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Boundary layers arising from flows which oscillate parallel to a permeable bed, and are 
subject to oscillating percolation of the same frequency as the bed parallel flow, 
referred to here as ‘ventilated oscillatory boundary layers’, are the subject of this 
laboratory study. These boundary layers are intended to approximate naturally 
occurring wave boundary layers over permeable beds. Measurements of boundary-layer 
velocities, bed stress and turbulent flow properties are presented. It is observed that 
suction (flow into the bed) enhances the near-bed velocities and bed stress while 
injection (flow out of the bed) leads to a reduction in these quantities. As the ventilated 
oscillatory boundary layer experiences both these phenomenon in one full cycle, the 
result is a net stress and a net boundary-layer velocity in an otherwise symmetric flow. 
While production of turbulence attributable to injection is enhanced, the finite time 
required for this to occur leads to a greater vertically averaged turbulence in the suction 
half-cycle. Turbulence generated in the suction half-cycle is maintained in a compact 
layer much closer to the bed. These effects appear to hold for ranging from lo5 to 
lo6 and for oscillations other than sinusoidal. 

1. Introduction 
Laboratory studies of the boundary layer arising from oscillatory flow have always 

treated the problem as a cyclical process composed of two purely symmetrical half- 
cycles (e.g. Jonsson 1963 ; Sleath 1987). Asymmetries occurring in the laboratory 
(Flick, Guza & Inman 1981) or the field (Hanes & Huntley 1986) have been explained 
by asymmetries in the fluid velocity or acceleration inherent in shoaling waves. In a 
paper reporting on field observations of wave-driven oscillatory boundary layers over 
sand beds, Conley & Inman (1992) reported the observation of an asymmetry in the 
development of the boundary layer which could not be explained by velocity or 
acceleration asymmetries in the overlying fluid. As an explanation for this asymmetry, 
they proposed a type of transpired boundary layer which is here called the ventilated 
oscillatory boundary layer. This work reports on laboratory experiments designed to 
investigate the effect of boundary ventilation on the velocities, bed stress and turbulent 
flow properties of the turbulent oscillatory boundary layer. 

Boundary layers which arise from a fluid flowing with velocity u parallel to a solid 
permeable boundary through which a secondary fluid is flowing with boundary-normal 
velocity w have practical significance in many applications (e.g. drag reduction, 
boundary-layer control) and have been the subject of studies for well over forty years 
(e.g. Libby, Kaufman & Harrington 1952; Antonia et al. 1990). These boundary layers 
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are generally known as transpired boundary layers and the secondary flow through the 
boundary is generally referred to as transpiration (Kays 1972). If the transpiration is 
from the boundary into the overlying fluid (w > 0), it is called injection or blowing. If 
the flow is from the fluid into the boundary (w < 0), it is termed suction. In general the 
two fluids are identical and the transpired flow is smaller in magnitude than the 
boundary-parallel flow so that the transpiration parameter V = w/u has a magnitude 
less than 1. 

Ventilated oscillatory boundary layer is a term applied here to the boundary layer 
arising from an oscillating boundary-parallel flow subject to oscillating transpiration 
of the same period and shape. In most of this work, the boundary-parallel flow is 
of the form u(t) = u,sin(at) and subject to transpiration of the form w(t )  = 
w, sin(at+$). Here CT = 2n/T is the radian frequency, T is the period and $ is an 
arbitrary constant phase. Analosous to the transpiration parameter V, we shall define 
a flow ventilation parameter V as \PI = w,/u,. The sign of P indicates whether 
injection ( f  > 0) or suction (P < 0) occurs concurrently with positive flow. 
Additionally, we define an instantaneous ventilation parameter V’ = w(t)/u(t) .  
Through most of this work, the phase q5 will be 0 in which case ? becomes a constant, 
identically equal to P. 

In general, boundary transpiration affects the boundary-layer velocity profile. 
Suction tends to pull streamlines down closer to the bed shifting the velocity profile 
closer to the bed. This results in higher shear near the bed and therefore higher shear 
stress at the bed. This is demonstrated quite clearly in a comparison of the asymptotic 
suction profile (an exact solution to the Navier-Stokes equations for laminar flow over 
a flat plate with constant suction) and the Blasius profile (Schlichting 1979). In 
contrast, injection results in a spreading of the streamlines near the boundary which 
reduces the near-bed shear and the resultant bed stress. 

In a study of turbulent boundary layers in steady flow over flat plates with injection, 
Mickley & Davis (1957) showed that the friction factor C, is a strong function of Vand 
Rez, where Re, is the Reynolds number based on distance along the plate. However, 
their results can be shown to indicate that the ratio Cf/C,,, where C,, is the friction 
factor without injection, is a strong function of V but exhibits almost no Re, 
dependency. The results of Simpson, Moffat & Kays (1969) show the same to be true 
for steady suction on a flat plate. In a rough analysis based on film theory, Mickley et 
al. (1954) showed that this ratio should depend on the ventilation parameter as 

where b is a constant equal to 2 in theory. 
The asymptotic suction profile shows reduced curvature in the boundary-layer 

velocity profile relative to the Blasius profile (Schlichting 1979). This suggests that 
suction tends to stabilize the flow. Analytical solutions for boundary layers with 
injection :show an inflexion point in the velocity profile suggesting that injection tends 
to destabilize the flow. Experiments have shown these findings to be true not only for 
laminar flow but for turbulent flow as well. Tewfik (1963) demonstrated that turbulent 
boundary layers with injection were thicker than would be the case without injection. 
It was also shown that whereas injection reduces stress at the bed and throughout the 
inner tenth of the boundary layer, it increased it elsewhere. Antonia et al. (1988) 
reconfirmed that suction results in a significant reduction in turbulent velocity 
fluctuations u’ and w’. While investigating the effect of suction on organized motion in 
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turbulent boundary layers, they observed that low-speed streaks in the near-wall region 
were more persistent and that the frequency of dye injections into the outer layer was 
reduced. This is consistent with the results of Fulachier et al. (1982) where the rate of 
turbulent production was found to decrease and the relative contribution of large-scale 
structures was found to increase. 

