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Abstract—Mass transfer rates were determined by directly measuring the actual volume of water

evaporated from saturated wavy {(sinusoidal) surfaces in a micrometeorological wind tunnel. Simultaneous

measurements of mean velocity, humidity and temperature distributions were made over these saturated

waves. Under equilibrium boundary layer conditions, the average mass transfer coefficient was found

to be a simple power function of the surface Reynolds number, w.zo/v. Based on this result the mass

transfer data from this study correlated well with published mass transfer data from various other types
of surfaces, e.g. water waves, flat plate, and surfaces roughened with pyramids and spanwise humps.

NOMENCLATURE s
a, wave amplitude [L];
Cy,  effective average skin friction coefficient

= ‘i;%g {dimensionless]; g,
C,.  specificheat at constant pressure [HM ™16~ 1];
d, zero plane displacement [L];
D, molecular mass diffusivity {L*T '], A
E, evaporation rate per unit area [ML 2T~ 1]; 0
@ acceleration due to gravity [LT™2]; Re
H, form factor [dimensionless]; ( Re )
Hy,  heat flux [HL™2T"1]; Vo
h, wave height [L];
k, Karman constant [dimensionless];
K.,  exchange coefficients of water vapor in z direc-
tion [L*T™*]; Se,
L, Monin-Obukhov length [LT;
I characteristic length [L]; Sh,
m,n,  exponents {dimensioniess]; (Sh}a,
Pw.  free stream static pressure [ML ™ T~ 2]; (Sh);,
Pr,  Prandt! number [dimensionless]; {Sh)o,
4, specific humidity
(@ﬁ‘fﬁer vapor) [dimensioniess]; g
g of dry air ’
gamb, ambient specific humidity Uy,
(g%o; ::; ;er; 2for) [dimensionless]; U,
X,
SRR A

*Now at University of Nebraska, Lincoln, Nebraska 2
68503, US.A.
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surface air humidity

(g of water vapor

g W) {dimensionless];

specific humidity in free stream

g of water vapor . .
=~ | [dimensionless |;
gof dry air

difference of the surface and ambient concen-
trations [dimensionless];

Reynolds number [dimensionless];

surface Reynolds number

UeZp . :
= - [dimensionless];
v

Schmidt number = }i} {dimensionless];

Sherwood number [dimensionless];
Sherwood number based on & [dimensionless];
Sherwood number based on / [dimensionless];
Sherwood number based on zg
[dimensionless];

temperature [6];

mean velocity components in X direction
(LT

free stream mean velocity in x direction
[LT™];

friction velocity [LT™'};

distance along longitudinal direction [L];
distance along lateral direction [L];

distance above effective zero plane in vertical
direction [L];
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Ze. distance above wave crest in vertical direction
(L]

Ir. distance above wave bottom in vertical direc-
tion [L];

20, roughness parameter [L];

v coeflicient of kinematic viscosity [L*T~']:

0, mean mass density [ML *];

To, effective wall shear stress [ML "' T ?]:

A, wave length [L]:

d, boundary layer thickness [L];

O*, displacement thickness [L];

0, momentum thickness [L].

INTRODUCTION

IN A sO-CALLED “aerodynamically smooth flow™, the
drag exerted on the fluid by the boundary surface is a
function of the Reynolds number only, and, except for a
region very close to the surface, the distribution of
mean velocity is represented by

L miiss T

On the other hand, for “aerodynamically rough flows”,
the drag is independent of the Reynolds number and
is proportional to the square of velocity with the mean
velocity distribution given by
L 2
71\:an or z>zp (2
in which z, is the roughness parameter and - is
measured from effective zero plane, given by z =z, —d,
where z; is the height measured from the base of the
roughness, and d is the zero plane displacement.
Considerable amount of work has been done on mass
transfer from aerodynamically smooth surfaces in tur-
bulent flows, but, on the other hand, relatively little
has been published on the effect of roughness on the
rates of mass (or heat) transfer. Moreover, the results
from different investigations (e.g. Nunner [1], Smith
and Epstein [2], Dipprey and Sabersky [3], Pohl [4],
Kolar [5,6], etc.) sometimes disagree either partly
or completely. Kolar [5,6] presented a theoretical
analysis of heat (or mass) transfer in the turbulent flow
of fluids through smooth and rough tubes. His analysis
was based on description of the hydrodynamic relations
derived from the statistical theory of turbulence. Levich
[7] proposed that if the height of roughness was greater
than the thickness of the viscous sublayer but less than
the turbulent boundary layer, the hydrodynamic situ-
ation may be modified in such a way that a decrease
in the mean mass transfer would result. He proposed
a theoretical correlation for mass transfer rate in terms
of friction velocity, difference of surface and free stream

