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velocity excesses measured in the boundary layer over the carpet are
compared to the centerline velocity excesses of Figure 18c. The wake
over the smooth floor shows an increase in velocity excess due to the
interaction of the vortex with the shear flow. This increase continues
at height z/R = 0.364 downward to x/R = 21.8. But in the wake over
the rough boundary the increase in velocity excess has stopped at or
before x/R = 10 and the wake strength is decaying rapidly.

Wake behind the rectangular block buildigg

During the same time period the hemisphere wake study was
underway another study was begun on the wake of a simple rectangular
block building. This work was directed at modeling in the wind tunnel
a full-scale experiment being conducted at the NASA George C. Marshall
Space Flight Center field site. This work is reported in more detail
in another report (Hansen, Peterka and Cermak, 1974) and was described
briefly in Chapter II. Primary interest was in examining the wake of
the model when the wind was normal to the long side of the building
(e = 0°). But the opportunity presented itself for determining if the
wake structure was significantly different from the momentum wake
(e = 0°) when roof-corner vortices were generated. Woo (1974) deter-
mined by observing smoke flow around the model that the roof-corner
vortex pair appeared strongest when o = 47°. Therefore this configura-
tion was selected for further study. A photograph of the vortex pair
when o = 47° is shown in Figure 23.

Mean velocity profiles were measured in the wake of the building
oriented such that o = 47°. The model was placed in the rough-wall

boundary layer generated over the shag carpet. Lateral profiles of
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longitudinal mean velocity are shown in Figure 24. The profiles show

much the same character as the profiles in the hemisphere wakes. Once
again there is a region of velocity excess in the wake and the wake

is highly persistent. A velocity excess wake is observed in Figure 24
80 building heights downwind of the model. Measurements were not made
further downwind than x/H = 80, thus the full extent of the wake is

not known.

In this flow situation the vortex generated along the longer edge
of the roof (on the side where y/H < 0) 1is stronger than the other
vortex of the pair. The asymmetry of the wake reflects this inequality
in the vortex strengths. All observations made in this wake are con-
sistent with the hypothesis of the vortex wake applied to the hemisphere
wake.

With the block model it is possible to compare the (hypothesized)
vortex wake with the normal momentum wake. Velocity profiles taken in
the normal wake (a = 0°) with the same model in the same boundary
layer as the model of Figure 24 are shown in Figure 25. Comparison of
Figures 24 and 25 shows dramatically the differgnce between the two
wakes. Figure 26 compares the decay rates of the two wakes. The momen-
tum mean velocity wake has the same strength 12 building heights down-
wind of the model as the vortex wake has at x/H = 80. The momentum
wake compares favorably with the momentum wakes reported by Lemburg
(1973), Counihan (1971) and Castro and Robins (1975). It can be con-
cluded that the momentum wake is significantly different both in

structure and persistence from the vortex wake.



68

Vortex strength measurements

The longitudinal mean velocity data all indicate that the
vortex pair (the horseshoe vortex behind the hemisphere and the roof-
corner vortices, perhaps combined with the horseshoe vortex, behind the
block) is responsible for the difference between vortex wakes and the
momentum wakes. But only measurements of the vortex positions and
strengths can provide conclusive evidence for this simple model.
Attempts to visualize the vortices in the wakes with smoke were all
unsuccessful. The vortex strengths were too weak to render the vortex
visible in the turbulent boundary layer. The vortices could be seen
forming very near the bodies but at no time were they observed visually
beyond the separation bubble behind the model. The paddlewheel vortic-
ity meter and the rotating hot-film anemometer were required to detect
the presence of the vortices.