Kays (1972) shows that turbulent boundary layers under injection seem to respond 
to prevaling conditions. In particular, a boundary layer experiencing a sudden increase 
in injection will, following a short period of adjustment, behave as though it had always 
been subject to that level of injection. This appears to be less true for a reduction in 
injection where the flow appeared to retain a 'memory' of the earlier higher level of 
injection. It is also shown that transpired boundary layers are sensitive to acceleration, 
the sensitivity increasing with V. These studies raise questions as to how a ventilated 
oscillatory boundary layer will behave as such boundary layers are constantly subject 
to acceleration and changing conditions. In a study designed to examine the effect of 
transpiration on sediment transport, Lofquist (1975) found that sand ripples in a 
ventilated oscillatory flow preferentially migrated in the direction of flow subject to 
suction. This was assumed to indicate that bed stress was greater during suction than 
during injection, but no studies which examine the quantitative effects of transpiration 
on the flow in oscillatory conditions have been reported. 

2. Experimental set-up 
The experiments have been performed in water using the oscillatory flow tunnel 

(OFT) at the Scripps Institution of Oceanography hydraulics laboratory (figure 1). The 
OFT is composed of an acrylic working section 14.0m long which terminates in 
painted steel cylindrical risers at each end. One riser acts as a reservoir and is open to 
the atmosphere; the other riser is sealed by a 62cm diameter acrylic piston which 
drives the oscillating flow. The piston is driven by a hydraulic ram which is controlled 
via a servo amplifier that responds to any arbitrary electrical input. Further details of 
the facility are described by King, Powell & Seymour (1984). For these experiments a 
false floor was placed in the working section giving a tunnel cross-section 39 cm wide 
and 28 cm deep. The test section was created by placing a rigid permeable floor in the 
centre 4.25 m of the working section. This floor was formed from fourteen 30 x 30 cm 
bricks of fused Alundum which were 2.5 cm thick. These bricks were composed of 
Alundum grains with a mean diameter of 250pm which were fused under high 
temperature. Prior to firing, the bricks were pressed at high pressure. As a result, flat 
surfaces of the rather angular grains aligned to form a smooth surface on the bricks. 
Any roughness in the bed was due to pores in the surface, not protuberant grains. The 
mean pore size of the internal pores is stated to be 180 pm. A secondary piston which 
was plumbed into the cavity below the test section was used to drive the boundary- 
layer ventilation. 

Tests were performed using a period of oscillation T =  7 s and an orbital 
displacement do of 207 cm. This resulted in a flow with oscillatory Reynolds number 
6 of 1.0 x lo6. Re is defined as 

I 

Re = u, do/2v, (2) 

where u, is the maximum mass-averaged velocity. The results of Jensen, Sumer & 
Fredsoe (1989) have shown that oscillatory boundary layers of this & will be fully 
turbulent for phases greater than 45" and transitional for phases greater than 15", 
where zero phase corresponds to zero velocity. The oscillatory period used in this study 



264 D. C. Conley and D. L. Inman 

FIGURE 1. Schematic of the oscillatory flow tunnel showing permeable test bed and boundary 
ventilation pumping system. 

was selected to be as large as possible and still produce an Re of this magnitude. For 
the unventilated case, the boundary-layer thickness So is 1.8 cm, where So has been 
defined as the first level at which the vertical derivative of velocity vanishes at a phase 
of 90”. The maximum friction velocity u*, = ( ~ , / p ) ’ / ~  is 4.1 cms-l. The bed was 
determined to be hydraulically smooth. The ventilation parameter f was zero in the 
control tests and ranged in magnitude from 8.2 x lop4 tc 1.3 x in other tests. The 
amplitude of w was calculated by assuming uniform velocity over the test bed and 
distributing the volumetric displacement of the secondary piston over the entire test 
bed. Calculations indicated that uniform velocity over the test bed was a good 
assumption given the manufacturers supplied permeability of 192 Darcys for the 
Alunduni bricks. This assumption was tested through dye studies in which no 
systematic variations in the flow through the bricks could be detected. 

Three main quantities are presented in this work: the bed stress 7( t ) ,  fluid velocity 
u(z, t )  and the vertical component of fluctuating velocity w’(z, t). The bed shear stress 
was measured using a TSI model 1237 W flush-mounted hot-film sensor as shown in 
figure 2. The sensor was locked into an acrylic probe holder 9.5 mm in diameter which 
fitted through an O-ring seal into a cylindrical acrylic sleeve with a wall thickness of 
1.8 mm. The sleeve was permanently epoxied into the test bed with the top of the sleeve 
flush with the surface of the Alundum bed. When inserted, the tops of the probe and 
holder were level with the top of the sleeve. This arrangement allowed the shear stress 
sensor to be calibrated in a separate facility and to maintain the same orientation 
between probe and holder when transferred to the test facility. It should be noted that 
the presence of the solid probe and holder prevents application of ventilation directly 
at the point of measurement. This implies that the measured bed stresses are 
representative of sections of the bed which do not experience the full effect of 
ventilation and that the measurements represent an underestimate of the full effects of 
ventilation. None the less this effect is expected to be minimal as the ratio of diameter 
of the probe holder to orbital displacement is 0(10-’). 

