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Boundary-Layer Flow at an Air-Water Interface 
with Spray Entrainment 

J. Michael Macha* and David J. Norton? 
Texas A & M University, College Station, Texas 

The efIect of spray entrainment on Ihe mean wind profile above s wavy water surface has heen treated by 
including an additional spray stress term in the log law for Lurbulent boundary-layer flow. The results of 
measurtments in  a high-sped wind/weve channel support the mndified lug law and Lhr partitioning o f  the 
vertical mtmentum flux betwcen wparation drag on the wave sh~pc and acceleration of cntraincd water drops. 
An existing correlation for the log he ruughness parameter for d i d  houndaries is shown to apply Lu the wavy 
water snrfacr. At Lhc maximorn channel wind speed of 25 m/s, the drag force on Lhr npraj- accounted Cor 30-35% 
of the momentum f lux  inlu the sheur layer. 

Introduction 

W IND loads are an important co~lsideration in the design 
of marine structures. For designs with large plan areas 

exposed to the wind nr with superstructures which rise to 
several hundred feet above the water surface, the wind load 
may account for a significant part of the total overturning 
moment. Since this force is proportional to the square of the 
wind speed and since the wind speed varies with altitude, the 
design engineer must select a suitable model for the wind 
CieId. Of primary interest is the extreme condition of hurri- 
cane 1-orce winds (> 34 m/s) with wave heights of the order of 
the slructure's clearance above the mean water level. In this 
situation the interactions at the air-water boundary cannot be 
ignored, and a relatively unsludied phenomenon becomes 
important: lhc entrainment of large amounts of sea spray and 
the attendant transfer of momentum to ihc accelerating water 
drops results in a modification to the wind Field. This paper is 
concerned with the effecl of entrained spray on thc mean wind 
profile, which is the usual design velocity for wind load 
calculations. 

Current industry practice' is to use the power law model 
( u ) - z " ,  where (u) is the mean wind velocity and z the 
vertical coordinate originating at the mean water level. This 
model is well established [or thc atmospheric boundary layer 
(ARL) over land, where the exponent n has been correlated 
with terrain (wheal field, forest, urban area, erc.). However, 
thc problem with applying thc power law profile to the marine 
ABL is that the single parameter n cannot adequarely describe 
the complcx, interacting geometry of the sea surface or the 
spray content of the air. 

An alternative to the power law is suggested by the obscrva- 
tion4 that in the lowest IO% of the marinc ABL, the mean 
wind obeys the "log law" formulation which has been devel- 
oped for aero- and hydrodynamic flows over solid rough 
sur races. 

The purpose of this paper is to present a modified log law 
formulation for the tnean wind over a wavy water surface, in- 
cluding the cffect of spray entrainment on the momentum 
balance within the shear layer. The model is compared to data 
taken in a high-speed wind/wave channel. The ultimate goal 
of this line of research is an engineering model for the wind 
field adjacent to the sea surface during extreme wind can- 
ditions. 
- -  - 
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Formulation of the Modified Log Law 
The Logarithmic Lnyer 

The log law Tor turbulent flow past a solid boundary com- 
posed of two-dimerlsional roughness elements orientcd nor- 
mal to the wind can be expressed as 

Here u, = VG is t hc friction velocity, h the vertical dimen- 
sion of the roughness elements, and K von Kdrmdn's propor- 
tionality factor between the turbulent mixing length and dis- 
tance from the boundary. The wall shear strew T ,  is the drag 
per unit area at the boundary and is due primarily to local 
flow separation from individual roughness elements, with a 
minor contribution from surface friction in thc attached-flaw 
regions. The roughness parameter A (h,li,) characterizes the 
type of roughness and the stale of dcvelopmetu of the flow. It 
is a function of the roughness density X=p/h where p i s  thc 
strcamwise spacing of roughness elements and the roughness 
Reynolds number H, = u * h / u .  For R, grealer than some criti- 
cal vduc, the dependence on R, vanishes and thc flow is re- 
ferred to as fully rough. However, the dependencc on h re- 
mains and has been thc subject of numerous experimental in- 
vcstigations. 6-9 The recent study by Han et al.' found h e  
correlation 

to be valid for a roughness geometry described by h and the 
angle $ defined in Fig. 1 .  For a particular value of the angle $, 
the roughness function is minimum for h= 10. Referring to 
Eq. (I) ,  this roughness density corresponds to the condition of 
maximum surface drag. 

