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MASS TRANSFER FROM AERODYNAMICALLY 
ROUGH SURFACES 
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Fluid Dynamics and Diffusion Laboratory, College of Engineering, 

Colorado State University, Fort Collins, Colorado 80521, U.S.A. 

(Received 30 &far& 1973 and in revised form 21 September 1973) 

Abstract -Mass transfer rates were determined by directly measuring the actual volume of water 
evaporated from saturated wavy (sinusoidal) surfaces tn a microme~eorologi~al 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, u,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 

wave amplitude [L]; 
effective average skin friction coefficient 

= $>r$ [dimensionless] ; 
* 

specific heat at constant pressure [HM- * 8- ‘1; 
zero plane displacement [L]; 
molecular mass diffusivity [L’T- ‘] ; 
evaporation rate per unit area [ML-‘T-r]; 

acceleration due to gravity [LT-*I; 
form factor [dimensionless]; 
heat flux [HL-‘T-t]; 
wave height [L]; 
Karman constant [dimensionless]; 
exchange coefficients of water vapor in z direc- 
tion [L’T- ‘1; 
Monin-~bukhov length [x-f; 
characteristic length EL]; 
exponents [dimensionless]; 
free stream static pressure (ML- 1 T- ‘1; 

Prandtl number [dimensionless]; 
specific humidity 

g 

( 

of water vapor __-__ 
g of dry air ) 

[dimensionless]; 
, 

%nb > ambient specific humidity 

.-_____ .-... -_ ~.___ .._ 
‘Now at University of Nebraska, Lincoln, Nebraska 

68503, U.S.A. 

surface air humidity 

[dimensioniess] ; 

specific humidity in free stream 

I;zy ,,,> [dimensionless]; 

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

= -%? [dimensionless]; 

Schmidt number = i [dimensionless]; 

Sherwood number [dimensionless] ; 
Sherwood number based on h [dimensionless]; 
Sherwood number based on I [dimensionless]; 
Sherwood number based on zO 
[dimensionless]; 
temperature [@I; 
mean velocity components in X direction 
[LT’]; 
free stream mean velocity in x direction 
[LT-11; 
friction velocity [LT- ‘1; 
distance along Iong~tud~na~ direction [L]; 
distance along Iateraf direction p]; 
distance above effective zero plane in vertical 
direction [L]; 
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distance above wave crest in vertical direction 

P-1; 
distance above wave bottom in vertical direc- 

tion [L]; 

roughness parameter [L]; 
coefficient of kinematic viscosity [L? ‘I: 

mean mass density [ML “1: 
effective wall shear stress [ML. ’ 7‘ ‘I]: 
wave length [L]: 

boundary layer thickness [L]; 
displacement thickness [L]: 

momentum thickness [L]. 

INTRODUCTIOR 

1~ 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’ 1 
- I k  ]n ‘5” + j.j 

k. 1’ 

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 

C*’ 1 
-=; In ’ for 2 > Z” 17) 

in which z0 is the roughness parameter and ; is 
measured from effective zero plane, given by z = z?. - J. 
where z-I_ 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 [I]. Smith 

and Epstein [2], Dipprey and Sabersky [3], Pohl [4], 
Kolar [S, 61, 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. Levi& 
[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. Auld properties and height of rouph- 
ness. Although Lcvich’s model present\ a basic “p- 
preach to the problem of mass transfer from t-ough 

\urfacca. il> applicability is limited 1(1 SC I. In /I 
recently published work, Damson (‘I (t/. IS] ircportcd 
measurements of mass transfer coeficients for ;i \cries 
of geometricall) similar rough SLII-I'XC\ I’m’-shaped 
grooves of 2 14 mils depth normal 10 Itic tlo\s dircc 
tion). using an electrochemical technique. I,III. 790 c 
.S(, < 4600 and Reynolds number> prea trt than 15 000. 
their data correlated as 

where St = ShiKeSc is the Stanton number, LJ is the 

roughness height and subscripts R and S refer to rough 
and smooth surfaces respectively. 

A few analytical approaches by some meteorologists. 

e.g. Sutton [9]. Calder [lo]. Rider rf oi. [I I] 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. 4 number of field investigations have 
tried to understand the mechanism of mass transfer 

from the Earth’s surface. but the resulting mcasui-c- 
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- 
volvcd. laboratory investigation of this problem \\as 
initiated at the Fluid Dynamics and Diffusion Laborit- 
tory of Colorado State University. The work reported 
here is part of ;I comprehensive research program 
designed to study the transfer of both mass and 
momentum from rough surfaces. Wavy surfaces wzrc 
chosen to represent a controlled and defined shape ol 

roughness. 

