.is symmetry property. 

The plume layer . t only scatters and absorbs incident radiation, i t  also emits radiation. The cumu1a:itc- 
eficct of this emission will be described by an efk t ive  emissivity. The efiective emissivity is determined t! 
considering the emission from the plume layer ernbedded within a vacuum both above and be!ow the piu:ntb 
layer. The radiances at the top and bottom of such a layer can be written formally as 

d T  

-r,/2 P 
I ( O ,  p ,  9) = J r r i 2  e - ~ r F i 2 - 7 ~ / p  w(yP/2 - T ) P ( r p / 2  - T, p ,  6; c$')1(Tp/2 - 7 ,  p', 6')dp'dd'- 

The fgrmer expression is the value oftbe upgoing radizsce a t  the top of the pluxe layer; a d  :he latter ex7i-i ZT. 

the downgoing radiance at the bottom of t h e  plume layer. As above, the v a h s  of p takes on values betrvccn il 
and 1. w and P are the position dependent single scattering albedo and p h z e  function, respecti~.ely. The 1.3; 
term in both expressions represents the direct contribution fiom the direct emission a t  a depth 7 within t f 8 c  
lager. If  the plume layer's emission and optical properks are symmetric about ;.,/2, B,(T,/?+T) = B, \T~/?-  7 )  

and the direct contribution from the plurne emission aie equal for both the top 2nd bottom radiances 





r 
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3.1.1 Effective Plume Eniisgivity 

The radiance Itop incident upon the detector is a complex function of atmospheric, plume, 2nd surface emission 
and scattering propertis. The surface emissivity for whter is sufficiently close to  one for all bands of interest 
that reflection from its surface can be neglected. The emissivity for vegetated surfices is generally greater than 
about 0.95 in those bands of interest. However, the emissivity of various wile and mineral surfaces can vary 
significantly from 1 throughout the mid-IR, as can painted surfaces (The IR Bandbook, 1978). Both becausc 
the ground emissivity io often clme to  one and becsuee much of the reficcted radiation haa to ptm through the 
plume twice or nearly twice, we expect the contribution of the surface reflected radiance to be small. Neglecting, 
for purposes of demonstration, the contribution from surface reflection, we observe that the radiance received a t  
the detector is a function of the surface temperature, radiative propertim and temperature of the plume, and an 
atmospheric contribution. Assuming that a night-time temperature retrival algorithm accounts for the direct 
emission from the atmosphere into the detector, the brightness temperature meaured by the detector will still 
include rcflectance of the atmospheric emission from the plume, emission €torn the surface and its transmission 
through the plume, and the plume emission. We are only interested in the latter quantity. For plumes of 
sufficient optical depth, we expect the surface emirxion to  be of small consequence. Tbc plume temperature 
will in  nll c s e s  be significantly larger than the atmospheric temperature. M'c might expect, therefore, that tlic 
reflecled atmospheric emissioii is, by comparison with the plume emibsion, small. The received radiance at the 
detector is, as a consequence, primarily most sensitive to C ~ & ( T ~ ) .  

Ae a consequence of this quite general analysis, i t  is clear that an understanding of the effective plume 
emissivity is essential in deriving the plume temperature from the radiance received at  the detector. Let us 
consider a homogeneous plume layer et temperature Tp with single Scattering albedo w nnd asymmetry parameter 
9. The asymmetry parameter is the averagwosine of the scattering phase function. A Henyey-Greenstein phase 
function is only a function of the asymmetry parameter. Such a phase function d m  not well represent the 
actual phase function for the droplets in both the forward and backward scattering directions. However, such 
a representation is frequently used for its convenience (e.g., Shettle and Fenn, 1979). We shall do likewise. 

Knowing the droplet size distribution and the spatizl variation of this distribution, we can determine with 
reasonable accuracy the optical properties of the plume. Bowever, the detaib of the droplet size distribution 
will not be known, although model calculations can aid u5 in identifying a specific distribution. As a resxl:, 
we must expect that. this uncertainty in the droplet size distribution will yield an uncertainty in the emissivity. 
and consequcntly, an uncertainly in the temperature inversion. Figures (6) and (7) were produced under the 
assumption that thc uncertainty i n  the tempcraturc inversion be lcss than or equal to 0.5 degrees Kelvin. 
Kote that these calculations were made with Lhe Planck distribution ut a given wavelength end not wi th  tltc 
H.avelcn~th-integrated Planck Distribution. The results indicated in these figures demonstrate that the plume 
emissivity shoiild be known to within a few percent. Apparently, the sensitivity of the temperature inversion 
is somewhat reduced for the 3.5-4 micron bands over that for the ban& closcr to the peak of the blackbody 
distribution associated with the plume temperzture. 

An examination of figures (8) through (13) depict the variation of LJ ar?d g with droplet size a t  various 
wavelengths, Our espectation is that the droplet size will be in the range from about 1 to 20 microns. These 
figures indicate that there is considerable variation in the values of these parameters. The closer the asymmetry 
parameter is to one, the more the ecattering i5 in the forward direction. A vdue of zeio corresponds to isotropic 
scattering. If the waveleagth is much larger than the radius of the scatterer, the gcattering is more isotropic. 
IVhen the wavelength is much smaller than the radius, geometric optic effects dominate and the scattenn_r 
tends to me more in the forward direction. When the radius is comparable to savelength, resonace effects cafi 
dominate, producing oscillations in the optical properties. All of these effects can be observed in figures (8) 
through (13). 

In table 1 is listed the average plume emissivity Fp for various valuea of opticel depth rpl single scattering 
albedo w ,  and asymmetry parameter g,  The values c h o w n  were intended to somewhat coyer the rmge of values 
expected for each band. 

In all cams, the value of the average emissivity i n c r e w  with optical depth. 1Ve can see the reason for this 
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behavior by examining the effective plume emissivity cp for a homogeneous layer. We obtain the formal solution 

where P is the droplet scattering phase function integrated over all azimuths, and p takes on values from 0 to 
1. Since the value of the integral is positive definite, c p ( p )  is always'greater than (1 - w ) ( l  - e - r v / p ) ,  which is 
the value we would obtain for the effective emissivity if scattering were neglected. If we now take the derivative 
of this expression with respect rp, we obtain 

which demonstrates two important propertics of the effective emissivity. First, cp, as xell as Fp,  both increase 
with increasing optical depth since the derivative dcp /dr  is positive definite. Secondly, what is possibly more 
important for our application, the rate of change of the effective emissivity with optical depth decreases with 
increasing optical depth. Consequently, for large optical depths, the effective emissivity tends towards an 
asymptotic value. This behavior is clcarly demonstrated in Table 1. 

The rate at which the effective emissivity approaches its asymptotic value is clearly dependent upon more 
than the plume optical depth. In the 3.5-4 micron band, the rate of approach is much slower than that for the 
other two bands. For this band, since the value of the eingle scattering albedo is close to one, the contribution 
to the effective emissivity due to direct emision is smaller than in the other bands. Howevcr, the contribution 
due to scattering is significantly larger. Increasing the optical depth, increases the amount of msterial emitting 
radiation. When absorption is large, increasing the optical depth h s  little effect since the additional emission 
is simply absorbed. However, when absorption is small, the increased emission can add to the emission at the 
top of the layer, albeit through multiple scattering. When the optical depth gets sufficiently large, thereby 
increasing the number of scattering and absorption opportunities, the increased emisiion is absorbed and the 
emissivity no longer increases. 

Two additional characteristics of the average emissivity can be gleaned from Table 1. First, that average 
effective emissivity decreases with increasing single scattering albedo; and secondly, that it increnses w i t h  
increasing asymmetry parameter. Holding the optical depth constant, while increasing the single scattering 
albedo, has the effect of reducing the relative amount of absorption while increasing the amount of scat ter iq .  
Reducing the amount of absorption, by Kirchhoff's law, reduces the amount of emission. Since the number 
of emitters is held constant, the emissivity decreases. Indeed, if the single scattering albedo is 1, nothing is 
absorbed, nothing emitted, and the emssivity is zero. Incressing g, while holding other variables constant, has 
the effect of more efficiently directing radiation toward the top and bottom of the layer, Le., radiation finds i t  
way through the layer through a smaller number of scatterings. 