The passibitity that Eq. (2) can be- applied to a wavy water 
surface is suggested by the data of Beebe and Cermak lo for 
solid, sinusoidal waves. Those data are well fit by Eq. (2 )  if 
4 = arctan ( W / L ) ,  where H and L are the wave height and 
wavelength, respectively. This result is compatible with the 
contention that surface drag is dominated by flow separation 
from the crests of the roughness elements. 

Spray Entrminment 

Sea spray is observed to appear at a threshold wind velocity 
of 10-15 m/s, and the amount of entrained water increases 
much faster than linearly with velocity. 11-12 However, there 
are no quantitative sea spray concentration data available for 
wind speeds greater than about 20 m/s. Qualitatively, the air 
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Fig. 1 Rnu~hnevs geometry of Han et al.9 

above the sea surface during hurricane winds has been de- 
scribed by Krausl' as "too thin to swim in but too thick to 
breathe." 

Considering that a spray drop is ejected into the wind ver- 
tically and then accelerated horizontally, it becomes a sink for 
the wind's streamwise momentum. The rate at which momen- 
tum is transferred to the drop represents a drag force, which 
appears in the Lime-averaged boundary-layer equation 

au au I ~ P  1 a 
u - f w  - = - - -  + ( 

I 
- -  (3) 

ax a~ P &  P 
I 

as the term X,. This spray drag per unit volume can be ex- 
pressed as 

wherc the overbar indicates a time average, up is the horizon- 
tal drop velocity. C, the aerodynamic drag coefficient of the 
drop, and A, = d 2 / 4  where d is the diameter of a spherical 
drop. Nii is the number concentration of drops of size i and 
speed j, and the summations are over all sizes and speeds. 

I f  Eq. (3) is integrated from the surface to some altitude 6 
which is outside both the wind shear and spray layers, then the 
last two terms on the right side of the equation become 

The term 7, is the familiar term of the integral form of the 
boundary-layer equation and represents the surface stress due 
primarily to local separation from the wave crests. The term 
7, is introduced and defined as the integral of the spray drag 
force X,. It represents the additional drag due to spray in a 
unit vertical column extending upward from the surface. It 
can be argued that most of the contribution to the integral 
occurs near the surface where both drop concentration Nand 
relative velocity (u -up )  are large. Thus, to an approxima- 
tion, 7, can be treated as an additional surface stress term. 

In the logarithmic portion of the boundary layer, the fric- 
tion velocity represents thc total momentum flux to the sur- 
face. Thus, a log law for thc mean wind velocity relative to the 
moving waves, including the effect of spray entrainment, can 
be written as 

where rm is the wave rpeed and the roughness parameter A (A) 
is given by Eq. (2) with h=L/H and 4 = arctan ( 2 / h ) .  Consid- 
ering the previous arguments concerning T~ and 7 , ,  the fric- 
tion velocity becomes 

The addilive term 8, represent5 an increase in the "aerody- 
namic roughness" of the water surface due to the production 
of spray drops. This effect is illustrated qualitatively in Fig. 2, 
where both the slope and the z, intercept of the curve are 
modified by entrainment. A functional form for B, is sug- 
gested by experimental results to be discussed subsequently. 

I WITHOUT SPRAY ENTRAINMENT 1 II WITH SPRAY ENTRAINMENT 

I 
L -- -- 

RELATIVE VELOCITY a>- c 

Fig. 2 Erfect of spray entrainment on the log law. 

von Kllrmhn's x 

The results of ~everal experimental investigations involving 
two-phase flows suggest that the value OF K for flow above a 
water surface with appreciable spray entrainment may be less 
than the pure fluid value of about 0.4. Perskin and Wallace 
(see Ref. 13, p. 86) mvestigated thc turbulence structure of 
airflow in a pipe, with and without the injection of 0.1 mm 
diam gIaqs beads. The results indicate a 22% decrease in the 
average intensity of turbulenl velocity fluctuations for a mass 
loading of approximately 1 x 10 - 3  g/cm 3 .  The fluctuation? 
are directly related LO the turbulent mixing lcnglh I so that a 
reduction in intensity is accompanied by a reduction in L Since 
I=  a, it is expected that at  a fixed distance from thc boundary 
the value of K is also reduced. 