EQUIPMENT AND MEASURING PROCXDURES 

Experiments were conducted in a low speed wind 

tunnel. This recirculating tunnel can generate wind 
speeds ranging from 5 ft per s to about 70 ft per s. The 
test section is about 3Oft long and has approximate]! 
a 6ft by hft cross section. The measurements were 
taken on sinusoidal waves of three different si7es 

(i. = 4.2 in. and 1~ = 1,70in., l.Oin. and 050in.i. These 
waves were cut from styrofoam blocks with a single 
shaper blade on a horizontal milling machine. Figure I 
shows the layout of the experimental arrangement in 
the wind tunnel. The Styrofoam waves were laid in 
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To bottles 
- False floor 

Elevation 

-Evaporation meterIng wave 

rBuffer waves 

in 

FIG. 1. Experimental arrangement (wave assembly) in wind tunnel. 

aluminium pans, which were connected to water reser- 
voirs (IFig. 2) and arrangement was made so that the 
water level in the pans was maintained up to the wave 
traughs. A sheet of felt was positioned carefully over 
the waves, following their contour. When positioning 
the individua1 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 stgrofoam wave (Fig. 1) a specially built wave 
(of same size) called “evaporation metering waveX, was 
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I’hr blotter surface \viias kept wet as lorIg as Ihe water 

supply was majnta~ned.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 
:I 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 dsewhere [12]. For this study. the 
average ~va~or~~tio~l rates were obtained by integrating 
the measured focal evaporatiitn losses. 

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

in addition to the humidity distribution. the mean 
v&city and mean temperature fields were also mapped 
at sekerat longitudinal positions over the wavy surface. 

The mean velocity distributions were measured b! ;I 
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 ~opper~onstantall tlierrn~~~ou~l~s. 

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 
bad the same shape and dimensions as the other 
styrofoam waves. except that 17 equispaced pressure 
holes were drilled across the mid section of the wake. 

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

Velocity jields 
A typical set of mean velocity profiles (U/U, vs. z,/6) 

at different crest positions is plotted in Fig. 5, in 
which z, is the height measured above the respective 
wave crests and 6 is the boundary layer thickness. 

Figure 5 clearly shows the changes in the velocity pro- 
files proceeding downstream. However, for stations 

I ,3- 

Wave A 

Crests 
n 1 

03 

FIG. 5. Mean velocity profiles (typical). 
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downstream of the 22nd crest, all the nondimensional 

velocity profiles approximately collapse into a single 
curve. In addition, the quantities u,/iJ, and dp,/dx 

became almost constant for x 2 7ft (i.e. downstream 

of the 22nd crest), where x is measured from the start 
of the leading wave [ 121. This means that the boundary 

layer reached its equilibrium condition in the far down- 

stream region, x > 7ft [12 and 141. Typical plots of 
relevant boundary layer parameters, e.g. boundary 

layer thickness 6, displacement thickness 6*, momen- 

tum thickness 0, 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, 6, 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 zO, it was assumed 

that the velocity distribution followed the logarithmic 
profile 

u 1 z 
;=;ln; z>zO 

0 
(2) 

for nearly neutral conditions. In equation (2), z = ZT - 

d = z, + E and E = h - d, where zT 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 

FIG. 6. Plots of 6, 6*, 0 and H (typical) 



ws estimated by a method similar to the one used b\ 
Perry c’f ai. [t 51. The velocity profiles on wave crests 
in the far downstream region were first plotted on the 
I’, I’, vs. 1,. ;,xcs. An estimate of the required slope 

of the final logarithmic distribution = (1 :k)ln, C, 2. 

where Cf is the effective a\crage skin diction cocfYi- 
cient = ?(I[_ ‘I:, )‘> w-as calculated using the results 

from drag measurements [I?]. Values of c wcrc then 

added to the abscissa of the raw profile in a trial and 
error process until a value of 2:. which gave a straight 

line with ;1 slope close (within IO per cent) to the ;~ho~c 

predeterlllin~d value of (1 ,i,)ln, C‘( ,?. was obtained. 
The values of ~i( = h - 2:) so obtain& wre given hi 
0. !I = 0.5.0.15 and 0 ~ippr~~xirn~~t~l~ for waves A. B. ;rnd 
c‘. respectively. RTith h i = 041. 0.24 and 0.12. Thi\ 

means from the bottom of the W:IVB~. the effective 7e1-ii 
plane is raised by about ;I half md :I quartel- of the 

wave height for the s&pest and the intermediate N;II,CX. 

but remains unchanged for the shallowest one. which 
seems reasonable. 

