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" ABSTRACT ~

This dissertation presents the study of the problem of
turbulent heat and mass transfer from a Wavy water surface
induced by wind. Two approaches are used for the calculation

of the heat and mass transter coetfcients.

‘ In the tirst app'roach,' the mathematical model is deve-
loped on the basis ola hypothetically smooth Sur'race. The pre-
dicted transter coeflicients are then modified to include surtace
with wind-incluced waves using a correlation deduced Irom the
energy or the diffusion equation. The heat and mass transfer =
Stanton Numbers are compared with available field data and

satisfactory agreement is obtained.

In the second approach, both analytical ax;d experimental
studies are carried out on 2 wavy water surface which is genez;gted
in the air-water tunnel. The air-water tunnel has been designed
and ‘built specially for this study. It has a long and smooth entrance
section so that a reasonably well developed mean air velocity .
profile can be produced prior to its encounter ol the water surface.
The air flow rate, temperature and relative humidity in the test

section can also be controlled.

The experimental study involves measuring the fetch,
wave amplitude, mean air velocity profile and dry-bulb as well

!
“
as wet-bulb temperature protiles. A technique is developed to i~
measure the wave amplitude. Also a multiple fanction measuring
probe is built to measure the mean air velocity profile and the

temperature profiles simultaneously.
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The mathematical model for the analytical study is

deduced Irom the energy and the dzmsmn equat:ons Similarity

critera for fow system ha.vmg a rrce water surra.cc are given.

The influence of retch on various tlow parameters such as shear
velocity and dynamic roughness are included in the model

For these purposes, the relatxonshxps between 2 the tetch and
various fow parameters have been deduced from the experimental

data obtained in the aixr-water tunnel.

Comparison between theory and experiment is made and
close agreements between the predicted and the measured tempé-
rature as well as specitic humidity profiles are obtained. The
predicted Stanton Number is also found in good agreement with

available field data.
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CHAPTER |

INTRODUCTION

The mechanisms of turbulent heat, mass and momentum
transfer from a water surface to atmosphere have been studied by many

(1,2,3)*

investigators since the early part of the nineteeﬂth century.
These studies ipvolved the measurements or the vertical distribution of
temperature, humidity and wind velocity over lakes, water reservolrs
and oceans. (1,2,3) They aldo involved the measurement of the daily

} .

. 2,3 ’

evaporation rates from’lakes and reservo‘xrs( ~'.) These data are of
great importance or the understanding of the exchange of heat and

water vapour between ocean and atmosphere. They also enable engineers

to develop means to predict water losses from various water bodies.

In recent years, interest in air-water intéraction has been
heightened by the increasing demand for large thermal or nuclear power
plants.(4) These power plants can usually be most economically
operated by using once-through cooling systems to dissipate the waste
heat. In such a system, the cooling water is taken from a nearby river,
lake or reservoir, passed through the condenser and returned to the "
source. The iz.eat carried by the cooling water will contribute to
physical and biological changes in the receiving water body. These
changes may be detrimental as it will raise the temperature of the water
body- i

1t is known that the water temperature plays a triple role in
arfecting the rate of oxidation ot pollutants, the capacity of water to hold
oxygen in solution and the rate or reaeration ot water. As water provides

’

3 . . . .
*  Number.in bracket indicates the reference in Appendix AT.



the environment for many species ol organisms, the changes in
temperature, chemical content larger than those normally j
experienécd. can aftect the normal growth and reprod'uction..or the
organisms. Because of the potential impact on the quality of water ‘
bodies, a'great deal of research has been conducted to study the
problem of therrnal discharge in waterways so that the degree and
extent of altected reaches can be detemgd.(s) . One of the

main goals is to predict changes in the water temperature due to
such thermal discharge. To date most of the studies use the energy

budget approach which requires the estimation of the rates ol heat

and mass transfer at the air-water interliace.

There are many formulae available for the evalpation of the
rates of heat and mass transfer -n@m a water surface. Comparisons
between the estimated results based c-m some of these Tormulae and
the.actual measurements indicate(z'?’i) that the estimated evaporation
rates are subject to large errors, possibly much r\;zore than ZPO% in
some cases. I.n addition, the accuracy orf the formula varies with the
surrace and the ambient conditions under which it is applied. One
possible reason behind the poor 'estizna.t‘%:hat the development of
the rorrmula in general, relies heavily on experimental measure-

ments. Consequently, a formula which is suitable for one site may not

be valid for other locations where the surface and the ambient conditions

-~

‘are dirferent.

The purpose ot the present study is to propose a method for
the estimation of the rates ot heat and mass transfer rrém a water
surface. In contrasj: with the dev_eloprnent of existing formulae, the
ma.themg.ti.cal models for turbulent heat and mass transiexr used in

e

S



the present study have been deduced rrom the general energy and

;" the genera.l derusmn equatmns The results, therefore, are not’

limited to the given body of water on which the investigation was ~

" made. Two approa:che's are used in the present study.

In the Hrst a.pl;roach, the theory is developed on the bdsis
of a large body orwa.ter. To facilitate reaching a solution, the
mathernatical model is simplified by restricting the ana.lysis to a
hypothetical smooth surface. The result is then extended to account
ror the wind-induced wave based on a tunctional relationship between
the heat or mass transfer coellicient and the drag coetficient. The.
d;arivation of the functional relationship among the coefficients and
the formula for estimating the drag coetlicient over a wavy water

-

surface are also presented.
=

In the second approach, the studies are carned out on a
wavy water surface induced in an envxronmenta.lly controlled wind
tunnel. Both an ana.lytmal study and experimental invéstigation ‘
are made. The mathematzca.l model ditfers rrom the previous one
in that it deals with a wavy water surface directly. It also takes into
sccount.the variation of low parameters with fetch such as the
shear velocity and the dynamic roughness. Comparisons of theory

and experiment are made to verify the vahdlty ol the mathematxcal

model. .

-

In addition, the analytical results are compared with the
field measurements cited in various literature sources. DBased on
these comparisons, the applicability a'nd the limitation of the theory

are discussed.
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CHAPTER 2 .

LITERATURE SURVEY

2.1 Velodity Profiles

In the theoretical study of turbulent heat and mass transter
from a large body of water, accurate determinations of the wind pro-
file in the surtace boundary layer are essential. The surface boundary

laver, extending to not more than 100 m above the earth surface, 1is

the lowest air flow region in the atmosphere. In this region the effect

of the earth's rotation, Coriolis force, may be disregarded in compa-
N ;

N ; T
rison with effects whicli@Tise from the surface 1tselr( ). It the tempe-
. »

rature gradient in the region concerned is alsc small, the Aow

structure of the wind is quite similar to that found in laboratory expe--
: 7.8 :

fiments on turbulent fow over a plane suri:a.ce( ). Accordingly,

the shear stress =+ in the direction ofmean wind x, may be related

to the time-averaged parameters of the velocity field by the equation

p‘r—- = ey aa—u'y_ + (-utvt ) ' ' (2'1).

-

—————

The term u'v! is the time-averaged value of the product of the

fluctuating velocity components in x and y directions. and may
be expressed through the concept of the eddy dirrusivity of momentun

.., b tl"1 ati
EM y the equation \

ou

—
ulvl - - E

, (2.2)
M ay .
Hence EQq. (2.1} can be rewritten as
T 2w :
—— = + (2'3)
. (v + £y Sy |
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+ varies from a maximum at the surlace to zero somewhere in the

main stream. However, in the region not too far from the wall

where most velocity change takes place + will not vary markedly
from its’ wall value o \9). Then Eq. (2.3) may be approximately

written as,

o . Ly e
. % (v + gy 5y (2.4)
2.1..1 .Smooth Surface _ Y

. ™ '

To deduce 2 possible form Ior the turbulent velocity
profile frrom Eq. (2.4), one has to know the relation between 51\;1
and the mean flow parameters. Many expressions for g .. have

(10)

been proposed(g). The one p:@osed by Reichardt takes the

Torm . v

c ) o -1
_34_= ((1+0.4y1) ' 7—1-8- ) [exp (- 1)+(0-33Y+ -f)exp (-0-33y )] -1

(2.5)

\The corresponding velocity profile is
vt

= 2.5 g0 (1+0.4yt) + 7.8 [1-exp (-]~ (1111) exp (-0.33yT)] for y+ 20

_ | (2.6)-
These equations were o’riginally develqped for Tully developed
turbulent flow over a smooth surface. It has been shown that with
proper modification on y it also works for developing tu;'bx_:lent dow
in pipes(s) and in a.nm:le.(11 12). E‘urthermore, these equations have
the virtue of providing continuity throughout the region of laminar
sublayer where momentum is transferred virtually by molecular

process into the region of turbulent core where turbulence dominates



. wind profiles obtained both'in rield

-6 -

the mechanism of momentum transfer. This continuity character-
istic is preferable because the limits of these regions distinguished
by different momentum transler processes are not well defined.

’ C

2.1.2  Rough Surface

For a water surface subjected to wind, the formation ol

waves can cause the suriace to be roughened with moving protuber-

ances. These protuberances are ditferent in size as well.as in
shape and subjected to continuous and irregular changes. The Heights
of the waves are likely large enough-to penetrate into the region of
turbulent core. As a result, the flow may be turbulent starting from
a reference dist-a.nce below the wave cresté(T). "Under ‘;his condi-tion.,

Eq. (2.4) becomnes

T o au | -
- — - —— - (2. .,)
o M a3y
Applying either Prandtl's mixing length hypothes:ls.or von Karrnan's

similarity, hypothesis (9) the following expression for the velocity
distribution or wind over a wavy water surface can be deduced Irom

£g. (2.7)

-SRI S (2.8)
1 . Kk z
. T Q

where z is known as the roughness length or the dynammic

© (1,7,8).

roughness The validity of Eq. (2.8) has been investigated

by numerous researchers by comparing Eq. (2.8) with the measured
(1,3, 13,14, 15) ) '
: and in labo-

ra.tozjy(i.s’ 17_’ 18,19) A large number of the measured wind proiiles

‘ over the ocean obtained before 1962 was collected and reviewed by

1 .
Roll( ). He reported that the vertical profile of meah wind speed

+*~ ~

»



over .the sea surrace is close to logarithmic it thermal stratification

- is absent. Similar conclusions were also reported by the researchers

‘ .o {15
in the- USSR( ) based upon a large quantity ol protiles measured in

the -].ov}ér atmosphere over large reservoirs. Furthermore, extensive
measurements or wie'd profiles over the ocean were made by Ruggles( t3)
in recent; yearé . * Inhis study. 2 total or 299 proiiles were collected
over a period of two years. Each profile is based on wind speeds
measured simultaneously from 4 - § anemometer stations. An exami-
nation of these profiles indicate that only 13% of the 299 profiles do not
tollow the logarithmic relationship. Of that 13 % as reported by
Ruggles(is) moze than half of the cases were discarded on valid phy-
sical greunds. Therefore better than 30% of the 299 measured pro-’
files were logarithmic. A similar study was also made by Marciano
and Harbe'ck(3). Based epon the analysis of 23000 individual wind

proliles measured over Lake Hemer, they found that wind speed varied

logarithmically with height between 2 and 8 meters, within the limits

ascribable to instrument;l error, regardless of stability variations. _\_ 7:‘

{
The logarithmic yelocity profile as defined by Eq. (2-8) has

also been found to be valid over the wavy water surlaces generated in

(16y (17)

1
laboratories by Wu Sibul, Shemdin( 8) and Chambers et al. (1 9)

(16)

Wu's measurements were conducted over 2 water surface with
wind -gererated waves. His results clearly show that the mean wind
velocity vanes lmearly with the logarithmic height. Slbu.l( ) mea-
sured the wind proﬂle s over wa.vy water with different depths. Again

the logarithrn'ic préﬁles_were obhserved.
Yy ) .

(18

* . -Sherndin ) has studied the wind velocity over watler
surraces with \:v'md-genera.ted waves and with combination of wind and,

mechanically generated waves. His study indicates that the presence
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ot the wave will arrect the velocity measurements in the rollowing

. two ways. First, it causes the velocity measuring instrument to

shift streamlines coﬁtinuously ir the instrument is stationary with
respect to the ground. Second, it creates the wave-induced per-
turbation in the air velocity. The iniluence ofwaves is seen to
become small at a distance a.ppr.oximately three wave amplitudes

(19)

above the mean water surface. Chambers et. al. have mea-
sured the mean wind profile under diabatic conditions with an air-
water temperature difference ranging from -4% to 16° ¢. The
results show that the mean wind protile follows the logarithmic
iaw much closer at higher wind speeds than at lower wind speeds.
Based on their results, however, even at low wind speed, the

deviation from the logarithmic wind profile is no more than 3%
- Y

of the corresponding value specitied by the logarithmic law.
2.2 Dynamic Roughness

The logarithmic velocity préﬂle consists of two para-
meters; & shear velocity u_ and a dynamic roughness z
Although the numerical value of zo can be ea_sily evaluated, the
physical interpretation of z, is not yet clear. Based upon th(ei)

mean wind profile measurements over the sea surface, Roll

suggests that z  car be expressed in terms of shear velocity as

A = \)/(2.111) (ch)
o T

This equation implies that z ~decreases as U increases. In

20 ' .
contradiction to Eq. (2.9), Charnock( ) proposes that 2:0 1s
directly proportional to the square of u_, thus

2
z = b uwu /g _ (2.10)
o T

0)

2 .
Here b is a constant factor. Charnock's( expression IOT z
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(1)

appears to be more realistic than that of Roll The increase

in Z with u_  can be observed trom the logarithmic velocity

prorile. As indicated by Eq. (2.8), for 2 constant u, the shear

velocity is directly proportional to the dynamic roughness.

>
Eqg. (2.10) has been confirmed by Wu( !

who suggests
that the values of 0.0112 and 0.0136 may be assigned to the
constant in Eq. (2. 10) under laboratory and atmospheric conditions
respectively. On the other hand, Kitaigorodskil et. a.l( 2) believe
that such a constant does not exist. Since the conclusions of the
investigators are based on the measured wind prorles obtained by
many researchers, the disagreement can hardly be attributed to
the imperfection of these measured wind profiles. Thus the
functional relationship between z and u_l_ has not yet been

satisractorily specitied but needs further study. This problem

will therefore be discussed in Chapter 5.

2.3 Drag Coefficient < Lo

The second paranzxeter in thelogarithmic velocity proiile

is the shear velocity u . Itis desirable to discuss this parameter

in terms of the Iriction tactor or the drag coetficient ¢, delined as
: 1

T u 2
< —) (2. 11)

2 .
2pu. i
1
where the subscript i denotes a certain reference distance above

the mean water level.

There are direct and indirect methods developed rfor the
estxmatwn of the drag coefficient at an air-water intertace. These

methods are known as the eddy correlation method, the profile
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method, the surface tilt method and the integral method.

The eddy correldtion method involves the measurement

of u'v' . Here u'v' is the time-averaged product of the

fluctuating velocity components in x and y directions. This

7"\
(23) .
over a smooth surface

quantity was measured Dy Reichardt
in a wind tunnel. The smooth suriace is the bottom of the rectan-
gular test section 1 m wide and 0.24 m high. ‘gé results are

reproduced in Fig. (2. 1). For comparison, the linéar distribution

or { /p) which was obtained from the measured pressure distri-

bution is also shown in this fgure. It is clearly seen trom the

diagram that the - u'v' and the T/, curves nearly coincide over

the major portion of the height of the test section. Therefore, if

the distribution of - u'v' can be measured over a wavy water
surface, the shear stress distribution can also be obtained by

fitting the data measured in the region away from the MWL with

a straight line. Overa solid boundary the measurement of -utv!
can be easily made using 2 hot wire anemometer with a hot-wire
X-probe. Over a wavy water surface, however, the spray ol water

may markedly increase the dirficulty in such a measurement.

The profile method is based on the logarithmic velocity

profile which can be rewritten as

u

-

w o= T oan (y) F L (Z) (2. 12)
where. fi(zo)- = in 2%,

The two-variables u and z, rhay be evaluated by fitting the
rmeasured velocities with the curve defined by Eq. (2.12).

There are fundamental dirficulties inherent in this method.
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One of them is the validity ot Eq. (2.12) in the region close to the
_wall. The other dirficulty arises from the estimation of two un-

wnowns from a single equation i.e. Eq. (2.12). Regardless of

thes.e dirficulties, however, this method is still the most popular

method and is widely used.

The accuracy of this method has been checked against

(24)

the eddy correlation method over oceans and lakes by Miyvake et al

(25)

and Elder et. al. Mivake et.al. measured the quantity ol

vt /Adwell as the mean wind velocity protiles over the ocean.

Tﬂey potted that the averaged drag coefficients based on the
profile and the \eddy correlation methods were 0.00226 and 0.00218

respectively. ThReditference in the results is less than 4% and

is well within the experime talérors.
‘—\___/"—’
(25) :
. Elder et.al. conducted wind profile and --u'v!

measurements over Lake Michigan. The Yesults also indicated

that the two methods were compatible.

Under steady state conditions, Keulegan(26) shows that it
is possible to express the turbulent shear stress in terms of the
surface slope of a given body oI water. This is known as the
surface tilt method.' The accuracy of the method primarily depends
on the accuracy achieved in t.he measurement of the surface slope
and the depth of water. Consequently, this method may offer
severe ditrficulties when it is applied in laboratory especially when

waves are present. - -

Drag coelficient can also be evaluated based on the

7)

momentum integral equation the calculation of the drag coefticlient
depends mainly upon the velogity profile. The measurement oI the velocity
proile as discussed in Section 2.1.2, is likely to be inaccurate in

. the region up to approximately three wave amplitudes above the MWL.

-~
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This error, in turn, may be multiplied in the calculation of the drag
coefticient trom the above equations.

The drag coeflicients calculated using this method were com-=
pared with that obtained by the profile method by Chambers et. al.“'g)
They found that the integral method, in general, underestimated the
drag coeflicient by about 30% in comparison with the profile method.

A comprehensive compilation of the measured drag coelli-
cients made up to the year ol 1962 was tabulated by Roll( i). This
table, together with some of the results measured in recent vears,

2 - 2 - =
is reproduced in Table (2. 1}.(10’ 17,21, 24 26,28-74)

A cursory
examination of the table reveals that not only is there an exceptionally
wide scattering in the results but their conclusions with regard to the

drag coemicient, wind speed and fetch are also ditrerent.