Most of the data on this topic are from studies in the field 
of sediment transport. Numerous inve~tigators have measured 
suspended sediment concentrations, mean velocity profiles, 
and head loss in both laboratory channels and actual water- 
ways. Several data sets were compiled by Einstcin and 
Chien. l 4  The factor K was correlated wirh a ratio of power?, 
P, IP,. In the present notation, 

is the power required to maintain the mass concentration of 
spray particles p ,  in suspension. The settling velocity of the 
spray is w, and g is gravitational acccleration. Again, S is 
some height above the spray layer, p the air density, and p ,  
the density of water. This power is provided by the turbulent 
mechanical energy associated with the wind shear and the 
total available powcr can be expressed as 

where ~ , = T ~ + T , .  According to the correlation of Ref. 14 
which is shown here as Fig. 3, a wspended load nf droplets 
equivalent to about 2 %  of  the available turbulent energy 
would reduce the value of K by 2S%, to K = 0.3. A spray load 
equivalent to 10% would reduce K to a value of 0.2. 

The Effective Wavc Height 
Equation (6) was developed for a water surface made up of 

a single-component wave shape of height H and phase speed 
c. More realistically, a wavy water surface contains a range of 
wave shapes and is best described by the frequency spectrum 
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----  LIMITS OF SCATTER 
IN THE DATA 

Fig. 3 Variation of vun KbrmBn's K with suspended particle 
concentration. 

of the water level displacements S If), where 

and u2 is the variance of the displacements. The exact shape 
of SCf)  is a complex function of wind speed, water depth, 
fetch, and wind duration. Furthermore, each component of 
the wave spectrum propagates at its own phase speed, making 
the sclectim of H and c ambiguous. 

Wave speed may be taken inside the argument of the loga- 
rithm in Eq. (6 ) ,  with the result that H i s  replaced by an effec- 
tive height 

H,  =Hexp( - K C / U * )  (1 1) 

Ki taigorodskii l5 has suggested the following expression for 
H, for the sea surface: 

H ,  =la[[ m~~ exp( -2~c/u.)df] ' (12) 

Here, the wave speed is a function of wave frequencyJ and is 
given by the deep water relationship c = g / 2 ~ f  for componenls 
with wavelengths less than about one-half of the mean water 
depth. For a single component spectrum, Eq. ( I  2) reduces to 
Eq. (1 11, with 

H = H = 2 f i o  (1 3) 

X i s  known as the significant wave height and, for a pure sin- 
usoidal surface, it is equal to twice the amplitude of the 
sinusojd. 

The integral in Eq. (12) could be evaluated numerically for 
a specified design wave spectrum. However, since the expn- 
nential contains the unknown friction velocity, an iterative 
procedure with the log law would be required. For an actively 
developing sea, with high-wind speed and large surface stress, 
Kitaigorodskii I' suggests using 

where c, is the phase speed of the component with the peak 
spectral energy density. This expression closely approximates 
Eq. (12) if S o  contains a strongly-dominant spectral 
Component. 

Measurements in a Wind/Wave Channel 
Description of the Wind/Wavc Channel 

Measurements of the wind velocity, spray content of thc 
wind, and inhntaneous  water surface displacements were 
conducted in a wind/wave facility designed specifically for 
this investigation and located in thc Texas A&M University 
Hydromechanics Laboratory. Air is drawn through the 20 cm 
wide by 44 cm deep by 11 m long channcl by a centrifiigal-type 
air mover driven at constant rpm by an clectric motor. Air 
velocity is controlled by an adjustable vent at the entrance to 
the compressor and by a variable-area exhaust section. An 
adjustable plate provides a smooth transition between the air 
inlet and the water surface. Thc downwind end of the channel 
has a sloping beach of fibrous material which effectively 
absorbs the wind-generated waves. The channel haq an ad- 
justabIe tilt of up to 0.014/1 from the horizontal which was 
used to  counter the water surface sctup and reduce the 
prehsure gradienl in the direction of airflow. The primary test 
section was located at a fetch of 6.0 m downstream from thc 
transition plate. For a nominal water depth of 15 cm, Ihc 
maximum wind speed was about 25 m/s with wave heights of 
6 cm. Details of the experimental facility and procedure may 
be found in Ref. 16. 