Considering the above and using the equation (7~. 
values of zO were computed. In the far downstream 

region, the values of z(, vai-icd from WY3 to 0.175 in. 

for the three wave sets. which arc comparable, at Icasr 
v,ith regard to the order of Ii~~~~Ilittld~. to the results 
~~~~t~iil~d in invest~~~lt~~~lls abow simiiar surLicc5 / c_p. 
Chamberlain [lb] and Owen and ‘Jhomson [I?]. 

in theevaporation cxporiments. ;I temperature gx-ad~- 
ent was set up as heat US transferred from the ail- 10 

the evaporating surface. However. the gradient of 

windspeed in the loweat few inches (above the W;I\C 
crests) was large. and a typical wluc of the Richardson 

number 
1. I 

fbi- I in. C. It < Im.. ws li>und of the order of IO ’ 
(the Monin Ohukloij parameter 

was of the order of I03cm). C’onsidering the Monin 
Obukhov log-linear law 

an error of about 2 per cent ina! he involved in 
estimating ff, by using equation (2). 

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

results were cross checked with another mc~iw~l ,:i 
computing ev~ipor~~tion rates. This method. which rn;t: 
be called a mass balance method, makca possible thi 
evaluation of evaporation rates by using llic equittioli 

The ewporation t’atc. in Lhr hc~mnmg. Il1crC;Lw\. 

rapidly to a rn~xirnulii near the fourth OI- (ifth crc~t 

and then decreases, levelling OK in the i’ar d~wnstrcan-~ 
region. When the relativeI> drl ail- c‘ontacts the lirst 
few waves. it absorbs considerably more moisrurc tharl 
it does in the downstream region. -Jhc e\aporatiorl 
rate later decreases and becomes constant in the ~;II 

downstream region. This kind of cariation is am- 
patible with results reported in some other atudlcs. C.Y. 

Marciano and Warbeck 1191. 

For a fully developed boundary laqcr under nc:;~rl~ 

neutral conditions, with no lateral dilfusion prcscnt. .i 

dimensio~~if analysis of the problem of c:\ ~ip~~r~~ti~)~~ 

from a uniformly saturated surface iead~ to 
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in which E is the evaporation rate per unit of projected 
area, p is the density, I) is the molecular diffusivity, 
Y is the kinematic viscosity, u, the friction velocity, 

(qs-qm) is the difference of the surface and ambient 
air humidities, and 1 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 u,. Therefore, the 

evaporation data of this study could be correlated on 
the basis of equation (4). 

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

Eh 
Gh), = 

PWZ-GJ 
and (Re,)& = 2, 

V 

for all three wave sets at different free stream speeds, 

were computed and plotted on Fig. 8. The data is 
approximately correlated by 

(Sh), = 0.10 (Re*)$‘s4. (51 

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 

transfer measurements for flow through rough tubes, 

Kolar [6] and Nunner [l] found values of 0,986 and 
1.0 respectively, for the exponent to the Reynolds num- 

ber formed from the friction velocity and diameter of 

the tube. On the other hand, Levich [7] obtained 

(SC)“4 (6) 

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 SC = 258). How- 
ever, based on his evaporation data from water waves 

(SC = 06), Lai [21] reports a Re”‘8s 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 Iength and the results are shown in 
Fig. 9. The relation 

(Shjo = 0.055 (Re,)8’90, 
(7) 

with (Sh), = _. _ .!! 
PW4s-qcC) 

and (Re,)o = y, 

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. 

,I 
100 1000 

( Re*jn = y 

FIG. 8. Correlation of evaporation data with h as the 
characteristic length. 

FIG. 9, Correlation of evaporation data with zO as the 
characteristic Iength. 



Comparison with ecaporatiort datafrom kvuter IV(ICP.\ 

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 II, and 
the roughness parameter z0 obtained from the relation 

I.’ I - 
=kln-. (YI 

II* :o 

where L’ is the air speed, k is the Karman constan(. 
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 hc 

made. Consider the simplified case of a long train of 
waves with amplitude N and length i moving at ~1 

constant speed c. The wind blows over these wa\cs 
with a velocity C: which varies with height ;. i.e. 
