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F LUID turbu lence  is a factor in 
movement of solids in the atmos- 

pheric boundary layer. When forces 
generated by wind overcome forces 
of gravity, cohesion, and particle mo- 
ment about points of contact, soil par- 
ticles are set in motion ( 17) ". A wind 
strong enough to move soil particles is 
always turbulent (3 ) ,  i.e., its flow has 
irregdar fluctuations of velocity, which 
are superimposed on the mean-flow. 

The importance of fluctuations in 
velocity and pressure in determining 
critical ( threshold) values that initiate 
particle movement has been known 
many years. Kalinske (9)  noted that 
studies concerned only with mean con- 
ditions seemed to lack fundamental 
soundness. Zingg and Chepil (23) ad- 
vised thorough investigation of turbu- 
lence intensity of wind movement in 
the field. 

The level or intensity of turbulence 
can be described by the a uan t i tv  

('iz'2) % 
turbulence is isotropic, by (21) 

are the root-mean-square (RMS) of the 
fluctuating velocity components in a 
mutually perpendicular coordinate sys- 
tem (u, v,  w ) ,  respectively; u is in the 
direction of the mean fluid flow and w 
is normal to it. 5 is the mean wind 
speed at some in space for the 
flow in question. For convenience, 
RMS values for the longitudinal com- 
ponent and the vertical component are 
noted as uu and uW and the longitudinal 
and vertical turbulence intensities as 

T ,  and T ,  or 2 and z, respectively. 
U U 

Several workers (5, 6, 8, 14, 19) 
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TABLE 1. SUMMARY OF DATA FOR ROUGHNESS ELEMENTS 

Average 
dia~eter ,  , Geometric standard Surface deviation, Areal 

identification d c7 density, 
P' ug number per sq cm 

mm. mm. 

S1 Smooth 
S, 6.06 
s3 16.41 
S4 24.53 

have suggested or reported that, for 
neutral ( adiabatic) conditions, the ra- 
tios of the fluctuating components g,, 
uv, and a, to the friction velocity, u*, 
should be approximately constant in 
the constant-stress layer. The friction 
velocity is defined as ( r , / p )  where 
7, is the shear stress at the surface and 
p is fluid density. Lumley and Panof- 
sky (14) report values of the con- 

stant C in % = C as between 2.1 and 
U* 

2.9 for neutral conditions. Extremes 
found in other papers were 3.1 (12) 
and 1.7 (19).  Values of the constant 

A in 3 = A are less certain. Again, 
U* 

Lumley and Panofsky (14), citing 
other workers, reported values from 
0.7 to 1.33. 

Although many researchers  have 
measured turbulence intensity in one 
or more directions, few have done so 
explicitly to determine the influence of 
surface roughness on the magnitude 
of velocity fluctuations. While it is 
generally agreed that increasing surface 
roughness increases longitudinal turbu- 
lence intensity of wind-tunnel bound- 
ary layer flows, notable exceptions are 
found in statements by Chepil and Sid- 
doway (2)  and in Moore's data (16). 

Chepil and Siddoway ( 2 )  concluded, 
after measuring local turbulence inten- 
sity ( 5  ) with a strain-gage ane- 
mometer in a wind tunnel, that inten- 
sity is not a function of friction veloc- 
ity or surface roughness. However, 
their conclusions are not well supported 
by their data. Moore's data (16) in- 
dicate that U,Ju , is greater for a sur- 

face composed of %in. square bars 
than of %-in. square bars, both with 
spacings of four times height. u, is the 
free-stream mean velocity. 

Reported here are effects of surface 
roughness and mean windspeed on the 

longitudinal and vertical velocity fluc- 
tuations (RMS values) in the boundary 
layer of a low-velocity wind tunnel. 

Experimental Procedure 

The study consisted of three repli- 
cations of a factorial arrangement of 
treatments. Two factors were involved, 
both at four levels: 

Factor 1: Surface roughness com- 
posed of 0, 6.1, 16.4, and 24.5 mm 
mean diameter spheres. 

Factor 2: Mean windspeeds of 536 
(12 mph), 805 (18 mph), 1,073 (24 
mph), and 1,341 (30 mph) cm per 
sec. 