concentrations. fluid properties and height of rough-
ness. Although Levich’s model presents a basic ap-
proach to the problem of mass transfer from rough
surfaces. its applicability is limited to S¢ = 1. In 2
recently published work, Dawson ¢t ol [8] reported
measurements of mass transfer coefficients for a series
of geometrically similar rough surfuces (V-shaped
grooves of 2 14 mils depth normal 1o the flow duee-
tion), using an electrochemical technique. For 390 «
Sc < 4600 and Reynolds numbers greater than 15000,
their data correlated as

‘S[)R - _((’H* .
s =

where St = Sh/ReSc is the Stanton number, ¢ is the
roughness height and subscripts R and § refer to rough
and smooth surfaces respectively.

A few analytical approaches by some meteorologists,
e.g. Sutton [ 97, Calder [ 10], Rider et uf. [ 11] attempted
to predict mass transfer rates by solving the diffusion
equation. These solutions, however, fail to consider the
effect of change in aerodynamic roughness on momen-
tum transfer. A number of field investigations have
tried to understand the mechanism of mass transfer
from the Earth’s surface, but the resulting measure-
ments are difficult to interpret.

The foregoing discussion reveals that the information
on mass transfer from rough surfaces is very limited.
In view of this. and because of the difficulty of con-
trolling the variables encountered in field research and
because of the great amount of time and money in-
volved, laboratory investigation of this problem was
initiated at the Fluid Dynamics and Diffusion Labora-
tory of Colorado State University. The work reported
here is part of a comprehensive research program
designed to study the transfer of both mass and
momentum from rough surfaces. Wavy surfaces were
chosen to represent a controlled and defined shape of
roughness.

EQUIPMENT AND MEASURING PROCEDURES

Experiments were conducted in a low speed wind
tunnel. This recirculating tunnel can generate wind
speeds ranging from 5 ft per s to about 70ft per s. The
test section is about 30ft long and has approximately
a 6ft by 6t cross section. The measurements were
taken on sinusoidal waves of three different sizes
(/.= 42in. and h = 1-701n., 1-0in. and 0-50in.). These
waves were cut from styrofoam blocks with a single
shaper blade on a horizontal milling machine. Figure 1
shows the layout of the experimental arrangement in
the wind tunnel. The styrofoam waves were laid in
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F1G. 1. Experimental arrangement (wave assembly) in wind tunnel.

aluminium pans, which were connected to water reser-
voirs (Fig. 2) and arrangement was made so that the
water level in the pans was maintained up to the wave
troughs. A sheet of felt was positioned carefully over
the waves, following their contour. When positioning
the individual styrofoam waves in the pans, care was
taken to leave a small (about 1/32in. wide) crack
between each wave to allow water to flow up from the

bottom of the pans {Fig. 2): thus, the continuity of
the wavy surface was not disturbed, Before beginning
an experimental run, the felt on the styrofoam waves
was saturated with water and it was observed that it
remained wet everywhere as long as the desired water
level in the pans was maintained. Downstream of the
26th styrofoam wave {Fig. 1) a specially built wave
{of same size) called “evaporation metering wave”, was



n

S. B. VErRMA and J. E. CERMAK

RN OONAONNK

|‘¢:4‘|‘4{1|4K1}
sontlin

TR
(XN

ON0OON000

(NN NN NN RN
LT
.

IRNENRRS

ARAN

000N
[RKNNKNN]