I = C’(z), but remains constant with time and direc- 

tion. The flow is unsteady and the boundary conditions 
are different from those of ;I fixed set of solid wakes. 

To reduce this situation to a steady enc. a coordinate 
system moving at the same speed as the waves ih 

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 II. reported by Lai [21]. but it does modif! 

the roughness paratnctel-: 

(zo) moving coordinate i, 1,. 

(zo) fixed coordinate = 
e i’)i 

Using this modification. values 01 

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 (71. 

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 II, and the 
roughness parameter z. corresponding to each cvap- 
oration run. The values of II, reported by the authors 
were based on the relation 

I I 
= i, In I[‘- + constant. (10) 

il, \’ 

For a smooth flat plate. designating z0 as the roughness 
parameter may be misleading. However, for the sake of 

100 
F 

evaluating equation (7). z. may hc assumed to hn\r 
that value of : for which the extrapolated value of 

(’ is zero. This procedure for obtaining z. for :L flat 
plate has been previously used by Cermak and 
Koloscus [23] and Chamberlain [ 1 h]. Using the values 

of 11, and z. thus obtained, along with rhe e\apot-ation 
data obtained from a flat plate located in ;I full! 

developed boundary layer [El, the values of Sherwood 
number = EZRA, ~0(q, - y I ) and surface Reynolds num- 
ber = I~,z~~:v were computed: the results arc shown in 
Fig. IO. The line representing equation (7). which 
correlated the data from the solid and water \vaie\. 
can be extrapolated to correlate the claporation data 
from a flat plate reasonably well. 

Owen and Thomson (1171. p. 3371 measured suhlima- 
tion rates of camphor from surfaces roughened b> t\h o 
types of glass: “one was mottled by irregular pyramids 
in relief and the other reeded. with the generators ot 
the reed running perpendicular to the stream .ll To 
correlate their sublimation data with the evaporation 
data. one must account for the differcncc in molecular 
diffusivities of the camphor and eater vapors c\ hich 
can be incorporated in the non dimensional Schmidt 
number. SC, = lt,‘D analogous to the Prandtl number in 
the corresponding heat transfer cast. Thus a correlation 

of the type. 

(Sk), c (Rr, ,; (Sc)” !I(! 
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call be attempted, in which (Shfo = ~z”/p~(A~) where 
E is the mass transfer rate per unit area and Aq is the 
difference of the surface and ambient concentrations. 
A variety of values, ranging from 0.25 to 05, for the 
exponent n have been used in the fiterature. From their 
experiments on evaporation of various liquids, Smolsky 
and Sergeyev [24] reported a value of 044 for n as did 
Gilliland and Sherwood [25]. Levich [7], and Mahato 
and Shemilt [ZO] used SC O’z 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 Pro.’ de- 
pendence on the Nusseit number. In this study, n = 0.33 
has been chosen for correlating the sublimation data 
with the evaporation data. Figure 11 shows a plot of 
{SC)~/(~C)*.~~ vs (Re,fo for the sublimation data of Owen 
and Thomson [17] with the evaporation data of this 
study. The line 

correlates both of these data well. 

FIG. Il. Correlation of sublimation data from different 
kinds of rough surfaces (Owen and Thomson [IQ 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, e.g. SC z 0.62 (this study) and 
SC z 3.2 (Owen and Thomson). Therefore, care should 
be taken in using this equation for a wide range of 
Schmidt numbers. 

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 ofwater 
vapor in theouter turbulent layer above rough surfaces. 
For evaporation from a rough surface, Norris presented 
the relation 

in which 
E = &+J”,(q, - qb) (13) 

(in the simpli~ed form) with u,, and Use being the 
friction velocities in the intermediate and turbulent 
Iayers of the three-layer model over a hydr~ynamically 
rough surface and In u = l-76 u,,/u,, . From many wind 
profile data, Norris reported an approximate value of 
0.88 for In CI. 

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