Wave Mearurcments 

The basic instrument used for water level measurements 
was a capacitance-type wave gage and amplifier/recorder sys- 
tem. For each wind condition,  he root mean square (rms) of 
the output signal was measured on line with a true rms volt- 
meter. The mean level of the watcr surface was found within 

1.0 mm by low pass filtering the signal with a cutoff fre- 
quency below that of the dominant wave. In addition, the un- 
filtered signal was recorded on FM magnctic tape for subse- 
quent spectral analysis. Estimates of the frequency spectral 
energy density of the surface disptacemenr were computed 
from digitized ~amples of the recorded signal using the FFT 
procedure described by Welch. A dominant wave frequency 
for each wind condition was determined from the spectra. 

Wind-driven waves propagate at a speed lhat is the sum of 
the wave celerity and a surface drift velocity due to  the shear- 
ing stress at the air-watcr interface. In the present study, the 
following procedure was uscd to determine this resultant wave 
speed. A time-lag cross correlation was performed on the out- 
put of two wave gages positioned a short distance (1 1.50 cm) 
apart. The gage separation distance divided by the Lime-lag 
for maximum correlation defined a statisticalIy averagcd 
speed for the dominant wave. Then, the wave length was es- 
tablished by dividing the wave speed by the wave frequency. 

The last three columns of Table 1 suinmarizc the wave mea- 
surements for the range of wind speeds included in the experi- 
ment. The mean wind speed rrepresents a spatial average of 
( u ( z ) )  over the height of the channel and the significant wave 
height Ff is  defined as the rms of the surface diqplacements 
multiplied by the factor 2 ~ 5 .  In addition to the quantitative 
measurements, still photography and high-speed movies were 
uscd to  document the development of wave shapes and the 
generation and transport of spray. T h e  photographic data a r t  
presented in Ref. 16. 

Wind Velocity Measurements 

The mean wind velocity in the chan td  was measured with a 
total-static pressure probe. Due to the amount of spray pro- 
duced at the higher wind speeds, ordinary small-orifice probes 
were frequently fouled by water ingestion and gave erroneous 
rewlts. This problem was overcome by designing oversized 
(0.95 cm diarn) total and static probes which wcrc self-clear- 
ing. Water captured by the total probe was scavenged through 
a small orifice at  the rear, with an error in stagnation uressurr 
as a resull of flow through the probe of less than 0.5Go of the 
freestream dynamic pressure. Self-clearing of the static probe 
was insured by making the orifices sufficiently large (0.476 cm 
diam). 
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Fig. 4 Mean velocity proflles above air-water inlcrface. 

Tahle 1 Summary uf wind/wave data 

u, u 10 ' (u,/K) 20, ( ~ * / ~ d 2  CO. H, L, 
i d s  m/s m/s cm ( ~ 1 0 3 )  m/5 cm cm 

7.7 16.5 1.39 7.2 x 10 - 3  1.14 0.87 3.02 37.5 
10.6 23.8 2.54 8.7 x 10 - 2  1 .S3 1.00 4.58 54.0 
13.3 31.5 3.56 0.15 2.05 1.08 4.92 59.5 
15.5 42.0 5.25 0.34 2.50 1.09 5.18 60.5 
17.1 47.0 5.96 0.38 2.58 1.10 5.35 63.5 
18.2 50.1 6.34 0.37 2.57 1.13 5.52 75.2 
18.9 53.8 7 .OO 0.46 2.71 1.16 5.66 77.5 
19.8 57.3 7.49 0.48 2.74 1.21 5.66 88.0 
20.2 56.7 7.28 0.41 2.63 1.23 5.77 90.3 

f ig .  5 Mass flux trf %pray above air-water interface. 

The two probes were mountcd side by side on a vertically 
transversing mechanism which could be accurately positioned 
within + 0.75 mm, relative to  thc channel ceiling. Plastic tub- 
ing connected the p r ~ b c s  to a Validyne differential pressure 
t ran~ducer  and the mcan velocity was found by low pass filter- 
ing the output signal with a cutoff frequency below (ha1 of the 
dominant wave. 