The longitudinal component of velocity was measured using a TSI model 1210-20 W 
cylindrical hot-film sensor. The probe was mounted on a sting projecting through the 
lid of the OFT with the axis of the sensing element horizontal and transverse to the 
direction of flow. This probe was calibrated by placing it in the tunnel centre and 
calibrating against the tunnel mass-averaged velocity using a technique adopted from 
Flick & George (1990). Since the hot film measures fluid speed, the time series was 
derectified using the mass-averaged fluid velocity as a zero-crossing reference. 
Turbulent velocity fluctuations were measured using a TSI model 1287 W split film hot 
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Probe top view 

Sideview mq ) 

Probe holder Set screw 

FIGURE 2. Schematic of the flush-mounted hot-film shear-stress sensor showing emplacement 
technique. Insert shows face of probe. 

film. This sensor has a cylindrical sensing element composed of two halves which are 
electrically insulated. This design permits decomposition of the measurements into two 
components of velocity. Briefly, the magnitude of the cooling for both halves is 
dependent on the magnitude of the velocity vector and the ratio of the cooling is 
dependent on the angle the vector makes with the plain of the splits. Operation of the 
sensor is discussed in Blinco & Sandborn (1975). The directional sensitivity was 
calibrated once before and once after all tests while the velocity magnitude response 
was calibrated for every test as described above for the cylindrical hot films. 

It became apparent during the experiments that the hot-film supports would oscillate 
slightly around the time of flow reversal. An attempt to repress this oscillation by 
reinforcing the support was not entirely successful. A small vibration in the range 
90-150 Hz, depending on the probe location, remained in the signal around the time 
of zero crossing. This contributed an apparent horizontal turbulent velocity term (u’) 
at flow reversal which was on the same order of magnitude as the true signal. A small 
portion of this support vibration will be transmitted into the vertical plane due to the 
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FIGURE 3. Schematic representation of the turbulent decomposition of an oscillating quantity. 

rotation of the support about its fixed location at the tunnel lid. Geometrical 
arguments indicate that the signal contamination in the vertical would be less than 1 % 
of the minimum measured signal. When compared to the results of other investigators, 
these arguments seem to be valid and the results for w' appear to be unaffected by the 
vibrations. This difficulty explains why no results for u' or u'w' are presented. 

Depending on the test, data runs were of 500 or 700 s in duration. The time series 
collected over each run were ensemble averaged in order to determine the phase- 
averaged quantities. In oscillatory flows, the turbulent decomposition of a flow 
property [(t)  has three components: the time mean ([), the ensemble-averaged mean 
go) and the ensemble-averaged r.m.s. mean of the fluctuating quantity c(B). In these 
relations, B represents the phase of an ensemble-averaged quantity, and it is understood 
to range from 0" to 360". In a purely oscillatory flow, the tranditionally defined time 
mean is identically zero. For a time series collected over N cycles of period T, the 
ensemble-averaged mean is calculated as 

__ 

where c = 2n/T is the radian frequency. This definition is valid for t = 0 to T in 
keeping with the above-mentioned convention relating to the phase of ensemble- 
averaged quantities. Similarly the ensemble-averaged r.m.s. mean of the fluctuating 
quantity is defined by 

- l N  112 

g(ct) = {- N-1 i= l  C [[(c(t+(i- 1) T)) -5012)  . (4) 
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This decomposition shown schematically in figure 3. Sleath (1987) and others have 
shown that there is no significant improvement in the consistency of the estimate of 
ensemble-averaged mean quantities for averages of greater than 50 cycles. The results 
from the 500 s tests in this work were averaged over 71 cycles and the results for the 
700s tests were averaged over 100 cycles. The convention that the phase 8 =  0 
corresponds to the negative-to-positive velocity zero crossing in the oscillatory flow 
will be used. 

3. Effects of ventilation 
The ensemble-averaged centreline velocity for the case of no flow through the bed 

is shown in figure 4(a). As can be seen from the plot, the velocity is relatively symmetric 
throughout the entire cycle. Each half-cycle appears qualitatively similar to the other 
half-cycle and the accelerating portions of each half-cycle appear to be mirror images 
of the decelerating portions. Figure 4(b)  is a plot of ensemble-averaged centreline 
acceleration as calculated by differentiating the smoothed velocity signal in figure 4(a). 
This plot reveals asymmetries in the flow which are not obvious in the velocity. In 
particular it is seen that acceleration tends towards a monotonical decrease throughout 
the first half-cycle as would be expected in an oscillatory flow. This is not true for the 
second half-cycle where periods of decreasing acceleration are clearly present in what 
would be expected to be a time of monotonically increasing acceleration. Study of the 
apparatus indicated that these fluctuations represent an instability in the hydraulic ram 
during the midstroke transition from compressive to extensive loading. This instability 
is seen by the fluid as a small fluctuation in the forcing pressure gradient. 

While these fluctuations do not have a readily apparent effect on fluid velocity it 
might be anticipated that the fluctuations in pressure gradient would have a larger 
effect in the boundary layer and on the bed stress. This seems to be borne out by the 
results presented in figure 4(c). The solid line represents the ensemble-averaged bed 
stress as derived from the shear-stress sensor. The bed stress in the second half-cycle 
is much peakier than would be expected in an oscillatory flow of this Reynolds number, 
& = lo6, whereas the first half-cycle is more typical (see Jensen ef al. 1989). 