An examination of Table 1 indicates that unless we are able to constrain the range of parameter values 
more than those listed, we will not be able to know the emissivity to withiE a few percent. One hopeful sign is 
evidenced in the two higher bands: the variation in the emissivity is considerably less sensitve to variation in the 
radiative properties than in the 3.5-4 micron band. This feature is apparently due to the increased importance 
of absorbtion in the two higher bands. Unfortunately, as figures (6) and (7) indicate, the required uncertainty 
in the emissivity is smaller in these bands than in the lower band. 

In the calculations for Table 1, we have, in order to  'more 'easily examine the character of the average 
emissivity, decoupled the optical depth, the single scattering parameter, and the asymmetry parameter from 
the underlying physics defined by the droplet size distribution. In Table 2 we have with the aid of specified 
droplet size distributions determined through Mie calculations the values of these three parameters. In all cases 
the density of liquid water was assumed equal to 1gm/m3 and the plume thickness was assumed to be 30 meters. 
The thickness of such a plume would be below average for a natural draft cooling tower, but probably about 
average for a mechanical draft cooling tower. 

In Table 2, the calculations were made using a modified gamma distribution (Liou, 1992) f (a ,  rm, r) for the 
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droplct MZP d i b t r i b u t i m ,  which  15 dcflnctl Lg 

where r is the gamma function. Q defines the halfwidth of the size distribution about irs m ~ s i m u m  value at r,.%. 
IIowevcr, the modified gamma distribution is not symmetric about the maximum except for large v s i w s  of a .  
For example, for o = 30, the half values are asxlciated with radii of 0.8rm and 1.23rm, whereas, for u = 1, they 
are associated with radii of 0.23rm and 2.68rm. r, i6 aim associated hith the average radius < r > through 
the relationship 

Let's f i s t  examine Table 2 for the variation in opticzl depth with the width of the distribution. Thcse 
results are readily understood from an examination of figure (14) and figure (16), describing the extinction 
optical depth per kilometer as a function of the droplet size. In order to obtain tbe optical depth fur J collection 
of droplets from these results for a single size droplet, the results depicted must be weighted with ihe probabili:! 
of a droplet with a radius r having a given mass. That  probability P,+f(r) is gi\*en by 

As a consequence, larger radii haw a larger weight than snllzllcr radii. For 6 modised gnmma distribution. tlw 
maximum value of P.41 is located at a radius of (1 + 3/a)rm. So for smaller a the maxirnum is shifted more 
from rm than for nerrower distributions. - 

For example, in the 3.5-4 micron band for a value of r,,, = 1 micion, the optical depth decrezses ifs the 
width of the size distribution decreilses. Figure (14) indicateti that the rnaximcm extiiiction is ob!aincd from 
radii near 2 microns. So that by narrowing the distribution about 1 micron, fewer droplets near 2 microns are 
included and the toral extinction decreases. In  the same bnnd for a value of r, = 5  microns, the oppcstite t rend  
is obsetved as the size distribution is nzrrowed. in this c ~ e ,  broadening thc size distribution, because of the r3 
weighting, especially includes the extinction ;rssociated wi th  radii larger than 5 microns, where the ex:inction is 
significantly smaller. As a consequence, broadening the distribution lowers the optical depth. The general 5hift 
in the 3.5-4 micron band to smaller optical depths as the peak of thc distribution shifts to larger radii. is duc 
to shifting further away from the peak of the cxtinction at 2 microns. 

The results in the 10-11.5 micron band are considerably lea eensitive to droplet site distribution. !n the 
3.5-4 micron barid, despite the fixed amount of total WBtCT, the optical depth varies from about 3.4 to about 
25. while the variation in the 10-11.5 micron band is from tibout 3.2 to about 4.7. To understand the resons 
fcjr this difference it is ncctrssary t.hat we examine somewhat the fundamcnt~ls of the scattering process. 

hlie scattering theory informs US that the scattering and absorption properties of droplets ore B function 
of the refractive indcx and the ratio of the droplet size r to the wave1eng:h of the incident radiation X (\'an 
de Hulst, 1957). \\.'hen the value of r / X  is much lcss thzn one the scattering efficiency factor Q I c o  and the 
absorption efficiency factor Qob,  are given by (Van de Huls:, 1957) 

where t = 2t;r/X, nt is the complex refractive indes, and 9 means the imaginary psrt. Since the imaginary 
part of the refractive index is negative, Q o b l  is positive. The extinction eficiencp factoi QeSl = Q t c S  7 Qc$.. 
Clearly, the eficiency factors and their vsociated optica! depths tend to zero as the value of z tends to zero. 

The total absorption optical depth is given by 

10 



where N is the number density and L is the path length; consequently, for small droplets rob, is proportional 
to the total amount of water along the path since, in this case, l o b #  is proportional to N r  r3/(r)dr, which is 
proportional to  the mass per unit area. When scattering efficiency is small compared to the absorption efficiency, 
the total absorption optical depth is approximately equal to the optical depth. Such is the case for radiative 
extinction through molecular constituents in the IR. 

Wllen the wavelength is much smaller than the droplet radius, the extinction paradox dictates that the 
extinction efficiency factor be 2, or that the extinction cross section is equal to twice the geometric cross section 
of the droplet, i.e., 27rr'. 

With these results, we can describe the behavior of the optical depth per kilometer as a function of droplet 
size. \Vhen the single scattering albedo is not small and radii are significantly smaller than the wavelength, 
the optical depth per kilometer falls off sharply as the droplet size decreases. Keeping in mind that the optical 
depth per kilometer is given by 

0.75PQe 
Prr 

if the single scattering albedo is small, the optical depth per kilometer will remain constant as the radius 
decreases. For droplets much larger than the Wavelength, optical depth per kilometer will fall oflinversely with 
increasing droplet size. So, in general, as the value of r/A increases from zero, the optical depth per unit length 
increases; and, beginning a t  values significantly greater than one, the optical depth per unit length decreases 
inversely with the droplet size for increasing values of r/X. 

In between these two extremes, resonant effects occur. In this regime the optical depth per kilometer can 
be larger or smaller than its asymptotic limit for large radius. For values of r /X  greater- than about l/.j to 
values significantly greater than one, rmnTnt  effects influence the scattering propertics of the droplets. The 
degree which resonant affects dominate are influenced not only by the ratio of r/A, but also by the amount of 
absorption within the droplet. Signficant absorption dampens the constructive and destructive interference of 
waves within the droplet, thereby, reducing the resonant affects. In the 3.5-1 micron band the imaginary part of 
the refractive index is about ten times smaller than it is in the 10-11.5 band. In the visible bands the imaginary 
part of the refractive index is effectively zero. It is for thB reamn that resonant effects can be detected in the 
extinction curves for 0.55/m and the 3.5-4 micron band, but are greatly reduced in the 8-8.8 and 10-1 1.5 micron 
bands. In all ct~ses, however, resonance is evident by the maxima that occur for r/A similar to one. 

In the 10-11.5 micron band because of significant abeorption, resonance effect8 arc nearly absent and for 
small radii the optical depths per kilometer are nearly constant. This is especially true for wavelengths near 1 I 5 
microns, where the imaginary part of the refractive index is about t h i e  times larger than it is at 10 microns. 
Because of the reduced resonance effect and because the real part of the refractive index is about 15% smaller, 
the optical depth per kilometer is considerably smaller in the 10-11.5 micron band than in the 3.5-4 micron 
band. In addition, in the 10-11.5 micron band rm/X is less than cne in all CFWS, except the last case listed, 
where rm equals 20 microns; whereas, in the 3.5-4 micron band the value of rm/A is greater than one in nil 
cases, except the first one. This implies that resonance effects are not fully expressed in much of the 10-11.5 
micron band; whereas, in the 3.54 micron band they are fully expressed. It is for this r e m n  that we have 
included thc rm = 20 micron result in Table 2 in the 10-11.5 micron band. Resonarice effects are small in this 
band, so that any resonance effects present are not sufficient to offset the decrease in optical depth which occurs 
for radii larger than the wavelength. As a consequence, the 20 micron result shows dramatic decreases in the 
optical depth over that for smaller values of rm. 