Mcan velocity profiles were coilstructed for each witid con- 
dilion by plotting the mcasured values of ( u  ( r )  ) vs the log- 
arithm of the probe height above the mean level of the wave 
troughs. Selection of the wave trough as the appropriate ~ = 0  
rcfcrence level was based on the  results of a study of solid sin- 
usoidal waves by Beebe and Cermak. "'For a high-dcnsi ty 
roughness ( h  = 2.45) they found that the appropriale z = 0 is 
midway between crest and trough, while for less dense waves 
(A = 8.41, z = 0 at the trough level. Since 12 < h< 16 for the 
waves in the channel, it was deemed appropriate to set z = 0 at 
the average lcvcl oK lhe troughs. 

Graphed in this way, a logarithmic region exists near the 
water surface far each of thc profiles shown in Fig. 4. The 
slope of a tangent linc through this region is the value of u ,/K 
and the intercept at ( u )  = 0 is the value of the aerodynamic 
roughness length zo .  These quantities are summarized in 
Table 1 where the rcfcrence velocity u,, corresponds to an ex- 
trapolation of the tangent Iine to a height of  I0 m . The present 
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klg. 6 Momentum flux nf qpray above air-water interface. 
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Fig. 7 Mass concentration of spray above air-water interface. 

rewlts are in agreement with the laboratory measurements of 
TobaIX and W u  t9 for values of u , ,  up to about 20 m/s, which 
is rhc maximum speed attained in those investigations. 

Spray Measurements 

Mcasurernents involving the spray included the horizontal 
mass flux of water, the horizontal number flux of spray 
drops, and thc spray impact pressure. Taken together, thcse 

Fig. 8 Number concentration uf water drops above air-water 
interlace. 

three measurements made possible the dctermination of the 
spray mass density, the spray drop number density, and an 
average spray flux vdocity. 

The mass flux of water mass was measured with an as- 
pirated sampling probe having a 1.43 cm diam capture area. 
The air-water mixture captured by the probe was drawn 
through a cyclone separator at an air volume flow rate of 42 
liter/min. At a wind speed of 25 m / ~ ,  the  isokinetic extraction 
rate would be 240 liter/min. Considering the relatively large 
sizes of drops produced in the channel (diam - 1.0 mm), it is 
estimated that rhc probe capture efficiency was nearly 
100%. A stopwatch was used to measure the time required 
to collect a sample of 25-50 rnl of water in the bottom of the 
separator. Collection times varied 2-20 min, depending on the 
wind speed and distance above the water surface. The hori- 
zontaI mass flux of spray is defined as 

(volume collccted) x (water density) 
PSUS = - .- 

(collection time) x (prnbe capture area) 

The results of verlical traverses with the sampling probe for 
several wind conditions are presented in Fig. 5. The variation 
of p , ~ ,  with distance above the mean water level. (MWL) i s  
well represented by a power law relationship. 

The horizontal number flux of droplets and the spray im- 
pact pressure werc measured by a Sundstrand Corporation 
Model 206 Piezotroil dynamic pressure transducer. The 
quartz piezoelectric transducer was mounted to the traversing 
mechanism with its 0.80 cm diam aotivc surface exposed to the 
impact of the spray drops. The output signal, which was the 
voltage analog to the diaphragm pressure time-history of each 
drop impact, was recorded on magnetic tape for subsequent 
analysis. The number flux of spray drops was computed from 
the number of impacts per unit time and the transducer sur- 
face area. 

Assuming that the droplet trajectories are unaffected by the 
airflow around the transducer, the time-averaged pressure 
sensed by the transducer is equal to the momentum flux of the 
spray, p,u:. The recorded signal was digitized and numer- 
ically integrated to evaluate this mean spray impact pressure. 
The real time sampling rate in the analog-to-digital conversion 
was 65,536 s -' and the time associated with a single impact 
was approximately 10 -4 s. The results of the integration are 
presented in Fig. 6 where the impact pressure or, equivalently, 
the spray momentum flux, is shown to bc a function of both 
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ROUGHNESS DENSITY, X =  L / H  

Fig. 9 Log law parameter A ru function of wavelength-lo-hci~ht 
ratio. 

wind speed and elevation. The decrease in p,u: at low eleva- 
Lions can be explained by a low flux velocity u,, while the de- 
crease at the high elevations is the result of smaller spray con- 
centration p , .  