2.4 Thermal Stratification
(6)

For conditions of thermal stratification Monin and Obukhov

~
have suggested that the dimensionless velocity and temperature profiles \

should be universal munctions of the dimensionless height y/Q. In particular .

N kCppgu v
sy oam o4 Iy o r 2 . pr g() (2. 13)
i 2?u Q q Y t Q

-
i

where Q is a length incorporating the etTect of buoyancy and is defined by
o w3 '
Do Y

Cpt

- i

Kkgq

Since the Richardson Number (8) has long been used to

characterize the the rmal stratification, it can be expressed in terms of

2 as
g dt (L)
t
Ri = ¥ = Pr 2 ‘ (2. 14)
" (£2) g (3
Cdy S ¢

As neutral stratizication is approached, i.e. Ior q—-c(:/when y/e—=0,

the velocity profile should be the same 25 that defined by Eq. (2.8).
P
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It rollows'.that ¢(0) = 1. Therefore,

Ri = v/ ’ (2.15)
The above equation suggests tl'la.t the efrect of thermal stratification
decreases as the water surtace is approached. In other words, there

- .
is a region immediately above the water surface where the

. influence of thermal stratification can be neglected. The thickness

of the xregion varies #om several meters in the cases oIvery strong

(6).

instability or étabili_ty, to very large values under neutral stability
2
Based on the velocity profile measurement conducted by Marciano et. a.l.( )

this thickness should be about § meters.
2.5 Wind - Induced Waves

Wind blowing over a water suriface generates waves. The wave
height increases both with the wind velocity and with the retch. Here the
fetch represents the distance from the leading edge of the water to a
particular point downstream. This distance should modified by =2
correction factor for a water body having irregular boundary which
atfects the n.ormal growth of the wave. An empirical relationship among
the significant wave height which is derined as the average height of the
highest one-third o.r the waves, the wind speed and the retch has been

(75)

When these three parameters are expressed

(7

formulated by Wiegel

s . 5 .
in terms of two Froude Numbers, Wiegel ) shows that the logarithms

or the two Froude Numbers increase linearly with each other.

Observations on the wind -induced wave were made by Hidy and
Plate (76) ‘n an air-water tunnel. The tunnel was 0.61 m wide by 0.76 m
high with 2 plexiglass test section of about 12 m long. They reported
that the water surface was smooth till the wind ‘speed at about the center

of the tunnel Ly reached 3 m/sec. When LRy exceeded 3 m/sec, ripple

with a wavelength of 1 to 3 cm developed on the water surtace. The

higher the wind speed was, the closer to the leading edge of the_reservoir

was the vaeloped.
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2.6 Heat and Mass Transter
L
. v 4
The problem of heat and mass transfer from 2 water
surface to the atmosphere has been much studied both in the

laboratoryt T ) (2,3,79,80,81)

and in the field Emphasis
in these studies, in general, has been on the development of
the formulae for evaluating the rate of mass trans fer rather than
on the understanding of the mechanism of the trans fer phenomena.
As a resﬁlt, a number of empirical formulae for estimatinggthe
rate of evaporation have been deduced. - These formulae usually
take the form :

-

e = (- L&) (B P (2. 16)
where e is the evaporation rate; rl (w), :’2 (&) are fanctions of
wind speed and size of water body; on is the saturation vapour
pressure corresponding to water temperature and Pv is the

vapour pressure ofair at the same height where wind speed is

measured.

These empirical rormulae, in general,-are effective in
estimating the rate of evaporation from 2 body of water similar
to the one on which data have been obtained. However, when they

are applied to other conditions, serious errors can be expected.

. In order to develop a formula which is not limited to 2
. - (82,83,84,85)
certain condition, many researchers have attempted
to approach the p.roblem in 2 general way using the mass flux
equation or the diffusion equation as their bases. These approaches

are known as the aerodynamic approach and the diffusion method.

The aerodynamfc approach involves the conversion of

the mass fux equation

il
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r

- _ am . -
e go | 3y ) ) (2.17)

into a practical tormula for .estimating the rate of evapeoration.

One of the best known and most widely tested evaporation formula

. - R
is Thornthwaite and Holzman's rormula.,(s“') :

2
ok {u,—ui) (m,—-mi)
e = = = . '(2"18)

Ln (YZ/Yi)

where 2 u, and mi, m, are themean wind velocities and the
specific humidities ‘respectively at vy, and y, i K is von Karman's
constant. This equation has been tested against the measured

(3)

evaporation rate by Maxciano and Harbeck' '. They have concluded

that Eq. (2. 16) would give satislfactory results with proper instrua-

A\

Formulae which are derived using the aerodynamic -

mentation which is extremely ¢irficulty to set up in feld.

approach do not account for the infduence of the developing specific
humidity profile. Ifthese tormulae are used for the estimation of
the evaporation rate in the region near the leading edge of 2 given

body of water, consi{erable errors can be expected.

The effects of the developing specific humidity profile
on the rate of evaporation were considered by Sutton.(84) Jsing
a power law wind profile and 2 steady-state two-dimensional model
of dirtusion as the basis or his calculation, Sutton(sd"_) deduced an
expression Ior calculating the rate of e*_{aﬁorati'on over a smboth
surface. Later', Calder(ss) used a similar method and developed
an evaporation r'ormula for a rough surra.c‘e. I.n comparison with the

(79} (85)

actual measurements obtained from Lake Mead , Calder's

equation is found to overestimate the rate of evaporation considerably.

An extensive analysis was made by Kitaigorodskii and
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Volkov on the measured heat and humidity profiles over the

water surfaces. These profiles were collected from various

-

literature sources. In the analysis the heat and the mass transfer

Stanton Numbers, StI—I and StD werg\evaluated from the proliles.
These two dimenéionless‘\numb_ers are defined as follows:

’ Nu 9. .
St.. = = - . (2.19)
H Re Pr Cp g(tr to)ur

' “Sh e -
= —_— = 2.
Stp .- Re S_ o (m_-m )u ( .20)

r «0 T

An attempt was made to establish a.relationship between the two
Stanton Numbers and the mean fuid parameters other than the

rates ot heat and mass transfer. It was found that StH or StD
would appear to increase linearly with the logarithm of (z U INB P N~

3)

This conclusion was also reported by Mangarella. et. a.1 who -

carrxed out similar analysis based on their measurements in an

air-water tunnel.

6) 177, 78)

Both ]’:{'n:a.igorodskii_(8 and Mangarella assume

that th¢ two dimensionless numbers, StH and St re identical.

_This assumption implies that the Lewis aumber is unity, ~ This
f

conclusion appears to be valid based on the e*{penmental evxdence

: 7 .
obtained both in la.boratory(8 ) and in LHeld (86) .

~
.

2.7 Correlation of Laboratory Data Ior Field Application
Studies on the problems of heat and mass transfer over

a water surface are olten made under laboratory conditions. In

order to generalize the result under atmospheric conditions, the

model used in laboratory should be in geometrical, kinematic and
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dynamical similarities with the prototype. The geometrical and
the kinematic si.milarit_ies are not too difficult to achieve, but the
dynamical similarity, based on Froude Number and Reynolds

Number may be impossible to obtainy Therefore one | has to seek
a certain empirical correlation to gcnerahze the laboratory data

ror field application.

(88

It has been shown by Wu ) that for drag coefficients

the Froude Number defined as '

i — | 3

can be used to correlate the laboratory an}grtim}m’:ld data. To use
this correlation, he rarther suggests that umerical values of
V. for laboratory and field should be 10 cm and 10 m respectively.
The numerical values selected for Y. do not appear to have any

physical meaning. The validity of the correlation will be discussed

in Chapter 5.
(75,76)

For heat and mass transfer an attempt was made

to correlate the Stanton Numbers obtained under laboratory as well

“as atmospheric conditions to the dimensionless gquantity (zou /v):

To check the validity of the correlation, the Stanton Numbers obtained

in laboratory were compared with those obtained in oceans on the

. {(77,78)
basis of equal (zou /v) by Mangarell et. al . It was found

that the agreement between the laboratory and the field results

was quite good as long as z u_ /v was greater than 1. For A

ZOU- /v less than u.mtv however, the field data might be 2s

much as 10 times lower than the laboratory Stanton number.
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2.8 Summary -

Based upon the above review the tollowing conclusions e

may be made :

’ 1) For a smooth water surrface the vertical distribution of wind

- | speed under fully developed How conditions,.can be satisfact--

10
orily expressed by Rei.cha.rdt‘s( ) velocity profle defined
by Eq. (2.6)

2) For a wavy water surface, under neutral stable condition,

~ the vertical distribution of wind speed can be satistactorily

expressed by the logarithmic velocity profile defined by

i

!

3

1 ] Eqg. (2.8); —

's 7

i 3) For a wavy water suriface, the drag coetlicients may be
v

} satisfactorily estimated by ®ither the profile or the eddy

i ) correlé.tion method.

«

l 4} Further studies are required to establish a relationship

among drag coetXclent, dynamic roughness and other

fuid parameters such as me2n wind speed, wave amplitude

retch.

5) Further studies are required to develop rorrnulae for the

estlma.txon ol the rates of hea.t and mass tra.nsrer
. ’ The derwatzon or these formulae should be based on the

theoretical considerations rather tha.n the experimental
{ .

B . measurements. .
¢ ) Further studies are requ:.red to establish a correlation for
. the generalization of the laboratory data for application under

atmospheric conditions.
Thus in this study, errorts w;.ll be made to seek solutxons
to the problems outlined in the last three Items.

S . .
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CHAPTER 3

. ( ANALYSIS
3.1 Basic Equations

b When wind blows over a water surlace, heat and mass

are transported to and from the suriace by turbulent convection.

The mechanisms of these transler processes are governed by the

i
general energy and the general diffusion equations. These eqiéa-

tions can be derived from the corresponding equations Iox laminar

(89)

flow using the procedu're initiated by Reynolds

involves replacing all the individual parameters such as tempera-

ture by the sum of a time -averaged value and its fluctuating compo-

nent and time averaging each term in the resultant equations. In
cartesian coordinates with x and y in the directiong ol down
wind and perpendicular to the surface these equations with no
internzl heat generation, no Dufour- nor Soret effects and no

chemical reactions can be written as follows :

Energy equation,

oDi | R Ry 2 y 2E) #R(n2y - B 5 -~ 2%
e e a7 oy Moy ez sz ') g5 277 De
(B TlEE tes
. pcp [ RUE 42 4 2y (3-1)
ax Y 3z
Dirfusion equation )
Dm _ o am 2 am, 4 D am ., . _
'Ds G 1P ax 13y ey az(Bﬁaz)l
/
- _[ au'm!’ +av:m: + awim! ] (3’2)

g x 3y 3z

This procedure

Q::i
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which are the energy and dirtusion equations written in terms ol
time-averaged values , but with the adgiitiorl oY the extra terms in
the bracket on thesright-hand side. These terms, involving the
fuctuating compongnts indicated by the "primes", represent the
transter heat and mass by turbulent convection. In these two
equations, the notation D/Dg is the substantial derivative, &.1s

the dissipation function and P is the tizne-averaged pressure.

(90)
It can be shown that air can be treated as incompres sible -

it the Mach Number is much less than 0.5. Under this condition’

the term TI?)I_E- can be replaced by
Di Dt 1 DP )
= = = + — = 3.
De °? 5s " =7 Ds (3-3)

It also can be shown that the dissipation runction depends not only on

(%)

the velocity but also on the Prandtl number For air, where the
Prandtl number is about 0.7, the velocity must approach to the speed
of sound, Mach Number =1, berore & is significant. Since the
Mach Number corresponding to thé range of wind speeds under

consideration isless than 0.05, % can be neglected. Furthermore,

i¥ steady-state condition are also assumed, Eda. (3.1) and (3. 2) can

now be written as : f

Energy equation ,

-

2 2 2
=L at 2t =,\§_g,ig,_a_t . au't! | avitt  awit!
sCp [ 2k +v B w B R 0 [ 5y ]

X 3y 32
(3. 4)

Dirfusion equation

3x 2 * oY 0z

ax 3}y 32
(3.5)

' SR 2 2 : —
o = +v-aa-"—;‘-+w3£=e[3-—’25+-3—’—‘;+L11;]-[3;‘m+6v‘m'+awm]
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The terms in the 1irst bracket on

the right hand side represent the

heat fluxes or mass tluxes caused by conduction, whereas the

second brdcket represents those ca

The corresponding terms in these t

used by turbulent Auctuations.

wo brackets can be combined

by introducing the concept of eddy difmsivities 1or heat or mass.

These eddy ditfusivities are defined as >

Eddy dittusivities for heat,

m - B st -:-t:
vie = - *Hy '2_;
Wit = ) 8.E—Iz %%-
.E‘ddy _cii'r:.‘usivities for mass, § Dx
wmt = -gp g_;:_
vim't = - EDY E_E;_
| Wi = " ipe ﬁa_r;_l

~

-

Cux’ fmy' Hz

kY
2

» 'E DY, SDZ

(3.7)

Substituting Eq. (3.6) into Eq. (3.4); E4. (3.7) into Eq. (3.5), we

have the following equations :

Energy equation

-

at gt .3t _ 3 (A at | 3 Y
B TV Ay TV ez ex (Ccp T fux ax Ty Zp Thy oy
Y S At
+ 3z sCp T EHZ) 5z (3.8)
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Ditfusion equation

am  am am a am | 3 am
u
ax T Vay o az e B+ epe 3% Ty T Epy) By
/ .
- " am -
s 28t ep,) 3 (3.9)

The velocity components are related by the equation of continuity

(93]

3__§__a__0 . (

= . 10)
ax ay dz

3.2 Physical Model and Assumptions

The physical model consists ofa large water suriace which
interacts with the turbulent wind.# In Cartesian coordinates, the
water surface’is defined by the x and z axes with the x axis along
the direction of the wind. The y axis is the vertical distance normal

to the water surifzce.

The governing equations Ior predicting the temperature and
the specific humidity profiles have been derived, based on the rollowing

assumptions : .

(1) Incompressible, steady, constant-property turbulent

boundary layer fdow is assumed.
-

(2) The hydrodynamic-boundary layer is leading the thermal and’

il !

specific humidity boundary layer.

(3) The governing equations can be simplified by means oI the

boundary layer concept for large Reynolds number.

w4



3.3 Boundary Layer Approximations

Egs. (3.8) and (3.9) are so involved that a simplitication
is necessary in order to obtain solutions. Such simplification can
be made by retaining only the dominant terms which are identified

by estimating the order ol magnitude of various terms inthe equations.

Ir.such a simplitication is based on the concept of the
thin boundary layer,.it is known as the bourdary layef approxima-
tions. The thickness of boundary layer is defined as the vertical
distance where the velocity transition from zero at the mean water
level to a certain reference value u_ ta.-kes place. . This thickness
increases with x till a reference distance x_ is reached where
the thickness of boundary layer becomes constant. This reference
distance x_ is assumed to be very large in comparison with the

boundary layer thickness.

The solutions obtaiﬁed from the equations which are

simplified by using the boundary layer approximations, are asymptotic

: 1
a.nd/apfﬂ\y"to very large Reynolds N1.1_n‘11:>ers(9 ). Eqgs. (3.8), (3.9)

- -\-.._
and (3.10) are simplified by using the boundary layer approximations

it Appendix (A.1).” The resultant equations which contain only the’

dominant terms are as follows :

Energy equation

N ot 2t . ot
s w VL [letey) o] (3. 11)
whe:;e e = }‘/pCp

Dirfasion equation

ooz
ox

u v

) i;—n] (3.12)



Continuity equation

a.l. ES il"._ = O . - 1-\
3x 3y (3. 13)

- A

3.4 Eguations of Heat Flux and Mass Flux

. Eqs. {3.11), (3.12) and (3.13) are the encrgy, the diffusion
and the continuity equations of the boundary layer. These equations
permit the detailed distribution of temperature and specific humidity
within the boundary layers to be predicted analytically or numerica.lly.\
Based on temperature and specific humidity distribution, the local l‘

heat or mass tlux can be evaluated by, the equations :

Heat Flux at \
q = -pcp (e *+ €4 &7 (3. 14)
Mass Flux dm
. = - A 3 e 3.1
e L-ele tep) Gy (3.15)

3.5 Methods of Solution / : L
Egs. {3.11), (3.12) and (3.13) will be solved using two

different approaches. The first approach which does not consider -

the effects of the wind-generated wave on the motion of air may be

called the smooth-wa.vy surface analogy approach(gz). It calculates -

the transfef coefficients based on 2 hypothetlca.l smooth surface

modél from the governing edquations. The result will then extend to

the wavy surface using a correlation function which depends upon

the drag coeflicients IoT both the smooth and the wavy surfaces.

This appfoach has been used in the studies of the heat transfer

characteristics of tubes and other passages with rough surfaces
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to avoid considering the extremely complicated tlow conditions

{93,94,95)

caused by the surface roughness. The investigations

were concerned with sand-roughned walls (94) as well as with
walls having discrete roughness elements like grooves oT ridges(.gs)
A sigxilar concept is also used ror the pressure drop prediction in
two-phase fuid Ilow.(96)

The second approach is referred to as the semi-empirical
approach. It solves both energy and dirfusion equations directly
for air over a wavy water surlface. The actual flow conditions in
terms ot the dynamic roughness are introduced into the governing '

equations based on the results deduced from the measurements

obtained in a laboratory air-water tunnel, or in lields.

3.5.1 Methodl - Smooth - Wavy Surface Analogy Approach

Consider a stream of turbulent air moving over 2
hypothetically smooth water surtace. Since the hydrodynamic
boundary layer is likely to be rully developed before it reaches the

edge of the water surface, Eags. (3. 11) and (3. 12) become

2 - E— (e ot 3.16
u % 2y L EH) 3y A . ( )
am. 2 . e (3.17)
1 a-_ ay [(5 ' ED) . ay ]
where £ u and ED are eddy difrusivities for heat and mass

transfer, respectively. Now Egs. (3.16) and (3. 17) can be written
in dirkn'sionless form as

1)
u+ Qs = _B_.+ SEt)

2F ©(3.18
axt Y ( )

ay™
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+ S
where woo= owu_ 3oy = ye /v x = xu /v
T = uo—t)/ uo—tr). Ni=un0-nﬂ/(nw-rng
and also
(a) Fo= T and
) 1 fy (3. 19)
- g = D t —
t Pr !
for the energgequation
{b) T = M and
£
i D
= — | — . 3.20
E’t Sc + " (3 )

m
-

tor the mass diffusion equation.
Both Pr and S¢ are assumed to be constant since Pr varies.irom 0.72

87
at 32 F to 0.71 at 300F and Le is close to u.nity.( )

3.5.1.1 Solution ot Energy and Diffusion Equations : .

The appropriate boundary conditions to be considered here are:

y+ = O‘ : ut /:’ 0 - T

M

"

]
n

o

-—

YT._—Q H u-

-—u+; T

M=F=1
r .