Addressing now the variation of the average effective plume emissivity, we note that in both Table 1 and 
Table 2 the variation is considerable. Both results imply that the variation is considerably greater in  the 3.5-4 
micron band than  in the higher bands. This result is largely due to the influence of resonance effects in the 
3.5-4 micron band and to the relatively small sizea of r /X  in the higher bands. 

Of additional interest in Table 2 is the quantity Fk. Fb is the effective emissivity that is obtained when a 
surface at  temperature T, is added below the plume layer. In Table 2 we have used a temperature of 300 degrees 
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Kelvin and a surface emissivity cf one. In this cme no reflection occur8 a t  the surface and from equation ( 1)  

Hence, '5, is always larger than  Zp. 7; is of interest beczuse, not knowing the surface temperature, it is the 
emissivity which is most directly ob&rved. As the optical depth tends to infinity, 7(p) tends to zero and 
tends to Zp. The optical depth at which the emission from the surface no longer affects the emissivity is band 
dependent. From Table 1 we concIude that for the 3.5-4 micron band this critical optical depth is on the order 
of 30, for the 8-8.8 micron band it is on the order of 10, and for the 10-11.5 micron band i t  is on the order of 5. 

Regarding the critical optical depth, let us consider the specific results listed in Table 2. In the 10-11.5 
micron band all optical depths, except for those w c i a t e d  with rm = 20, are c l m  to the critical optical depth; 
hence, the difference between c"p and Fp is small. For the P, = 20 caoes, the optical depth is considerably below 
the critical optical depth and the differences between T p  snd Zk is aignificant. Hosever,.in the 3.5-4 micron band, 
the optical depths can be considerably below the critical optical depth. Consequently, in this band, unless the 
droplet aize is small, knowledge of the suiface temperature and ita exnissivity will be important. Of course, for 
thicker plumes the influence of the surface Fill be diminished over that indicated here. 

In practice, i t  is not the flux that is remotely sensed, but the angular dependent radiance. Consequently, it 
is the angular dependent emissivity cp(p) which is of perticular relevance for remotely sensed analysis and not 
the integrated emissivity Zp. In figure (17) is depicted the angular dependence of the effective emissivity tp as 
a function of the cosine of the view direction relative to the vertical. We display here the results for four cases 
listed in Table 2. The band associated with each result is indicated by the wavelength A, as is the value of mean 
radius rm and halfwidth 0. This not be inon  any way an exhaustive study, the central point is that variations 
in the effective emissivity on the order of 10% can be obtained for different view directions. -4s in the case of 
the integrated average emissivity ZP, the situation is somewhat better in the 10-11.5 micron band over that for 
the lower 3.54.0 micron band. 

Finally, we should keep in mind that these results are for horizontal plume layers. The view direction should, 
thcrcfore, be properly thought of &c the angle between the normal to the plume & and the view direction. 
Real plumes both rise due to buoyancy effects and are driven downwind by horizonta! surface winds, producing, 
thereby, a plume axis direction which lies between the vertical and horizontal. In addition, the angle which the  
plume exis makes with the vertical is position dependent. Very near the cooling toFer exit it will be very nearly 
vertical, whereas near the maximum vertical extent of the plume it will be horizontal. However, for all but the  
smallest of horizontal wind speeds, the plume will be generally aligned in the horizontal direction. Nevertheless. 
the angular dependence of the plume emissivity complicates the interpretation of remotely sensed data. 

4 Plume Model 
The purpose of a plume model is to sufficiently duplicate the properties of nctual plumes that we can deduce 
the nbility of a given detection aystem to determine the temperature distribution of the plume. There are two 
distinct approaches that hnve been developed in dscribing plume physia. One is B detailed description of the 
hydrodynamic flow, including turbulence; ond the second are integral models, which consider sections of the 
plume as B whole. 

The basic equations required to describc the steady state plume behavior zre given by 
- v . ( p i i z )  = - V P  - pgf - v - (pi?$) 

v(pq = 0 

v ( p q  wu -4- WL) = 0 
(cp -4- L 0 ~ C P U  + UtLC,)V * ( P U T )  = ii G P - LV(piiu1,) + v - F' - cpG - (pCT' 

- 

12 



These expressions represent the conservation of momentum, mass, total water and internal energy, rcspective!y. 
u' is the fluid velocity; p the density; P the pressure; and g the acceleration due to  gravity. The Reynolds stress 
ii'tj' is explicitly included in order to justify the absence of viscosity effects. The turbulent Reynolds numbei is 
defined by RT E u'D/v ,  where u' is the large scale turbulent velocity, D is the diameter of cooling tower. and 
v is the kinematic viscosity of air ( - 0.15cm2/sec ). RT is expected to be in the tens of thousands for typical 
flows, Consequently, viscosity is dominated by turbulent viscosity oser that of molecular viscosity everywhere 
except where the flow velocities or scale lengths are significantly smaller than that of the free flow, e.g., vei\. 
near the walls of the cooling tower. Aside from the boundary lzyer effects at the walls of the cooling towr,  
we expect the plume flow to be free of any boundary layer effects. Except in rare cases, we don't expect the 
boundary layer a t  the surface of the earth to have any effect upon the free convective flow of the plume. 

In equation ( 4), w, is the water vapor mass mixing ratio, defined by tu, E pu/pI  where p ,  is the density 
of water vapor. W L  is the liquid water mixing ratio; cp and cp, are the specific heat at constant presuie h r  
air and water vapor, respectively. cw is the specific heat of liquid water and T - is the temperature in degrees 
Kelvin. We have explicitly included the turbulent transport of thermal energy, CT', in order to indicate tha t  
turbulent transport of heat dominates dver molecular diffusion of heat. Again, the reason for this is tha t  
turbulent Reynolds number RT is much greater than one and the Prandtl number, V / K ,  is similar to one for 
air. Both here and in the momentum equation, we have neglected turbulent density fluctuations because the 
turbulent mach number is much smaller than one (Eradshaw, 1977) 

The quantity F' in the equation of internal energy conservation represents the radiztive cnerg. absorbed. 
The amount of energy absorbed by a given volume QR is given by 

- 

where It" and lyOur are the incoming and outgoing radiance, respectively; fi is a unit vector in the direction of 
outgoing radiative transport; and ?I is an outgoing un i t  vector directed normal to  the volumesurface. Integration 
takes place over all frequencies Y ,  but especially, in our case, over the entire IR band from about 1 to 100 microns. 
Defining 

F'= J(Z? - Iiu')f idQdv,  

where fi is in the direction of the outgoing radiancc, we obtain that 

ConsequenIly, for infinitesimal volumes, the radiation absorbed per unit mass is V . F / p .  
There are two major components to the flcw. First, there is the bulk flow due to the local meteorology; 

second, there is the flow of the warm, moist plume. In wh3t follows, we will assume that the plume does i 1 ~ t  
affect the gross meteorological flow. The gross meteorlogical effects will be associated with local horizonial 
winds and with the vertical motion of air. 

There are two general causes of vertical air motion: convective and turbulent transport. Convective transpori 
occurs because of temperature differences; and, thus tends to reduce those differences. Ifowever, temperature 
diflercrenccs can be maintained under certain conditions. In particular, if in the adiabatic l i h g  of B pzrcel of air 
the resulting density itj less than that of the ambient air, the parcel will continue to rise. However, i f i t  is hcavie:. 
it will oscillale about the displacement a t  the Brunt-Vaisala Crcquency. The formcr situation is described as 
unstable, whereas, the latter is referred to as stable. The rate a t  which the tempeiature decreases with hei5h: 
is called the lapsc rate. If the lapse rate is of the ambient air is less than that produced by zn adiabatic Iiiti:ig 
of a n  air pzrccl, the air is stable. If the converse is truc,  tbe air is unstable. In stable oi neutrally stable air, 
vertical motions will be negligible, despite the prcrence of temperature gradients. 