Spray Crmcentmtion D is t r ihuhns  

The Spray mass density was calculated from the measured 
values of spray mass flux and motnentum flux as 

and the results are presented in Fig. 7 for the three wind 
speeds at which momentum flux data were taken. Based on 
the inherent dirficulties in the spray measurement techniques 
described carlier, thesc values of p ,  are probably accurate 
within & 25%.  Figurc 8 is a similar graph for the number den- 
sity of drops N,. At a height of 10 cm, thc mass and number 
densities for the maximum wind condition are approximately 
1.2 x 1 U -' g/cm and 0.8 drops/cm 3 ,  respectively. As ex- 
pected, thesc corlcentrationq are orders of rnagnilude greater 
than thc concentrations measured in low-wind speed studies 
previuusly reported in thc literature. ' 2 , 2 1 - 2 4  Also computed 
from the liux measurements were the local spray flux velocity 
u,  and a characteristic spherical drop diameter d,, defined by 
the relation 

Analysis of Ekperimental Results 
The Effect nf Spray Concentration un K 

An estimate of the effect of water mass content on the value 
of K was made, based on the correlation with the power ratio 
P, / P ,  discussed earlier. The power P, was computed by eval- 
uating the integral of Eq. (S), for the experimental data from 
the heights of  the wave crests to the heights of the maximum 
channel velocities. The available power was approximated 
from the measured data as 

Then, the expressions for the ratio of c 2 P , / P ,  were solved 
simultaneously with the correlation for P, / P ,  vs  K in Ref. 14. 
The resulting values of P , / P ,  are of the order of 10 - 4 ,  with 
corresponding values of K of about 0.37. Since the data points 
for that portion of the correlation curve are scattered and few, 
K is assigned the standard value of 0.4 in the present analysis. 

OD-1 - / ,  .. t .-;I 
10 20 30 40 50 

SPRAY PRODUCTION PARAMETER, p~:od,/~ 

Fig. III Lug law paramelcr B, as function or spray production 
parameter. 

Although the mass of water suspended in the air is appreci- 
able, it does not represent a significant portion of the total 
turbulent energy associated with the wind shear. 

Comparison with the Mudi l icd 1.02 Law 

Thc proposed model for the mean wind was predicated on 
the hypothesis that thc correlation of Han et al .9 for the 
roughness density parameter A ( h )  can be applied to a wavy 
water surface. Restating Lhe model 

I z 
* = - R  - + A ( X ) + B ,  
U* K H ,  

From the definition of the log law, it follows that 

Considering first the condition when the wind velocity is 
lcsh than that required for appreciable spray productiun and 
entrainment, the spray term S, should be equal to zcro. The 
right side of Eq. (15) has been cvaluated for the available 
nmater wave data in this restricted wind apeed rangc (maximum 
channel ve loc i ty~  15 rn/s}. 'The present results and those of 
two previous investigations by Will9 and TobaIg are shown in 
Fig. 9, along with the function for A ( X ) .  While all but one of 
the experimental pointq lie somewhat above the correlation, 
the agreement in both magn~tude and trend is good. Alro 
shown in the figure are thc data points representing the mea- 
suretnents over solid, sinusoidal boundaries by Beebe and 
Cermak. lo  

At the higher wind speeds where spray concentrations were 
appreciable, Eq. (15) was used to evaluate the term B, assuni- 
ing that A ( A )  was still given by Eq. (2). Since B, represents 
the incrcase it1 wrfacc roughness due to spray production, it 
should be a function of a Weber number involving the local 
surfacc fricrion forcc and the surface tension of water. I f  it is 
further assumed that the friction force is proportional to the 
square o r  the 10 rn reference wind velocity, then 

wherc y is the surface tension and d, the spray drop diamcter. 
In Fig. 10 the experimental data demonstrate an approxi- 
mately linear form for Eq. (16). 

The Spray Stress 

Inherent in the modified log law formulation is the hypoth- 
esis that the entrained spray, through the apparent stress term 
T ~ ,  represents a significant part of the overall momentum 
transfer from the wind. The experimental measurements pro- 
vide two independent estimates of the magnitude of 7,. First, 