floor

RN NN RN NI A T L TR )
BOAEEd NI vt T b et EEra L g b
“lHIIHHIHIII\IHH\KY[\IHHI\IHHH||\|
LN A N N N N o N A RN N N N N
DERA N RN RN N N RN NN NN NN NN NN
RN NN NN RN N NN N NN NN NN
(NN NN RN NN NN AR NN NN NN
\I\}\‘\‘\ll‘lll‘yl"\‘}l{‘l’\‘\‘\y\}\l|‘llr‘!‘\l\‘\‘\‘7‘1‘\'[‘\‘[1\y‘]l|lll| Y
: » P
I‘\‘Ill‘ll\‘\‘l‘\‘ll\‘llll\‘]‘\‘\‘\‘I‘\‘I‘\J\‘l‘l‘\‘}‘\‘ll\IILVLIl}Ill\ﬂLIII 100 c
a.
@
o
T Y\vl'\'l'!"'!"'l'{'l‘l‘\ 6
Reramanios (INURENUREARLN' >
ety >
sananansndiN)
INNN R R NKNNN Q
R NN NN N AN Y o
- NN NN NN NN ) L)
1‘I’!‘Ili‘IIII\‘III‘IWI’ " m
(ERRRRRANNNKAN Jé
/ FrER g (2
AU @
AN ir 3
ARRRRRRAARAN a
) o
% i
IS Y
J o
e i =]
=
A= o)
5 : s
ok L =
£3 | @
o.g I -
i
c = |
= o '_%—~, .
—_ i N,
- B
o
2xg il
S< | o
=R |1 e
@ <
oo I =
= €= i s
S a i “
©
. -
i ! Q
: c
! Q
=
i »
: o
|1 a
i )
1
| .
|
|
i
1.
|
i
i -+
©
'
i
|
|
z i
o :
° | I
< | i
= | |
5 | il
)
©
@
3
wr_-

[
Qo
= >
S o
=~

Crack to et

SCrews

nag

g

floor

tunnel

Wind

Spot weldin

g

Sheet metal

S

% To water tank

upport channe!

5

Dctails of Fig. 1 (schematio)

N

i,



571

Mass transfer from aerodynamically rough surfaces

(v 9ADM J40j suOISUSWIQ)

MOTA PUH

aaem Sundyow uoneiodeay ¢ ‘OI14

019 wnuiwnjy

H : A ¢ Y urm@ i e

e T e m SMa10s BUIYIDN & £ [ L s 1
5 L "R gl LSO} Awoﬁwfswa o N e G —

. { 1 : o apiS L e e b N
DA Sl i (BT q@%«“ B [ — — e L g —
g | A o lc 2V —H N § —
‘el e juse “/_n\“ "~Rsuaauds sspig
w H [ v "~ sjpuupyd Jaddoy // e —
i HE oS poa; sjdnodoway | !
s9jdnodow isy 7
e 1 ppa| 3jdnosow sy
I 2o
ueb
- uipg
mota doJ,
9%a1d apig
SMJIS SUILIOWN J u99Ids ssbug jauupyo Jsddo Pt
I M ﬁ\ O adnoodownay] .
s, ]
1
I
WeY  55a1d pus ssoig i Tm = = _
[ P S ; ]
o} D — e ———
B uIgn; ss01g < — ; = — i
r sajdnoooway |

uoreAs[d
/ %20[q wnuwn)y

Jadod Jsjoig



L

72

piaced in the pans with other styrofoam waves follow-
ing it. The “evaporation metering wave™ {Fig. 31 with
the aid of an “automatic feed and metering system”
{(Fig. 4). facilitated the determination of evaporation
rates by measuring the actual volume of water that had
cvaporated in a given time. This metering wave was
divided into eight scctions of equal width with thin
copper baffles. Strips of blotter paper were cut to fit
vertically in these sections: the tops of the blotter papers
were carefully sanded to form a continuous surface.
Water from separate burettes, belonging to the “auto-
matic feed and metering system”, was supplied to the
bottom of each section of the metering wave. It was
carried to the top of the blotters by capillary action.

o .
~ Tubing -]

Tube A .
NT

L Clamp

Clamo

- Tubing

F
Bottle”

_ &

Tl Burette

/%—wcy stopcock

S. B. Verma and 1 E. CErRMAK

{Cambridge Systems, Model 992) at a constant flow rate
maintained by a vacuum pump built in the hygrometer.
During an experimental run, the background humidity
changed with time, although very slowly, because the
recirculating air gradually absorbed additional mois-
ture. Also. the surface air humidity changed shightly.
Two sampling probes were used simultancously 1o
measure both the local moisture content in the bound-
ary layer and the free stream moisture content. In
addition. the surface air humidity was determined by
measuring the surface air temperature 7, by copper

constantan thermocouples fimounted on the wive
surface), after assuming that it was cqual to the satu-
rated humidity at temperature 7,

==t :‘"/‘“Ammem pressure

¢ Thermoocuple

A section of evaporation metering wove

FiG. 4. Part of automaltic feed and metering system (lypical for each wave section).

