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ABSTRACT

MICROENVIRONMENTAL MODIFICATION BY
SMALL WATER DROPLET EVAPORATION

By

Fred Vernon Nurnberger

The relief of heat and moisture stress on actively
growing plants is a major concern to agriculturists and
horticulturists. To date, sprinkler irfigation has been
the primary mode of stress condition relief. The current
investigation proposes a different method whereby small
water droplets are sprayed into the air and allowed to
evaporate before reaching the lower surface.

The objectives of this investigation were to:

(1) develop a mathematical model for the droplet evapora-
tion modification process; (2) experimentally verify the
model; and (3) use the model to predict modifications

for various atmospheric conditions and spray rates. The
model was developed for modification over bare soil condi-
tions to facilitate experimental verification over known
lower boundary conditions.

An evaporation coefficient was developed from the
literature to provide liquid water evaporation proportional

to the saturated water vapor concentration deficit. The
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exponential wind profile law, Swinbank (1964), and similar-
ity profiles of temperature and water vapor concentration
were used.

The numerical solution technique utilized was the
miniature control volume integral equation method proposed
by Spalding and Patankar (1968).

Experimental verification was performed over a
bared strip of land at the Michigan State University
Experimental Muck Farm. Water droplets were sprayed into
the air from a 300 m long elevated line at a height of 1 m.
Measurements of the profiles of wind speed, and dry and
wet bulb temperatures were made upstream and downstream
from the spray line. Other measurements included net
radiation, wind direction, soil heat flux, and soil temper-
ature.

The Swinbank profile for wind speed was found to
be appropriate but the similarity initial profiles for
temperature and water vapor concentration exhibited some
error. The agreement between the measured and model
results was very good for the ratio of turbulent diffusivi-
ties suggested by Leichtman and Ponomareva (1969).

The maximum predicted cooling for the various
atmospheric conditions and spray rates investigated was
-14.5°%C. The method proposed does warrent further investi-

gation with the influence of a plant canopy included.
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1. INTRODUCTION

The injurious effects of the commonly known problems
of heat and moisture stress on plants have been of major
concern to agriculturists and horticulturists for many
years. The results of these stresses are to reduce the
crop yield in quantity and/or quality and may even prove
fatal to the plants under extreme conditions.

The two stresses are not independent. Moisture
stress can occur in the presence of a low soil moisture
content. The root system cannot obtain the water required
for the plant's normal development. Moisture stress can
also occur during periods of high evapotranspiration rates.
Under such conditions water is lost from the above ground
portions of the plant, primarily the leaves, faster than
the below ground root system can supply the water.
Evaporation is the principal means of cooling the plant
during the day. When evaporation is restricted, leaf
temperatures rise and the plant is subjected to heat stress.
It is obvious that the most severe conditions are low soil
moisture and high potential evapotranspiration rates.

The widely accepted practices of supplemental

and total irrigation have been used many years to reduce



the stress caused by low soil moisture. Methods for the
reduction of high evapotranspiration rate induced moisture
and heat stress are not as well developed.

Some of the factors affecting the evapotranspira-
tion rates are: (1) wind speed resulting in transport of
the water vapor from the plant canopy; (2) low ambient
moisture conditions which results in an increase in the
water vapor diffusion rates from the leaf stomates; and
(3) high plant temperatures, due to high insolation rates,
which increase the evaporative cooling demands. The wind
speed is largely uncontrollable, except where wind breaks
are used e.g. Geiger (1965), Brown and Rosenberg (1971).
Reduced wind speed can have a reverse affect, though, if
an ample supply of soil moisture is available. The reduced
wind flow lowers the evaporation rate thereby decreasing
the evaporative cooling and increasing the heat stress.
Ambient temperature and moisture conditions, however, can
be modified.