.In order to solve Eq. (3. 18) a rather standard explicit tinite diffe-
rences technique was used. The method used is that or DuFort-
7
Frankel (97) type which is known to be one of the most direct and

sta.bie methods.

The flow field was divided into 2 nodal network of small
t +
increments axT and AY as shown in Fig. (3.1). The corres-

ponding DuFort-Frenkel type finite difference approximations IoT

' Eq. (3.18) are :



where A, = (gt + E’t Y/ 2(avt)

t t.
j j-1
+
ui Al AZ
A = - + +
3 2( ax™) 2 2
-+ A A ’
A 5 , ! 2
- b — o ———
T 2(ax™) 2 z

The necessary starting.data ror Eq. (3.21) are provided

by the ordinary explicit fnite dirference equation 2s Iollows:

+

J(BE Y 4 fril BEL 4 sa
Fiet, (u-i-)’lFi.,j-&-i'[ o (A #80TF
. ] .

& {(3.22)

+ (YA 7 '
+ 2 7i,5-1
.
j

Betore the numerical calculation can be performed, both
the velocity profile and the eddy dirfusivity for momentum, heat and
mass have.to be specified. For the ec’iz\(dirrusivity for mor‘nentum ‘
and hence, the velocity protle, the c}:.:oice is straightforward.

(23

The expressions derived by Reichardt ) armong many others as

. (23,98-104) . .
shown in Table (3. 1) can be used with confidence since
they have been verified by experimental data Ior various flow

11,12
passages. (8,11, 12) it should be pointed out that, a single equation
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tor Ent and the corresponding velocity profile have also been pro-,

(104)

posed by Spalding. “These cquations also have the virtue ol
providing continuity throughout the entire flow regime. Since both
ve],.ocity profiles rit the available experimental velocity data
equally well, Reichardt's(zs) expressions are preferable for the

reason of algebraic simplicity. These expressions for the ecfciy

dirfusivity of momentum and its corresponding velocity profile are:

-1

& : LL-1 7.8 + ;
DM oL ofn 0.4yt (55 [exp (<) 4(0.337-1) exp(-0:33y )] -
v , 11 ]
: . + . {2.9)
wt =2.5 2, (1+0.4y ) +7.8 [ 1 —exp ( --‘-’1—1)
: - g . (2.6)
-(‘E)exp(-o.33y7")] ror v+ » 0

The three eddy diftusivities are related to each other in terms of

& .
turbulent Prandtl number, I-"rt , turbulent Schmidt number, Sct'
and the turbulent Lewis number L e, as rollows

= )
Pl:t M

— . (3.23)

Le = .
t .

Since both theoretical considerations and experimental evidence

= (87)

appear to indicate that I.aet has 2 value of unity, approximately

Eq. {3.23) can be rewritten as

(3.24)
t
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' data orf Blom

Exper_imenta:l results have shown that Prt is*a tunction or the

. 106 .
distance from the wa.ll( ). However, for heat transfer in flow

L . N 87
of 2ir in tube or over'a solid wall, constant values ot 1( )

0. 9( 10T and 0.8(1 5) for Prt have been used and satisractor?y
agreements with measured results have been reported. Since it .
appears that no satisfactory agreement between the lxt;lts
obtained by various investigators can be reached, in @his\study

both the constant and the variable 13::t will be used. The corres-

ponding eddy Iirtusivities ol heat and mass are

W .- =

e - D - 1
Exe O -7
M €M
.. £ £ £ + +2 '
(i)  “H _ D M 3457 40.01802y - 0.000056y  (3.25)
v AV, N .
- 0.73462 tny ) for y+ s 100
£
. = M .for v+ > 100
A"

The correction ractor in (ii) was obtained by fitting the experimental
(108) ror yt up to 100 by the least squares approxima-
tion. In the region where yt is greater than 100 since Blom's data
shows that EH/EM is about 1 till yT reaches about 500; and then

it scatters widely with vT, EI-I/EM is taken to be unity throughout

this region., r_ : -

3.5.1.2 bfumeri.cal Procedure
T};'xe appropriate finite ditference auproximations for the
| - =

velocity pro'ﬂle and the eddy diffusivity can then be written as

roliows :

\
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~x <
. - 30 - .
r
1 ' ' v+
+ _ P i
ot o= 2.::1n(1+0.-}\_r_j)+t.8[i-exp(‘ 1 )
| B +
- 7 ax T
-(—-i)e:cp { -0.33y. )0 (3.26)
j0-
/ Lo
[N YT
_ -1 RPN-JNE S 7.8 . i
£, = Pr {0 Ey ) T ) Texp ( =377 )
J
- + - wn -1
+(0.33y, - 1) exp( - 0.33 v.)1} -1
] 1-

Eas. (3.2%), (2.22), (3-25), (3.:26) and (3.27) are the
complete set of finite ditterence e.quations. To\generate results
Eqg. (3.22) /requires Fts rrom only one x+ location. Thus, the
i.nip_ia.]. ¥ distribution, F = 0 at water su;ra.ce; F=1at y+ > 0,

is surficient to start the computation. After four complete columns

or F's were calculated, Eq. (3.21) was then used for further

computation.

In the above equations AYI is the vertical distance of the

nodal point immedia.te.ly above the wdter surface. The program was

. + )
executed with various values of BY ¢ ranging from 1 to 250 and

- their corresponding F's ata particular nodal point were plotted

against the ,:;y':. Fig. (3.2) shows that as long as AYI is less

than 3, the solution is not, sensitive to the numerical values of

- S+
AY-:- The proper value o1l Ay, Wwas therefore selected 2s i

Axt was selected to be 5. The calculated F based on the two

expressions for the eddy ditfusivities for momentum are plotted in

P
-1 _ -
For mass transfer PrT #s replaced by Sc

’
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Fig..(3.3) for different x¥. Itis seen that the agreement between

- the calculated F based on the two C'M's is excellent. Hence, for

[
1

the .sake of simplicity the\assumption of equal eddy dirfasivities will

be adopted in the-study.

w

.5.1.3 Heat and Mass Transfer Coerticients for a Swmooth
Water Surface. /_‘\

The transrer cpeﬂicients hH and hD for a smooth water

surtace are calculated b:y the fdux equa.ti.c;ns, Eqs. (3.14) and (3.15).

In terms of —aF— , the transter coetficients are:
YT ytog
h h a )
H o Doy 2E (3-28)
A pB v YT yT=0 :
The evaluation of -az- ] from the dimensionless temperature
YT y+: 0 ( !

or spe;iﬁed hurmnidity is given in Appendix (A. 2.'1). Substituting the

-results into Egq. (3.28), the transfer coefficients can be expressed,

-

in terms of the dimensionless retch, L; as :

o Liu ) T . &
. 1— - - .
or.: 0 <L = - < 63200 *
s v :
hH hD u n —0.1%8
Hoo- 2 -p.202(—) (L) (3.29)
_ A oa v s N
+
for L -~ 63200
s
- h — h : u
B - D -op.032 (—) ) (3.30)
X p B Y.
L
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3.5.1.4 Heat and Mass Transler Coefficients for a ‘-
wavy Water Surface . .4

. The trs'msrer coefficients given by Eqs. (3.29) and (3,30)
are valid for an imaginary water body having a hydrodynamically ~

smooth surface ata given reference air velocity. Forram actual

water surface, they can be obtained from the rollowing equation : -

-

FhD)w _ '(hH)w _ (u_) W . (Cio)w (3.31)
= . - = = — 3.5

(s (B)s (a s (C,o)e

*
The derivation of the above equation is given'in Appendix (A.2.2)
. I

In order to apply the above equation, one has to know the

drag coefticients both Ifor-a smooth and a wavy water surface.

The derivation of the above three parameters will be given as rollows.

3.5.1.5 Drag Coetficients under Atmospheric Conditions |

Over a smooth water’ surrace the drag coefﬁca.ent can be
easily calculated rrom Eq. (2.6) using 2 trial and error method. N

&,
QOver.a any water surlface it also can be calculated rrom the wind

velocity proﬁle gwen by Eq. (2.8) provided that the relationship

o . ' -
_between the average height of surface roughness element g and

the characteristic roughness length ) Z, is known. The value of
ZO can be assumed to be proportiona.l to g as ZO = gg. The
proportional cognrfftant 3 is about 30 calculated from the Moody
diagram but ifs ‘ra.ng'mg approximately between 15 to 5350

' 17
according to Si.bul's( )

extensive measurements on a wavy water
~ suriace produced in a 1a.boratory wind wave tunnel. Based on the
above results it is not possible to assign & value for g and

-hence the drag coerficient IoT-a wavy water- surfa.ce cannot be



calculated directly from Eq.. (2.8).
- .
On the other hand the mnctxonal relationship among wind

speed, wave height and fetch mtroduced by ergel( 3 may be

approx'u'nately expressed by the equation :

gH - . e

1 . 464

2“ - 0.0026 (82) 6 (3.32)
U Ul

or |
1/3 U~, 536
—— = 0.002 —_—

1, 0026 ( el ’)‘_—F/f
. AU . &

Here Hi/” is the szgmﬁcant wave height defined as the average of

the highest 33-1/3 percent of the waves, L is the retch.
1/_,/I., may be defined as the relative roughness. From Eq. (3.32)

the following conclusions may be drawn:

- (1) . For a constant wind speed the relative roughness
de—creases as the fetch increases.
(i1} For a constant fetch, the relative roughness and the
\x;ave height increase with wind speed.

(iii) For a constant wind speed the significant wave

height increases with fetch.

Since the relationship between relative roughness and
rriction factor for fully developed flow in a rough pipe is well
established, it is not unreasonable to expect that 2 similar inter-.

relation also exists'in case of fully developed wind fow along 2a

by cve ﬁ.'tting

b
.
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hence

Egs. (3.32) and (3.33) indicate that the drag coetficient
increases with relative roughness vh ich, ir turn is closely related
to signinicant wave height, wind speed and fetch. Hence, the results

observed by many investigators, such as that the drag coefficient
16) {25)

increases with wind speed wave height , and decreases as

-

. =AU ~ . - e
fetch increases '(? ) can now all be explained from Eq (3.33) .

In Eq. 13.33) A and AS are two constants which are

best evaluated using e\perxmental data obtained in field at various

-

fetches and-wind speeds. The wide scatter shown in the available -
data obtained in the field indicates that this is not the case.

The approximate values of the constants are therefore evaluated by
using the empirical equatzon for triction factor for fully developed

flow in roug@xpe with the relative roughness replaced by L/I—I”,, .

‘ Details of the derivation are g:.ven in Appendix (A.2.3). The

resultant equation for estimating the drag coeflicient over a wavy

water surface is

( L ) = 1.86n ;r + 11.2 (3.34%)
?f v Ci_O w L
This équa.tion is plgtted in Fig. (3-4) . ' .

3.5.1.6 Dimensionless Transter Coefficients Over a Wavy

" Water Surrace.

The transfer coelficients for a wavy water surface can be
obtained by cotnbining Eq. (3.29) 9T £q. (3:30) with Egs. (3.31)
and (3.34).

In terms of dimensionless numbers, these coerficients are
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L{u)
tor L = T2 < 63200
S Ay
v -
(1) Heat Transter '
Nu 0.152 . -0.084 -0.16
Ty 5, Re. ' { (€105 RELO >
= L 1.86 2n (57 )+ 11.2
. L
(3.35)
(2) Mass Transler . -
Sh 0.152 -0.084 -0.168
L = ReL= - : (C . Re _ (3.36)
1.86 1n (E;) +11.2
: _ L
% L: > 63200
(1) Heat Transler
Nu 0.022 - :
ro= - (3.37)
H Re 1
L 1.864n (F—r.)+ 11.2
L
(2) Mass Transter -
Sh 0.022 )

T™ = = (3'38)
' 1
D Rey 1861n (== )+11.2"

Fr

L

The results are plotted in Fig. (3. 5) .

3.5.2 Method II - Semi-empifical Approach

Wind blowing over 2 water surface generates waves which
interact with the air flow. Under steady-state conditions, the me-
chanism of the turbulent transport process are governed by the

equations defined in the previous sections. These equations. are:

5

~
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v

Velocity pfoﬂle’ =
u 1 v
T in (_‘—z } (2.8)
T o ‘
Continuity equation
ae . = -9 (3.13)
ax QY :
Energy equation
2t LBt . o2 2t ;
+ - = + 1
Uik Y2y ayt(a €4 av] (3t
Dirfusion equation \\
N
am am _ 2 =
, u + v = r + ] 3.12
ax 3y 2y 8 fp) Y ( )/
N

It will be convenient to transform Eqgs. (3.11), (3.12) and (3. 13) into
nondimensional form before attempting to obtain the solution. To do

so, it is desirable to use z and u as the reference length and

reterence velocity so that Eq. (2.8) can be applied directly. These

-

1

two quantities, z_and u *are all tunctions of the surface roughness
o]

 whieh, in turn, is dependent on the axial distance for the case ol 2

water surface roughened by wind. Thus, it is necessary to Know

the functional relationships between zo, u and x berore Egs.(3.11)

-
i

to (3.13) can be trans rormed into dimensionless forms.

3.5.2.1 Assumptions

. -
The following assumptions are required to seek solutions

to Eqs. (3.11) and (3. 12) -

/\
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1) The etfect ot the Froude Number on the fluid tlow is much

larger than that of the Reynolds Number

2) The runctional relationship amonga L. and u obtained
under laboratory conditions is similar to that obtained .

in open sea.

(V3]
—

Turbulent Prandtl Number, turbulent Schmidt Number an@j/\

turbulent Lewis Number are all assumed to be unity. \ .
\ )
The tirst assumption may be justified as the physi ' /

N
model under study consists of low viscosity fluids and a iree water ;

valid based on the study made by Wiegel(w). The validity © third
iy _ - (86,8
assumption has been investiated ?.g"?l»kenﬂgd by many mvestxga@:ors . R

surface with waves. The second as sumption is also a.ppr;:.;:txnjtely

L

3.5.2.2 FunctionalZ® elationships among v, L, z_ .and C, o <
Because oI the complex nature ol tu’rbulen;c flow, thedretical

studies on the problem of turbulent transport 'rnecha.ni.s'rn over a rough

surtace still have to rely extensively on empirical-_i_n:’ormation. In -

other words, the results of theoretical studies permit the presenta- - N

tion of experimental data in their most gene ral form by establishing / .

the basic rorms ot the relationships between the essential parameter{s’

in addition to specifying the signiticant parameters themselves.

The tunctional relationships among u, é'rm L and y are
therefore, determinated using Egs. (3.32), (3.33) and (3. 34) as the
basis of the cons-idera;ti.ons. Once the functional® relationships among
various parameters are established, the ;:onsj;ants can then be

evaluated using the experimental data discussed in Chapter 4.
' 4
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The details ot the establishment of these functional relationships

are given in Appendix (A.3). B
L2

The final torms ot! these functional relatidnships are :

~——
ku A 0 0 2 s/
. 033 Q4
L oso7 6% 2 L
'L'I.-_ - ui 3.5
' (3.39) B
.-\/gLO.SyiO.Z 14
2
2 | et 0.12
_er_ni - expl|.- 14.2 4+0.08[ ——| (3.20)
‘ USYi
or = . 008 whichever is smaller. .
2 .
- (o v )
where ¥ =

2 ‘ '
in Eq. (3.39) k is von Karman's constant and is assumed to be 0.4.
These two equations are plotted in Figs. (3.6) and (3.7) respectively.

As shown in these Figures, the data has an average deviation of

100% and 75% trom Egs. (3.39) and (3.40) respectively.

Eqgs. (3-39) and (3.40) describe the runctional relationship
between the dimensionless velocity u¥, and the Froude Number with
respect to'the retch L. Since ut can also be expressed in terms of

z by Eq. {2.8), the combination ot the three equations g.ves,
/ .

946 exp |-14.2 + 0.0 )¢

%0 VE Yi

— = < (3.41)

b u. 3.5

1 1

0.8 0.2
\ ‘\/;L Y
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Similarly, replace o by the drag coetficient C, -which
1

is detined as

the. combination ot £gs. (3.39) and (3.40) gives

(946 exp |-14.2 + 0.08

Ve, C | Y 3:3

\ V;LO-S Yl 0-2 s

The calculated drag coetflicient and dynamic roughness are shown

in Figs (3.8) and (3.9).

bt ) 0.12}
¥

-

.5.2.3 . Dimensionless Energy, Diftfusion and Continuity'Equations

)

i,

Eas. (3.11), (3:12) and (3. 13} can be transtormed into - : -

dimensionless forms using the following parameters

Im -m t -t

—~ ZO . Zo .
F, - m - m - t -t -

z r Z T

o] Q
uT = u/u'
v+ = v/ u

T (3.43)

-+ =
X = ﬂc/zo
+4
y =yl zg
atEy = ('v+e:M)/»:e
rrey = (vig)/Ee
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n where c

c = for heat transfer -

[
, 1+ M/, s
= _1 _1 - 10T mass tra sley
: s T +s8 C ("M/y)
C ct

Introducing F 2nd { v+ s\d) Eo into Egs. (3. 11 and (3. 12)
&

we havl,

N

¥
o
| 2

u + v =

=2 ) -1 3F -
oy [(v-eM)se ay] (3.44)

o
"
ot
<

In the above equation, the term ( v + EM) can be evaluated as

foliows :

e

In the region not too far from the mean water level where most velocity

‘change takes place, + will not vary markedly from its wall value Ty _\- _ _

Therfore, Eq. (2.3) may be approximately written as

".'c;/0 = { \J+,€’M)-§l1y_ (2.4)

: u
! Tor the region away from the wall boundary the derivative 2% can be

: . Y
} evaluated from the logarithmic velocity profile delined by Eq. {2.8) as
| .
| -
; A/ o/ : :
” - Kz 14--‘- ' (3-45)
‘: -} b o vy
: i 2
Substituting Eq. (3.45) into Eq. (2.4) and noting that L - ul, we
Lo~ o T
obtain
o+
+ = kK ' 3.46
v ey v Y . )




Substituting Eq. (3.46) into Eq. (3.-}4):_ gives

F F ; ++ -1 aF - -
u'a——' + \__B__ = —af'(xu z VvV £ =) {3.47)
ax 2}y 2y - O ~e v
. . + + ++ ++ .
The dimensionless termsu , v , X and vy  will then replace the

corresponding terms in Eq. (3.47) as rollows :

= = ++
F 1 b
1) . u é_\:- = u—u"l‘ .a__+4. Eé— (3.48)
E s I 1 a x ' B-
3 Tt .
The derivative B_‘_C— can be deducﬂn Eq. (3.41) as shown in
Appendix {A.4.1) 2s ' ‘
++
x . -0.82
ex - 0 ZS (A.4.2)
ax o -
St
Substituting %’x—_—- into Eq. (3.48), gives
. = u + ;
JEE - asz L w B . (3.49)
X z ! -
o - at
2 F s aF o <
2) v N = u v " %EP - :
y - ay. }
u F . -
— T v+ a ++ (3- 50)
N 2, 2y
3 A -t TS T 3 i aF K ++ 3F 2u
- ' T , . T
3) (Ku‘__zoy -rE:e : )= z £ ++(Y aa T Tz o 7 et +
a y L Y o e a y b oe ay aY
3.51
- (3.51)
Again, the derivative ——T_H_ can be deduced from the experimental
dY :

data included in Chapter 4. The details are given in Appendix (A.4..1).