The blotter surface was kept wet as long as the water
supply was maintained. The pressure difference, created
by the water loss from evaporation at the top of each
wave section, was compensated for by drawing water
from the corresponding burette automatically. The
amount of water that evaporated from each section in
a given time was measured from the drop of water
level in the corresponding burette. The “evaporation
metering wave” and the “automatic feed and metering
system” were actually designed to measure the distribu-
tion of local evaporation rates over the wavy surfaces
intended for other related studies and have been de-
scribed in detail elsewhere [12]. For this study. the
average evaporation rates were obtained by integrating
the measured local evaporation losses.

The moisture content of the air flow was measured
by sampling the gas stream through a stainless steel
sampling probe, connected to a dew-point hygrometer

In addition 1o the humidity distribution, the mean
velocity and mean temperature ficlds were also mapped
at several longitudinal positions over the wavy surface.
The mean velocity distributions were measured by
pitot tube. A set of two hot wires were employed to
crosscheck the values obtained by the pitot tube
measurements. The mean temperature distributions
were measured by copper—constantan thermocouples.

The pressure distribution on the surface of the waves
was measured by a special pressure tapped wave, placed
at 27th wave position. This pressure tapped wave
had the same shape and dimensions as the other
styrofoam waves. except that 17 equispaced pressure
holes were drilled across the mid section of the wave.

The drag force on the waves was determined by
integrating the wall pressure distribution. The resuits
of the drag force measurements were crosschecked by
using a shear plate. designed by Hsi and Nath [13].
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RESULTS AND DISCUSSION

Velocity fields

A typical set of mean velocity profiles (U/U , vs. z./8)
at different crest positions is plotted in Fig. 5, in
which z, is the height measured above the respective
wave crests and 0 is the boundary layer thickness.
Figure 5 clearly shows the changes in the velocity pro-
files proceeding downstream. However, for stations
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F1G. 5. Mean velocity profiles (typical).

downstream of the 22nd crest, all the nondimensional
velocity profiles approximately collapse into a single
curve. In addition, the quantities /U, and dp,/dx
became almost constant for x > 7ft (i.e. downstream
of the 22nd crest), where x is measured from the start
of the leading wave [ 12]. This means that the boundary
layer reached its equilibrium condition in the far down-
stream region, x > 7ft [12 and 14]. Typical plots of
relevant boundary layer parameters, e.g. boundary
layer thickness 8, displacement thickness 6*, momen-
tum thickness 6, and form factor H are shown in
Fig. 6. When the smooth wall boundary layer en-
counters a series of waves, the form drag of the waves
introduces an increase in the wall shear stress. This
increase in wall shear stress causes a loss in momentum
and therefore, 8, 6* and 0 are increased at a faster rate
in the beginning. Shortly however, the flow adjusts
itself to a normal boundary layer development, and
equilibrium boundary layer conditions are obtained.

Friction velocities were obtained primarily from the
measurements of mean velocity profiles. The results
from drag force measurements were used to cross check
these values. In order to obtain u, and z, it was assumed
that the velocity distribution followed the logarithmic
profile

u 1, =z

L P

" k Zo zZ>2Zp (2)

for nearly neutral conditions. In equation (2), z = z7 —
d=z,+¢ande = h—d,wherezy is the height measured
from the bottom of the waves, z, is the height measured
above the respective wave crests, d is the zero plane
displacement, and h the wave height. The value of d
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F1G. 6. Plots of 8, *, 0 and H (typical).
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was estimated by a method similar to the one used by
Perry et al. [15] The velocity profiles on wave crests
‘n A~ n

nlott

am region were first to,
{ pictied

he )!’A tra
H) Casis FOER woill sif

(’;l;, vs. z. axes. An estimate of the required slope
of the final logarithmic distribution = (1/k)In ;2
where C, is the effective average skin fricllon coeffi-
clent = 20 U, )*, was calculated using the results
from drag measurements [12]. Values of & were then
added to the abscissa of the raw profile in a trial and
error process until a value of &, which gave a straight
line with a slope close (vmmn i0 per cent) 1o the above
predetermined value of (170)In/ 2.
The values of di=h—¢) so obtained were given by
dih = 05,025 and O approximately for waves A, B.and
with fi/2 = 041 024 dnd () 2. Thi

rom the bottom of the
H i pottom of the

was obtained.

wavee
Waves, 1

plane is raised by about a half and a quarter of the
wave height for the steepest and the intermediate waves,
but remains unchanged for the shallowest one, which
seems reasonable.