Air and heat can also be carried aloft by turbulent velocities generated by wind shears ( particularly near 
the surface ) and by turbulent convection. A measure of the relative importance of the destruction of turbulence 
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2. The momentum flrix of the jct M zz ~ p U g d A ,  where the integration is performed over the plume cross- 

3. The weight deficit I+' 5 l ( p o  - p ) d A  

4. The densimetric Froude number F E ; e j ,  which is a mesure of the relative importance of inertia1 

5. The stratification parameter S z - k d p , / d : ,  where pa0 is the density a t  the jet orifice. 

Additionally, for moist plumes water vapor and liquid water 5uxea could alco be defined (Csnnady, 1970). 
For vertical buoyant plumes with an inilia1 verticel velocity, thc plurnc can be divided into three rcgions. 

In the initial region, referred to as the zone of flow establishment (ZFE), vortices which are shed from the jet 
opening induce entrainment of the ambient air into the rising plume. Clcse to  the centeiline of the plume there 
is a core of unmixcd plume gztes. Due to entrainment, the size of the central core decreases with distance irom 
the jet orifice. The distance a t  which the ckntral core disappears msrks the en3 of the ZFE and the beginning of 
the zone of mtablished flow (ZEF) ( Rodi, 1980; Chcn and Nikitopoulos, 1979 ). In the ZFE region, the plume 
behavior is dominated by inertial effects; ;.e., the initial momentum given the plume dominates over buoyant 
effects. For this reaaon, the plume initially acts like a non-buoyant plume. In the far field, well beyond the 
ZFE region, buoyancy effects domizate over the inertial effects. -4s the plume rises, the density of the warm 
plume increases due to entrainment; consequently, buoyancy forces decrease. ldevcrtheless, when buoyancy 
forces become negligible, no matter what the initial momentum of the plume, the plume will cease to rise. This 
is true even for plumes associated with largE Froude numbers. Between these two regions, lies an intermediate 
region where the plume behavior is more complicated. The beginning of the interrnediatr! zone depends largely 
upon the initial Froudc number. Obviously, the larger the Roude number and the smaller the buojancy effects. 
the larger the region whcre the plume is dominated by inertial effects. For cooling towers, we expect Froudc 
numbers to be positive but not much greater than one. The plume flow becomes self-similar a t  the end of the 
ZFE region. For expected Froude numbers, the self-similar region will begin after about 6 diameters ( Rodi, 
1980; Schatzmann, 1978, Chen and Kikitopoulos, 1979). 

In the self-similar region, the cross-sectional properties of the flow have a Gaussian fmctional form (Rodi, 
1960). The sclf-similar region is somewhat different in the inertial region of the plume than in the far field 
buoyant region. The intermediate regicn cannot bc exactly self-similar (Rodi, 1980). Nevertheless, we expect 
that a Gaussian distribution should be a reasonable approximiation. Evidently, throughout the self-similar 
region we can expect the width of thc plume to grow lineerly. Rodi (1080) also comments that in stratified 
media, where the temperature is a function of height, self-similarity caonot be fully realized. In addition, since 
the Boutisinesq approximation is assumed, further considerations ere necwary when the difference in density 
bctwcen the plume and the ambient air is considerable. Such a concern has also been raised by others in regard 
to thermal plumes (Schatzmann, 1979; Schatzmann and Policastro, 1984a). 

As mentioned above, theoretical work oc buoyant plumes in cross flows (wide froni integral models) appears 
to be lacking. However, some experimental studies have bcen performed. Clme to the outlet, inertial effects 
dominate'and the influence of the cross flow is negligible. Fer from the orifice the plume is bent over 3nd the 
cross flow dominates the horizontal flow. Buoyancy effects, 89 for zero cross flow plumes, we  also important. 
The rclative effect of the c r w  flow depends upon the ratio of the c r s s  flow velocity to the characteristic 
plume velocities, the exiting plume velocity and rate of rise due to buoyancy. The relative effect of buoyar.cx 
is contained within the exprcrtion (Upo/Uo)'(1/F), where U, is the initial plume velocity and IrO is the cross 
flow velocity. If this expresion is greater than  one, there are three regions, corresponding to  a region where 
the plume initial momenturn dominates, fctl1owed by a region where buoyancy domhatm over inertial effects. 
and finally followed by a region where buoyancy and cros8 flow effects dominate. OR the other hand. if this 
expression is less than one, the sequence is from inertially dominated to cross ff0.c; and inertially dominated. and 
finally to a region where c ros  flow and buoyancy effects dominate (Rodi, 1980). However, the division b- et \seen 
these regions only makes wnsc when the initial plume velocity is much greater than the cross flow velocity. 
Rodi (1980) believes that in this case the self-similar region would have to develop much further downstream. 

scction. In many cases AI can be treated 8s nearly constant. 

to buoyant forces. 
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perhaps tens of diameters downstream. I t  is for this reason that many investigators have made the bent over 
plume assumption, whereby the plume is assumed to attain the cross flow velocity immediately upon exiting 
from the jet orifice. Clearly, much additional work is required on cross flows in order to more fully understand 
their behavior. 

4.1 Integral Plume Models 
As we come to consider integral models, we will understand the relevance of many of the concepts presented 
above; and, as a conecquence, the need for a more complete understanding of the underlying physics of moist, 
thermal plumes in a cross flow. 

Integral model8 treat the c r w e c t i o n  of thc'phme as 8 whole. In most cases the plume is treated as locally 
cylindrical; hence, the plume properties are assumed to vary only as functions of the radial distance Gom the 
plume axis and the distance along the plume axis. It is these integral models which have been favored since 
Morton, Taylor and Turner (1956) first introduced the concept far vertical plumes. Subeequent model? have 
incorporatcd the effects of wind, vapor within the plume, and more mphisticated turbulence effects (Morton, 
1956; Csanady, 3371; Wigley and Slawmn, 1971; and Hanna, 1976). More recently a five volume EPW document 
(Carhart, et al., 1981) has compared a number of thesc mode16 using 89 extensive data sct and described its 
own improved model. This model was recently described, with some minor modifications, in E journal.artic1e 
by Carhart and Policastro (1991), where it was referred to as the ANL/IJI plume model. A similar mcdel, 
described by Schatzmann and Policastro (1984b), was found by Carhart and Policastro (1991) to fit their data 
set as well as the ANL/UI model. 

The fundamental approach of integral models can b i  understood by returning to  the set equations described 
in equation ( 4). Over a short length of t G  plume, consider it to be well represented by-a cylindrical cross- 
section. Now integeate the equations of momentum, mass, total mater, and internal energy over a cylindrical 
volume of length dS. We obtain 

- f  - / ( P U G  + P'3)dA = -( d Wi - pUtu"dA) - { (P'?  + pV.u"dC + ptW'dC 
dS dS 

-& J p U d A =  { p K d C  

- d J c,pUTdA = d J ( F  i - LpU;uv - piJ'T')d.4 
dS - 

+ ~ ( ~ ~ S ( C ~ T + L W ~ + V : T ' ) + ~ . F  ) J  d C f  (C .P ' -pgw)dA 

Here, dA is the differential cross-section of the plume; dC indicates contour integration about the circumference 
of the plume cross-section; P' is the deficit pressure over that of the hydrostatic pressure; W is the weight deficit, 
previously described; U and V are the velocities parallel and radial to the plume m-s, respectively; V, and 1,: 
are the radial mean and fluctuating velocities, respectively, entering the plume through its circumference and 
hence are directed in the direction oppai te  to that of V ;  tu is the velocity in the vertical direction; and i and + indicate unit vectors parallel and radial to the plume axis, repsectively. I have implicitly assumed that the 
plume flow is azimuthally independent within a given croaa-section; hcnce, the velocity V and the vector r' are 
radial quantities, with i directed outward from the surface of the plume. However, it is easy to  see how these 
results could be further generalized. In the expression governing internal energy comervation I have neglected 
the term cpuwv -+ c w w ~  for the sake of simplicity and becawe w, and l u ~  being less than a few percent are 
generally negligible. 