Carolus, Erickson, Kidder, and Wheaton (1965),
Carolus and Van Den Brink (1965), and Carolus (1965,1969),
have investigated and demonstrated the affects of low
rate sprinkler irrigation to provide a source of water
for evaporative cooling exterior to the plant. A dis-
advantage of the sprinkling approach is that the plant

environment remains nearly saturated thus possibly increasing



disease susceptability. A different approach would be
to modify and cool the air before it reaches the plants.
Thus the plant canopy would not be continuously wet.

The method proposed herein for modifying and
cooling the air is the complete evaporation of small
water droplets. The cooling will be provided by the
latent heat energy required for evaporation of the
droplets.

Before any practical engineering applications of
this technique can be designed more knowledge of the
relevant parameters is needed so that a mathematical
model of the problem can be developed.

The current investigation will be limited to the
development and testing of a suitable model for describing
the affects of the evaporation of small water droplets on
the downwind microclimatic temperature, humidity, and
wind profiles. The model will be restricted to a two-
dimensional problem for an elevated line source of water

droplets above a bare soil surface.



2. LITERATURE REVIEW

2.1 Scope of Literature Review

The review of the pertinent literature included in
this chapter will be limited to the establishment of
sufficient background information for the subsequent
development of the model. Literature citations directly
pertinent to the model itself will be deferred until the
appropriate section. A more detailed review of evaporation

models is included in Appendix A,

2.2 Selection of Technique

The region of the atmosphere to be considered in this
model is within the surface boundary layer of the earth.
The environmental study of this region involves a study
of the microclimate and is commonly referred to as micro-
meteorology. Many investigators have studied the various
aspects of the microclimate. The investigations have been
either in the form of a statistical analysis of the turbulent
characteristics or in the form of profile gradients.
Excellent reviews of the statistical and profile gradient
relationships are given by Sutton (1953), Pasquill (1962),
Lumley and Panofsky (1964), Harrington (1965), Waggoner

(1965) , Monin and Yaglom (1971), and others. The profile



gradient techniques were the ones chosen for this investiga-
tion. This choice implicitly neglects the turbulent kinetic
energy exchange discussed by Lumley and Panofsky (1964),

Zilitinkevich, Leichtmann and Monin (1967), and others.

2.3 Relevant Parameters

The atmospheric parameters of importance in this
investigation are: the shear stress; the wind speed,
temperature and humidity profiles; the net radiation; the
surface heat and moisture fluxes; and the stability.

Many investigators, e.g. Calder (1939), Sutton (1953), Monin
and Obukhov (1954) have shown that for normal atmospheric
conditions within the region up to an average height of 50
meters, the turbulent shear stress, 1, is constant and

equal to that at the ground surface, L Additional sub-
stantiation was provided in the work reported by Lettau

and Davidson (1957) for the O'Neal, Nebraska Project

Prairie Grass.

The various expressions for the wind speed profile
have been thoroughly reviewed by Harrington (1965).
Harrington (1965, p. 123) concluded that the Swinbank (1964)
exponential-law profile is "the most appropriate expression
for the wind profile near the ground". Swinbank's model

for the wind profile is:



u exp(i)-l
u(z) = = tn{——o—7} . (2.3.1)
exp(ig)-l

The corresponding momentum diffusivity is:

z
where u, = the friction velocity, (m/sec),
k = Von Karman's constant 0.4,
z, = roughness height, (m)

L = Monin-Obukhov (1954) scale height, (m),

_uf
= ](———-—'
H/pc_ T
gH/p p
with g = acceleration of gravity, (m/secz),
H = sensible surface heat flux, (cal/mz-sec),

p = ambient air density, (g/m3),

S, = specific heat of the air, (cal/g-°K)

and T

absolute temperature, (°K) .

The friction velocity, u,, as defined by Sutton (1953) is:

Since the shear stress, T=T, as noted above, u*=/|T;7p|,
and is customarily assumed constant for given flow and
stability conditions. The roughness height, Z g is the

dynamic roughness parameter at which the velocity is zero.