The wind tunnel is a recirculating 
push-type tunnel 60 inches wide, 76 
in. high, and 54 ft long. Airflow is 
generated by a 10-blade, variable-pitch 
axivane fan, without pressure gradient 
controls. A slight favorable pressure 
gradient of 0.00029 in. of water per 
ft exists at a windspeed of 894 cm per 
sec (20 mph). Airflow distribution 
outside the boundary layer is good. 

The roughness elements were spheri- 
cal glass or tapioca particles with nar- 
row dis t r ibut ions (Table 1). The 
"smooth" surface was a flexible neo- 
prene sheet. Each surface covered the 
entire upwind length of the tunnel 
floor. All measurements were 37 ft 
downstream, assuring equilibrium be- 
tween the flow and the surface. 

Mean windspeeds were measured 
with pitot-static tubes connected to a 
sensitive differential pressure trans- 
ducer and associated recorder. Free- 
stream velocity (u  , ) was measured 

near the center of the tunnel and was 
monitored during all tests. 

The RMS of the fluctuating com- 
ponents across the boundary layer was 
determined from measurements with a 
constant-current, hot-wire anemometer, 
sum-and-difference unit, and random 
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FIG. 1 Turbulent boundary layer profiles 
and smooth surfaces. 

signal voltmeter. A 1,000 or 7,000 Hz, 
low-pass filter was used to eliminate 
frequencies above those values. 

Air temperature in the tunnel was 
monitored with thermocouples and a 
recording potentiometer. Elevations in 
the boundary layer were set with a 
vernier staff gage accurate to about 
0.3 mm. 

Experimental Data and Observations 

Before experimental data are pre- 
sented, comments about corrections 
are necessary. In highly turbulent flows 
where fluctuations are not much smaller 
than the mean velocity, the nonlinearity 
of a hot-wire anemometer results in 
large errors (8, 20, 22), which can- 
not be completely overcome by using 
linearizing electronic circuits ( 18). 

The magnitude of the turbulence in- 
tensity measurements over the rough 
surfaces near the boundary indicated 
that corrections must be used. The 
equation, supplied by manufacturers of 
the hot-wire equipment, for the most 
probable error, is: 

where ul and u2 are the peak minimum 
and maximum instantaneous velocities, 
respectively, with the wire normal to 
the mean flow direction, el and e2 are 
the corresponding voltages, Co is a wire 

dc 
constant, and - is the slope of the 

de 
hot-wire voltage versus velocity curve 
at the mean velocity in question. 

We assumed that distribution of the 
fluctuations was gaussian. For intensity 
values less than about 10 percent, the 
errors are insignificant. The equation 

on indicated rough 
FIG. 2 Logarithmic 
rough surfaces. 

cannot be used for intensity values 
larger than 33 percent. Consequently, 
some measurements had to be rejected. 

Because turbulence components in- 
fluence impact and static p r e s sure  s 
measured with a pitot-static tube, mean 
velocity measurements in tu rbu len t  
flows should be corrected (7, 8, 22). 
Scottron (22) has discussed errors in 
pitot-static or total head tube meas- 
urements. However, the form of cor- 
rection equation to use is open to ques- 
tion. We selected the compromise 
equation that Scottron suggested: 

where 

law for mean velocity over smooth and 

2, k is Karman's constant (0.4), D is 
an effective height used to obtain the 
zero plane displacement, and 2, is a 
roughness parameter. Origin for the 
height measurements was always the 
smooth surface. Values for D and 2, 
were from a least-squares analysis us- 
ing measurements in the constant-stress 
layer. 

Local longitudinal turbulence inten- 
sity, T,, for a given height and surface 
did not depend on mean windspeed 
(Table 3 ) ,  so averaging data for a 
given surface was permissible (Table 
4) .  With a few exceptions, each value 
in Table 3 is an average of 12 separate 
hot-wire measurements. In the bound- 
ary layer, local intensity increases to- 
wards the surface and obviously the 

The equation requires data on turbu- 
lence components. Based on data pre- 
sented by Scottron (22)  and Lumley 
and Panofsky (14), we used the cor- 
rected data for a, and these values of 
cr, anda ,  (a, = 0.50 a,, U, = 0.64 
a , )  as functions of a, to correct the 
mean velocity measurements. 