Jensen et al. (1989) have shown that the boundary-layer velocity profiles in high- 
Reynolds-number flows do exhibit a logarithmic layer, at least during periods of low 
pressure gradient. The velocity profile in this layer follows the traditional ‘law of the 
wall ’ behaviour where 

( 5 )  u+ = 5.5+-1nz+, 

where u+ = u/u* and z’ = zu,/v are the non-dimensional ‘wall variables’, K = 0.4 is 
von Karman’s constant and u* = (7,/p)’/2 is the friction velocity. In order to test this 
in the present experiments, bed stress was taken as the average value derived from 
applying ( 5 )  to the velocities in the log layer. For this calculation, the log layer was 
defined to extend from z+ = 13 to 130, where z+ was calculated using u*,. The values 
of bed stress so calculated are plotted as heavy dots in figure 4(c). This technique gives 
a reasonable estimate of bed stress in the first half-cycle with some overprediction. 
However, when this same procedure is performed on the second half-cycle, it results in 
gross overestimation throughout the half-cycle. The logarithmic layer is a consequence 
of the presence of a constant-stress layer in the boundary layer. It is not surprising that 
the presence of a fluctuating pressure gradient would disturb this constant-stress layer, 
as evidently occurs in the second half-cycle. Note that this situation is analogous to the 

1 
K 
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FIGURE 4. Ensemble-averaged time series of (a) centreline velocity, (b)  centreline acceleration, and (c )  
bed stress for the unventilated case. Dashed lines in (c)  represent &one standard deviation from 15 
independent ensemble-averaged estimates of the same quantity. Solid circles are bed-stress estimates 
from log-layer fit. 

steady-current boundary layer subject to waves in which the fluctuating pressure 
gradient of the waves acts to increase the ‘apparent’ roughness of the bed (Grant & 
Madsen 1979). As a consequence of this anomalous behaviour, the following 
convention is adopted throughout the paper. When discussing bed stress, results from 
only the first half-cycle are used, and the sense of ventilation will be alternated to 
provide both suction and injection during that half-cycle. The full cycle will be utilized 
when presenting velocity and turbulence profiles as these quantities are weakly affected 
by small fluctuations in the pressure gradient. This can be verified by comparing both 
half-cycles in the controls runs ( P  = 0). While, in general, the bed-stress results from 
the second half-cycle differ quantitatively from the first, they are qualitatively the same 
and the conclusions arrived at in this work are supported by the results from both half- 
cycles. 

In the following subsections the influence of boundary ventilation on oscillating flow 
will be explored by individually considering the effect on the boundary-layer velocity 
profile, the turbulent characteristics of the boundary layer and the bed stress. The 
results presented are primarily for a sinusoidal flow. 
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FIGURE 5. Boundary-layer velocity profiles during one cycle. Solid lines are for no ventilation and 
dashed are for V = 1.7 x (injection occurs for 0" < 6 < 180"). Values of u* from the unventilated 
case are used in normalization for both profiles. Heavy dashed lines are the log layers used for 
computing solid circles in figure 4. 

3.1. Boundary-layer velocity 
As discussed earlier, the most direct way that suction is expected to affect the boundary 
layer is to draw the velocity profile down closer to the bed. This results in higher mean 
velocities near the bed and greater shear at the bed. The effect of injection is expected 
to be just the reverse, namely streamlines are pushed away from the bed, leading to 
lower mean boundary-layer velocities and reduced near-bed shear. This is the pattern 
seen in figure 5, which shows a series of boundary-layer profiles given in 
semilogarithmic coordinates at various phases throughout one cycle. At each phase 
there are two profiles. The solid line represents the velocity profile for the case of no 
ventilation and the dashed line represents the velocity profiles for P = 1.7 x lop3. The 
wall variables used in this figure are calculated using u* from the unventilated case. The 
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FIGURE 5. Contour plot showing development over height and phase of 7 for (a)  unventilated case, 
(b) for V = 3.3  x Injection in (b)  occurs from 0" to 180". Contours are in units of % u,. Boxes 
on right correspond to measurement locations. Notice relative symmetry between half-cycles in (a). 

heavy dashed lines represent the log layer used in the calculations for figure 4. The 
velocities in the boundary layer are clearly affected even at this level of ventilation. 
During the occurrence of suction (1 SO" < 8 < 360") the mean velocities throughout the 
boundary layer are uniformly greater than the unventilated velocities. This fact 
necessitates that the vertical velocity gradient at the bed is greater, which is in fact clear 
in the figure. Once again, just the reverse is true for injection (0" d B < 180"). It is even 
more readily evident that the mean velocities throughout the boundary are lower with 
injection than for the unventilated case and therefore the near-bed vertical velocity 
gradient is less than for the unventilated case. 
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FIGURE L. Boundary-layer profiles of 3 during one cycle. Solid lines are for no ventilation and dashed 
are for V =  3.3 x (injection occurs for 0" < 6' < 180"). Values of u* from the unventilated case 
are used in normalization for both profiles. 

Considering the symmetric nature of unventilated oscillatory flow, it is clear that the 
above observations imply an asymmetry in the mean boundary-layer velocities for a 
ventilated oscillatory boundary layer. This asymmetry must be realized as a net current 
in the boundary layer above the permeable bed. This current will be positively directed 
for negative and vice versa. 

3.2. Turbulence 
A contour plot of the development of 7 over phase and elevation is shown in figure 
6(a). This is for the case of no ventilation and the results are qualitatively similar to 
those reported by others (see Sleath 1987). Sleath (1987) reported that 7 and 7 behave 
qualitatively the same, so for the following discussion it will be assumed that the 
behaviour of 7 is indicative of turbulent intensities in general. The maximum in 
turbulence intensity is seen to occur near the bed just following the start of deceleration 
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FIGURE 8. Contour plot showing development over height and phase of (p)1/2 for 
Contours are in units of % u, and height scale is logarithmic. Injection occurs from 0" to 180". Boxes 
on right correspond to measurement locations. 