The Monin-Obukhov scale height is in fact a stability para-
meter arrived at through dimensional analysis. The sign of
L is chosen such that for a positive sensible heat flux, i.e.
H>0 and unstable conditions, L<0 and for a negative sensible
heat flux, i.e. H<Q0 and stable conditions, L>0.

The theory of similarity developed by Monin and
Obukhov (1954) and used by Lumley & Panofsky (1964),
Swinbank (1964), Harrington (1965), Monin and Yaglom (1971)
and others is assumed to hold. Under the similarity theory,
the initial temperature and moisture vapor profiles have
a form mathematically similar to the wind velocity profile.

The initial temperature profile thus becomes:

_ _ exp(z/L)-1
T =T T*[zn(exp(zo/L)_l], (2.3.3)

where ?o = temperature at z (°cy,

1 H o
and T, = - —_— (7C) .
ku c_ !
x P p

The initial moisture concentration profile is:

-y exp(z/L) -1
X =Xo x,[in(exp(?o/Lj_ll, (2.3.4)

where Xo = moisture concentration at Zg. (g/m3),
. 3
Xx = —J/ku,, (g/m7)

j = moisture flux, (g/mz-sec),

and the others as previously defined.



The relationships of the turbulent diffusivities for
momentum, heat and moisture have not been well established.

The most common assumption is

where ¢z = 2z2/L,
KM = momentum diffusivity,
Ki = diffusivity for parameter i.

Sutton (1953, p. 319) deduced that:

KM = KX<KH in unstable conditions,

K

H KX>KM in stable conditions,

where KH = diffusivity of heat

K
X

diffusivity of any contaminant
Swinbank (1968) suggested

0.24
ay = 2.7|¢| .

Stewart and Lemon (1969) proposed

oy = -~1.4 exp(1.5z)+3.0.

Leichtmann & Ponomareva (1969) indicated that
0.8 _-03<Ci+ .10

-.8<z< - .03

3.0 £< -.8



Monin and Yaglom (1971, p. 490-494) reviewed the
estimates of a attempted in more than fifteen investigators'
different sets of data reported in the literature from
Australia, the United States and the U.S.S.R. The results
were so widely scattered that only rough conclusions could
be drawn. "On the whole the existing data show only that
a(0)=ao is close to unity; with.increase of instability,
the ratio o increases and with increase of stability it
seems to be slightly decreasing. However, the estimates
of the limiting value o__ are presently quite uncertain:
the Australian observations imply the value a__=*3 to 3.5.
Nevertheless, some investigators are inclined to use con-
siderably lower estimates (close to 2 or even between 1 and
1.5)". "At present we can say only that all existing data

on the humidity profiles are in agreement with the assump-

tion that KX/KH constant [and even with the assumption
that KX/KH = 1]." The relationships can thus be summarized
as:

KH=KX>KM in unstable conditions, i.e. L<O,

KH::KX<KM in stable conditions, i.e. L>0,

which is almost completely opposite to Sutton's earlier
suggestion.

Panofsky, Blackadar, and McVehil (1960), Webb (1960),
Panofsky (1963), Lumley and Panofsky (1964) and Monin and
Yaglom (1971) discuss an alternate approach by defining a

new scale factor L'=aHL.



10

The various derivations by Kazanski and Monin (1956),
Ellison (1957), Yamamoto (1959), Panofsky (1961) and Sellers

(1962) , satisfies an equation of the form:

T L MLE (2.3.5)
where w(%T) = %f %%

Equation (2.3.5) is known as the KEYPS equation. The value
of 0 is not definitely determined. Monin and Yaglom (1971)
report values ranging in size from 4 to 14 that were proposed
by Panofsky, Blackadar and McVehil (1960), and Charnock
(1967) respectively. Likewise the value of ¢'=a__o has not
been definitely determined. Monin and Yaglom (1971) report

a range of values between 10 and 20. A comparison of the
values for ¢ and o', however, indicates that a__>1, and

is consistant with the previously stated conclusions.