Dimensionless mean  windspeed 
profiles across the boundary  layer  
were independent of free-stream ve- 
locity, u ,  . Consequently, the four 

free stream velocities for each surface 
were averaged (Fig. 1) .  

Table 2 shows the boundary layer 
depth (6) and the mean velocity pro- 
file parameters from the well-known 
logarithmic law in neutral air: 

where Ez is mean windspeed at height 

longitudinal turbulence intensity in- 
creases with increasing roughness in 
the boundary layer over the range of 
roughness tested. 

Values of "constant" C are given in 
Tables 5 and 6. Values of C appear to 
be independent of mean windspeed 
(Table 5 ) ,  so data for each surface 
may be averaged (Table 6 ) .  The C 
values, except those very near the 
boundary, appear nearly constant over 
the lower 20 percent of the boundary 
layer, the constant-stress layer. They 
obviously are not constant and are not 
expected to be over the upper 80 per- 
cent. The trend to higher C values at 
greater heights, as roughness increases, 
is due to the increase in boundary-layer 
depth and depth of the corresponding 
constant-stress layer. We found no 
definite roughness effect on C. 



TABLE 2. EFFECTIVE HEIGHT (D), ROUGHNESS PARAME= (Z,), AND BOUNDARY 
LAYER DEPTH (8) FOR FOUR SURFACES 

Average Boundary layer Effective Roughness 
Surface dim-eter, depth, height, parameter, 

4 6 D Zo 

The vertical turbulence intensity, 
T,, and longitudinal intensity followed 
similar trends, increasing with rough- 
ness and as the surface was approached 
(Table 7) .  Values of the "constanty' 
A relating a, and u* also are given in 
Table 7. The values appear --nearly 
constant over an interior portion of the 
boundary layer, somewhat deeper than 
the constant-stress layer. Again no def- 
inite roughness effect on A was noted. 

cm. 
S1 Smooth. 24.1 -0.0129 0.00126 
S2 0.606 28.3 0.8716 0.01886 
s3 11.641 29.5 1.6251 0.04988 
S4 2.453 34.3 2.0582 0.09880 

TABLE 3. LONGITUDINAL TURBULENCE INTENSITY (T,) IN RELATION TO HEIGHT OF 
MEASUREMENT AND FREE-STREAM VELOCITY (u, ) OVER 6.06 mm SPHERES, AVERAGE 

OF THREE REPLICATIONS (T, = 

Longitudinal turbulence intensity (T ) 

Height, 
cm u, in cm/sec 

Average 
536 805 1,073 1.311 . 

Percent 
36.58 1.8 1.7 1.7 1.7 1.7 
24.38 4 22 4.8 4.9 5.0 4.7 
15.24 9.9 9.9 10.1 10.2 10.0 
9.14 13.9 13.5 13.4 13.5 13.6 
5.49 16.5 16.5 16.5 16.4 16.5 
3.05 19.3 119.6 19.0 19.1 19.2 
1.83 21.7 22.2 22.1 21.5 21.9 
1.22 22.6 23.4 23.6 2z.4 23.0 
0.91 24.0 23.7 24.2 24.0 
0.61 24.5 25.7 25.6 0 25.2 
0.31 26.3 26.2 26.0 0 26.2 

0 Values rejected because oorrections were not acceptable. 

Interpretations and Discussion 

Very precise measurements of mean 
velocity and elevation are needed to 
determine accurately t h e  effective 
height, D, and the roughness parame- 
ter, 2,. Slight errors in either or in- 
cluding points outside the constant- 
stress layer can double 2,. The effec- 
tive height for surface No. 2 is slightly 
large compared with the other surfaces, 
whose values were all less than the 
mean diameter of the roughness ele- 
ments. 