= 1.7 x 

(90' and 270"). From this maximum the turbulence slowly diffuses upward over phase 
giving the impression of an inclined plume. For unventilated oscillatory flow, this 
pattern is relatively symmetrical with turbulence maxima occurring at about the same 
level in each half-cycle, and the size, shape and inclination of the turbulent plumes are 
similar in each case. It is also seen that the turbulence levels associated with each half- 
cycle return to the background level prior to the arrival of the next plume. 

The effects of ventilation on the turbulent properties of the flow are shown in figure 
6(b) .  This is a contour plot of the development of 7 over phase and elevation for the 
case of = 3.3 x lop3. The figure shows three major effects of ventilation. The first 
effect is that, near the bed, the turbulence levels are higher with suction 
(1 80" d B d 360") than injection. Second, with suction the turbulence maximum is 
drawn closer to the bed. Finally, owing to the flow stabilizing tendency of suction and 
the destabilizing influence of injection, the turbulent plumes have become very 
distorted. In particular, the turbulent plume originating in the half-cycle with suction 
is very much diminished and is contained in a thin layer (z 5 mm) drawn near the bed. 
The turbulent plume from the injection half-cycle is much enhanced, extending higher 
into the flow and, consequentially, persisting long into the subsequent half cycle. This 
tendency is so pronounced that it would appear that the majority of the turbulence that 
arises from the injection half-cycle occurs during the suction half-cycle. The net effect 
of this is that a 'snapshot' of turbulence levels at constant phase would show the 
highest turbulence levels to occur during the half-cycle with suction even though that 
turbulence develops from unstable flow occurring during the half-cycle with injection. 
Figure 7 presents the same data in a series of plots at constant phase using the same 
type of inner scaling as in figure 5. 

Using a logarithmic elevation scale, the contour plot of the time history of 3 (figure 
8) shows that the previously described qualitative picture is true for P as low as 
1.7 x lop3, the lowest ventilation parameter for which data of this type were collected. 
In short, with suction, the near-bed turbulence levels are enhanced and the associated 
turbulent plume is confined close to the bed. The turbulent plume associated with 
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FIGURE 9. Ensemble-averaged bed stress for various values of p. Values are normalized by the 
maximum unventilated bed stress. Solid line is bed stress for unventilated case. The error bar 
represents 95 % confidence level of peak stress. 

injection extends higher into the flow, and persists in time throughout most of the 
subsequent half-cycle, returning to background levels by the end of the cycle. 

3.3. Bed stress 
The effect of boundary ventilation on bed stress is summarized in figure 9,  in which a 
full half-cycle of ensemble-averaged bed stress is plotted for various ratios of the 
ventilation parameter P. The ensembles are calculated from runs of 71 cycles. The solid 
line is the bed stress for the case of no ventilation and serves as the baseline for the 
other tests. The peak value from this curve is used to normalize all the data. As seen 
in the figure, ventilation clearly affects the bed stress throughout the entire cycle in 
oscillatory flow. As expected, suction ( P  < 0) leads to increased bed stress and injection 
(P > 0) causes reduced bed stress. This figure shows that there is a significant stress 
reduction or enhancement for ventilation parameters with magnitudes as low as 

The data from figure 9 have been used to construct figure 10. For each value of 17, 
the bed stress was integrated over all positive values then divided by the half-period to 
arrive at a mean bed stress over a half-cycle. These values were normalized by the mean 
bed stress for no ventilation and plotted as a function of ventilation parameter as 
represented by the open points in figure 10. If we denote the ratio of mean bed stress 
((7)/(70)) as Ri and consider this ratio as equivalent to the ratio of friction factors in 
( l ) ,  than we can construct an expression similar to ( 1 )  for the oscillatory case : 

8.3 x 10-4. 

where f, = 27,/puk is the wave friction factor (Jonsson 1963). The dashed line in 
figure 10 represents (6)  using the theoretical steady-flow value of 2.0 for b which 
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FIGURE 10. Time-averaged ventilated bed stress us. injection parameter F. Values are normalized by 
time-averaged unventilated bed stress. Averages are for first half-cycle. Error bars represent 95 % 
confidence interval based on repeated estimates of ensembJe-averaged quantity. Va_riance is assumed 
to be a constant fraction of measurement. Circles are for V < 0 and boxes are for V 2 0. Solid boxes 
represent estimates based on (7) over the bottom 0.01 cm. Solid line is from equation (6) using b = 0.9 
and dashed line is with b = 2.0. 

appears to over predict the integrated effects of ventilation for oscillatory flow. The 
solid line represents (6) using a value of 0.9 for b. This is the mean value arrived at by 
fitting all the data points to (6) and does a superior job in explaining the observed 
results, particularly for low values of F. 

Even in a turbulent boundary layer, viscous stresses dominate within the viscous 
sublayer. Mickley et al. (1954) have shown that in boundary layers with suction, the 
boundary-layer velocity in this layer can be expressed as 

where A+ = w/u*. Notice that as w goes to 0, the above equation approaches the well- 
known relation u+ = z+. It is generally accepted that the viscous sublayer is present for 
z+ < 5 (Schlichting 1979). The lowest elevation for which velocity was measured was 
at 0.01 cm, which is within the viscous sublayer for all phases. It is therefore possible 
to calculate a second estimate of bed stress utilizing (7). This process has been carried 
out using the velocity record at 0.01 cm and the results have been plotted on figure 10 
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as filled boxes. While in general, the precision of this technique is poor, the results do 
show good agreement with the shear-stress sensor data and provide one more level of 
confirmation for these results. 