Having derived these integral expressions, the difficulty is in being able to estimate undetermined quantities 
and in the integration of the expressions themselves. Regarding integration, there are two methods which have 
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been generally used. The first, and simplest, is to assume that all quantities are constant over the cross-scctim 
and circumference of the plume. It  is customary to assume in this case that the plume cross-section is circular. 
In this case, an equation for the plume radius R(S) is derived from the conservation of mass. This was the 
technique used by all early integral models (hiorton, Taylor and 'hrner,  1956; Xiorton, 1956; Csanady, 1 9 i 1 ;  
\!?gley and Slawon, 1971; and Hanna, 19i6) 

However, later models have adopted more sophisticated approachs. Their methods all utilize the results 
of similarity analysis of the plume structure. As mentioned above, the existence of a self-similar region has 
been verified both analytically and experimentally (Chen and Rodi, 1980), although its location for cross flows 
is uncertain. I t  is also known that the Gaussian similarity profiles are difTerent for temperature and velocity 
(Rodi, 1982; Taulbee, 1987). Rodi (1982) derivea that in the inertial region the temperature similarity profile 
should lie outside of the velocity profile for a stable atmosphere, although they may c r w  in the buoyant 
dominant region. The results in Taulbee (1987) appear to indicate that the velocity profile should lie outside 
of the temperature profile. One might assume, therefore, that  the similarity profile for liquid water might also 
bc different. Hanna (1976) came to similar conclusions based entirely upon observations of plume rise, the 
rate of plume radius change, and visible plume lengths. Following others, his conclusion was that the velocity 
profile must lie outside of the temperature profile, and the 'moisture' profile should lie within the other two. 
Making these assumptions, one still must determine the functional form of the fluid variables across the p l u m  
cross-section. Hanna and Carhart and Policastro (1991) assumed a toy hat distribution. Others ( Schatzmann. 
1878; IIutter, 1980; and Schatzmann and Policastro, 1984b) have used Gaussian similarity profiles fw all fluid 
quantities, tlrc rate of decay being gencrally difierent for velocity, temperature, and moistuie. One researcher 
(Jiutter, 1980) has  developed a model for dry plumes that recognizes that the rate of plume spread should be 
different in the vertical and lateral direction;. Consequently, he assume9 an elliptical shape for the plume cross- 
section. Regardless of the method of integration, the resulting equations ere left xi th  undetermined parameters, 
which arc to be determined by comparison with experimental data. 

The typical Boussinesq approximation is to neglect all density differences except those associated with 
buoyancy forces. Such an assumption is expected to be aatisfactory for (T, - T,)/T, less than about 0.1 
(Schatzmann and Policastro, 1984a). In general, we cannot expect this condition to  be satisfied for all coolins 
tower situations. This means that for integral models we should difkreniate between plume densities a:id 
ambient densities. hiost of the analytic work on plume behavior has neglected this difference. Apparently, only 
plume integral methods have investigated this aspect of plume behavior (Schatzmann and Policastro, 1984a). 

XI1 of the plume models mentioned above include the effects of entrainment. Entrainment is the process 
whereby ambient air is included into the plume. The integral expressions all include terms involving the flus or 
ambient material into the plume a t  a velocity V,. In order to obtain a model for the effects oientrainnient, tile 
entrainment rate 11 is defined by 

1 dm p = - -  
m ds 

where 771 is the mass of the plume contained wi th in  R given cross-sectional volume. Alternatively, we espress 
the  entrainment rate in  terms of the radially directed velocity as 

Using the integral expression for mass conservation, we find 

L L o g  dS (jplld.4) = p  

The manner in which these expressions are incorporated into the integrated equations depends upon the ffinc- 
tional form assumed for the fluid quantities in the plane transwise to the plume axis. For a top hat distribution, 
we obtain 

2P* t; 
ppRU ' I.'=- 
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where [I = dS/d l  is the velocity of the plume in  the a i d  direction, and Pp iu thct plume dcnsity. 111 geticral, IVC 

expect p to be a function of the distance along the plume axis. 
Still to be determined to complete any entrainment model is the value of the entrainment velocity 1;. 

Entrainment is clearly due to shears generated at  the interface between the plume and ambient air. Ultimately, 
for large Reynold’e number flows, it attempts to model the flux of material into the plume by turbdent diffusion. 
From Prandtl mixing length arguments, it is reasonable to m u m e  that this mixing is proportionzl to mean 
velocity differences. How well such methods xork in the initial miring region, where more organized vo;tex 
mixing occurs, and under lox Reynold’s number parts of the flow is uncertain. Carhart and Policastro (1991) 
have addressed this issue by developing a txparate molecular diffusive model for mix near the end of plume rise. 
where fluid velocities are low. For a greater discussion on the uses and development of entrainment refcr to 
Turner (1986). 

The entrainment of ambient air into the plume is influenced by the bulk flow near the cooling tower. As 
previously described, this flow is turbulent, especially within the first ten cooling tower diameters. On the 
downwind side of the cooling tower, not only io a wake region generated, but, in addition, turbulent velociiies 
are generated. The effect of thc wake region can be viewed 8s generating D downxard directed force on the 
plume. The turbulent velocities generatea by the bulk flow increase turbulent d i fb ion  of ambient fluid into 
the plume. Carhart and Policastro (1991) in their ANL/UI plume model treat both of these e8ects using 
results from similarity theory and e-xperimental measurement. In addition, it has been observed that cross flow 
engenders a drag on jets which is in agreement with what would be expected for solid bodies of similar site snd 
shape. As with solid bodies, the cross flow sheds vortices from the surface. Indeed, the vortices generated can 
be of such magnitude to bifurcate the plume flow (Rodi, 1980). Schatzmann (1978) has treated the drag on the 
plume induced by the c r m  flow by the use of a drag soefficnt, which impedes the movement of the plume in 
the direction transverse to the plume’s a x i h  

An zdditional assumption made by mnny of these integral models is the bent-over plume assumption (IYigley 
and Slawson, 1971; Csanady, 1971; Hanna, 1976; Carhart and Policiastro, 1991). In this cese, the horizontal 
velocity of the plume is nssumed to be equal to the ambient horizontal velocity. 

Of course, all of the integral models possesti undetermined coeffcients. Becnux s f  ita extensive data base. 
the ANL/UI model has been fully tested and its parameters wel! established. However, these paramcrers have 
teen established tipon the measurement cif characteriatica that, for our purposes, tire not ideal. The data set 
consists cif the r ise  and ’shape’ of actual cooling tower plumes and laboratory datc  of a large ;rater flume. The 
former data set only indirectly rneaurm the adequacy of the model; and the latter, xhilc including important 
r a t a  of dilution, do not include the important efkcts of condensation m d  evt.po:stion. From the dilution 
measurements, however, Carhart and Policastro (1991) snd Carhart e: SI. (1951), vieie able to conclude tha: 
the wake effects were significant. 

AI1 integral models suffer from the uncertainty nwciated with initial values and the mixing process close 
to the cooling toser exit. This is SCI for a number of reasons. The initial fluid flow is not oelf-similar i n  this 
region and  the mix is dominated by organized vortex generation. In addition, the initial water vapor and l iquid 
water mass fraction is not generally known. It is in this regard that more sophisticated cooling t o w r  models 
are required. 