In neutral air, mean-velocity profiles 
can be reduced to a single curve by 
the logarithmic law expressed in equa- 
tion [3] (Fig. 2). However, consist- 
ent with most wind-tunnel measure- 
ments, equation [3] is valid only over 
the lower 15 to 20 percent of the 
boundary layer. Also, for wind-tunnel 
measurements the velocity-defect law, 

TABLE 4. AVERAGE LONGITUDINAL TURBULENCE INTENSITY (T,) FOR FOUR SURFACES 

IN RELATION TO HEIGHT OF MEASUREMENT 

Height, 
Average longitudinal turbulence intensity (T ) 

cm 
Sl S, S, s4 

Percent - 

appears valid for both smooth and 
rough surfaces (Fig. 3) .  B is a con- 
stant; the other terms were defined ear- 
lier. The average value of B was 2.16 
here, slightly lower than the 2.35 re- 
ported by Chowdhury (4)  over a flat 
plate. Omitting surface 3, whose val- 
ues are slightly lower than the other 
three surfaces, a B value of 2.28 is ob- 
tained. The velocity-defect law has 
little application to atmospheric flows 
because u ,  and 6 are generally un- 

* Measured values too high to apply oorrections. 

TABLE 5. VALUES OF CONSTANT C = a,/,e FOR SMOOTH SURFACE IN RELATION TO 

HEIGHT OF MEASUREMENT AND FREESTREAM VELOCITY (u , ) 

Computed C values 
Height, 

cm u , in c m  per sec 
Average 

536 805 1,073 1,341 

known. 
The constant longitudinal-turbulence 

intensity for a given roughness and 
elevation, regardless of mean wind 
speed, is due to the strong linear rela- 
tionship and direct proportionality be- 
tween the two defining variables, Ez 
and % (Fig. 4) .  Controlling factors 
in determining the magnitude of the 
longitudinal velocity fluctuations at a 
given elevation were free-stream veloc- 
ity and nature of the surface (rough- 
ness). Roughness exerts more i d u -  
ence on a, than expected, e.g., the 
maximum value of a, over the smooth 
surface at a freestream velocity of 
1,322 cm per sec was equaled at a 
freestream velocity of 780 crn per sec 
over the roughest surface. Assuming 
the velocity fluctuations are normally 

TABLE 6. AVERAGE COMPUTED C VALUES FOR FOUR SURFACES IN RELATION TO 
HEIGHT OF MEASUREMENT 

Height, Average computed C values 
cm Average s, s* s, S" 

* Values of aU not acceptable. 



FIG. 3 Velocity-defect law over smooth and rough surfaces. 

surface,. 

FIG. 4 Relationship between the root-mean-square velocity and 
the local mean velocity at various elevations above a smooth 

distributed, instantaneous velocities at 
1.8 cm above the roughest surface 
could exceed the mean velocity at that 
height by 85 percent. 

Values of C computed  from the 
wind-tunnel data in the constant-stress 
layer fall in the range of 2.1 to 2.9 
given by Lumley and Panofsky (14).  
The best average value for C from our 
measurements appears to be about 
2.25 * 0.1, which agrees closely with 
Monin's (15) 2.3 for neutral atmos- 
pheric flow and with Laufer's (13) 
2.2 for pipe flow. 

We believe that good estimates of 
u,, independent of roughness, can be 
obtained from direct shear-stress meas- 
urements or from accurate mean wind- 
speed profiles using 2.25 for C. Fur- 
thermore, C should have considerable 
utility as a check on measurements of 
a, and on mean windspeed profiles, if 
good Uu measurements are available. 
For example, data of Kawatani and 
Meroney ( l o )  8 to 9 meters down- 
stream above various arrangements of 
9-cm. pegs in a wind tunnel can be 
used to compute C values of 0.7 to 
0.9 in the constant-stress layer. Con- 
sequently, the data are suspect. Checks 
on their data show that the logarithmic 
law was used to fit mean velocity data 
over the upper portion of the boundary 
layer. That made computed values of 
u- two to three times too large. 

Vertical turbulence intensity values 
(T,) are less certain than the longi- 
tudinal ones. One has several oppor- 

TABLE 7. AVERAGE VERTICAL TURBULENCE 

tunities to err in measuring the verti- 
cal component. An X probe must be 
used. Its array constant and half angle 
are needed to orientate the probe and 
to calculate T,. Both the half angle 
and the X-array constant are difficult 
to determine precisely. 