4. Persistence of ventilation effects 
It has been shown that the velocity profile, turbulent characteristics and bed stress 

in an oscillatory boundary layer are highly affected by ventilation when the oscillatory 
flow is sinusoidal and there is no phase lag between the maximum ventilating flow and 
the boundary-parallel flow. The sensitivity of these effects to the Reynolds number of 
the flow, the shape of the oscillations and the phase separation between the two flows 
will now be investigated. The comparisons will be done by examining the effect on bed 
stress as this effect is easiest to quantify and contrast. 

4.1. dependence 
In order to determine the Reynolds-number dependence of the effects of boundary 
ventilation, a series of tests were performed in which the flow was varied. Using the 
linear relationship between do and u,, it can be shown that (2) is equivalent to 

Re = d i  C T / ~ V .  (8) 

As all tests were performed using the same frequency, reductions in Re were achieved 
by reducing d i  by the appropriate factor. The range over which Re was varied was 
determined by the limits of the physical apparatus. The largest & (1.0 x lo6) 
represented the largest stroke which could be safely obtained from the hydraulic ram, 
and the smallest (1.0 x lo5) represented the lowest volume of water which could be 
accurately pumped through the permeable bed at the P value of 3.3 x 

Figure 11 shows the results of these tests. At each 6 the ensemble-averaged mean 
stress with ventilation has been integrated over one oscillatory half-cycle. These values 
were then normalized by the integrated bed stress for the unventilated case at the 
appropriate Re. These values have been plotted as the circles and squares in figure 11. 
The bars on the plots represent 95% confidence intervals. The lines in this plot are 
calculated from (6) and appear to predict the trend of the data quite well. As can be 
seen in the figure, dependence is weak particularly at the higher & values. 

4.2. Phase dependence 
Since most of the results presented in this paper are for boundary ventilation which is 
in phase with the free-stream flow, it was decided to test the sensitivity of the flow to 
variations in the phase relationship between the two flows. Zero phase ($ = 0) in this 
section is defined as the condition when the maximum magnitude of the boundary 
ventilation occurs simultaneously with the maximum in the free stream. As used here, 
positive phase means that maximum ventilation occurs prior to the maximum free- 
stream velocity, and negative phase therefore implies that maximum ventilation 
follows the free-stream maximum. The range of phases has been restricted to f90" 
with separate tests for suction and injection. 

It should be noted that any phase difference between the two flows implies that each 
half-cycle will experience periods of both suction and injection. As this suggests that 
each half-cycle experiences periods of both increased and reduced bed stress, presenting 
results in terms of bed stress integrated over a half-cycle would not be appropriate. 
Instead results are presented in terms of maximum bed stress normalized by maximum 
unventilated bed stress. These values are presented in figure 12 where open circles 
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FIGURE 11. Time-averaged ventilated bed stress us. z. Values are normalized by time-averaged 
unventilated bed stress. Averages are for one half-cycle. Lines are computed from (6) using b = 0.9. 
Error bars are 95 % confidence interval (see figure 10 for discussion of computation). 

represent the results for suction and the squares are the values for injection. The error 
bars represent 95% confidence limits calculated from the variance of the maximum 
stress measurements. 

The lines in figure 12 represent the predicted effect of phase offsets in boundary 
ventilation if it is assumed that the parameter of importance is the instantaneous 
ventilation parameter v’. Such an assumption would imply that flow history has no 
role in the effect of boundary ventilation and that the flow instantly responds to the 
present conditions. While such an assumption may be unreasonable, these lines aid in 
determining just what role flow history does play. The instantaneous ventilation 
parameter for the time of peak velocity can be easily calculated as the cosine of the 
phase offset times the flow ventilation parameter F. Using these values of F’, the 
expected stress reduction or enhancement can be predicted from a plot similar to figure 
10 which is based on stress maxima rather than integrated stress. This procedure is used 
in constructing the lines in figure 12. 

The principal resemblance between the observed results and those predicted by the 
above-described ‘prevalent condition’ hypothesis is that the effect of ventilation is a 
maximum around a phase offset of 0” and drops off to no effect (ratio = 1) at *to”. 
Ventilation effects are seen not to be a critical function of phase, that is phase 
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FIGURE 12. Maximum ventilated bed-stress values normalized by maximum unventilated bed stress 
as a function of ventilation phase 9. Open circles are for suction, open boxes are for injection. Solid 
lines are expected response assuming instantaneous response. Error bars represent 95 % confidence 
interval based on variance of ensemble-averaged estimate. 

differences of f10" do not radically change the effects of ventilation. In fact, the 
changes in bed stress over this range are not statistically different from each other. 
However, for larger phase differences, the drop off rate is clearly different for each 
quadrant and therefore warrants inspection in all quadrants. The most straightforward 
behaviour occurs for boundary suction with positive phase offset. Here the effects of 
ventilation appear to follow the simple cosine response. This suggests that with a 
stabilized boundary layer, as exists with suction, the streamlines equilibrate rapidly 
toward their undisturbed state as the level of applied suction is reduced. While not 
behaving as smoothly as suction with positive phase, injection with negative phase 
difference appears to also follow the cosine behaviour. It is important to recall the 
sequence in the development of the boundary layer for this case. The half-cycle begins 
with decreasing suction. Eventually the boundary ventilation switches to injection. We 
have already seen that the boundary layer will quickly respond to the reduction of 
suction so the tendency for the bed stress to follow the cosine response implies that, 
when applied to a stable or unventilated boundary layer, the response time for shear 
reduction due to injection is small with respect to the timescales of the flow. 