—
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- .
It is shown that,
3u, .
' L - T
== -0.19 % | (A.4.4)
ey ¥ !
pence
2 s+ 1 a@ KU 3, 3F 3 F
a‘(xuﬂ‘zoy"ge 2Y )= ET T ¥ =) -0t/
4 T + =
' K o%e 3y 2y 3y
(3.52)

Substituting Eqs. (3.49), (3.50) and (3.52) into Eq. (5.47) , and

‘rearranging, we obtain,

+ F + 0.19k 3} I3 : ;
- 0. 82 u a\‘ =, + (VT + E ) - = -— _LT ) (Y+-L _a__L.
R . - C 4
IRT N Te 2y “e a2y 3y
\':$, ) . {3.53)

B

e L Lo 8
In order-fo<yansiorm the continuity eguation into a dimensionless Torm

- , - b .":'J:" - - .
using th pa.rm:.a;é_t,ers speiged in Eq.. (3.43), it 15 necessary to kpow

\ 3. auw . . ‘.-
the gquantilies — and il Again, these quantities can be
axth 0 ™ L

deduced rrom the experimental data. The details of the derivation are

given in Appendix (A.%.1). The 1inal forms of these quantities are.

du — 4 u -
—:-i- = .-0.42 __T_m (A.4£.5)
ax x
¥ .
2.23
au__ o ' : (A.4.6)
2 ++
3% K x

With the above two quantities evaluated, the transform of the conti-

nuity equation can be proceeded as Tollows:

An
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3uUr U 2 \:++
1
H_. - St
ax ax ax
- . a zo
ES . -y —
= (u ot ! 3u )° %o Ax
P - - 2 .
: ax’ ' a.k . z
. o
.“
u +
m T - - 1.82 . -
. (032 2o L LBE— (3.54) .
z TT T -.
o x kX .
| . au vt ++
: a2V - T 2V
- -
1 - ay” + 3Y
; N
i &
au +
D - av
| = (v -+ u =)
z T . T
11. o ay™ T ey
i -~ i s
i u , v+ 5 ot b
| . I (-0.19 —— & =) (3.55)
: z ++ ++ -
l ] . o y ey
i 1] . >
Substituting Eqs. (3.54) and (3.55) into Eq. (3.13) and rearranging ®
we obtain ] .
- ot
= (3.56)
& 3y
| 5
3.5.2.4 Sohition of Energy and Diftusion Equations
. The equation to be solyed is the energy or diffusion
| equation, Eq. (3.53). To obtain the-solution, the logarithmic
‘ velocity profile specified by Eq.(2.8) and the equat:.on 34 continuity,
, k } : :
\ / Eq. (3.56) hdve to be applied. Again, these equatzons are solved
A
using the Durort—Fremcel(g ) type finite d:.rrerence method.
-
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-
The corresponding finite, difterence equations i:ased. on the flow field .
grid shown in Fig. .(3-. 10} are :
¢
1) Energy or diffusion equation,
.= 4 F . ,+d F~ +d, F ) 3.57
Fiet); T Q¥ 5e1 T 9% 7,517 %6 -1y © )
. - ’ .
where ~ K( yw + V-H)
d - jd 1
{ Eas U = =
se(yj+1 - Yj_i) (‘er- ¥ )
’ - .
+ ++
- ke ( v 4
! d, = Dot Vi )
[ S ++  +E
| ey v, oy, -y )
i RS Y511 Y j-1 f
& » s
| ) + i
1 0.82 u di >
H ” d.., = T — T N
- 28 % 2 2, .
) !
+. | K
. Vi,j ;!- 0.19 /ge .
d = - + d
4 ++ Tt { )
Yier T Y-t
| vF o+ 0.19 k .
} d = i.] /Ee d
| 5 I Z
I ' j+i j=1
* d, © d
: ol it V5 RO S
) +4 2 2
24 X
. 2) Continuity equation : _ -
S u. .
4 1 0.19 + . 1.82 71,31
v:j = by | (5 it AL e
Y y. = Y._y Vs kx .ooUx
J T J - .
¢ {3.58)




. - 45 - . .

. ] . ' = L]

. . : ‘
3} Velocity protile .
| ¢
+
u, . = 13,

‘ i,] (3-59)
‘l‘ ' "~ The starting #nite dirference eqﬁatii_:n for the energy or diffusion

: _equation is, '

| oL @ w . +d F c+d F ) 3.60
l i+l,] d? i,j+1 8 i, T i,j=-1 (3.60)
‘ , Where | x o T

. + .0 . .
0.82u. . :

: d. = - 1,]° R .

; : +

: ax .

1 d = d, -d, - d

: 8 7 i 2

. 4, d.,d andd_ are defined in Eq. (3.57) )

i 1 %27 "a 5

The boundary and initial conditions are:

;a . + + R Ll

Y+T=1; e =0 ; v =0,; F=20

i \ Y++———m; u = u: , F 21

A -~

Eqs. (3.57), (3.58), (3.59).and (3.60) are the complete

_ set of finite difference equations 10T the calculation of the temperature

as well as specific humidity preziles over a wavy water surface.

Computation was started .with Eq. (3. 60) and then continued with .

Eq. (3.57) atter four columns of Fis were calculated. IBM 360

* computer was used Ior the computation.

The appropriate grid size was selected by estimating the

 sBitable vertical distance ol the nodal point immediately above ‘the

+

+ . . .
water surface, Y, This was done by assurhing various values

L]
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for y a.nd comparmg the. correspondmg values of ¥ associated thh

%the d.r.rrerent values ory1+ It was found that ir a value whzch»\

¥ ++
is less tha.n 10 was assigned fof vy 2 discontinuity in F .exists

the locatxon where the ,computation was.taken over by Eg. (3.57)/.

It was also tound that there \s,\no szgmﬁcant dirference in values\

~

T fof various ‘values of y+1, ir y1+xs between 10 to 20. Thus, yl

.

b
was selected as 10. The value of A X was selected to be - 20.

-

N . ’ 2,

.5.2.5 Transter Coelficieats for A Wavy.-Water Surface.

The transfer coefficients for a wavy whter surface can be
evaluated from the heat fux and the mass flux equations. The detailed
derivation of the heat and the mass transter coefficients is shown in

Appendix (A. 5) The final forrhs ot these coeWicients in terms'or

heat and mass transter Stanton Numbers as defined by Eq (A.5. 7) is ' (/—' J—

K z u ++ . . .
st L st =« {inv. 2 r e
- n ¥ - (3.61
D d K ZO‘L‘L . ( ’ )
. T . - 1
. v ¥ Cy -
where : wE S
.o/
u = o . ]
L4 ) - . . >
1 L )
g = -for heat transrer .
v Pr o
i .
= — : for mass t sler
- scC, . i
Since z is a function of FrLy akd % rY - the Stanton Number
o : ) o

is also a runction of.the two quantities. The results are shown in

Fig.. (3.11) . 8 .
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+ 3.6 Wind Drit Current

Thus rarthe water velocity at the air-water interface
.-

-

was not considered. This velocity which is induced by avind was

(26

found by Keulegan ) to be about 3% of the Iree stream wind

v%@city at the fetch under consideration. Since this velocity is a
fanction of the shear velocity it isgelso fetch dependent. There-

fore direct measurement ot the wind drift current is not Yeasible,

. e e 23
especially for 2 wavy water surface. However, Using Relchardt's( )

’

velocity profile, an approximate expression for the wind drist

: LN . N . .
current can be pjgposed. The details of the drivation are given in

Appendix (A6 - The‘:\ esult is iven as WS T
pp 'S ( ) ‘{\) & ¥ 4
. - -V:i- EANN .- ) C3LTT
vo rb %\ . : (3-77)
where / : +
o o h o g¥ - B exp (-0.33R7)
vV =2.5 s ({+0.4R )+7'.8[1-exp(--1-1) 11 ]
T .

Finally, in calculating the drag as well as the transfer
coerficients, the wind d;.'i.n: current can be accounted for by replacing
the wind velocity u by the velocity of wind relative to the water

surface, (o - Vo). Thevalues of Vo are shown in Fig. (3. 1-‘-}) .

L0
V
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-CHAPTER 4
. [ 4
co : EXPERIMENTAR. STUDY

This chapter brielly describes the equipment and measuring
technique used i.n this stady. It=also discusses various errors invol-

ved in estimating the mean va.lues rrom the measurements.

4.1 Closed ercmt Al.r—Water Tunnel , . ' R

~

\/ Measurements were conducted in a closed circuit air-water
tunnel Wthh was built specially tor the study. As shown in Figs. .‘
(4. 1) and (4.1a) it is 1890 cm (744 in) long with a working section
or45.7 em by 61 cm by 351 cm long (18 in by 24 in by 138 in lorng).
It is composed of 5 parts, a fan section, an entrance section, a wgl:}(ing

section—a return duct and an enviro sntal, control systems.

The &in sectlon con51sts of an air flter cha.mber a cooling
coil an electric ‘heating coil and two centrrmga.l fans, enclosed in ) .
a cornmon steel cabinet. The total capaclty of the fans is 3.6 m /sec.

' at a static pressure differential of 622 N/m (6500 CEM a.t 2.5 inches e
or water). The Ians are equipped with 2 common Torqg-matic solid - :
state variable speed drive. With this vana.ble speed drive, the ran’
can be cd@rolled at any speed up to 1800 rpm with 2n accuracy of + 1 % .,

- The entrance sectmn is composed of a flow straightener and 2 853 cm

long _(336 in) stra1ght entrance duct. The long entrance ductis providedto ensure
a constant flow.condition and fluid parameter at the entrance of the working

section. In steady of developrng flow conditionthat of developed flow has

been chosen for the presenty study . The flow straightener consists
of a divergent di.rmser a @:}angular duct with zind n'i_esh screens,
a convergent nozzle and 2 honeycomb stralghtener. The entrance
duct is 45.7 cm wide by 30.5 cm high (18 in by iyxn }. Ithas a

particle board casing with 26 GA. stainless steel lining and is covered
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proile has been found to be 10 to 40 diameters

5 -49"

by 2.54 cm (1 in.) thick fiberglass insulation.” The stainless steel
lining is used to provide a smooth surface and to prevent the for-

~

mation of rust.

It is known that when a fluid enters into a pipe, the velocity

distribution cha.nges with distance, until a mlly develoi:cd velocity ~

_proﬁle is attained at a certain distance and remains constant down-

stream of it. The inlet distance reqmred to attain the mlly developed
(9,91)

Because 0f
the high construction cost, the entra.nce length or the tunnel was chosen
to be about 23 equivalent diameters of the cross sectional area of the

duct.

. The working section has a water reservoir as shown in Figs.

(4.2) and (4.2a). The water level was Kept, as close as possible, in »
alignment with the bottom ot the entrance duct so that the air fow area
is about 4—5.7Jci;n wide by 30.5 cm high (18 in. by i2.in. ) A beach is
installed at the front edge of the water re servoir. The angle 6: the -
beach-s.hould be small enough to ensure a smooth tra.nsitio;m\takcing place
be::ween the adjoining air and water flow. C_jn the other ha;ld, it should N
not be too small so that the growth or the wave can be atfected by the

beach. Several beaches have been installed, the one which makes an

angle of about 5 degrees with the water.surface has been found to be
satisfactory. The dimensions of the witer reservoir are 45.7 cm wide by
20.5 ¢m deep by 351 cm long (18 in by 12 in. by 138 in). A sloping

beach together with a bartle of tolded wire mesh are installed at the

end " of the water reservoir to reduce ‘reflexion of waves. No attempt

has been made to change ti>é water depth since there are evidences to

. (17) )
show that the velocity protfile , the drag coerficlent and
the wav\ek@xght (17,75) are not affected by the water depth.

. * Y

.~
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The top plates consist of 5 pieces with their lengths
varied from 30.5 ¢m to 91.'-‘:.cn;\ '(‘1 23n to 36 in). All the measu-
ring probes except the thermocouple for measuring the tempera-
ture at the mean water 1eve1 are a.ttac‘ned to ‘one-of the top pieces
45,7 e¢m long {18 inj. The top pieces are interchangeable so that
‘the measuring probe can be 10cated at various positions along the
working section by placmg various comb1nat1o§iof the top pieces

" ‘ahead of it. To minimize air leakage through th¥ gap between
two_adjacent pieces, various lengths of polished stainless steel
plates are nromded S0 that one of these plates can be fitted under-
neath the top pieces. The measurmg probes can also be positioned
at any pla.ce laterally within 20. 3 cm (8 in) away from the center
by sliding the probes in a slot cutin the top *%1ecé. As shown ‘
in Fig. (4 2) t{e portion of the slot t‘t:."at is not occupied by the
probes is f:.lled with small pieces of well machi.ned wood blocks

.o _reduce‘ air leakage.

, The return duct has a particle board casing with GA 26
stainless steel lining and covered with fiberglass insulation. The
dimensions of the return dudt are 61 ¢em by 61 cm (24 in by 24 in).
The transition piece that connects the working section and the |
return duct is waterproofed and is gradually taped towards the

edge of the water re servoir. FHence water spilled from the

reservoir can flow back into it.

The ‘eavironmental control system consists of 2
b\?refngera\\m plant, a cooling coil, an electric heating coil, 2

° steam hurm.,lfzer 2 control system and 2 monitoring systcy'-n.

b

The refrigeration plant has a capacity of 10. b kw.

-

—— -
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(3 tons}. Itjs function is to provide chilled water to the cooling
coil for co‘oling and dehumidifying the supply air. The chilled
water supply temperature is accurately controlled using an evas
porator pressure regulator with a temperature pilot whose set
point is automatically adjusted according to the temperature of
the c'mlled water supply. Moisture and heat can also be added to
the supply air through the steam humidifier and the two stage

electric heating coil, respectively. The steam for the humidi-

fier is supplied by the heating plant of the University.

The operation of the heating and the cooling coils and
steam Humidifier are regulated by the three Honeywell Model
5500101 Serwvotronik i%dicating controllers. 'I‘he accuracy of
these indicating controllersis * 1% of the calibrated spaan. As
‘shown in Fig. (4.3), the operation of the controllers for heating
coil and steam hum1d:|.£1er is quite stralghtforward It increases
proportionally the supply of heat or moisture to the air 1£ the dry
bulb or dewpoint temperature'of air at the entrance to the working
section i':s lower than its set point. The reverse is the case if
these temperatures are higher than their set points. An auxiliary
controlling device has to be snstalled for the controller which
operates the cooling coil. With the auxiliary coantrolling device,
the controller can operate the cooling system based on the dew-
point temperature when the dry bulb temperature of air is lower
than its set point. If, however, the dry bulb temperatur® is
higher than its set point, the cooling system is operated based on
the dry bulb temperatureeven though the dewpoint controller

calls for increase in humidity.

¥



The monitoring system has 2 tempera.ture sensor, a
relative humidity sensor and a’two-pen recorder " It is capable
to record the temperature and the relative hum:dxty of air at the

exit of the workmg section continuously during the test._

4.2° Measuring Apparatus |’

4. 2.‘,'} Multiple Fuaction Measuring Probe
¥

A-multiple function measurmg probe as shown 1in

Figs. {4.4) and (4. &} about 2. 3'cm wide bv 0. 32 cm high (0.9 in
by 0. 13 in) was designed for the measurement of the vertical
distributions of velocity pre ssure dry and wet bulb temperatures
This probe is composed of a static pressure tube, 2 total pressure tube, ~
4 dry and a wet bylb thermocouples and a water reservoir for she wet
bulb thermocouple. As shown in Fig. (4. 4) leads of the'thermo-
couples and the connecting tubing of the pressure tubes are packed

in a 45.7 cm (18 in) long hollow stainless steel stem of 1.27 ¢m

(0.5 in) diameter. A needle :15 fastened to one end of the stem.

‘ The distance between the needle point and the centerline of the

total pressure tube is 1.27 em (0. 5 in). Using the needle, the
reference level of t'ne still water level with respect to the center—
line of the total pressure or other probes can be accur—ately esti-
. ma.ted by obtaining the level where the pointer just. .touches its
image. With the reference level determined, the vertical

pos1t10n of the probe can be read with an accuracy of 0. 0025 ¢m

per 15.24 c¢m {0.001 in per 6 in) from 'the Mitutoyo Model

509-204 dial height gauge. whose arm of measuring slide is

fastened to the other end of the stem. The height gauge is

mounted on the exterior side of the top plate in such a way that

when the measuring probe slides along laterally across the tunnel



_ in the slot of the top plate the height gauge mOves along with 1t.