Considering the above and using the equation (2).
values of zy were computed. In the far downstream
reglon the values of z, varied from 003 to 0-175in.
HHQ.L Wave DCLQ \«VIH&,U are LUHI})(U(“HL il H,db!
with regard to the order of magnitude. to the results
obtained in investigations above simifar surfaces [eg.
Chamberlain [ 16] and Owen and Thomson [17].

Inthe evaporation experiments. a temperature gradi-
ent was set up as heat was transferred from the air to
the evaporating surface. However. the gradient of
windspeed in the lowest few inches (above the wave
crests) was farge. and a typical value of the Richardson

number
T
g <z
ST ey
)
for Tin. < z, < 4in.. was found of the order of 10 *

{the Monin- Obuklov parameter

3

1w
o[ H
T\pc,
was of the order of 10° cm). Considering the Monin
Obukhov log-linear law

U
( ={l; k)[ln
U ot

[, Zo

+/)

an error of about 2 per ce
ectimating . by uging eauation
estimating u, by using equatl

Average evaporation rates

Average evaporation rates, in the fully developed
(far downstream) region. were obtained by direct
measurements (described in the previous section). These

74 S. B. VerMa and J. E. Cirvaxk

results were cross chﬁcked with another method of
computing Lvapomnon rates. This method. which may
be called a mass balance i‘ucm{)d, makes pussibic the
evaluation of evaporation rates by using the equation

"
s

d |
[ Uiz gtzy - . 3
i J” pUgtey—¢, | d i3

ed by considering »

This equation can be obtain 11455
balance on a control volumn in the air [ 18],

In the far downstream region. the results oblained
from the mass balance method agreed. within 10 per
cent. with the direct measurements. Considering that
the mass balance method used an entirely different s¢t
of measurerments than thosc used for direct evaporation
measurements, the agreement 1s encouragmg.
and humidity  profile

the mean

Using the mean velocity
measurements made at several Tongitudinal positions
over these waves, the variation of cvaporation rates
with fetch was obtained as shown in Fig. 7 (typicaly.
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FiG. 7. Variation of average evaporation rates with feteh

(typical).

The evaporation rate. in the beginning. nereases
rapidly to a maximum near the fourth or fifth crest
and then decreases, levelling off in the fur dowastream
region. When the relatively dry air contacts the hirst
few waves. it absorbs considerably more moisture than

At T P

A~

it does . The evap
rate later decreases and becomes constant in the far
downstream region. This kind of variation is com-
patible with results reported in some other studics. ¢.g

Marciano and Harbeck [19].

Correlation of cvaporation data

For a fully developed boundary layer under nearly
neutral conditions, with no lateral diffusion present. u
dimensional analysis of the problem of evaporation
from a uniformly saturated surface leads o

1

1‘1{7 _ fi ze.‘f‘ v } )

(Shi =
. pDlg,—q .} v D
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in which E is the evaporation rate per unit of projected
area, p is the density, D is the molecular diffusivity,
v is the kinematic viscosity, u, the friction velocity,
{gs— g} is the difference of the surface and ambient
air humidities, and | is a characteristic length. In this
study, an approximately fully developed boundary
layer was obtained near the evaporation metering wave.
The effect of lateral diffusion was minimized by keeping
the buffer waves, located at both ends of the metering
wave, completely wet during the course of an experi-
mental run. It has been shown that the conditions in
this study could be treated as nearly neutral with a
negligible effect of stability on wu,. Therefore, the
evaporation data of this study could be correlated on
the basis of equation (4).

To start with, wave height k was used as a charac-
teristic length for correlating the data. Values of

uh
{Re.)y = >
v

(Sh), = and

Eh
pD{Gs—go)
for all three wave sets at different free stream speeds,
were computed and plotted on Fig. 8. The data is
approximately correlated by

(Sh)y = 010 (Re,)0 84, )
In connection with mass (or heat) transfer relations of

above type, various values have been proposed for the
exponent to the Reynolds number. Based on their heat
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F1G. 8. Correlation of evaporation data with h as the
characteristic length.
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transfer measurements for flow through rough tubes,
Kolar [6] and Nunner {1] found values of 0986 and
1-0 respectively, for the exponent to the Reynolds num-
ber fermed from the friction velocity and diameter of
the tube. On the other hand, Levich [7] obtained

Eh ub\V? 1
pD(qs"q@)"'(»T) 5 ©

where h is the height of protrusions. It should be noted
that Levich’s analysis is restricted only to cases where
Sc >» 1; his results are in good agreement with Mahato
and Shemilt’s [20] observations (with S¢ = 258). How-
ever, based on his evaporation data from water waves
{Sc = 0+6), Lai [21] reports a Re®%° dependence of the
Sherwood number.