2.4 Atmospheric Diffusion Models

The diffusion of substances in the atmosphere near
the ground have been of interest to micrometeorologists for
many years. Sutton (1953) presents the solution to various
diffusion models for both instantaneous and continuous point,
line, and plane sources. He first used the Fickian diffusion
equation which required the diffusivities to be constant

and assumed the wind speed was also a constant value. For
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the diffusion of heat, Sutton (1953, p. 145) states: "As
yet, there is no generally accepted formulation of the
problems of heat transfer by atmospheric turbulence."

Sutton reviewed the theories presented by G. I. Taylor,
Brunt, L. F. Richardson, Calder, and Priestley & Swinbank,
and concluded in agreement with Deacon that the wind speed
and diffusivity profiles were simple power functions of
height under diabatic conditions. He resolved the diffusion
equation using the power law profiles. The results have
proved to be valid only in the limited near neutral stability
situation but were an important first step in understanding
the atmospheric diffusion process.

For an elevated source, Sutton (1953, p. 139)
introduced the method of images to conveniently handle the
assumed inpervious boundary condition. This method utilizes
a mirror image technique whereby a virtual source, corres-
ponding to the actual source, is located below the zero
plane. Thus, no net flux occurs across the boundary.

Philip (1959) included advection into the diffusion
model but retained the power law profiles, and aH=1.

Rider, Philip and Bradley (1964) reviewed the work done by
Timofeev (1954), deVries (1959), and Philip (1959) to
develop a model for a freely evaporating soil surface.

They retained the power law profile and aH=l.
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Yordanov (1966) developed a two layer analytical
model for continuous diffusion from an elevated point
source, in which he used the Lagrangian correlation
coefficients. The wind speed was assumed constant with
height while the turbulent diffusivity was that of Monin
and Obukhov (1954) i.e. K(z)=ku,Lf(z). An implicit assumption
of aH=l was made. The two layers employed were those
indicated by the results of Priestley (1955), Deacon (1959)
and Gurvich (1965) to be the thermal sublayer and the dynamic
sublayer. The transition region from the dynamic to the
thermal sublayer was indicated to be for ¢ in the range
from -0.03 to -0.05. (Seealso Waggoner (1959) and Monin
and Yaglom (1971)). Yordanov (1968) extended his model
to an infinite elevated line source. His results, though
agreeing with other researcher's data, were much to
complicated mathematically to be of practical use in the
current investigation.

Jaffe (1967) used the results of Monin and Obukhov
(1954), Priestly (1959) and Lumley and Panofsky (1964)
to develop a three layer diffusion model. The diffusivities
for the layers were:

(1) "log + linear" of Monin & Obukhov for |%|<0.03

(2) KM“(Z)4/3 of Priestly for 0.03<|Z]|<.1 to 1

2

(3) K,*2“ of Lumley and Panofsky for IC]>1

M
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The common assumption of aH=l was retained, "because of the
confusion surrounding the KH/KM ratio--and for convenience."
(Jaffe (1967) p. 302]. The numerical solution of the two-
dimensional steady state diffusion equation provided results
consistent with the Project Prairie Grass data reported by
Lettau and Davidson (1957).

The adoption of Swinbank's exponential law profile
in Section 2.3 above and the fact that the thermal sublayer
exists where |{|>0.05 leads to the adoption of a single

layer model as the current diffusion model.

2.5 Evaporation Models

Models for the atmospheric evaporation of water
droplets have not been widely developed. This is in
contrast to the evaporation studies conducted in enclosed
chambers for combustion and food drying processes.