4.2.2 Wave Gauge.

-
—_—

The wave gauge was devei‘éped for \the measurement of
the wave amplitude. As shown in Fig. {4.5), this gauge is made
of a copper tube of 0. 64 cm (0:25 in ) in diameter. One end of
the tube is bent to form an na" so that when it is submerged in
water its tip is normal to the mean water level. The other end of
the tube is also mounted oa the exterior side of the top plate

similar to the multiple function measuring probe.
4.2.3 Physical Arrangement of Measuring Apparatus

A sketch of the physical arrangements of the measuring
apparatus is shown in Fig. (4. 5). T]:‘xe static a.g.\d the total pressure ——
tubes are connected to a Statham Model PM 97TC strain gauge <:
differential pressure transducer. The output of the transducer is
recorded on a Hewlett-Packard Model HP4100B two-channel
strip-chart recorder. The thermocouples for measuring the
dry bulb and the.wet bulb temperatures of air as well as the.
temperature at the mean water level are recorded on,a Hewlett-
Packard Model 2010K high-speed data acquisition system which
consists mainly of anb’integrator, a digital voltameter and a

printer.

The wave gauge is connected to an Endevco Model
8505-0. 2 strain gauge differential pressure transducer. The
output of the transducer is connected to 2 DISA Model 55D 35

RMS meter which, in turn, is connected to the two -channel

C



strip-chart recorder. In addition, a burette is connected to the
wave amplitude circuit upstream of the pressure transducer for

calibration before or during the test.

4. Calibration of Measuring'Apparatus

L

4, 3.1 Static Pressure Tube

(V3]

The static Pressure tube was calibrated against ‘the
wall taps. These wall taps are drilled in the wall of 2 5.1 ¢m
inside diameter (Zm.) plexiglas tube which forms the working
section of a small wind tunnel. The multiple function measuring
probe was placed in the center of the w’ind tunnel with tljie static
pre s.sure holes in alignment with the wall taps. The static
pressure proBe was then calibrated by comparing its results with
those of the wall taps based on the same total pressure. These

results, in terms of velocity pressure are shown in Fig. (4.6) .

4. 3.2 Thermocouples

The copper-constantan thermocouples used in 45‘3:16:
present study were calibrated ind;lrectly using a thermocouple
whzch is made from the same spool of wire. This thermocouple
is cal1bra.ted against a2 Fisher Nr15-155 precision thermometer
in a temperature controlled oil bath. The resultant calibration

curve is shown in Fig. (4.7) .

4,3.3 Differential Pressure Transducers

»

The strain gauge differential pressure transducers
were calibrated using a Betz mijcromanometer. FoT this purpose,
both the transducer and the micromanometer were connected to a

r

P



single pressure source. The cali.bra.ﬁ.on‘ was conducted by increa-
sing. the pressures in the source from 0.1 to 1 inch of water. To
check the/reproducibility of the results, the measurements were
repeated by decreasing the pre ssures in the source from 1 to 0.1
inch of wat;:r. A typical calibration curve expre ssed in terms of
the manometer ;'eadings'versus the transducer outp:lts is shown

ia Fig. (4.8) -

4.4 Experimental Procedure and Results

*

Prior to the experiment, the following tasks were

performed :

1)  The reservoir was filled with water up to its edge

-

2} The reference distance between the centerline of the total

pressure tube and the still water level was determined using

the needle attached to +he measuring probe. The height

gauge was then zeroed accordingly.
3) The measuring probe was raised to the center of the tunnel.

4) The adjustments of zero and full scale were made on all the

instruments use d.

v

5} The fan was turned on and was adjusted to the predetermfned

-

speed.
6y The measurements were conducted after the steady-state
condition was reacﬁed.
4.4.1 Steady-State Condition

For the tests in which the temperature and the specific

humidity profiles were not taken, the steady state condition was



assumed to be reached when the mean centerline air velocity was

in&iable with time. However, for the experimental runs in
which the temperature and the specific humidity profiles were taken, : -

[~

the approach of the steady-state condition was assumed when the
mean temperature indicated by the monitoring system did not vary

with time.

Ll

4.4,2 Height of Probes above Mean Water Level

Initially the height gauge of the traverse was zeroed at

the still water level. To this the set-up of the watexr surface wa\.s
added or substracted and the zero of the height gauge was readjusted

-t
accordingly. R

(o e me wse-

The set-up of water surface may be deff)
rence between the mean water level when the fan is in operation and
the still water level. It }Ua.s estimated by the following procedure: \
For lower wind speeds and fetches, the output of the differential
pressure— transducer for the wave gauge was connected directly to the
recorder and the still water level was marked on the recording
chart. The fan was then turned on and thg,instantaneous water le;rel.s
were recorded. The set-up of the water surface was e stimated
from the still water level and the instantaneous water levels. For
higher ‘wind speeds and larger fetches, the wave gauge was connec-
ted to +he burette as shown in Fig. (4.. 5). The still water surfa_ce
was marked on the side of the burette. The fan was turned on and
the mean wa.ter'l'evel under blowiﬁ.g wind was estimated from the

instantaneous water levels in the burette.

4.4.3 Air Velocity Profile

As soon as the steady state condition was reached,



the vertical velocity traverse of air flow was taken using a set of
total and static pressure tubes. These tubes were connected to
a Statham Model PM 97 TC strain gauge differential pressure
transducer. _The output of the transducer was recorded on 2

strip-chart recérder.

The vertical traverse was measured starting from the
‘DOS‘.Lthn as close to the mean water level as possible. Beca.use
of the moving water surface, the velocity measurements of air

flow at any traverse point were recorded for about one minute.

‘Based upon these instantaneous readmgs the mean velocity of air

flow was determined. The range of the centerline velocities

varied from 6.1 m/sec to 19.8 m/sec;_(ZO £t [sec to 65 ft/sec)
. e

in addition, the fetch which is the distance between the
edge of the water surface and the tip of the probe was also

rhezéured for each experiment run..

4. 4.4 Wave Amplitude . . .

. The wave amplitude was measured using a wave gauge

' together with 2 strain-gauge differential pressure transducer .

The output of the transducer was time-averaged using a rms meter.
Its mean value was thed determined from the readings recorded

on the strip-chart recorder. .

To check the accuracy of the wave gauge, 2 buretle was
connected to the pressure transducer at the end of the test run,
ifthe wave amplitude of that run was larger than 0.234 cm (0.1 mch)
A column of wateT corresponding to the mgan wave amplitude was

jatroduced into the burette. The difference between the readings

shown on the recorder before and after the connection orthe burette
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and 26.3 g/g to 81.6 g/g, respectively.

was considered as the experimental error. This difference was

L'eund to be less than 1% ofthe mean wa.v_é amplitude.

]

4.4.5 Temperature and Specific Humidity Profiles

Temperature and specific humidity traverses were taken
simultaneously with the velocity measurements ir: some of the
experimental runs. These measurements were made using a dry
bulb and a wet b-ulb copper -constantan jchermocouple. In addition
a thermocouple was used to measure the temperature at theymean
water level. ‘ The outputs of these thermocouples were time-
averaged and recorded using a Hewlett-Packard Model 2010K
high-speed data acquisition system. . T~

The ranges of tempei'a.ture and specific humidity at the

‘center line of the tunnel were 21. 1°c to 2'%_ 8°c (70°F to SZOF)_ ~

45 Evaluation of Shear velocity, Dynamic Roughness,
Drag Coefficient,, Temperature and Specific Humidity

4.5.1 Shea.r velocity, Dyna.mm Roughness and Drag Coefflcmnt

The measure% velocity profiles are shown in Figs (4.9)
to (4.19). The shear velocity and the dynamic roughness of each

profile were evaluated by fitting the measurements to the

equation,

tn Y : {2.8)

Based on the shear velocity, the drag coefficient was calculated |

from the definifion . _
) a . . ~ .

y - {2.11)
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These results together with the corre épouding fetch and wave

amplitude are listed in Table (4. 1}.

.o
4. 5. 2 Temperature and Specific Humidity

The measured temperature profiles ‘are shown in Figs.
(4. 20) to (4.21). Basedon fhe measured dry and wet bulb tempe-
fateres, the specific humidity was evaluated using a psychro- .
metric chart. The resultant profiles are shown in Figs. (4. 22) to
{(4.23). In addition, the temperamre and the specific humidity at

v =0 and y = z;j are also ta.t;ulafed in Table (4. 2).'

¢

4.6 Discussion

: >

4.6.1 Investigation of’ Two-Dimensional Flow 1

The two dimensionality of the flow near the centerline

of the air-water tunnel was inve stigated. , For this purpose the

vertical vel‘ocity distributions taken at the centerline and at

3.81 cm (1 5 in) away from the centerline of the air-water

_tunnel are plotted in F:.g (4. =24 ). As shown in the flgure, dev:La-

tions from the centerline, velocn:y of less than 1% were obta.:.ned

at 3.81 cm of both sides of the centerline. S:mllar investigations
were a.lso made for the temperature and the spec:.f:.c humidity
d1str1but10ns. As shown id Fig. (4.25), the measurements taken
3.81 cm a\;a}r from the centerline are less than the centerline
values by about 1 % and 4% for the spe cific humidity and temuemra—
ture, respectively. A pa.rt of the discrepancy between the’
temperature me asurements may be attributed to the heat transfer
through the working section which is not insulated.

N
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‘instruments.

bution, are calculated from the equation -

- less than 2% of the mean wind speed.

4.6.2 Uncertainty Analysis ‘ T ' - ®

Errors in the study were minimized by suitable ~

corrections and frequent checks on the calibration of various

ve
- . .

Estimates of the random errors ca.used by the moving

wz_a,ter.surfabe, based on an assumed normial probab:.hty distri-

S

L L
- ‘7 -D T T - - ) h ) .
5 _ .(N_i)”‘z (-ii)
where " s (s -9 . -
) ' E:s‘ S < L 3 . (4.2)

. The estimated.errors 'ba.sc_ad on Eqgs. {4.1) _a:nd (4.2) aze

listed below : = "

‘ »
. - .

1) . Probable error in estima.ting the mean wind, sp_eed-is

.
~

2) - Proba.ble erxor in est&matmg the mean wave am litude

is a}:out-i % of the mean wave amphtude

—
¥
-

a7 ST

« 3) . P?c;ba'ble ew in e;l‘h;:.nng thc mean tempéfature
[

- . "is léss than 1 % of the mhean tempe/:jature




CHAPTER 5

’j S DISCUSSION
h|
%

The analysis has been presented in two parts :

The first part which is referred to as Method I <_ieal’s,
with the dra.gq%.'nd the transfer coefficients over 2 largé body of
water roughened by wind. It has bep.a/:/s?;n that by generalizing
th.e results available in the 11tera.tur\e..of/ momentum, heat and

mass transfer wader atmosphenc c0nd1t10ns, the dimensionless

_ Froude Number, /;/gL can be unlversally apphed

' The second part which is referred to as Method 'II

presents the-study of tuzbulent 'moz{entum, heat and mads trans-
\ —~ ,ier over a wavy, watar surface generated'in an air-water tunnel.

‘ ’I’he analysis is much more rigorous and the validity of the theory.

IAs/rnore thoroughly\tested tha.n that in the first part, because 2

‘ \-éomplete ‘set of e:\.penmental data could be obtained from the aJ.r-
;oo .
water tunnel. - 5 ¢

'S _.-.'-' : v ..

' - - a .
Thé znalyticak results predicted by the two_ methods
ﬁ

will be com'Da.red with the expenmental measurements in the
followmg sectx ns Based on, these comparisons, the app11ca.b1-

hty;apd the l:.rm,t tion of the theory will be discussed.

-

\(,Method I- Smooth-wavy Surfa.ce Analogy Approach ~

’

/1.1 Drag Goefficient

- ©

The £ .ct:,cmal rela,hoash:.p of tracxsfer' and drag coeffi-
, cients between 2 smoothq,nd 2 rcmgh surface 1s given by E&i 3.,31).

This r-a;sult is 1 entical to the emp1r1cal formula obta:.ned by

f" - ’ - . ) k!

- " "_. , 'é:"
A .
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Nunner( ) for air flow in rough pipes. This equation indicates

_ that

surf

-

the amount. of heat or mass transfer is directly proportional

" to the square root’of the drag coefficient over a'wavy.-water

ace.

Drag coéfficients as shown in Fig. (3. 4) can be corre- A

lated Wlth wmd speeds-and fetches usmg the Froude number with

the fetch as the characteristic ]:ength. It can be seen that increa-, &

sing

the wind speed or the fetch by a factor of 2 will cause a

change in the drag’ coe£f1c1ent by an amount of about 20%. Since

mOS

20%

and hence Froude Number .on the dra.g coefficieat is difficult to

dete

For

t measurements obta:med thus far, in the f:.eld\scatter beyond

» v

of their mean values, the dependence of wind speed, fetch -

ct, nnless a systemanc Lompanson of these data is made.

this purpose some of the mea.sured drag coeff1c1ents were -

plotted against the Froude Number, ¥ f\fgL in Fig. (5. 1) . The

result clearly shows that the drag coeff1c1ent intreases with the

Froude Number. - -

on Eg. (3 34) is also shown in Fig. (5.1). The agreement

- - -

’

 For compai'isoﬁ the calcula.ted drag coefficient based

between the calculated ‘and the measured drag coefficients is

surﬁrfsmgly good in V‘J.ew of the crude essumptions that had to
- &

be made in the denvatw.on of Eq. (3. 33).

N

A -" -
’ B

-

3 . . . .
hn attempt was rna.de by Sm:.th( ) to study the influence

- L
of the atmospheric stability on the drag coefficient. He could not

establish any;l/efmlte relationship to 11:1@ the two narameters -

-

As h'J.S me asu‘::ements twere ‘conducted under sta.b]_.e, unstable

and

neutral stable cond:.tlons, the ‘close a.greeme_'nt between his

P

results a.nd/Eq (3 34) may mdxrectiy indicate that Egq. (3. 34)

- .
~ . . { ’
. . .
. . .

n . i

N .
Y - . - . fj—\ ;.‘
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may also be valid under all-conditions, especial@y at high wind

speed.
5.1.2 Transfer Coefficients *

,‘iI‘he transfer coefficients predicted by Eqs. (3.35) to
(3. 38) were shown in Fig. (3. 5). ‘These coefficients are a
- . function of both the, Froude Numbex and the Reynolds Number forl
the dimensionless fetch, LY less than 63200 and are 2 function’
of the F:;Eude Number alode for L' larger than or. equal to
63200. The fetch corresponding to L = 63200 varies according
tofwind spéed. They can be translated into the values of 2.3 m and
3 _13 8 m ‘fqr the wind speeds of 15.7 m/sec and 2 24 m/sec.

Therefore jr practlcal purpose, these coefficients can be consi-

dered as a function of the Froude Number only.

‘The calculated transfer coefficients expre ssed in terms . 7

of 'the heat transfer and the mass transfer Stanton Numbers are

. - compared witﬂ the field measurements collected by Kitaigorodskii
and Voikov(86) in Fig. (5.2). \A.s shown, the Stanton Numbers

/predz.cted by. Method I is'in very good agreement with the field

'mea.surements at low rOughn.ess Reynolds Number def1ned by

- Y Zou% . At hi.gh roughness Rey‘nolds ‘\Iumber, Method I appears

‘ : ' * to underegtimate t'ne rates of heat and mass transfer. On the

4 ' ,basxs of Eq. (3. 34 ) and the logarithmic vélocity profile it can be

' seen that at @ constant veloczty, in the region not too far from the
edge of the water body, the roughne-ss Reynolds Numbq_decreases e
as the £eteh increases. Thus, the poor agreement in hxg‘h rough-~
‘ness Reynolds Number can be a&“:zibuted to the omission of the

variation of w, with = x in the mathematical, model. On the other




’ha.nd‘,

Number appears to indic

in Method I is quite adequate for the P
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i

the close agreement obtained at low roughness R/e_ynolds

heat and mass transfer at larger fetches.

» very much domin
region which extends up to 8

has begn found that the atmospheric stability appears to be of

little
daily

corre

It is a well-known fact that tyansfer

L] -
ated by the condition near the surface. In this

ate that the mathematical mmodel used

rediction of the rates of

mechanism is

m above the mean water level, it

practical significance sO far as\the determination of the

s 3,79 el .
evaporation is concerned( ? ‘). Therefore rﬁ‘thf velocity

sponding to a distance of 2 m above the mean water level ig/

L]
used in Egs. (3. 35) to (3. 38), these equations

to be

may be expected

valid under the conditions of neutral stable as well as nearly

neutral @table .

5.2

5.2.1

-

Bivera
chart

to the

Method IL - Serni-empirical Approach

13

Mean Velocity Profile

ged value of the jnstantaneous rneasurem

/

l. . .
The velocity of air was measured by obftaim.ng the time-

ents using a strip-

recorder. Since the probe was neyer closer than 5 2 s

mean water level, the error induced by

bOundar.y which causeé a continuous change in

- shou}d
; / l

e

Figs.

The measured mean velocity profile

(4.9) to (4.19). It is seen that the experimental' data

can be represented guite well by the equation.

e

u

w - L
u_r- k zo
. . ' o

the moving

measuring height,

" - ' 19) . :
be negligible according to the study by Chambers et _@1.( - \

[}

. - .
s are 'shown 10 ‘

-

L3

n - — . (2.8)
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In this study, about 10 % of the measured profiles deviate slightly

from the logarithmic proflle Of the 10% , except those stations

that are near the mean water level and the centerline of the tunnel
deviations from the logarithmic velocity profile are less than 3%.
Further »ex’ar'nina.tion on the 10% of the measured velocity profiles
indicate's- that tlgs:e measurements were conducted at large fetch
under the condition of high centerline air velocity. Since the
presence of water spray is usually observed at large fetch and
high centerline air velocity, the poor agreement between the
measured data and the logarithmic law near the mean water level #
may be caused by theqrpartial blockage of the static pressure

probe by water mist. .

-"

The air-water temperature difference does not appear ?
to affect the mean velocity profile under the f?w conditions of the

5'm/sec and an

centerline air velocities ranging from 3 to

U air-water temperature dlfference up to 21°c . This conclusion

i
was also reported by Chambers et. al.( 9 The values orf Ri at 10 cm

-4 o .
are less than 5 x 10 -~ which also indicates that the induence of thermal
stratification is negligible.