The applicability of equation (5) is limited to wavy
surfaces. In an attempt to make the correlation more
general, the roughness parameter z, was used as the
characteristic length and the results are shown in
Fig. 9. The relation

(Sh)e = 0:055 (Re,)§°°,

o
U.Z¢

and (Re,)o = S
v

. Ezp

with (Sh)o PDid—72)

gives the best fit correlation for all the different sets of

data. This correlation is applicable to mass transfer

from various types of surfaces, some examples of which
are considered next.

Q Wave A —’x’ = Q41
o woed £ =026
10— O wave C *f- 0

57 )

£z,
pOlg,

(5h), =

°-30
$h), 20055 (Re,),

ol ; i o 1 |
10 102 103

(Re,) - Zxfo
3

F1G. 9. Correlation of evaporation data with z, as the
characteristic length.
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Comparison with evaporation data from water waves
Lai [21] measured evaporation from small amplitude
wind generated water waves at different ambient con-
ditions. He reported his evaporation data along with
the corresponding values of the friction velocity u, and
the roughness parameter z, obtained from the relation
v 1. =
~In —. (3
< Zo

U,
where U is the air speed, k is the Karman constant.
and z is the height above mean level. In attempting
to correlate Lai’s data with the data obtained in the
present study, the following considerations can be
made. Consider the simplified case of a long train of
waves with amplitude « and length 4 moving at a
constant speed ¢. The wind blows over these waves
with a velocity U which varies with height -, ic
U = U(z), but remains constant with time and direc-
tion. The flow is unsteady and the boundary conditions
are different from those of a fixed set of solid waves.
To reduce this situation to a steady one. a coordinate
system moving at the same speed as the waves is
introduced. When viewed from the moving coordinate
system, the wave profile is stationary: so this trans-
formation makes boundary conditions correspond ap-
proximately to the rigid waves. The introduction of
this moving coordinate system does not affect the
values of u. reported by Lai [21]. but it does modify
the roughness parameter:

(zo) moving coordinate o

e e ()
(zp) fixed coordinate

Using this modification. values of
2

Ezy
and  (Re,)o =

Shyy = -
b pDgs—q. v

were computed from the set of data, (taken in the
approximately fully developed region), reported by Lai.
The results are shown in Fig. 10; the evaporation data
from the water waves and those from the fixed waves
are reasonably well correlated by equation (7).

Comparison with evaporation data from a flat plate

Cermak and Lin [22] reported evaporation results
from their experiments on a smooth flat plate. To
correlate their data with that of the present study. one
needs the values of the friction velocity w, and the
roughness parameter zp corresponding to each evap-
oration run. The values of u, reported by the authors
were based on the relation

7 4 constant, (10)

. ( v
For a smooth flat plate. designating z, as the roughness
parameter may be misleading. However, for the sake of
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Fia. 10. Correlation of water waves and flat plate data with
the data of this study.

cvaluating equation (7). zo may be assumed to have
that value of z for which the extrapolated valuc of
U is zero. This procedure for obtaining z, for a flat
platc has been previously used by Cermak and
Koloseus [ 23] and Chamberlain [ 16]. Using the values
of u, and z,, thus obtained, along with the evaporation
data obtained from a flat plate located in a fully
developed boundary layer [22]. the values of Sherwood
number = Ezy/pD{g,—4..) and surface Reynolds num-
ber = u,zo/v were computed; the results are shown in
Fig. 10. The line representing equation (7). which
correlated the data from the solid and water waves.
can be extrapolated to correlate the evaporation data
from a flat plate reasonably well.

Comparison with sublimation data from different rough
surfuces

Owenand Thomson ([17], p. 327) measured sublima-
tion rates of camphor from surfaces roughened by two
types of glass: “one was mottled by irregular pyramids
in relief and the other reeded. with the generators of
the reed running perpendicular to the stream...” To
correlate their sublimation data with the evaporation
data, one must account for the difference in molecular
diffusivities of the camphor and water vapors which
can be incorporated in the non dimensional Schmidt
number. S¢ = v/D analogous to the Prandtl number in
the corresponding heat transfer case. Thus a correlation
of the type.