4.2 LANL PLUME MODEL 
The 

The model choosen to describe the plume momentum flow is that decribed in detail by Carhart e t  al. (12S1) 
and later by Cerhart and Policastro (1931). This model incladca wake and enhwxed entrainment effects that 
arc due to the flow around the cooling tower. It uses  the bent-over plums absumption and they w u n i e  that the  
spatial decay rate of the velocity, temperature and moisture similwity profiles are difkient. The momen:un; 
radius is about 1.2 timcs larger than the tcmpcrature radius: and the moisture radius is about 0.51 times :ha: c i  
the temperature redius. Clearly, at the ccjoling tower exit orifice all three radii must coincide. Using a suggestion 
of Fan, they smoothly adjust the radii ratios until they symptotically achieve the values stated above. The 
distance over which the asymptotic v a l u e  are reached depends upon the ratio of the horizontal wind speed to 
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that of initial verticnl plume speed, k; explicitly 

where 

F(S)=  (w)2 = A +  (1 -A)elp(-2s,so) 

80 = D etp(-3.31) 
and 

R, and R m  are the moisture and momentum radii. Note that for a vertical pluxhe the length of  the ZFE rggion, 
as defined by 6 0 ,  i~ about 6.2 tower diameters; while for equal horizontal'and plume wind speeds, i t  is only 
0.23 cooling tower diameters. They use these radii to  describe top hat sirhilarity functional form for the radial 
variability of velocity, temperature and moisture. The plume is'assumed'to p y  a circular cross-section. A11 

A=0.51 u=1.2 * 

.~ - .  -. 
variables are assumed to be azimuthally independent. . .. 

With these assumptions, integration of the integral equations is possible: . 

dG 
pm = P  -I- ('/GI= 

These equations are written in the Lagrangian fiame moving with the fluid elements. The assumption is that 
the droplets move at the same speed as the air. We expect that for droplets smaller than those customarily 
associated with drift deposition ( around 50 microns ), such an essumption is valid. Assuming that the droplets 
move with the fluid, the relationship between position along the plume and the time is given by Vdt = dS, where 
V is the velocity along the plume length. Outside the ZFE region pul and /im are equal to the entrainment 
coefficient p. Xp is the water vapor mixing ratio inside the plume, which is confined to a radius R,. X a  is 
the ambient water vapor mixing ratio. d, is the ambient air density., To and Tp are the ambient air and plume 
temperatures in degrees Kelvin; and and T' are the virtual ambient and plume temperatures, defined by 

I' = (Pa& + pv&)T= &(pa -t pv)T 

where Ro and R,  are the gas constants for air and water vapor. Solving for the virtual temperature, we obtain 

+ wu't*- ( I  + ----w")T, 1-€  T' s 
I + w, c 
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where c is equal to the ratio the molecular weight of water to that of air. There is only an e.qression for the 
vertical velocity iY and none for the horizontal velocity U because, by the bent-over plume assumption, the 
horizontal velocity is a constant and given by the ambient wind speed. The pressure throughout the piune is 
assumed to be identical with the ambient pressure. 

QA is the energy added to  the plume due to radiative transfer. This term does not e i s t  in the original 
ANL/UI model and is approximated by assuming that the plume and the surrounding radiative environment 
can be treated as black bodies. The integral containing the term < Qabs > represents the effective emissivity 
of the plume droplets which have been averaged over the droplet size distribution f(a). An expression fer 
< Qab, > has  been obtained from the work of Barrett (1985). In figure (18) is plotted the results of Barret! 
(1985) for < (?ab, > as a function of droplet radius. Additionally, the dotted line represents a fit to his results, 
which is given by 

< Qabr > = 0.06569r - 0.004728r2 + 0.00011Mt3 
where r is the droplet radius expressed in microns. This expression holds for r < 12 microns. For r > 12 
microns, the value of < Qabr > is set to 0.302. 

Treating QR as due to  blackbody radiation at the plume and ambient atmospheric tcmperatuie is dearly 
a convenient approximation. In order to  incorporate the effect of plume scattering and all sky radiation, the 
plume effective emissivity and effective atmospheric temperature should be used. The effective plume emissivity, 
as previously shown, is a complicated function of droplet size distribution. At present, this is the primkry 
motivation for employing the simpler expression. 

In order to complete the equation set, an equation for either the pIume liquid water mixing ratio CL or 
plume lpater vapor mixing ratio X, must be found. In the standard ANL/UI model, the plume moisture core is 
assumed to be saturated. Since the satura&n water vapor mixing ratio is only a function of temperature and 
pressure, both of which are already known, the plume mixing ratio is determined from 

Because of the sensitivity of the plume effective emissivity to droplet site distribution, we have chooscn to 
treat the plume liquid water mixing ratio 61, in terms of the droplet size distribution 

where rhow is the density of water and as is the radius that the dissolved salt would occupy were all the water 
removed. With this expression, we obain 

e 

We have neglected in this expression the entrainment of droplets or nucleation centers from the ambient air. 
A5 a consequence, the total time derivative of the integral of the droplet size distribution f is zero since this 
integral represents the total number of nucleation centers. 

4.2.1 Droplet Model 
Having decided to  tract the droplet size distribution, we require a model to determine how the droplet size 
distribution changes along the length of the plume. Much of what has been uwd in the LANL Plume Model is 
taken fiom clitssic cloud models and, in particular, the ciasic work by Pruppacher and Klett (19%). 

The temperature of a droplet changes both because of conduction, evaporation, and radiative exchange. The 
heat flux into the droplet ie due to both heat conduction and radiative exchange. The conduction heat flux is 
given by <= 1;VT; and that due to radiative exchange by F, whe:e F' ig the net 3ux into the droplet. The heat 
flux out of the droplet is due to the heat supplied by the droplet to vaporize liquid water at the surface and 
release it as water vapor flux into the surrounding air. This heat flux out of the droplet is given by - L d m / d t ,  
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where tn is the mass of the droplet. IVe assume i n  a quasi-steady state that the heat flux into the droplet equsls 
the heat flux out of the droplet. Jl'e neglect all work done by the system as negiigibie. 

Integrating over the entire sphere of the droplet to obtain the total heat flux exchange, we find 

where Fr is the component of F  ̂ in the radial direction and dT/dr  is evaIusted a t  the droplet surface. \',*e h s \ e  
assumed that F' and dT/dr  are constant over tile entire surface of the sphere. 

For times much greater than a 2 p o c p / ( z k ~ ) ,  the diffusive influx of heat cchieves a stezdy state value This 
time is less than about seconds for all droplets smaller t h m  100 microns. Irr th i s  cnse. the value of d T / d r  
a t  the surface is found to be (T' - Td)/a (Pruppacher and Klett, 1978). 

From these considerations we conclude (Pruppacher and Kleit, 1978) that the ratc of change of drcplet mass 
rn is given by 

drn 
dt 47kLa(Tp - To) -+ L- i QR = 0 

where k: is the thermal conductivity, and 
QR = 47a2F, 

If  we assume that the radiation field both inside and outside the droplet is well represented by that of a black 
body a t  t hei r respec ti ve tern per at u res, 

QR = 4 r a 2 t u ( c  - T:) 
and 

The amount of radiation energy absorbed by the droplet QR has bwn addcd to  Pruppacher m d  Kletr's analysts 
rd is the droplet temperature. but it is unclear what the beckground tempcrsturc Tt should be. Barrett and 
Clement (1988) have also considered this term, but not for the case when a collection of droplets are containd 
t v i i h i r i  an ambient p;a$eou~ fluid. The thermal conductivity must be modified by very small droplets on the 
order of the mean free path, where clssumptions about the continuity of surrounding water vapor break d ~ t ~ n  
These corrections are included in k: (Pruppacher and Klett, 1978). 

The diffusion of m a s  from the drop!c-t is also of interest because i t  must depend upon the difference between 
tlie water vapor density far from the droplet and that immediately above the droplet's surface. This is oiintercs: 
because it is thc water vapor density far from the droplet p, which is related to the integral equations givsa 
above. \Vi th  this in mind, we have (Pruppacher and Klett, 1978) 

fltrc. pwo is the water vapor density immediately above the droplet surface. A s  above. 0: includes correctwcs 
for kinetic effects. Using that m= 4;rp:03/3 (where pi is the density ofthe water drop!et with salt) and as sum in^ 
that the ideal gas law describes the water vapor pressure, we obtain 

v:here e, and e, are the vapor pressure far from the droplet and at the droplet surface. Td here is ternpe:a:uie 
of the droplet, assumed to be in thermal equilibrium with the vzpor film above the droplet's surface 

Using the two expressions for drnldf ,  we obtain 

Consequently, the temperature of the droplel is diKerent fiom that ofits environmect. Condensation ( d a j d i  > O j  
incrcrtscs the temperature of the droplet due to release of thermal energy through the heat ofvaporizatiGn: u.hi!e. 
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IM expected, the absorption of radiation also tends to increasce the droplet temperature. Y'sing this resalt in  t k c  
e x p r s i o n  for da/df, we observe that, since Td is a function of daldf, the derived equation for da/dt  is nrinlinaar 
i n  &/d t .  With the expectation that the beat released by condensztion is efficiently dissipated by conduc:icz. 
we expect Td - Tp to be small (Pruppacher and Klett, 1978). In practice, it is found that for all situations ci 
interest the value of /(Td - Tp)/Tpj is la than about (Pruppscher and k'lett, 1978). Consequently. it i j  
this assumption that we will UM in advancing our derivation. 