5.2.2 Drag Coemicient and Dynamic Roughness

The functional relationships among a /L, Fr and .
N rms Ly
~u as well as between 2. /L and Fr are defined by Eqgs.
(3.39) and (3. 40) :L'espec:t:.w.rel*;,r " These relat:.onshlps were obtained .
by fitting the experimental data of the present study with the curves

. derived on the basis‘tf pr1nc1p1es of dimensional analysis.

!

LSO
a

As shown in F-.-.gs (3,6) and (3 7), the average: deviations between
the eﬂcpenmental data, and t’tte curves defined by Egs. (3.39) and
(3.40) atre aboiit 15% and 50% with reference to the two equations.

These agreements can bé cons:.dered o be very satisfactory in
I < .‘?
) ) A
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view of the fact that the deviations of the drag coefficient which is
. N ’ + ‘
inver sely proportional to the square of u areas large as 300%

as reported in Table (2.1).

<
The drag coefficients predicted by Ecis. (3. 39) and (3. 40)
are shown in Fig. (3.8). These graphs show th% the drag coeffi-

cient is a function of both Fry and FrL .

The dynamic roughness can also be calculated from
Egs. {(3.39) and (3. 40) utilizing the logarithmic velocity profile.

The resu}ts are shown in Fig. (3.9). As shown in the figure, the

‘dypamic ughness decreases as the Fpn decreases and as Fr
~ Y : Ly

increases. 2

5.2.3 Comparison of Flow Parameters g

5.2.3.1 Comparison with E_xperimental Data of the
Present Study '

The predicted and measured values of drag coefficient,
dynamic roéghness and u  are compared in Figs. (5.3), (5.4).
a.L:ld (5. 5) respectively. As shown in these graphs, except for the
dynamic roug‘nﬁe ss, close agreement between the analytic an.
the experimental results is obt:;ined. The poor agreement
between the calculated and measured dynamic roughness arises

from the error involved in estimating the dimensionless velocity

\ -
-

us . For the case of the drag coefficient the error increases
Y

by about a factor of two; for the casé&of the dynamic roughness,

it increases exponentially.

-

5.2.3.2 Comparison with Experimental Data of Other Authors

The calculated drag coefficient is compared with the

.o .
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b}

(108

experimental data obtained by Gottifred et al, ) Chambers

et al( % and Hidy et. a.l( %) in Fig. (5.6) . The work of
(108

Gottifred et. al ) is very interesting in view of the method

ised for estimating the drag coefficient. The shear velocity

was calculated by fitting the experimental da.taqto the velocity .
profile '
+ +
a = ¥ 0 <y< vy, (5. 1)

Here Y.l is the thickness of the laminar sublayer which exists
only if the wave is totally submerged within'%le layer: This

method is superior than the profile method in that u < can be

-
uniquely calculated The reliability of the method depends upon ~
- 2

the accuracy in the.veloc:.ty measureme.nts within the laminar =
sublayer which, in turn, is governed by the wave height. i 1;

In general, if the air velocities are measured at small fetch

under the condition of low wind, the accuracy of u _ calculated

1 s

based on these measurements shc%d be highly dependable.
/
Based on the above consideration,’ tE® result obtainedLEy
»
Gotti.fred(ios)

(v, = 3. 15 m/sec) was selected as the base for checking

T
N
N
S
:
b

at low fetch (46 ¢m) and low air velocity

the validity of the analytical solution. As shown in Fig. (5.6)

' the agreementis extremely good.

The data obtained by Chambers et al( ?) and by Hidy | &
et al{?é) are also shown in Fig. {5. 6)- As shown, the experi-‘
mental data deduced us;in'g the profile method é:pread quite evenly
-on both sides of the 45° 1me In general except for the data
deduced using the integral method, the deviation between the
calculated and the measured drag coefflc:Lents is within 100”7; . A
of the calc‘.ula.ted value. Unlike the equ1pments used by the

?

v * . .
- A - @u . -
. .
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author or by Gottifred et al(los)

the air -water tunnels used by
(12} a4 76) i
Chambers * ' and Hidy do not have a long entrance section
prior to the water tank. Since the drag coefficientis strongly
affected by the air velocity profile over it as well as the local
surface rqughne ss, lack of an entrance section can change these
! .
two parareters considerably. The differences in the flow
conditions under which the measurements were made are believed

to result in, at least to a great extent, the wide gap existing

between the analytical and the measured drag' coefficients.

‘ CﬁarnOCk(Zo) suggested an expression to link the

dynamic ro,ugh/r;ess and tI"xe_ shear velovtity as .
. zo;g .. -

b= > (5.2)

. - \ /

_Based upon a large cqllectiou of wind profile measurements i
obtained in laboratory as well as in ocean, Wu(an sugge sted the :
values of 0.0112 2nd 0.0156 for b for the laboratory and ocean

conditions respectively. To investigate the validity of this q /7
relationship, values of b deduced from the stady are shown

in Fig. (5.7) . For comparison the'values of’ b otlatained by

Chambers and Hidy. are also shown in this figure. The Te suit
indicates that b is not a constant, but it is a function of fetch.
. Conse.quegztly, Eq: (5.2) can considerably overestimate z_ and

hence C. at small fetch if b is assumed to be constant as
1 Y .

+ (21
sugge sted by Wu( )
5.2. 4 Tempefa.ture and-Specific Hﬁmidity Prpfiles * N
. \‘M . - -

7 A
The calculated temperature and sp_eci.fic»humidity

profiles are shown in Fig. (5.8). # is clearly shown in this

. - PR ++ +++ .
figure that these profiles are functions of b?’th x and Yy .7 *

+



The dependence of the profile on <" becomes less pronounced

o
as X increases.

.;"': These profiles were normalized using the temperature
and the specific humidity at the distance z above the mean
water level. The relationship between the se values and those at
the mean water level is shown in E‘:.g. (5.9. - %nspecuon of
Fig. (5.9) shows that the chfferenc_es in temperature as well as

specific humidity between the se two levels are higher at lower

++ +
values of x than those at larger X . This imples that

both the temperature and the specific humidity aty = zo’ i.e.
y++ =1, approach to their values at the mean wattr level,
respectively at very 1a'rge fetch where ‘”/dx -approaches to
constant.

1
E

L

5.2.4.1 Comparison with Experimental Re sults
r4

The calculated and the measured profiles are compared
in Figs (6.10)to(5.12  Very good agreethent is achieved 2s
shown in these figures. It is also shown in these graphs that,
except for Runs Nos. 47,62,68, 73 and 92, the normalized
temperature and specific hum1d1ty profiles coincide with each
other. & This result supports the validity of the assumption of

unity for turbulent Lewis Number.
<
There is 2 fundamental difference in the normalization

of the temperature and the spec:.flc hurnidity profiles between the

77,78
present study and that of .other investigators ( ) In the

present study the temperature and specific humidity at y =z
instead of the values at the water surface were_used for the ncu.-rffaL

lization of the profiles. As” a result, for a wavy water sarface

-




=
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a szgm.fzcant discrepancy occurs between the nortnahzed pro- .- -
files based on the two different references. This d1351m11ar1ty
m profiles, however, becomes less pronounced as the dimension-

++
less fetch = ingcreases,

As shown in Fig. (5.9), the differences in temperature
as well as specific humidity decrease as the dimensionless fetch
X jpereases. The choice of the reference may not have any
efffct on the presentation of the profiles, but it may lead to
serious error in the evafiation of the transfer coefficients. These
coefficients can be calculated either by evaluating the first deri- ‘
vative of the profile at the reference point or by estimating the -
entb;alpy thickness for Sze case of heat transfer and its counter-
part for the case of mass transfer. In ;.ither case, a complete
description .of the temiperature or the specific humidity profiles,

e specially in the region where the se profiles unde;gd a sharp
change, is essential . Dependihg upon the surface roughness,
for a wa:vy water ;urface as shown in Fig. (5.9), the differences
in temperature and specific humidity between the levels y =
and y = 0 are quite substantial. If the reference point is chosen
to be the mean water level, because the temperature and specific |
humidity distributions in the regidn bounded by y = ¢ a2nd vy = z, is
not known, the transfer coefficients can not be accurately
determined. Besides, the velocity distribution of air in this
region ig also unknown? On"the other hand if the reference
. point is chosen at the height zg above the mean water level where
the air velomty is zero, all the profiles from this level .upwa.rds
thrOughOut the bOundary layers are fully de scnbed The calcu-
lation of the transfer coefficients based on this. _geference point

can then be easily per\form'ed. .




5.2.5 Comparison of Analytical Stanton Numbers with

. Field Measurements

The heat and mass transfe;.- Stanton Numbers predicted
by Method II were evaluated using different Praadtl Numbers and
Schmidt Numbers. The Stanto:; Numbers based on P = 0. 72
and@c = 0.6 are shown in Fig. (5.13) whereas thc>se based on .
p = S =1 are shownin Fig. (5.14). As shown in these two

T c
. . . 5
. figures, the Stanton Number is.2 function of both the roughness

Reynolds and the Froade Number defmed by ’-‘/\/gy The se

fzgures also show tha.t the Stanton Number based on P =§. =1

C
cah be as much as aq. lower than that based on Pr _— 0 72 and

S_=0.6. Although both Prandtl Number and Schmidt Number _ /“
vary with air temperature, ‘heir numerical values are approxima-

tely equal to 0.72 and 0.6 respectively for the temperature range c
under consideration. ,'I;he Stanto:;l Numbers based on Pr = S; = '1 : o
are shown so that they can be compared with the field data which

are also eV9lua.ted based ¢n Pr = Sc = i.

The Stanton Numbers predicted by Method I and .,those
obtained in field are also shown in Figs. (5.13) and (5.14) . |
The field data were compiled b}-f Kitaigorodskii and Volk0v(86)
from ﬂ:evProﬁle measurements of other 1nvesn§ators (55, 56).

Because the paraméter A( " was not considered 2s 2
: r
', variable in the evaluation of the field data, a rigorous comparison

between the theory and the field measurements can not be made.
However, it can be seen from Figs. 6.13) and 5 . 12) that the
agreement between the analytical and the measured Stanton

.

Numbers are)luite satisfactory.

)



Figs. 3. 13) a.nci (3. 14) showvthat there is a large

_scatter in the field data, Apart from the experimental errors,

the scatter in the field data may be pa.rtiaﬁ.y attribute;i to that
FrY is not considered as One of the dominant para.meters by !
those investigators . The influence of Fr‘}r on Stantoa Number
can be clearly obséﬁ:ved from the analytical results shown in

Figs. (3.13) &né (3534

. In -addition, Figs. {3.13) and (3. 14) show that the

" Stanton Number ﬁredicted by Me(ﬂ:od It is higher than that,
¥

prédictédrbv Method I.  The difference’is lar‘ger"at high rough~
ness Reynolds Number than that at low roughness Reynolds'~
Number. As the approach used in Method II is direct and the
validity of the model is thoroughly checked, itis reasonable to
believe that-the result pred;cted by Method II is more reliable

than that predicted by \dethod I.
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CHAPTER 6%

CONCLUSIONS AND COMMENTS

6.1 Conclustons ) R

A semi-analytical st‘udv has been made-on the mecha-
nisms of momentum,.heat and ma.ss transfer over a wa.ter surface
sub_]ected to 2 dow of turbulent air. The axr-'ﬂow over a wavy
water surrace has been tound to.a dertam e\tent to e\h:.blt the
properties ol flow, over a rOugh ‘surtace. Consequently. the drag

coerdcient has been found to~ rollow a similar rorm as the empiri-

-
cal formula deduced for the rnctlon Iactor in a/rough plpe \nth the

relative roughness replaced by the ratio of wave height to retch

Good agreements | between the a.nalvtlcal and measured drag coe-

tficients have been achieved uncler conditions specn’ied by Methods

I and II . . '. . ~ e o, LT

. The heat and mass trans:’er Stanton '\Turnbers have been -
Iound ‘to be-2 mnctn.on.or FrLY'- a.nd Fry‘ .. The Eredlcted Stanton

Number has also been found in good agreement with the field

results available in literature. - .

+

The mzin conclusions which 'may be drawn from the study

are surmmmarized as follows : -

1) The air flow over a wavy water surra.ce exhibits, to 2 certam

e*:tent the properties or flow over a rOugH\n&te it the erfect

0T fetch on the- physxcal roughqess is ag:counted for.

¥ - -

2y The mean wind velocity proxﬂe ovex} a, wavy water surce

can be satlsra.ctonly descnbed by the 1oganthm1c velocity

'~
L

proﬁle

.
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The drag coefiicient over a wavy water surface under

atmospheric conpdition increases with FrL.

4) The method of analysis described in Method II leads to

promising result in generalizing the Stanton Number

obtained under laboratory conditions to field canditions.

The agreement between the predicted Stanton Numbers and

the available rield data is satisfactory.

6) Additional field data are required to test the accuracy and
the’ limitation of the mathematical models used in Methods
I and II. These data should provide enough informations

for the evaluation of Fr_, Fr. Fr and roughness
' L Ly v

P

Reynolds Numbers.

% -

'?) The atmospheric stability ;)é.ppea.rs to be ot little practical
\

significance for wind velocity profile, drag coerticient and

Stanton Number. .Further study is required.

ry

6.2 Comments ' .

The work presented in the preceeding chapters and the.
accompanying appendices can only be considered as an introduction
to the investigation of the problem of transport phenomena OVer .
a large but finite body of water having 2 wavy surface induced by
wind. We have, hopefully demonstrated that it is possible to
approach the problem in 2 more general way than the ;.videly
adopted method based on e;npirical correlation, by using 2 simple
+wo-dimensional model with an universal velocity pro.ﬁle as the

basis of our ca.}.cula.tions. We have also shown +hat this model can

be refined on the basis of the experimental data, to account for-the




L

specilic humidity profiles as well as the validity

variation-of the flow pa.rametefs such as u and z with x.
T o
£~-. 9 ‘

The main variable that ha.;s been lelt out in the present
analysis is the atmospheric stabzlxty In laboratory, thermal
stability does not appeaTl to have any eﬂeét on the drag coefficient
and the Stanton Numbers. This conclusion is supported by the
close 'afgreement between the dimensionless temperature and

oxthe Revnolds
(73)

similarity principlWeld. although the studies I'Smlth

. 3 . . .

and Marciano et al( ) lead to similar conclusions, the 2vidence
is not as obvious as that in 1aboratorv Further stuc;i.es mav
not improve the situation becadse of the dirficulties intolved in

obtaining reliable experimental data in field. \
)
Fortunately the mechanisms of turbulent momentum,
heat and mass transfer are domina.te.d by the flow. conditions
in the region not too ar rrom the water surlface. In this region
the effect of a.t:rnpspheri.c stability is greatly reduced according
to Pnestﬁ.’ey(mg). Ir the formulae ror drag coellicient and
Stanton Numbers are deduced based on the fow parameters
evaluated in this region, the influence of atmospheric stability
may b.e disregafd‘ed.

-

-
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Appendix A. 1 Boundary Layer A.pproxirﬁa.tions

Eqs. (3.8) and (3.9) are so involved that a simplitication
is necessary in order to obtain’ solutions. Such simplification can
be made by retaining only the dominant terms which are identitied
by estimating the order of magnitude ol various te rms in the equa-
tions, as is often done in fluid Qow studies. For this purpose; it
is desirable to make these equations dimensionless by the use of
the reference length, X velocity, hr , temperature, tr specilic
humidity, m and kinematic viscosity v - -Xr is taken as the
length in the direction of down wind x, where neither the tempe-
rature nor the specific humidity protile varies with x. u_

r

t and m are the velocity, temperature and specitic humidity
T 4

at an arbitrary reference height, vy This reference height

k4
could be the boundary layer thickness under laboratory conditions.

In order to apply the boundary layer approximations, one.
Has to assume that the ratio Yr/xy is very small with respect to

Yy
unity %= 5 << 1). With the reference parameters, thfa

T
rollowing dimensionless quantities are obtained :

e u ., t . sle x . ® v o, ¥ v N 5, W .
u = T t - — 3N = TV = —y = _— s W = 1
u t X u x x
T T T T T T
E o ale =
sz . % Npe L, )
z = ——.,2a = =D - 3 = . : .
xr‘J v Pr’ “Hx SHY/\J 1 CHy EHY/ 2t EHZ/\.; )
i u
m* oo S g 1. % _ EDﬂ:;g’-- _ v; El* E'Dz; ¥ _ ¥ T
= =—ig= T F 3 = — =— =
8= T SlEpx T Ty Dy v Dz VY AR
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Since u, tand m approach to u_, t and m asy and X
T by

B a W ale

approach to v rand xr respectively, a ,t, m and x ' are

each of oxder.i. , : -

-~ -~

. The boundary layer thicknesses Ior a, t and m are not
ne;:es sarily th;a same, hoyever they must be of the same order of
magaitude, yl:. It rollows that y* is of order~ _6 or less where
5 is the ratio ol yr to .\'.1_. Furthc:‘r};norc, .as the water surra‘.ce
extends indetinitely in the directions--\fi’? and z, the two length
parameters are, therefore of the same order of magnitude. For

B -
this reason z 1is also of order 1.

- A flow field that has a very small reference height, y_ in

comparison with x and a principal flow direction parallel -to
r .

the x axis, requires that the welocity components Vv and w are

ot much smaller order of magnitude than the velocity component

(87,91)

u. Studies on fow over 2 plane suriace indicate that v

is of order § oT less and hence w may also have an order of ¢& -

Based upon the above considerations an order of magni-
tude evaluation of E4s. (3.8), (3.-9) and (3. 10) can be made.
The order ol-magnitude of every term is written beneath each

of the equations which are written in dimensionless formm using

+ T
the dimensionless quantifi.es as defined by Eq. (A.1.1).
Thus,
energy equation, Eq. (3 .8 becomes
* ¢ 3t c oat 4 R B
1 .B_L‘? + v “ ﬁ: + w—l‘- @i‘: = " -a—-.-' ( — *.Em -% " (——+ E ) -a—;:—
" P Hx 7 ., P y '
3ax Y ?z '.Reﬂc X r T gy T Y
L 4 L i PR L
1 5. 5 7 { 1 & 5

~ )
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» U !
+ (5= o+ -~
RERH\ .EHZ) ] (A.1.2)
1 i
t 1
Dirtusion quation, Eq. (3.9) becomes
s m* . m" , - ¢ . w s %
1 a—_*'*"v' a = + W a :_ 3 [_%(_S_ETED‘C)_BE‘}:. +-a-'(—+SD )@E:
ax _Y 3z Re_ 3x’ *axoay o Viay
i 1 1 |
L5 = s 7 - 12 L
1 5 1 1 § 5
LT 4
—]:_ " arn:,:
* e (Sc * E’Dz) * ]
R Z dz
1 ) L
i
and equation of continuity, Eq. (3.10) becomes
) \1‘“ + BV:‘: + re) Ws: = 0 . ﬁ'(A. 1.4) -
ax. EY a z v
L 5 L
i 8 i

e the order of magnitude of

Now it is possible to estimat
d thus to -

-

each term in order to be able to drop small terms an
achieve the desired simplication of the egquations.