(Sh)o = (Re )8 (Sc)" (13
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can be attempted, in which (Sh)e = Ezo/pD{Aq) where
E is the mass transfer rate per unit area and Ag is the
difference of the surface and ambient concentrations.
A variety of values, ranging from 025 to 05, for the
exponent »# have been used in the literature. From their
experiments on evaporation of various liquids, Smolsky
and Sergeyev [24] reported a value of 0-44 for n as did
Gilliland and Sherwood [25]. Levich [ 7], and Mahato
and Shemilt [20] used Sc®?* in their correlation. In
heat transfer experiments, Chilton and Colburn {26],
Reynolds et al. [27], and many others report a Pro 33
dependence, whereas Kolar [6] obtained a Pr°° de-
pendence on the Nusselt number. In this study, s = 033
has been chosen for correlating the sublimation data
with the evaporation data, Figure 11 shows a plot of
{Sc)o/(Sc)® 3 vs (Re,)o for the sublimation data of Owen
and Thomson [17] with the evaporation data of this
study. The line

= 0-064 (Re, )5 %0 (12

correlates both of these data well.
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FiG. 11. Correlation of sublimation data from different
kinds of rough surfaces (Owen and Thomson [17]) with
the evaporation data of this study.

It is important to note that the data points used in
the evaluation of equation (12) are limited to small
Schmidt numbers, eg. Sex 062 (this study) and
Sc = 3-2 {Owen and Thomson). Therefore, care should
be taken in using this equation for a wide range of
Schmidt numbers,
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Comparison with some semo-empirical evaporation
models
Norris [ 28] investigated the problem of evaporation
from extensive surfaces of water. His analysis was
based on a three-layer model which was also used by
Montgomery [ 29]. On physical grounds Norris differed
from Montgomery concerning the distribution of water
vapor in the outer turbulent layer above rough surfaces.
For evaporation from a rough surface, Norris presented
the relation

E = pku, I'v{gs—qs) (13)

b ~1
Fb = (11} ”"“)
tZa

(in the simplified form) with u, and u,, being the
friction velocities in the intermediate and turbulent
layers of the three-layer model over a hydrodynamically
rough surface and In ¢t = 1-76 u, /u,,. From many wind
profile data, Norris reported an approximate value of
0-88 for Ine.

Sverdrup [30] used K, = ku.(z+zo) in the relation

in which

¢
E=—pK. 2 (14)
8z
to obtain {on integration)
bt+zg\ !
E = pku, (In - ZO) {gs—q)- (15)
O

In connection with estimating evaporation losses
from lakes, reservoirs, or any other water surfaces of
finite extent, let us use the value of mean humidity
at 10 m above the water surface as being approximately
representative of the ambient humidity. This assump-
tion is compatible with the considerations made in [ 19].
Determinations of wind profile over the sea [31]
indicate that the sea surface is hydrodynamically
rough at wind velocities exceeding 6 m/s as measured
at a height of 6-12m above the sea surface. The
roughness parameter z, of the sea surface was reported
to be about 06 cm, regardless of the wind velocity. On
the other hand, for hydrodynamically rough lake
surface, z5 was found to vary from 0-55 to 1'55¢m
for the wind velocity ranging from 1m/s to 15m/s
measured at 8 m levels from the water surface [19]. An
average value of zy equal to 0-8cm was chosen for
comparing Norris’ [28] and Sverdrup’s [30] models
with equation (7).

Using the above assumptions, the values of Ezy/
pD(gs— Gamy) were computed for various values of
u,20/v from Norris’ [28] and Sverdrup’s [30] models.
The lines representing these models are shown in
Fig. 12, along with the results of this study. Agreement
is within 10-15 per ceat for the range of UeZofV
considered.
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[30] results.

It turns out that the results computed from Norris’
[28] and Sverdrup’s [ 30] models are not very sensitive
to the chosen level for measuring ambient humidity.
For example, a change of this level from 10 to 20m
makes a difference of only 5-8 per cent in the value

of E/qs— Gamp-

CONCLUDING REMARKS

For uniformly saturated surfaces, the mass transfer
parameter (Sh)o, for a wide variety of geometrical
characteristics, depends primarily upon the surface
Reynolds number (Re,)o and the Schmidt number Sc.
This implies that the roughness of the surface can
influence mass transfer (evaporation, sublimation etc.)
rates only insofar as the aerodynamic parameters u, and
zo are influenced.