We used the same correction pro- 
cedures as for the longitudinal com- 
ponent even though how to judge the 
accuracy of the sum and difference of 
the two wire signals is unknown. We 
believe that values near the boundary 
in the constant-stress layer are slightly 
high. Because shorter  wires were 
used for measurements over surface 2 
(which reduces the need for correc- 
tions), T, values over that surface are 
thought to be more nearly accurate 
than T ,  values over the other three 
surfaces. 

A major uncertainty exists in the 
value of the constant A relating the 
RMS of the vertical motion, a,, and 
the friction velocity, u*. Russian work- 
ers have reported values from 0.7 to 
0.87 and Western workers from 1.25 to 
1.33 for neutral air. Some pipe flow 
and wind-tunnel data indicate the value 
is about 1.05 (11 13). Although the 
data vary some, we obtained, for the 
lower portion of the boundary layer, 
average A values of 1.32, 1.04, 1.24, and 
1.28 for S,, S,, S,, and S,, respectively, 
and 1.22 for the four surfaces tested. 
Those values more nearly agree with 
those of Western workers. The 1.04 
values for surface 2 is thought to be 

INTENSITY (Tw) AND COMPUTED A VALUES 

FOR FOUR SURFACES IN RELATION TO HEIGHT OF MEASUREMENTS 

Average vertical turbulence 
intensity (T ), percent Average computed A values 

Height, w 
cm 

S1 s2 S 3 s4 s1 S 2 s3 S4 

more nearly accurate; it is almost 
identical to the 1.05 value Lumley and 
Panofsky (14) suggested as the best 
compromise. 

Roughening the surface is a cardinal 
principle in controlling soil movement 
by wind. Roughness lowers mean wind- 
speed near the surface and shelters 
erodible grains. However, our data re- 
veal that increasing surface roughness 
increases velocity fluctuations in both 
vertical and mean flow directions. That 
means that some of the benefits gained 
by roughening are lost by increased 
turbulence generated by the roughness. 
For example, the ratio of rough-to- 
smooth-surface mean windspeed near 
the surface for equal free-stream veloci- 
ties was about 0.7 but the instantaneous 
velocity ratio was about 0.9. 

A major effect of turbulent fluctua- 
tions in soil erosion would be lowering 
critical or threshold velocities that ini- 
tiate particle movement. Using a strain- 
gage anemometer and a small sphere 
suspended slightly above surrounding 
particles, Chepil (1) determined a 
turbulence factor, T, which he defined 
as 

where P is the mean pressure and up is 
the RMS of the pressure fluctuations. 
He suggested an average value of 2.5 
for T and included the turbulence factor 
in an equation for the threshold or 
critical drag (7,) for erosive-size parti- 

1 

cles, i.e., 7, = f (+). 

A similar approach could be used 
for the velocity fluctuations: 

Because u,/T& is a function of surface 
roughness, T could not be a constant 



but would increase with increasing 
roughness. Using u,/'Tiz values at 0.3 
cm above the surface (the lowest ele- 
vation measured), T values for S,, S,, 
S,, and S, were 2.16, 3.19, 4.81, and 
5.23, respectively. The last two values 
were obtained by extrapolation. Ap- 
parently Chepil's T values would only 
apply to smooth beds composed of 
erodible particles. 

The single parameter that seems to 
characterize both the mean and tur- 
bulent adiabatic flow field over the 
interior portion of the boundary layer 
is the friction velocity, u*. 

Summary 

The effects of surface roughness and 
mean windspeed on the root-mean- 
square (standard deviation) of the fluc- 
tuating velocity components, u and w, 
in the boundary layer of a low-velocity 
wind tunnel where studied. 

In the lower 15 to 25 percent of the 
boundary layer, except at the immedi- 
ate surface, the mean windspeed pro- 
file for both smooth and rough sur- 
faces can be described by the well- 
known equation for adiabatic flow: 

where U* is the friction velocity, k is 
Karman's constant, D is an effective 
height, and 2, is the roughness parame- 
ter, or by the velocity-defect law: 

where 6 is the boundary layer depth, 
n, is the freestream velocity, and B 

is a constant of about 2.16 for the data thesis, Civil Engineering Dept., Colorado State 
Univ., 1966. 
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