In £Eq. (A.1.2), the first two terms on the left hand side
are each of order 1 and th
assumed, & is much smaller than 1, the thiz:d term w 3__‘3_,; can

[-34

e third term is of order § . Since as
' e

5
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be neglected with respect to either one of the first two terms.
i“urtﬁermore.. on the right-hand side orkEgq. (A.1.2), the first

and the third terms can be neglected with respect to the second

.

term

32 y % a3t : :
A { Pr b E;Hy ) w N
Y - 2y

Likewise, in Eg. (A. 1.3) the third term on the lett-hand
side can be neglected with respect té the frst two texms. On the

right-hand side, only the second term is retained.

Finally in Eq. (A. i.4), the third term ¥ can be

dropped Irom the equation. ¢z
Delete the teTms based on the above discussions and \_b
revert to dimensional variables, Eas. {A. L. 2{’), (A. 1. 3)l and (A.1.4%) )

become :

Energy esuation

’:’ 0
2t at - 2 . at
+ = A.1.5
S ax T ey S lleregday ( )
where @ = )"/pc:p
Dirfusion egquation
am o o S or(s o+ y 224 (5.1.6)
w vy T e’ 3y’
Continuity equation : ’
pu . W - 0 - (A.1.7)
a'\C aY q':, . . I



Appendix A.2°

Fd
¢

A.2.1 First Derivative of. F with respect to y.r at Water Surlace.

.

Because the method of numerical difrerentiation involves

arrors ol great magnitude, the rollowing method was used to cva-

afF

luate = o \ N This method involves a trial and error cal-
Ry T oy =0 ‘ g
culation together with the method of least squares for curve lLtting.

The technique is given as lollows : .

(a) Since the "chree eddy diffusivities were roughly to be
identical, the dimensionless temperature or concentration profile
was assumed to take the form :

N ot + .
r ='A6 ol +A_?y') + As[i - exp (- ;—1—) - (\{-Z-) e:?:p (-0.33\,.r 1

y¥ 50 ' (A.2.1)

where Aé A_ and AS are functions of x .
? {

(b) Since AT has to be greater than zero, it was irst
assumed to be 0.05. With AT selected, Aé and AS were calcu-
lated by ftting F's and y+‘s into the above equation using the .
method of least squares. Using the above results the standard
error of estimate was also calculated.

(¢) The calculation was continued with A'i increased by

an amount of 0.05 till the minimum, standard erro'r of estimate was

obtained. The values of A.é. A’i and AS- associated with the

minimum s;a.ndard error of estimate were taken as the solution.
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Once the dimensionless temperature OT concentration

F -
profile was obtained, the value ol -%—Y"J.- |- was calculated

yt=0

rrom the Tduation :

ﬁﬁj \ ' = A - A

T -+
2y vy =0 — -

f
Again using the values obtained rrom Eq.
s and the method or least squares, a-g_,_ | can be
-2y v =0

(A.2.1) for

. +
various X ,
e following two equations :

expressed by th

ror O = L: < 63200

. - ' . ‘ _ '1, !
2E |, =o.202 (L7, 0168 (A.2.3)
3y y= 0
1‘or'L: 'L 63200
2E | = 0.0315 (A.2.4)
- -+ '
ay vy =0 )

The upper limit or Eq. (&.2.3) and the loweT limit of,

" Eq. (A.2.4), werTe selected so that the curves described by the
-’ .

two equations intersect at Lg = 63200.

o~

2 ]
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A.2.2 Relationship between Transter coelfictents

and Drag coetficients

The mechdnism of turbulent heat or mass and momentum

transfer from a large body ol water is governed by the equations:

e d

e SR - ~ N
Yax 2y e +ep)yy ] (3-16)
) m
hD = [—Soa/(mo - mr)]-gT\Yzo (A.2.3)
‘o ’ au ‘
o C (v + SM)

3Y

From the boundary condition of constant mass fux,

Am s} 10

ax. dx. dx dx

_From Eq. (2.4), we obtain

T Y
1
w = — | — &y (&
o g (vEe T
Substituting Eqs. (A-2.6) and (4.2.7) into Eq. (3. 16) and letting
£y = E.M yields .
dm , 7, vV Y
- d
%r& - a-i dxm - 51 —_:rL_dy (A-2.8)
y 87 €y o o o V €1
In order to obtain 2 relatiohship between 2 \ and _a__rr_zl

oY ' w Y s

Ll -

* For the case of heat transfer Eq.- (A.2.5) becomes *

t
: h =[—.?\/I(to’-tr)]§;l

c y=0



L — | 1

an .
\J+VIVL W \J+£M s

we have to know the relationship between

. This can be shown from the velocity prolfiles for rough and smooth

surraces as lollows:

The velocity protiles IoT rough and smooth surtaces are

(1) Rough surface

of = 2.5 gn—— _ (2.9)
o .
Taking t'he'deriva.tivé, we have .
+ o ] o
de | &2 . (A.2.9)
+ s :
dy y -
(2) Smooth surlace (Rechardt's universal: velocity profile)
- Y +
+ -
u+ = 2.515 (1 0.4y )+ 7.8 [t - exp(-%)
z+ + + .
- T3 yexp (-0.33y }] for ¥ = 0 (2.6)

In the turbulent layer where yT is much greater than zero, this

profile can be rewritten as -

. , |
JF oo 2.5 4a(y ) +2.5 0 (0.8) 7.8 . (A.2.10)

Taking the de rivative, we have

. +
- dy

r

+ - ' : . : |
du_ | 2:2 (A.2.11)
dy y ' ‘ <
Fr:ofn'Eq. (2.4) it can be shown that * , \
v + £ = . (A.2.12)
M + .
c du
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Substituting Eq. (A.2.9) and Eq. (A.2.11) into Eq. (A.2.12)
.\ !

respectively we have

{a ) ."
T W

=z — + A.2.13
(\J+€,M)W (“). _ (v sM)S ' ( 13)

Substituting Eas. (A.2.8) and (A.2.13) into Eq. {A.2.5) and noting

that at the air water interfa_c?a, i.e. y=o, (8+ EM) " = 5§+ E‘M)s= g,
we have,
diit )
: 10
h
(D)w =(d.x )w .(_‘_l_-_r)_yv'_ (A.2.14)
h dm ' T
(hy) R0, ta) g :
dx

-
Py

Since the attmosphere can be considered as a sink or source

with a very 1argé strength, it can be assurned that the mass fux |

generated by she water body has almost no etfect on the specific
hurnidity of the atrmosphere at an elevation of approximately 10 meters.

In other words, the ratio

dm dmio

dx )u.:‘ (Ji}i )s N

is essentially equal to unity.

Therelore, l
SR g
@ 2
Poyw ¢ Coiw o |CAOw (5.2, 15)
Byl (@) (Cyols - . ‘



A.2.3 Drag Coefticient Over 2 Wavy Water Surtace’

The relationship between the drag coerficient and the |

significant wave height! give by Ed. (3.33) is

-

-

! 1

L
—_——a= A 4n A {
: 4 H, .. 5
\/[Cm)w : 13

where A. and AS are two constants which are best evaluated

L2
.
(3]
(V3]
—

<

using e'cperxmental data obtained in feld at va.ri.ous tetches and
wind speeds. Apart rfrom economical considerations the large
scatter revealed in the available measurements indicates that it
is improBable that reliable data will be obtained. The two
constants are therefore, estimated as follows.
The emp;.ncal tormula for calculating the friction factor
for rully developed. flow in rough pipe (110) is,

D .
4 - 1735 40 (o= )+ 1.14 (A.2.16)

g %,

where DC and Ks‘ are the diameter of the pipe and the ‘equivalent
sand roughness. TO apply the above equation for 2 rough flat plate,
rirstly, the radius o7 the pipe is replaced by § the thickness oI
the turbulent boundary layer. f{eplac'mg 2§ for Decand (Cm)W for
1, £Eq. (A.2. 16) becomes,

-

L = 1.735 1n ( %—5”1.14 (A.2.17)
10, - s - -
The thickness of the +urbulent boundary layer for a rough flat plate
(111) .
according to van der Hegge-ZLJnen - ) is
L/ 2/3
i = . . A.2.18
8 0.26 1—11/3( HU3) { )

' Since the thickness or the turbulent boundary layer over a wavy water
<

urface is unknown it may be estimated from Eq. (A.2.18)as an
appronma.tlon. | '




W

‘-

From EqQ. ('3.32) tor constait wind speed we obtain

.

-~ f .
' ' .464 : J
Substituting EQs. (A.2.18) and (A.2.19) into Eq. (A.2.17) yields,
. —1735;n(a1-“;—8—3)+114 T (A.2.20)
= 1. A RO A.2.

‘Since the equivalent sand roughness, Ks is proportional

.to H1/3 the significant wave height, Eq. (A.2.20) can be written as
< - ) )
.83 ’
= 1.735n ‘A(JI;I ]+ 1,14 | (A.2.21)

~/[C10) w 1/3
et 4

where A, is a constant. Since “[_.‘:}'8"/1-11/3 is a very large

-
-~

number in most caseés, it is reasonable to assume that

N L 0.83 L
6H (/3 Hy/s
Therefore .
a . ~ y |

C = 1.735 :}1('1-_1—"' y +1.14 - (A.2.22)

[C10)w - 1/3 .
and in terms oI Froude number ' -

/
Ly at2 " (A.2.23).
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Appendix A.3
' ~ i
A.3.1 Functional Relationships Among U, arms and- L

.

For air floWv over a water surface roughened by wind,
the mean velocity ofair v ata distance y above the mean water

.

level may be expre's sed by

v QI(O’LTO' arms'g) (A.3.1)

Letw, o, L. be the primary quantities, making a dimensional

analysis, we have the following three dimensionless numbers :

-rgr g | T3 = u/\/gL

thererore,. .
. R} . a -
11 - @1 rIms , u ) (.A.-3-2)
lo/p

Since the power law velocity profile which is often used

to approximate the logarithmic velocity profile, suggests that

n n
b4 ¥y
the variation of u with y may be accounted for by dividing 7, and

n
-;r{by the quantity ¢ 1, Here the quantity & is

o<
<
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R oy
(ufri/ v ) !
L —— ] which is an expression 10T Vi in dimensionless
w, /8y, , . -

form and n, is a constant. Introducing the moditied T, and .,
: 2

into Eq. (A.3.2) we have

u a u
1 - ¢ ( IS 1 )
n 1 L ’ o
ofp ¥ ! Vel ¥ t

. . (50,73) N .
e stud a te that th
Since studies appear to indica that the quantity ui/-‘(-ro/c

is not a strong function ot.fetch, the last term on the right-hand
: ~

: Lt
side of the equation may be approximated by L

ny (i—ﬁ )
Ve

L - .
Now the above equation may be rewritten as

u. a w. ——
o) ' — | ( . . ‘
i ' - -\fnz (1-n3)
2 g : gl v, - .
0 ‘

Furthermore, since Egs. (3.33) and (3.34) suggest that u//'_"g

H e
3 u
varies with the logarithm of Iijb ‘or [gl. , the rollowing
equation may be’ established :
( -
u. -1n A a .
i ¢ 1o A tn 10 rms/L (A.3.4)
_ 9 u. 1'!.3
=\ ’ 'c)/D P SE—————
. . . nz (l_nz)
\ gL v,

, and n, are constants which are to be
where Ag’ AiO ni, nz 3 )
determined based on the experimental data or the present study.
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\

/
g

All the parameters ?xcept a on the right-hand side
/ rms
orEq. (A.3.4) are easily obtainable. It is therefore, desirable
to express the parameter a ... in terms of u, and L. Since
' L
. . . a3y : . u
the ratio H1/3/L as shown in Eq. (3.32) is a tunction of /-.,/gL .

it may be assumed that similar relation also exists between

armle- 2 ui/ﬁf ' A plot of arms/L aga.'mst ui/\}gL

based on t experimental data of the present study indicates that
for a constant L., the logarithm ol arms/L varies linearly with

ui/\f ¢l . Hence the rollowing functional relationship between

2 ns/L and  u, /gL is established .
%.:
*rms %
1 -
L = eZ(L) + g, (L) (A.3.5)

Here @Z(L) and ¢3(L) aAe all runctions of retch. Further

examinations made on @2( } and 44 (L} indicate that QZ(L)
varies approximately with the square root of retch and ®3(L) is
a very weak ranction of fetch. Accordingly Eq. (A- 3.5) may be

approxim ately written as

—_— = + AL,
n L Ay w A (A.3,6)

Expressing u. in terms of dimensionless quantities, we have,
1

in = A,,— ¢ + A (A.3.7)

Here A A and n, are constants. These constants will be

137 T 14 .
evaluated based on the experimental data of the preseﬁ»{'\ study.
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¢
A.3.2 Method of estimating the empizical constants in Eq. (A.3.4)
. Eq. (A.3.4) can be rewritten as
, ™
. 7 \_/
Yy ! ' arms/L
—_— = A In g-i-Als (A.3.9)

This equation can be simplited it e is measured at a single

reterence height above the water surlace, $3y VY. and hénce ~

’

u a
—= = A, 1in /L A S s A L (A3.10)
u 16 u 3 17
i T T |
n (1-n>)
-\/g: 2, ZJ
. _ L r
The constants AiS and Alé can be easily determined rom the -~
F’\’/ experimental data ir n, and n, are known. The exponent n,
{' should not be much smaller than 1 according Eq. (3.34). The

exponent ng, however, can only be assumed to be positive according
to Egs. (3-32) and {3.34). Both of the exponents will be deter-~ -

mined by a trial and error technique as follows :

(2) Choose n, with values less than 1 and ng with values

between .5 and 10.

(b) ~Jse the method of least sguares to obtain A.” and A18

rrom Eq. (A.3.10) and calculate the standard error of estimate for

tion of nz and n .

“(c) Select thewalues of n, and n. and corresponding A’g

dnd AiS that give the lowest value of the standard error or estimate.




L
-9t - .

These values are taken as the solution to Eq. {(A.3.10).

(c—l) Again‘, choose ny with values close to (1-n2)/2 together
with w, and n. .obtained";‘rom (c) and use the same tec::hnique
as outlined in (b-) and (c) to obtain Ag and AlS‘ as well as n,
from Eq. (A.3.9). v
A~ ! |
' The resultant equation is g
ku, o 33 2
l_l_‘:_ _ o7 l‘LO.Q_w o . j 946 - rms/Ig-S (A.3.11)

o S L ﬁ@L&s%oz

where k is von Karman's constant and is equal to 0. 4.

A.3.3 Method of estimating the empirical constants in Eq.(A.3.7).

Eq. (A.3.7) can be rewritten as

& - ul n_g_
in S - A v+ A (A.3.12)
EYj

L 13

Since the experimental data indicate that if the value of arms/L

is less than about 0.008, it is a function of u. only, the combined
1
exponent of y, must be approximately equal to 3n1 based on the
L
power law velocity profle. Thus

3n4 - .5 = -3 x 0.033

or né— = . 133 \ . N

To obtain the values ol n4, A13 and Aié' the calculation proceeded

by fitting the experimental data to Eq. (A.3.12) with a value of . 133

£,
N
s
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for n, . This result was checked against those with different
values of né- It was found i:ﬁ’at the least standard errof ol esti-
mate was obtained with the value of n, equal to . 12. The corres-
ponding values of A13 and Ai-} are 0.08 and - 14.2, respectively.

Hence Eq. (A.3.12) becomes -

-

aw ) ' '
EztaL - 14.2 (A.3.13)

=0.08

Qor
®rms )
-—’*"—L—— = exp [_-14.2 +0.08
2 .
rms - 0.008
L
rl -~
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Appendix) A.4 -
- a\:-H- +
A.4.1 Eveluation of __ du., ¥y 00
" , nd —
- ++ ot ++
S R
B:\'.++ '
1)
ax
Replacing L by =, E;q_. (3.41) takes the lorm .
0.033
946 exp (-14.2+0.08 )
z =Y : EYr
~ o T -
. 1 U, 3.5
" N = (A.4.1)
L gx=’ Yoo
Let ’ . . u
g.12
N 946 exp ( -14.2 + 0.08 —
- VEY »
Yy
N
then
Z =
o
0z, 4
ax
0.033 “o
= 0.98y x ™
!
d N\
Let y=y, = 6 in. "(2.36 cm)
¢0 033 _ 1.86 ;
hence az oz .
2o - 182 =2
x x
z
Rots Zo - « o . 0.82 .
SE- ° _ o = - =3 (A.4.2)
X © zod ©
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(2) °v,

++ ~ - 5
QY

- - v .

The quantities u_ and Z whichv}re deduced from th

-1

measured velocity profiles are plotted in Fig. (a.4.1)in terms of

a ] . .
T and Xtz . .The results show that the functional relation-

o
gEY
T

ship between the two quantities may be approximately expressed,

by the edquation,

—_ 4
v - =—0. 2 . A4S
K By _ 0.4 \f”n x + 4.02 (A.4.3)

where Ve is the distance between the water surface and the center
line of the air-water tunnel and has a value ot 6 in (15. 24 em) -

. 1 .
Taking derivative ol u with respect to ( /zo)’ and rearranging,

we have, .

-0.19 z u
_1_.) o T
3~
o
Dividing the above equatign by vy gives

au e
= = -0.19 — LA A
++ 0.1 =% (& )
ey y '
(3) au
.
++
ax
au
The term —:i-i- can also be evaluated trom £g. (A.4.4).

o .
<t .
Taking the derivative of u with respect to "X and rearranglng,

one obtains ' .