The behaviour of injection with positive phase offset contrasts strongly with the 
above descriptions. In fact the only resemblance that the effect of boundary injection 
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with positive phase difference has to cosine response is that the stress ratio does return 
to one at 90". Figure 12 illustrates that stress reduction due to injection grows at phase 
offsets greater than 0" even though the instantaneous ventilation parameter is 
decreasing. To understand this behaviour it is important once again to consider the 
time history of the boundary layer. In this situation, the boundary layer has 
experienced boundary injection for the entire half-cycle prior to the occurrence of 
maximum stress. The maximum injection rate occurs prior to the occurrence of 
maximum stress, which occurs during a time of decreasing injection. With this scenario 
in mind, it appears that the spreading of boundary-layer streamlines induced by 
boundary injection is resistant to readjustment. In fact the slight tendency for increased 
stress reduction with phase suggests that, once a level of spreading is developed, it can 
be maintained by smaller ventilation flows than originally present. In contrast to 
compressed boundary layers which appear to readjust immediately to changing 
conditions, boundary-layer spreading appears to be resistant to readjustment. This 
result is fully consistent with results for steady flow subject to changing transpiration. 

This interpretation seems to be validated by the results for boundary suction with 
negative phase. In this quadrant, the half-cycle commences with boundary injection 
leading to boundary-layer spreading. With the onset of suction, the streamlines are 
indeed drawn closer to the bed leading to greater bed stress for greater suction, but the 
level of bed stress enhancement never manages to attain the level it does for a boundary 
layer which was not initially subject to injection. 

4.3. Sensitivity to velocity asymmetry 
In order to test how sensitive the effects of boundary ventilation are to the shape of the 
free-stream velocity, a series of experiments were performed with an asymmetrical 
velocity waveform, a plot of which is shown in figure 13. This waveform was taken 
from a time series of orbital velocities beneath near-breaking waves in the ocean. This 
particular wave was chosen because of its strong asymmetry, 7 s period and the 
similarity of its flow parameters to the oscillatory waveforms generally employed in this 
study. The peaked form of asymmetry (skewness) for this wave is 0.88 while the 
sawtooth form of asymmetry has a value of -0.31 (Hasselmann, Munk & MacDonald 
1963; Elgar & Guza 1985). The orbital displacement distance do for this form was 
182cm. The maximum orbital velocity was 111 cm s-l. Using (2) this gives 

Exactly the same waveform was used to drive the ventilation velocity as was used 
to drive free-stream velocity, and no phase difference was imposed. It should be 
understood that all suction results come from the peaked high-velocity portion of the 
waveform (crest) and all injection results come from the flat low-velocity portion of the 
waveform (trough). The integrated bed stress for each subcycle, normalized by the 
unventilated integrated bed stress for the appropriate subcycle, is plotted as the open 
symbols in figure 13. The solid curve is the same one plotted in figure 10. Inspection 
of figures 13 and 10 suggests that the waveform shape has an insignificant effect on the 
bed-stress ratio during boundary suction. Wave shape does affect the bed-stress ratio 
during injection, particularly for larger values of f. This can be understood from the 
discussion in the previous section. The flat profile of the low-velocity section results in 
a longer period where injection increases only slightly so that the magnitude of 
ventilation is maintained near its maximum value for a significant portion of the 
subcycle. It is proposed that injection in this case would result in flow streamlines 
which exhibit a higher mean separation over the course of the longer-duration subcycle 
than would be expected with a more sinusoidal profile. This would result in greater 

Re= 1.ox lo6. 
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FIGURE 13. Time-averaged ventilated bed stress us. injection parameter for asymmetric waveform 
(symbols). The line represents results for a symmetrical waveform (from figure 10). Values are 
normalized by time-averaged unventilated bed _stress. Averages are over one half-cycle. The peaked 
half-cycle is for V < 0 and flat half-cycle for V > 0. Error bars represent 95 % confidence interval 
based on repeated estimates of ensemble averaged quantity. Variance is assumed to be a constant 
fraction of measurement. 

bed-stress reduction as is observed in the figure, and consequently greater stress 
asymmetry. 

5. Discussion 
The results of these experiments show that the ventilated oscillatory boundary layer 

exhibits behaviour which could have been qualitatively predicted from knowledge of 
the manner in which transpiration affects steady boundary layers. The importance of 
these effects can take on a larger significance in the oscillating case than they would 
appear to in the steady case because the time average of most quantities in oscillating 
flows is zero. This can be demonstrated by considering the change in the boundary- 
layer velocity profile. In an oscillatory boundary layer where the velocities in one half- 
cycle are just the negative of the velocities in the second half-cycle, the net velocity over 
one full cycle is identically zero. However, in a ventilated oscillatory boundary layer 
where suction leads to higher velocities near the bed while injection causes spreading 
of the velocity profile and lower near-bed velocities, a net velocity occurs in the 
boundary layer. The sense of this velocity is in the direction of the oscillatory flow 
which is subject to suction. 
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20t 

Ventilation parameter, I PI 
Normalized net boundary-layer velocity averaged over a distance 28, (normalized 

ventilation current) us. absolute value of V. Net velocity is prese_nted as a percentage of u,. Line is 
equation (9). Sign of net velocity is the opposite of the sign of V. 

A mean net boundary-layer velocity has been determined for the values of F for 
which velocity profiles were measured. This was done by integrating the mean velocity 
profiles over a height of 26, (3.6 cm). This vertically averaged mean velocity was then 
integrated over an entire cycle to arrive at the mean vertically averaged net velocity 
herein called the ventilation current (u,). These values have been plotted in figure 14. 
The line in figure 14 is a least squares fit for the relation (u,)/u, = q f n .  The best fit 
was found to be 

(9) 
In this relation, the sign of (u,) is opposite to the sign of F. 