We expect that QR will be a function of the temperature difference between the droplet temperature ar.d 
mme other temperature. 'There are three temperatures to consider, the plume temperature =hi& immediately 
surrounds the droplet, the effective atmospheric temperature, and the surface temperature. The diflerencc 
between the droplet temperature and the plume temperature k 3 m d ;  hence, the exchange of radiative energy 
between the plume and the droplet is negligible (Pruppacher and Klett, 1978). There remdns the effective 
atinospheric and surface temperatures. Thew differences c m  be significant, 30 degrees C and moie. However, 
because of the generally large plume optical depth, the m o u n t  of this radiation which penetrates in:o the core 
of the plume will be small. 

One simple spproech notes that the amount of radiation abmrted by the entire plume is F F .  The zrnount 
of radiation absorbed by a small differential layer of thickness d~ is then (dTp/dr)dr .  If the radiation irom the 
sky is represented as < a B y ( T a ) l  where Ta is the effective atmospheric temperatuie snd that from the surface by 
(By(T,), then the amount of radiation absorbed by a differential laye: d F / d r  situated a t  1 '  is appromnz;ely 
given by 

x (<aB,(Ta)di-p(r') /dr + cB,(T,)dT,(r - r')/dr) 
dF  
ds  
-- 

where the first derivative of Z, with respect to T i6 evaluated a t  T' and the second a t  r - r', r being the toral 
optical depth of the plume. Since virtually?& of the radiaton absorbed by the plume is absorbed by t h e  liquid 
water, we kncw that this absorption within a given layer must be absorbed by the water droplets. The miin 
point to note about this model is that the radiation absorbed by the droplets, although still a function of droplet 
size, is independent of the plume temperature. 

The saturation vapor pressure immediately above the droplet e a  is EL complex fmction of the curvature of 
the droplet and the effects of dissolved salts. I t  is appropriate a t  thk time to think of e, as given by P' ,. 
whereby, we emphasize that e a  is a function of droplet size a and salt concentration, 8 .  \Ye have (Prt1ppachc.r 
and Klctt, 1978) 

-=-- ea Ca.8  ea.m 

e m . ~  e a , w  e a , ~  
where em,u, is eaturation vapor prcsure for a flat surface of pure Rater; ea.w is the saturation vapor pressure 
over a curved surface of salt dissolved in water. The first ratio is related to the activity of the  xater and IS 
described by Raoult's law (Pruppacher and Klett, 1978). Curvature effects have generally negligible efTects upcm 
the activity. The second ratio is related to curvature effects znd is described by Kelvin's law. Combining t i le  
two effects, we obtain 

whcre elal  is equal to em,u,; cr81a is the surface tension for B droplet of radius a; rn, md nj are the KISS of  
salt and droplet, respectively; end .4fw and Ai, arc the mclccu!ar weights of hcatcr snd salt, rspcctively. :* :s 
the number of molecules that the salt dissociate icto; and @' is referred to es the mold osmotic coc%c:er.: 
(Pruppacher and Klett, 1978). 

u,ja is given approximately by (Lee et d., IgSO) 

where u,la is expressed in dyncs/crn. Hoxever, except for extremely small droplets, C T ~ , , ~  is dependent only u;?s 
temperature; and the fraction of salt is so small that if is genera:iy w u m e d  tOst us/,: equds uu/s (Pruppzchz: 
and Klctt, 1978). Additionally, as the amount of salt tends to zero, the molal wmotlc coefficient tends to one 
For the sake of simplicity, this is the limit which is often used (Pruppacher and Klett, 1978). 
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5 
\+'e have developed an IDL code which implements the model described above. At present there are a number 
of elements of the model which have not been implemented. In particular, the wake effects and enhanced 
entrainment due turbulent mixing induced by the wake have not been implemented. In addition, the effects cf 
radiative cooling have also not been implemented. The general procedure is to first determine, for fixed plume 
temperature and supersaturation, the ne= droplet sizes and droplet size distribution u5ir.g faurth order Runge- 
Kutta; and, then, for a fixed droplet size distribution, compcte the new values for the liquid water mixing ratio 
and the time rate of change of the liquid water mixjng ratio. These results are then used in the integrated ptunx 
equations. The plume temperature, vertical velocity, and supersaturation are determined by using fourth order 
Rungc-Kutta for &.ed values of water vapor mixing ratio and time rate of change of the water vapor mixing 
ratio. The timestep is determined such that the droplet rate of growth equation remains stzble. 

We have examined the effect of radiative cooling by conside:ing a plume layer emitting blackbody radiation 
at a temperature of 315 K for a fixed droplet size distribution. The plume layer WM embedded in a simplified 
atmospheric layer and lying over a surface emitting blackbody radiation at a tempeiature of 300 K. The at- 
mosphere was assumed to radiate at a uniform temperature of 295 K, with an optical depth of 0.3. Scattering 
within the atmosphere was neglected. We u 4  modified Gamma distribution with r, set equal to 4 microns 
and the half width a to 6. The layer thickness rias set a t  60 meters and the density ofx'atzr droplets set at 
6gm/m3. With this distribution, droplet density and plume thickness, we then calculated the optical depth. 
asymmetry parameter, and single scattering albedo for all wavelengths from 3 to 100 microns. These resu!ts 
were subsequently used in a one dimensional radiative transfer code to determined the net flux enrering the 
plume layer. Integrating over a section of the plume 0: length dS,  oFe find that the change of temperature due 

d T  F, 
dt pcpZ 

where F, is the total net fiux into the plume, p i6 the plume density, and 2 is the plumc thickness. lye find 
that the rate of temperature change is about -0.006 K/sec. 

Thifi time rate of change is intended to be mmewhat represcntitive of the what would be expected near the 
exit Gom the cooling tower. Further downstream the temperature of the plume decreases, while the ztmosphcric 
radiation should change little. Results of our calculations xhich neglect radiative cooling indicate that the time 
rate of temperature decrease due to all other processes is on the order of-0.5 K/sec. lye conclude, therefore. 
that radiative cooling can be neglected unless the plume should be considerably hotter and the atmosphcre 
considerably cooler. Further work is still required, however, in order to make a more definitive s:a?ement s to 
the importance of radiative cooling for cooling tower plumes. 

A number of numerical issues were addressed in designing the code. First, as mentioned above, the time 
step is controlled by the droplet rate of growth. Let us exprcss the droplet growth rate by 

to radiative cooling is given by pir 

-=.----- 

da 
dt - = @ ( a )  

I f  now wd attempt to solve this equation by foreiird differencing, we obtain 

o"+I - a" = QP(0")A.t , 
where A1 is the timestep. This difference equation is stable if Ai is cbooxn such that 

Since At is positive, this is on!y possible if  d9/da is negative. 
Generally, we expect that for activated droplets the growth rate will decreltse montjtonically with droplet 

size (Pruppacher and Klett, 1978). However, when the dependence of droplet temperature with respect to 
droplet size is taken into account, the situation is slightly more complicated. Figure (19) depicts a typical plot 
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of the growth rate with respect to droplet size. For a droplet size of approximately 0.02 microns the growth rate 
reaches a maximum positive value. For droplet s i z e  smaller than this, the growth rate falls rapidly through zero 
to negative values because the supersaturation is too small. For droplet sizes greater than about 0.21 microns. 
the droplets are activated. Note that in the region immediately larger than the critical radius, the slope of 
the droplet growth is positive. The  region of positive slope is only a few tens of microns long, nevertheless. in 
this region we expect that instability might occur in  our numerical solut.ion. However, since the length of this 
unstable region is relatively small, we might have some reason to believe that  its effect is small. Hence, except 
for droplet sizes less than about 0.02 microns, the only region which exhibits a numericaIly unstable region is 
located near the critical radius. I t  is in this region that we focus our concerns. 