The importance of this result is embodied in the fact
that by knowing the wind speed profile above an
uniformly saturated surface, one can predict the mass
transfer rates with reasonable accuracy for different
ambient conditions, provided the surface and ambient
concentrations are known.
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TRANSFERT DE MASSE A PARTIR DE SURFACE
AERODYNAMIQUEMENT RUGUEUSE

Résumé—On a déterminé des flux de transfert de masse en mesurant directement le volume deau
évaporée 2 partir de surfaces ondulées (sinusoidales) saturées, dans une soufflerie micrométéorologique.
Des mesures simultanées de distributions de vitesse moyenne, d’humidité et de température ont été
pratiquées sur ces ondulations saturées. Dans les conditions de couche limite en équilibre, le coefficient
de transfert moyen de masse est une simple fonction puissance du nombre de Reynolds superficiel,
w.zo/v. A partir de cette remarque, les points expérimentaux de transfert de masse pour cette étude sont
en bon accord avec les résultats publiés sur le transfert de masse pour d’autres types de surfaces (par
exemple: ondes d’eau, plaque plane, et surfaces rendues rugueuses avec des pyramides et des excroissances

profilées).

STOFFUBERGANG VON AERODYNAMISCH RAUHEN OBERFLACHEN

Zusammenfassung —Der Stoffiibergang wird ermittelt durch direkte Messung des jeweiligen Wasser-
volumens, das von gesittigten welligen (Sinusform) Oberflichen in einem mikrometeorologischen
Windkanal verdunstet. Gleichzeitig wurden Messungen der mittleren Geschwindigkeits-, Feuchtigkeits-
und Temperatur-Verteilungen iiber diesen gesdttigten Wellenflachen gemacht. Unter Gleichgewichts-
Grenzschicht-Bedingungen wurde die mittlere Stoffiibergangszahl als einfache Potenzfunktion der
Oberflichen-Reynolds-Zahl (U . zo, ) ermittelt. Die ermittelten Stoffiibergangsdaten konnten durch dieses
Ergebnis recht gut in Ubereinstimmung gebracht werden mit vertffentlichen Daten von verschiedenen
anderen Oberflichentypen, z.B. Wasserwellen, ebene Platte und Oberflichen, die durch Pyramiden und
Buckel aufgerauht sind.

NEPEHOC MACCHL OT ADPOJUHAMMUHYECKHN WEPOXOBATBLIX IMOBEPXHOCTEN

Annotauns — Onpenenanack HHTCHCHBHOCTE MAcCOTIEPEHOCA HENOCPEACTBEHHBIM H3MEPEHHEM NeH-
CTBHUTENIBHOTO KOJMYECTBA BAArM, MCIapaeMoll M3 HPOMHTAHHBIX BOAOH BOMHOOGPA3HBLIX (CHHYCO-
HIANbHbIX) MOBEPXHOCTEH B MHKPOMETEODOJOIHYECKOM BO3AYIUHOM KaHane. OAHOBDEMEHHO H3Me-
PANMCH CPEOHAA CKOPOCTh W pACHpPERENCHME TEMIEPATYPhi H BAAXKHOCTH HAn >TOH BONHOBOH
noBepxHOCThO. Halieno, 4to ocpeasexHbilt ko3dduuueHT MaccooGMeHa RBIASETCS MPOCTOH cTe-
MeHHOH (yHKuMedh uncna PefiHonbaca Ha MOBEPXHOCTH, ty Zo/V, B YCIOBHAX PABHOBECHOTO NOTPaHHY-
HOro c¢nos. [aHHble 10 MaccooOMeHyY, MONYYEHHbIE B HACTOALIEM MCCAENOBAHMM, XOpOLIO corja-
CYIOTCA ¢ Ony6nMKOBaHHLIMA JaHHBLIMH O MACCOOOMEHY MJIA PA3/IMYHbIX THIIOB IIOBEPXHOCTEH,
HAMpPHAMEp, BOJIH HA BOIE, IVIOCKOH NIaCTHHbI, TOBEPXHOCTEH ¢ WEPOXOBaTOCTAMM B BHIE MHPaMHI
H NOJIOTHX BbICTYIIOB.