Milburn (1957) developed a model for non-turbulent,
homogeneous cloud evaporation restricted by the following
assumptions: (1) "The individual cloud droplets are
sufficiently far apart for the average vapor pressure and
temperature in the immediately surrounding medium into
which they evaporate to be described by simple scalar
'field' functions of space and time." (2) "The individual
droplets will be able to reach a steady-state condition

with respect to their immediate surroundings in a time short
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compared with the duration of processes affecting the cloud
as a whole." (3) "The individual water droplets remain
fixed in space so that the number of such drops in a unit
volume is constant." The last assumption is to presume
non-turbulent idealized conditions.

Assumption (2) was verified by demonstrating that
the evaporation of about 2% of the droplet's mass would
reduce the cell temperature to the wet-bulb value. The

resulting equation for droplet mass transfer was:

gffj m(r,t) = 4TrD(3m/4ﬂpw)1/3[c(r.t)-co(r.t)],
(205-1)
where;
m(r,t) = droplet mass at (r,t), (g9),
D = diffusivity of water vapor through
air, (cm2/sec),
m = initial mass of individual droplets, (g),
Py = density of water, (g/cm3),
c(r,t) = water vapor concentration at_(r,t),
not near drop surface, (g/cm?),
and co(r,t) = same as c above but at the drop

surface, (g/cm3).
The inclusion of the bulk vapor and heat diffusion equations,
and the droplet heat transfer equation yielded the relation-

ship:
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[(with the incorporation of a correction noted by Zung (1967, b,
P. 3579)], where n = droplet density in the cloud, (No./cm3),
and V2 = the Laplacian operator. Equation (2.5.2) was not
solved until a linearizing assumption was applied to the
dimensionless form and its applicability was reduced to the
very early stages of evaporation i.e. small t and evaporation
of less than 20% of the mass of the droplets.

Milburn (1958) extended the previous model to
turbulent clouds, thereby relaxing assumption (3) above,
but retaining the first two. 1In addition, he assumed that
the evaporation of individual droplets was describable by
"quasistatic" or equilibrium-flow equations. The quasi-
static assumption implied that the transient terms had been
damped out, and the droplets were able to attain equilibrium
temperatures before saturation was reached. The inidividual
droplet evaporation was assumed to be governed by Equation
(2.5.1) which neglects the effect of turbulence since the
laminar boundary layer around the droplet was estimated
to be more than 2 orders of magnitude larger than the droplet
radius. "It may be argued . . . that diffusion in a tempera-
ture gradient is more accurately represented by an equation
in partial vapor pressures than by one in vapor concentra-

tion. At practical temperatures there is but little difference,
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however." (Milburn, 1958, p. 116). The diffusivities of
heat, momentum, and vapor were assumed to be the same.

The resulting unsolved equation was:

J’nanpnt)=(3a/2){§% ml/3n(m,r,t) }-{Ldm-m-n(m,r,t) +

C (rlt)—w(rlt)}l (2-5-3)
where;
= 9 _ o2
= == — Kv°,
n(m,r,t) = number density of droplets in a unit

mass interval at (r,t),

K = turbulent diffusivity, (cm2/sec),

o = (31D <4—§p—w>1/3, (*/cm)

o]

c(r,t) + fgm m n(m,r,t), (g/cm3).

and Y(r,t)

Okuyama and Zung (1967) noted that Maxwell's derivation for
the stationary evaporation of a spherical drop in a
motionless media has the form:

c =C

= S =
QM — -?D_" (2.5'4)
where;

QM = Maxwell rate of evaporation per drop

per unit surface, (g/sec-cm2-drop),
cg = saturated vapor concentration at the

drop surface, (g/cm3),
c, = vapor concentration at an infinite

distance from the drop, (g/cm3),
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molecular diffusion coefficient of the

D =
vapor in air, (cmz/sec),
and a = droplet radius, (cm).

"Equation (2.5.4) is valid only for drops larger than 10"2 cm
radius (200u diameter), becomes less accurate for smaller
drops, and includes only properties of the vap<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>