to obtain (on integration) 

(4s - %). (15) 

In connection with estimating evaporation losses 
from h&es, reservoirs, or any other water surfaces of 
finite extent, let us use the value of mean humidity 
at 10m above the water surface as being approximately 
representative of the ambient humidity. This assump- 
tion is compatible with the considerations made in [ 191. 
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 to of the sea surface was reported 
to be about @6 cm, regardless of the wind velocity. On 
the other hand, for hydrodyna~~aiIy rough lake 
surface, .zo was found to vary from 055 to 1,.55cm 
for the wind velocity ranging from 1 m/s to 15 m/s 
measured at 8 m levels from the water surface [19]. An 
average value of z. 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 Ezo/ 

pD(q,-qa,b) were computed for various values of 
u,z& from Norris’ C28] and Sverdrup’s [30] models. 
The fines representing these models are shown in 
Fig. 12, along with the results of this study. Agreement 
is within IO-15 per cent for the range of aezO/v 

considered. 
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4. 

Fro. 12. Comparison with Norris’ [28] and Sverdrup’s 
[3O] results. 

IO. 

I I. 
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 558 per cent in the value 

of E/qs - qamb. 

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 (Rc,)~ 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 
z0 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 

RbumC-On a dttermink des flux de transfert de masse en mesurant directement le volume d’eau 
&vapor&e ti partir de surfaces ondul&es (sinuso~dales) saturkes, dans une soufflerie microm~t~orologique. 
Des mesures simultanbes de distributions de vitesse moyenne, d’humidit& et de temp&ature ont OtC 
pratiquCes sur ces ondulations saturkes. Dans les conditions de couche limite en tquilibre, le coefficient 
de transfert moyen de masse est une simple fonction puissance du nombre de Reynolds superficiel, 
u,z,/v. A partir de cette remarque, les points exptrimentaux de transfert de masse pour cette ttude sont 
en bon accord avec les rCsu1tats publiks sur le transfert de masse pour d’autres types de surfaces (par 
exemple: ondesd'eau,plaqueplane,etsurfaces renduesrugueusesavecdes pyramides etdes excroissances 

profikes). 

STOFFUBERGANG VON AERODYNAMISCH RAUHEN OBERFLACHEN 

Zusammenfassung-Der Stoffiibergang wird ermittelt durch direkte Messung des jeweifigen Wasser- 
volumens, das von gesgttigten welligen (Sinusform) O~~~chen in einem ~kromet~rolo~schen 
Windkanal verdunstet. Gleichzeitig wurden Messungen der mittleren Geschwindigkeits-, Feuchtigkeits- 
und Temperatur-Verteilungen iiber diesen gesiittigten Wellenfl%chen gemacht. Unter Gleichgewichts- 
Grenzschicht-Bedingungen wurde die mittlere StolTiibergangszahl als einfache Potenzfunktion der 
Oberfllchen-Reynolds-Zahl (U, z,J,~) ermittelt. Die ermittelten Stoffiibergangsdaten konnten durch dieses 
Ergebnis recht gut in iibereinstimmung gebracht werden mit veriiffentlichen Daten von verschiedenen 
anderen OberflLhentypen, z.B. Wasserwellen, ebene Platte und Oberfliichen, die durch Pyramiden und 

Buckel aufgerauht sind. 

IlEPEHOC MACCbl OT A3POflMHAMMqECKM IlJEPOXOBATblX HOBEPXHOCTEfi 

AmsoTauHfl- OIIpeneJlRJlaCb BHTeHCkiBHOCTb MaCCOIIepeHOCa HelTOCpenCTBeHHblM Ei3MepHHeM Aefi- 
CTBRTeJIbHOl-0 KOflNYeCTBa BJlarK, HCrlapSeMOi4 W3 IIpOiUiTaHHblX BOaOii BOJIH006pa3HblX (CRHyCO- 
~~~bHblX~ nOBe~XHOCTe~ B M~K~O~eTeOROROr~YeCKOMBO3~Y~HOM KaH~e.o~HOB~MeHHO 3i3Me- 
pSIZlzCb CpeZHRR- CKOpOCTb It ~C~~~~eH~e TeMIIepaTypb; N BJEUKHOCTW & <TO& i3OJlHOBOfi 
tIOBepXHoCTbi0. HaiineHo, YTO OCpeflHeHHbtfi KO3+#SWieHT MaCCOO6MeHa IlBJTSeTCIl EpOCTOii CTe- 

fleHHOSi(PyHKUHeZiYAClla ~e~HO~b~CaHa~OBe~XHOCTU,U,~,/~,ByC~OBHIlX~aBHOBeC~Or~norpaHn~- 
HOT0 CJlOll. AaHHble n0 MaCCOO6MeHy, IIOJlyWHHble B HaCTOfllu;eM HCCnenOBaHWII, XO~OIIJO corna- 
CJ'lOTCfl C Ony6JNiKOBaHHblM~ AaHHblMH I70 MaCCOO6MeHy BJISl pa3JlWHbIX TRITOB ,,OBepXHOCTefi, 
HXlPMMep, BOJIH Ha BOLIe,IIJlOCKOii KUIaCTHHbl,tIOBepXHOCTeii C UIepOXOBaTOCTRMH B BHDe ITHpaMWl 

H nonorrtx BbiCTyflOB. 