In order to understand the efiect of this unstable region upon our liolution method, let us model the rcgicn 
near thorn valuee of droplct size where the second derivative of the droplet growth rate is zero by 

4(a) = a + p a  - a3/3 

In this case, the values of droplet size a where the first derivative is zero we  located a t  i /3 ,  where is a positive 
number. Letting the solution to da/dt =@(a), be give by ii + E ,  where c is some smaI1 perturbation introduced 
by round off, then 

d€ 
dt 
L = p2 - c2 

since ii is assumed to satisfy the ODE exactly. The solution to this nonlinear equation is readily found to be 

where co is value of c a t  t=0.  Since €0 is assumed to  be much less than 8, the maximum value of c is 
approximateiy equal to p .  In the particular case under consideration, the value of f l  is no more than a few 
tenths of microns. In addition, we should keep in mind that, at least in this particular case, the droplet spends 
no more than about 1 second within this region of instability; hence, the growth of E is actually almost one 
tenth of p. What this s e e m  to imply is that droplet sizes Dear the critical rzdius are ensitive to  noise; however, 
this error being carried into droplet sizes greater than about 1 micron will result in a smdl  relative effect. 
'we conclude that this difficulty can probably be endured; however, 8 more stable numerical method would 
be preferred. Unfortunately, the analysis of the solution to  the droplet growth equation using a Runge-Kutte 
method, where multiple timesteps are employed in achieving the full timestep, do not affect the conclusions of 
the foregoing analysis. 

The stability condition can also be approximately expressed as 

This condition implies that stability is achieved for compression of the zones, but not on expansion. 
The time step is controlled in such a way that one droplet size bin does not overstep that of another. This is 

directly analogous to a Courant time step control for hydrodynamics codes. Essentially it prevents the iormation 
of bowties, or mesh volumes with negative values; i.e., we choose the timestep At such that 

a?:; - 01.13.1 1 < -  -a? 2 

where a? refers to the j - fh droplet size at the n - f h  time. Such a constraint is required not only for the sake 
of mesh integritry, but also for stability. 
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The solution of which is 

Since the spacing btiween the logarithm of the droplet size is uniformly spaced, we will refer to 6uch spaciag ;IS 
logarithmic spacing. 

M'e have assumed that the total number of nuc!erttion centers is constant cver time; hence, the total nQrnLer 
of droplets docs not change with timr. Such en rrssurnption is undoubtedly false since additional a c t i b a t d  
nucleii are entrained during the mixing proces. Kevertheless, for the time being, we accept this assumption. 
with .the implication that 

J f(u( t)>da = 0 
df 

This condition h a s  been implemented in the code by requiring 

where f," is the value of the droplet size distribution at the n - ih timestep for tbe j - th  droplet Eizr 

5.1 Some Results 
Figures (20) through (27) depict some typical results. We have examined with t lmc  results the effect of tracking 
the droplet size distribution a d  the effect of the uncertainty in the initial supersatcrztion. The effect oftracking 
the droplet size distribution was examined by comparing the results of the LAKL Plume Model with what IW 

refer to as the Standard Modcl. As previously mentioned, in the Standard Model the plume moisture COX IS 

asumed to be saturated; heace, the plume sa te r  vapor mixing ratio is fixed hy the plume temperature. i3y 
crjnscrvalion of total wzter, any excess water is contained within the liquid water mixing ratio. Consequcntl> 
in the Standard Model, computing the Eupersaturation is unnecessary since it is simply s u r n e d  to be zero 

In figures (20) through (23) show the results of the comperison between the LANL Plume Model and (!I* 
Standard hfodel. These diflerences are indicated on the figures in a manner uependent upon the availatsi+ 
labelling space. In all cab& something like Standard or Std indicate iwults from the Standard Model and thc.r+ 
labeled by Droplet refer to the L A S L  Plume Model. The differences between the pltlme ternperaturc, viatcr 
vapor miring ratio, liquid water mixing ratio, a d  plume location arc not large. Except for the liquid watt.: 
mixing ratio, the effects are only apparent close to the cooling iower. The plunie tempeiature in the LASL 
Plume Model is smeller t h s n  that for the Standard Model because in the S t a d a d  Afodel condessation is 
increased o\*er that of the L A X L  Plume Model; conwquently: the latent hezt of evaporation released is grea:er 
for the Standard Model. This effect is a direct consequecce of permitting the supersaturation to be greater thsn 
zero; hence, providing n sink for water vapor and forestalling condensation. The comparisons for the the plume 
location ore c ilabeled because the reu l t s  virtually lie on top of each other. 

The differences between the LANL PIume Model End the Stmdard Model were judged to no: be significant 
cxrcpt  in the case of the plume temperature, were the difference near the cooling tower WES a t  most D few degrr-c 
Kelvin. However, when we c3me to examine the change of droplet size distribution obtained irom the LXSI, 
model i n  figure (24), we sec rather clramztic results. Figure (24) indicstes that the droplet size distiibutior. bo:!] 
narrows and shifts dramatically toward larger droplet sizes along the length of the plume. The  average drsp1t.t 
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size shifts from 6 microns at t = 0 to about 17.5 microns at t = 10s. In 10 seconds the plume droplets have moved, 
in this case, 50 meters downstream, which is about the pixel size available from an IR detector operating from 
a satellite platform. Beyond that distance the change in droplet size distribution is much slowed from that in 
the first 50 meters since the supersaturation, as indicated in figure (25), is dropping quickly. Nevertheless, over 
the next 200 meters of plume length, the average droplet size distribution increases to about 22 microns. As 
our previous study of plume emissivity indicates, such changes along the length of the plume translates into 
significant within band and band dependent changes in the effective plume emissivity. 

Much more work regarding the sensitivity of these results to initial conditions must be done. However, if the 
results regarding sensitivity to changes in the initial supersaturation are any indication of what we might expect, 
we can have much hope in being able to extract the plume temperature from IR images. An examination of 
figures (26) and (27), indicate that changing the supersaturation from zero to  0.5% produce negligible differences. 
In fact, the differences are so small for all quantities that in order to depict the differences at all we had to 
depict the differences and not the absolute quantities. 

6 Conclusion 
We have described herein some of the problems associated with the extraction of plume temperature and its 
associated cooling tower dissipation from remotely sensed IR images of the plume. Much additional work needs 
to be done. In particular, although the ANL/UI Plume Model has been benchmarked with the use of cooling 
tower data, the character of that data set does not evaluate the model with regards to  quantities of interest 
to us or remote sensing in general. No examination of plume temperature was performed. And, of course, no 
examination of droplet size distribution oPplume emissivity. was done. This study still needs to be done. In 
addition, cooling tower models in general use do not meet our needs since they do not track liquid water content, 
and certainly are unconcerned with evolution of droplet sizes. 

Additionally, no work has been done in examining or perfecting an algorithm for the extraction of plume 
temperature from remotely sensed data. We imagine that such an algorithm would necessarily require knowledge 
and application of the effective plume emissivity. To this end, considerably more study of the character and 
parameterization of the plume emissivity is required. 

Finally, we have no evidence to suggest that the integrated model presented herein or more complicated, 
detailed modeling will suffice for our purposes. Such questions can only begin to be answered by an examination 
of detailed data sets correlating measurements of cooling tower air and water inlet and outlet temperatures, 
ambient atmospheric conditions, and spatial measurements of plume temperature, liquid water and water vapor 
content, and droplet size distributions. Only after having developed adequate models, be they integrated or 
detailed models, can we effectively examine issues of sensitivity to initial conditions and the development of 
adequate retrival algorithms. 
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TABLE 1 

VARIATION OF EMISSIVITY WITH OPTICAL PROPERTIES 
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