Liu (1977) and Sleath (1978) discuss mass transport in progressive water waves 
propagating over a permeable bed which is essentially a ventilated oscillatory 
boundary layer. Their analysis, based on laminar-boundary-layer theory, predicts that 
the permeable boundary and resultant ventilation introduce a component of mass 
transport in the boundary layer which diminishes the traditional mass transport above 
a solid boundary. In essence they conclude that ventilation contributes an effective 
mass transport in the fluid layer which is in the direction of flow experiencing injection. 
While the present study does not include progressive wave phenomena, the results here, 
which relate to the distortion of flow streamlines in the boundary layer due to 
ventilation, indicate a mass transport which enhances the traditional mass transport 
and consequently is in the opposite direction as well as an order of magnitude larger 
than that predicted by Liu (1977) and Sleath (1978). 

While the bed experiences no net stress in a purely sinusoidal boundary layer, there 
is a net bed stress with ventilation. This net stress is a consequence of the bed-stress 
reduction due to injection and the bed-stress enhancement due to suction. When the 
two half-cycles are averaged together they result in a net bed stress. Figure 15 shows 
the net bed stress due to a ventilated oscillatory boundary layer as a function of F. The 
results of figure 9 have been used to construct this plot. The points in figure 15 
represent the difference between the integrated bed stress with suction and the 
integrated bed stress with injection normalized by twice the integrated unventilated bed 

( u , ) / u ,  = 2.27 x I Flo.6. 
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FIGURE 15. Average net ventilated bed stress as a percentage of average gross unventilated bed stress 

us. V. Solid line is computed from (10) with b = 0.9. Error bars are 95 % confidence interval. 

stress, where integration is over one half-cycle. These points therefore represent the 
mean net stress over an entire period as a percentage of the mean gross stress for the 
unventilated case. Using (6) we can derive the following relation for this quantity: 

The solid line in figure 15 is this equation using a value of 0.9 for b. The above relation 
suggests that a 1% net stress is obtained with a ventilation parameter as small as 
9 x lop5! It should again be observed that this net stress is in the direction of the 
oscillating flow experiencing suction. 

It is worthwhile to consider the importance these results may hold for geophysical 
situations. Reid & Kajiura (1957) and others have shown analytically that a gravity 
wave travelling through a fluid medium over a permeable bed will induce boundary 
ventilation. It can be shown that for geophysically reasonable permeabilities, the 
ventilation parameter and that phase differences between u 
and w will be O(5") or less. This suggests that in general wave-driven ventilated 
boundary layers will produce a mean boundary current in the direction of wave 
advance and with a magnitude which can be determined through a knowledge of F. A 
net stress in the direction of wave advance will be induced, with a magnitude which can 
be predicted by (10). These phenomena will be relatively independent over an order 

will not exceed 1 x 
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FIGURE 16. Vertically averaged turbulence (7) le_vel as a function of wave phase 0. 
Average is over 8 cm and Y = 3.3 x 

of magnitude of Re as shown in figure 1 1. Over the expected range of phase separation 
between the wave potential flow and boundary ventilation, phase would not be 
expected to significantly alter these results. While gravity waves are not expected to 
exhibit a sinusoidal profile and will develop inherent asymmetries, the results of figure 
13 indicate that for low values of P the flow will still exhibit the behaviour discussed 
above. 

This study shows that ventilated oscillatory boundary layers will develop net 
boundary velocity as well as net bed stress even in the absence of any other asymmetry. 
This result has obvious implications for studies of transport in such flows. The 
implications of the asymmetry in turbulence are not so easy to predict. Figure 6(b) 
shows quite clearly that the majority of the turbulence throughout the cycle originates 
from the injection half-cycle. Yet how this would affect the transport of some quantity 
is far from clear. If sediment transport is approximated by the product of suspension 
and local velocity and the level of suspension is proportional to the instantaneous 
turbulence levels, the argument can be made that transport would once again be in the 
direction of flow during suction. This can be understood by examining figure 16, which 
gives a time history of the vertically averaged turbulence levels present in figure 6(b). 
This figure, which imparts no information about history, clearly shows that the 
maximum vertically averaged turbulence levels occur during the suction half-cycle. By 
the above assumptions, transport due to turbulent suspension would be in the direction 
of flow during suction, even in the absence of other asymmetries. As suspended 
transport under waves is a more complicated phenomenon than simple instantaneous 
averages, the above scenario may be wholly inaccurate. However, it does help to 
demonstrate the possible ramifications that these findings have for suspended transport. 

6.  Conclusions 
A laboratory experiment was performed to test the effect of boundary ventilation on 

the mean velocities, turbulent flow characteristics and bed stresses in an oscillatory 
boundary layer. The results of these experiments lead to the following conclusions. 
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(i) Boundary suction causes flow streamlines to be pulled toward the bed, leading to 
higher velocities near the bed, whereas injection leads to streamline spreading and 
reduced near-bed velocities. This effect results in a mean near-bed flow with sign 
opposite to that of the ventilation parameter. 

(ii) The enhanced velocity shear near the bed during suction results in increased bed 
stress while the reduced shear during injection results in diminished bed stress. 

(iii) The above effects which are observed to be strong functions of the ventilation 
parameter F can be well predicted by (6). The bed stress is shown to be essentially 
independent of fi for the range of Re tested. It is also shown that phase dependence 
is small for small phase differences between u and w. The effects of suction are 
insensitive to waveform shape while the effects of injection increased with increasing 
length of the injection subcycle. These wave shape modifications were negligible for 
small values of F. 

(iv) Boundary ventilation leads to a strong asymmetry in flow turbulence. Enhanced 
turbulent fluctuations are maintained in a thin layer near the bed with suction and 
turbulent diffusion is reduced. Away from the bed turbulence levels are enhanced by 
injection leading to greater turbulent diffusion initiated during injection. The result of 
these effects is enhanced vertically averaged turbulence levels during suction. 
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