< .

i
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i '
f . v _ ‘ u
— . —T = -0.42 - " (A.4.5)
++ - ++
Ax x .

can be rewritten as

The logarithmic velocity profile as defined by Eq. (2.8)

u = Rf,n - R‘,’,ny-.R Ln -
o
+ ++ )
Taking the derivative ol u with respectto X gives ° -
+
au’ _ L L 1t 2x
+ B i K 4
ax+ K X X Bxﬁ-
, ax I S
Since =
++ 4
ax x
ax
z
= - 2
0.82
Thus
auT _ 2,23 (A.4
4 ++ i
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Appendix A.5 Heat and Mass Transfer Stanton Numbers

The total heat flux and the total mass fux due to the

N - combined eflects ormolecul‘ar conduction and/_g{idy transler
within the fluid at any point are given by the/rollowing equations:l
q = -0C v(-i—--%- s °) & (A.5.1)
P P_ v dy
e N %) = (A.5.2)

The above equation can be written in dimensionless form

as : ~
dF o
G = (g .+ = (A.5.3}
v ¢ 4
dy -
where YTT = y/z
0
and 1) for heat transter
= t -t
r = Zgo.
‘ t -t
z T
o
_ L
& " p i
o 8
€H
€. 7 N
q z
G = _. °
pelt, -tr) v
o
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2) " Ypr mass transter ’ -
,\.. 1 - . s T
1,._‘,‘] mz m AR "_\‘_
= ( _° | ol
_ m_-m
z T S
o . :
- 1
Ev Sc ‘.‘L
e ~
ez
G = o

m -m
o 2 r)v

v
Substituting M y for ¢ and noting that

K
- E;__ i %y
v
Eq. (A.5.3) can be rewritten as
K Zo
G = (
. iy ~ L
Integrating rom yTT: 1to y-:. and noting that F = 0 at y =1,
we have ) ( - \
-l kz ‘of. .
Y o o T, -1
- L Gu )Ty Y g
Kz /"'o[o -
© . rz IO{O )
k——"———— s -1
AV v
(A.5.5)
Dividing both sides of Eq. (A-5.5) by u, and noting that
- \,1’
. o/p ++ .
= 2.8
ur -—'—'-K "un Y’r ( )




we have

——

k F

.\f__—— ++
nofo.{,n YI‘ .
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1 — )
Kz 10/0
++
Gy c y o o+e,mt
in v B
Kz ‘TO/ u ﬁ
o * kz TO/D
o. , + £ - 1
[ @ v
. (A.5.0)

The heat transfer and mass transfer Starton I§umbers are

defined by q
t =
S H n¢< ur{t -t )
P o)
e
t =
and Sty ou_(m_ -m)
o

2

Substituting the heat transier and the mass transfer Stanton Numbers

into Eq. (A.5.6) yields

' 2
t = St = K
5 H D
where ) _ 1
v  Pr
_ 1
&y Sc

w
1

\
1]-1

,_i
<

for heat transter

ror mass transler

yon Karman's constant (a value ol 0.4 is used) .
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¥ 4
Wind Drift Current

\

When a layer furbulent air moves over a water surface,
a shear stress exists at the interface and the air drags water along
with a velocity v. This velocity {s related to the interfacial shear

stress by the equation, {see Fig. A.6.1)

)

( V) &y A.6.1
y o, L& TV, d@®em) (A.6-1)

For an observer moving along with the air at the air-water

T

interrace, Eq: (A.6. 1) becomes :

dv’
. r
- = : .6.2
4 0,08y TV, T(R-T) (&.6.2)
. In the above equation, T, is the shear stress induced by

~

wind and it decreases Irom its maximum value 7} at the air-

water interface to zero at the solid boundary. By analogy to the
N a8

problem of turbulent dow in pipe, it is expected that the shear

stress distribution is linear. Then, approximately, Eq.(A. 6.2)

~

can be writtenas :
dv
T

_r . _ T ‘ "
Ta( R ) = p:,(EM+ V):, Ther) (A.6.3)

Eg. (A.6.3) is essentially the same equation which relates
the shear stress and velocity profle oI fully developed turbulent
flow i—.n pipe. 1itis, therefore, expected that all the universal velocity
profiles for fully developed turbulent fow in pipe are equally

appliczble to Eq. (A.6.9. Because itis applicable throughout

L3
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| . 3

the entirég\ow region (that is laminar sublayer, butfer layer and
turbulent layer) the universal velocity profile originaﬁy derived
by Reichardt is chosen as the solution to Eg. (A.6.3). This
velocity profle is
+ R | R-r)
v = 2.5 1pn [1+0.4(R-1) 1+7.8 ¢l -exp {—L—%—]
T
- | Lo | v
) (R-x) o +
- exp -0.33 (R-1) ] (A.6.4)

Sl

& . -
At the solid boundary where 1 is equal to zero, the

dimensionless velocity is

. + ;
s | f ot [1-em (-3 :
Vy = %5 Lo (L+0.4R)+7.8 | L-exp (-7 ) ;
+
R PR
-{ 11)e:\.p ({ -0.33 R )} (A.6.5)

Finally, the absolute velocity at the interlace (with

reference to the solid boundary) is

Vo T vl'fb uT\ w

(A.6.6)
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‘Drag Coerticient Over a I:arge Body of Water
With Reterence to Wind Speed at 10m, ClO

TABLE 2.1
. CiOx 10° _ Field or
Author Year | Light Wind | Strong Wind i_.abo::'flto:.y Remarks|Reterence
- U, <10 m/s| U o> 10m/s a‘;‘?;ﬁ;o"gﬁ

Colding 1876 | 5.2 " F,S 28
Ekman 1905 5.0 F.S \ T 29
Shoulejkin 1928 1.8 : : F.,S 30
Rossby and N~
Montgomery 1935 1.6 F, P 31
Palmén and

Laurila 1938 T 4.8 F,S 32
Bruch 1940 3.8 4.4 F,P 2 33
§ellstr6m 1941 .2 3.0 F,S 34
Sch%xw.ijx 1947 5.2 F, S 35
Hela 1948 3.6 ¥, S 36
Neumann 1948 2.4 4.0 F,S 37
Rell 1948 2.2 F, P 38
Francis 1951 ‘1..2 5.0 Lab,S 39

.| Keulegan 1951 2.2 5.2 1.ab,S 26
Johnson and )

Rice 1952 - : 5.0 Lab,S 40
Saville - 1952 5.0 Lab,$ ) a1
Van Dorn 1953 2.0 5.8 F., S 42
Reid and

Clayton 1953 3.8 8.0 F,S 43
Keulegan 1653 5.0 F,S 44
Hellstrom 1953 4.6 3.6 F,S 45
Hamada et 2l 1953 .0 3.0 Lab.P 46
.Darbyshire . )
and Darbyshire 1955 4.2 F,S £7
sibul | 1955 2.2 3.0 Lab. P 17
Mcllroy 1955 2.9 F,E 48
Roll 1955 2.4 5 F, P 49
Deaconetal 1956 2.0 4.8 F, P 50

” Hunt 1956 6.6 F, P 51
Clayton 1956 12.4 5.8 N F, S, 52
Goptarev | 1957 ' 3.6 |7 F,P 53

) (CoMad)
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Drage Coefficient Over a Large Body of Water
_ With Rererence to Wind Speed at 10m, G,

TABLE 2.1 continued : ] k
- )
_ Cio0 ¥ 110 Field or \
Author Year Light Wind Strong Wind I.aboratory " Remarks Rererenc'cl
U10 < 10m/s UlO - 10m/s |Investigation :
and Method

Farrer 1958 "1 - _ 3.8 F.P " 54

1 Fleagle et al 1958 2.2 F.P 55
Takahashi 1958 | 2.4 F, P 56
Hayvami and

Kunishi 1959 2.4 4.2 Lab.,P inc.with 57
. U
10
Vinogradova 1959 2.92 F. D 58
Hunt ' 1959 5.8 F, P 59
Deacon 1960 4.6 F, E 60
Portman 1960 s F, P 61
Pollak 1960 4.2 &2 ¥, S 62
Bruce et al 1961 ' .8 F.P 63
Brocks 961 3 3 F, P Baltic h4
Brocks 1961 2.2 2.2 F, P NorthSea b4
Deacon 1962 1.9 _ 1.9 ¥, P " North 65
S Phillip ,

Deacon 1962 2.4 2.4 F, P Open Sea 66
Takeda 1963 2.6 F,P TokyoBay| 67
Weiler and :

Burling 1967 ~2.8 2.8 ° r, E 68
Subkovski and . ' . ) o )
Kravchenko 1967 1.44 2-% (0.1 }Jlo) r, Ugin m/sec 69
Smith 1967 1.8 1.8 ¥,E 70
Hasse 1968 2.4 2.4 FLIE 71
Wu 1968 2 -4 . Lab.,P inc. with 16

ER Y10
Wu 1969 Um?- 5.2 Fand Lab. Uloin m/sec 21
Elder and Soo 1969 .39~ 2.7 F, E - 25
Adelrang 1969 2.56 5 ~2.56 F,P 72
. Smith 1970 2.7 2.7 r, P 73
Miyake et al 1970 | 2.18 2.18 F,E ) 24
Miyaxe et al 1970 2.26 2.26 F.,.P 24
Kondo et al 1972 1.8 1.8-4 ¥, P _&Tnc. with 74
10

%« P, E and S indicate Proifile Methdd, Eddy Correlation Method and
Surrace Tilt Method respectively.
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TABLE 3.1 Law Of the Wall
| R : [ O ] ”
ange Equation
Prand:l & 0%t 115 uf" -
Taylor .4 ] 5 '
(95.99) 'l'l.:>‘<'y 5 1n y + 5,
i t ; + - - - '
vQn Rarman 0 <y < 5 u =y
(100) 52y <30 ¢ =51y - 3.05
30 < y+ v =2.5 In Yo+ 5.5
‘\Reichardt | 0%y u ‘--2 510 (1 + 0.4 y1)
(23) | +7.8 [-Exe(-y M- AER (-0, 33 Y]
+
Y d
. &4 -+ . A4
Deissler 0<y <26 u - ' - , -
B L1+(0.124)2u+y [1-5::?(0.124)2 uy's
— 26 &y =278 ny + 3.8
| .
d 24
van Driest 0%y v

(102)

o+
u -
| J 1+ (140.64 y'° [1-EXP(-y /20)

! L
. _%anni e

0 <y %27.5

+ .

y = 14.54 tanh (0 0688 Y )

(103) :27.5 Ay ur -25'1r~y +55
Spalding 0%y v =yt 0.1708 [EXP.(C.40T) - T - 0.4u"
(10w - (0.aa"Y2y2e -(0.8a)33t ~(0.00™) /4]
. ) - - +.5
‘Yasan 2t al 0 < y+ < 20 ‘ g o=y - 1.06x107 T (y7 )T + 3.03x1 6(_\/ )
(10sy | 20 &y ¢ =2.51ny + 5.5
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TABLE 4.1 Experimental Data
RUN | L drms | Ur Ur Zo Cr
NO. IN. IN. FPS FPS IN.
1 16.50Q 0+0045 2443 1089 0.00073 0+00397\
2 16450 UeDO43 24+ 00. 1+234 0+00066 0.00383
3 1400 UeQOLO 322 1301 .0.00053 000371
4 14400 GeQ10U 35.50 1877 0+00069 0+0039%
5 1600 $+0170 38+80 17895 000092 0.,00423
6 1400 0-0210" 35+60. 14819 0.00090 0.00422
7 1550 0+0245% 40+60 10791 0+0006% 0+0038S
5 1400 Q«0380 43431 24140 O0«00163 0+00488
9 1400 Ve 0450 4576 2226 0.00145 0+00473
1V 1300 00550 4836 2363 0.00152 0eQ0477
13 |- 1300 0sQ700 5030 2394 0.00122 000452
12 1650 Ge0057 30+73 1376 0.00072 | 0400400
13 1650 00135 36+98 14652 0.00073 0.00399
14 1550 Ge0255 L1403 1280 0.00090 0.00420
15 1400 0«0580 45402 2.276 0.00196 0.00511
16 14+00. 01100 49432 2490 0.0019% 0+00510
17 1400 0e1750 5103 2655 0.00240 0.00540
18 14400 Ge1750 56208 2.991 0.00293 Q.0U568
19 1400 Ge1750 H0 =44 2+622 0«00053 0,00376
20 25400 Qe0010 20+13 0«32 0.00151 0.00479
21 28400 00060 3236 1e634 0.00248 000534
22 28.00 LeC216 37 2e147 0+00461 0.0064%
23 28400 0=0490 Ly kL7 2.509 O0«Q046%4 000645
24 2800 Ye2100 S0 o4 3373 0«01312 0.00882
25 28400 02400 Dy e 43 34516 0.01052 000834
26 28.00 Geilbl 46429 |/ 24778 0.N0674 000720
27 28400 0e2500 58w 38 3591 0+00801 0007906
28 25400 V2500 54433 2.567 | 0.00025 0,0034&_
29 38.00 UsL0356 1946 0.986 | 0.002G5 Ce00513
30 3560 ve0100 24470 1303 0.002295 000556
31 38400 Q.0068 |' 28400 1815 0«0034 4 0.00585
1Y) 38.G0 Ueil75 Shebd 2.057 000637 0.0C706
33 35.00 0e015% 35432 1546 0.00382 0+00607
T 3800 00340 39e43 2e453 0.00865 0.00771
35 38.00 LeUBC0 4247 2689 000943 0.00801
36 3%.00 03009 4813 3375 001774 000583
a7 38.00 030092 52+98 3+828 0.02030 001044
3% 38.C0 03000 S5e64 44170 0«Q1843 0.01011
3y 38.00 - 0«0020 24406 Dey18 0.00017 0.002%1
N 4100 0eC035 2989 .| 1704 000496 0.00651
41 | 32.C0 LeGlu2 3279 14751 0.0G310 0.00573
ke 41+C0 U135 3403 1860 0.00358 0.005%7
43 35.C0 Ue195 3532 1945 0.«00372 000606
gy | 40«50 L0350 aQelvV 2e421 0.00701 0+0Q0729
PR 38400 UeilLO 43.25 24752 0+00994 0+008C9
46 3%+C0 Ge1850 45485 2.165 | -0.01635 | 0+00953
47 38450 - y+2000 L4He 82 3.028 0.01097

- m e mwe

0-0033§4J ,



TABLE 4.1 continued ~ — 105 - S (
) . T
RUN| L Armg | Ur Ur 1 Zo |- Cr
NO, IN- IN. FPS FPS IN. )
R 38-C0O Q«3000 3061 35634 0.02012 0-01031% S
4 38.CO Ge22390 53470 ‘3439 0.012584% | 0.0C884
5¢ 38.C0 02550 56083 34939 | 0401573 | 0003960
] %2 $1.00 Ue0018 | 24e61 | 14345 0.00367 .| 0.0U597
- 52 5350 U030 2670 1403 0.00283 0.00552
53 53.50 L0055 2909 14663 0.00506 0+0065%
D4 51«00 Ve00ES 3053 14760 0.005189 0+00662
° 55 5100 V0400 37+70 24393 001037 0e00805|
: 5o 5100 Ue1000 41489 3.038 0+02091 0.01051
57 52.00 01520 43+7% 24840 p.01122 000842
S5» 31+00 03150 46+96 3+588 0.02835 001167
5y 51400 V3300 5161 4210 0+039C4 0+01330
60 5100 V3600 55«20 44373 0.03442 001259
61 53+50 0.0210 3457 2.077 | 0.0064% 0.00709
62 5350 V0340 37.87 | 2+308 0+00747 0.00742 -
63 | 52+50 U*0800 hlel4 24607 0.+00556 0.00803
64 51.C0 V2000 44057 ‘34108 0.01703 0.00972
6% 5100 02000 45456 3322 0.02216 0.01063 ,
606 51.C0 U«355C 5761 44519 0.03198 001230
&7 5100 U=5650 6385 4eE46 0.02690 0.01152
68 78.C0 Ue0028 1911 | 0887 0+00098 0+ 00430
69 73400 Ue0560 2312 1.158 0.00232 0.00501
70 7200 Vs (058 2497 1429 0.00531 | 0.00655
71 78CO veC0OB2 2656 1560 0«00554 Qe QUBTH
72 7800 0sC150 2Yy.03 1695 0+00577 Ds00682
73 73.00 0e.c270 32.01 1+99S 0.00915 e UQ7EU
T4 77«00 Je0425 3544 236 0+01386 0.0088%
75 | 72.60 |- 0.0700 7| ‘3960 24835 ™ 0.02060 0.01085
76 76450 ye1410 | 4130 2.913 || o0.01852 | 0.0099%
77 72+00 G+1910 | 43+06 | 3157 0.02256 0+.01045
78 72.0C GedB00 4B 4-355j D«06162 g.01591
75 72«CC Ves5100 59«14 5198 | g.05812 0.0154ﬁ ;
8u 7%.CC Q0044 2013 0975/ 0.00142 Qs00469 i
81 7800 |. 040051 2406+ 1295 0.00337 0+00579
8z 72+C0O Le0067 2443 1263 000239 0.0053%
&3 72400 0«0155 2594 | 1+901 001260 0+00863:
i &4 7200 UaGhu0 3436 24295 Ds.01416 . Qe00B82
\ &b 78400 G435 | 34-68 2.:183 | . 0.00937 0.00792
B& 7200 0+G¥50 37.493 2.236 0.00646 0s00685.
1 37 72.00 ue1300 41098 2995 0.020%8 0.01019
; 83 72.00 0+3900 46456 4.235 0.06363 0.01626
i 89 72.00 ve5000 5003 4562 006775 0016599
l Su 72.00 Ue5100 B4 e43 4766 0+05742 $«01533
| 91 72.00 | ©+5250 | 59e14 5113 0.05355 | 0-01495
[ . y2 75400 0.G0RS | 2702 | 17965 0.00479 0+00646
i 93 78400 U245 31430 1834 0.00586 0400686
' gy | 72400 Us 1425 el 2371 0.01597 0400931
\ 35 78460 | 00660 38405 2.387 .| 0.00956 0.00787
96 72+00 Ge2250 4ieG2 3567 003873 0.01313
47 72.00 | 0ve4500 47043 4605 0.08972 001884
9% 72.00 05500 5773 +601 0.15991 | v.0261%
9y 72.00 05100 6161 Se104 0+04360 0.01372
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Fig. 4.6 Calibration of Static Pressure Probe
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