Figure 27 shows contour plots of lines of equal streamwise
vorticity in the wake of the 0.14 m radius hemisphere in the smooth-
floor boundary layer. These contours were generated from the paddle-
wheel vorticity meter data. Though the meter was not calibrated and
cannot be used to give a quantitative measure of the vorticity the
contour plot clearly gives the average location of the vortex and the
sense of the rotation. Figure 28 shows a contour plot of streamwise
vorticity in the wake of the block building with the wind approaching
at a = 47°, Similar results were observed for all values of o
examined (between 37° and 57°). The vortex wake is generated behind
the block building for a wide range of approach flow directions and

not just near a = 47°.
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Quantitative measurements of swirl velocity were made using the
rotating hot-film anemometer at locations the vorticity meter indicated
to be of interest. Cross-flow velocities were measured in five data
planes (at x/R = 8.73, 13.1, 17.5, 21.8, and 26.2) behind the 0.14 m
radius hemisphere in the smooth-wall boundary layer, in one plane (at
x/R = 8.7) in the wake of the 0.076 m radius hemisphere, also in the
smooth-wall boundary layer, and in two planes (at x/H = 12.9 and 18.6)
behind the block at a = 47° in the rough-wall boundary layer.

Cross-flow velocity vectors in the 0.14 m radius hemisphere wake
are shown in Figure 29. The cross-flow vectors both with and without
the model present are shown at many locations to verify the effect of
the hemisphere on the flow. In Figure 29a the swirling motion is highly
evident. Note that the rotation is such that there is a downward flow
at the wake centerline as predicted by the theory of Hawthorne and
observed with the vorticity meter. In Figure 29b the swirling motion
is still apparent though considerably weaker than that shown in Figure
29a. Measurements in the three other planes indicated the same trends.
In all five planes the swirling motion was present but the decay of the
swirl velocities from one plane to the next was quite rapid. Neither
the rotating hot-film nor the vorticity meter was sufficiently sensitive
to detect the vortex beyond x/R = 26.2.

From the distribution of cross-flow velocities in the five data
planes it was possible to calculate the circulation about the vortex as
a function of x/R. Figure 30 shows the maximum circulations about any
circuit in each of the data planes. The circulations about all closed
rectangular paths through the data points were calculated. Then at

each value of x/R the maximum value was selected. In all cases the
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circuit which had the maximum circulation was at or near the outermost
possible circuit through the data points.

Also shown in Figure 30 is the theoretical prediction of the vortex
circulation obtained from the results of Chapter III. Recall that the
inviscid theory of Hawthorne and Martin, which was modified by this
author, predicts a normalized circulation around a large circuit of
T/U(R)R = 0.75 for all x. This value in conjunction with the meander
theory of Baker et al. was used to generate the curve shown in Figure 30.
The value of o was found from equation (3-4) to be o = 0.073 m at
x/R = 8.7. The vortex core radius, a, at x/R = 8.7 was selected to
result in agreement between the theory and measurements at x/R = 8.7.
The core radius at this location was found to be 0.019 m. At subse-
quent locations the value of a was calculated using the fact that a
increases as (x/R)%. The excellent agreement between the theory and
observations at values of x/R greater than 8.7 indicates that the
inviscid theory combined with the effect of meander is an adequate model
of the flow. There is some uncertainty in the measured values of cir-
culation at large values of x/R. But the trend indicated by the
theory is certainly that indicated by the data and the numerical values
are in quite good agreement also.

It is evident from these data that vortex meander is an extremely
important feature of the vortex wake in a turbulent boundary layer.

But it is seen in Figure 30 that the effect of meander can be calcu-
lated using a simple theory and the method described to determine the
core radius. If the vortex were visible with smoke visualization,
values of o and perhaps a could be determined directly. But the
indirect method gives good results when the vortex core radius can be

determined empirically.
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Application of the meander theory assumed a Rankine vortex
structure in the instantaneous vortex. Figure 31 compares the measured
swirl velocity distribution along a horizontal line through the vortex
at x/R = 8.7 with the distribution calculated from the meander theory
assuming a Rankine vortex. Though there is considerable scatter in the
data there appears to be good agreement in the vortex core size and the
velocity distribution. This serves to further confirm the method used
to predict the average vortex strength.

In the one plane in which the cross flow was measured behind the
0.076 m radius hemisphere the maximum average circulation was T/U(R)R =
0.044. The hemisphere was placed in the wind tunnel where the boundary-
layer thickness was 0.51 m. The thickness was 0.38 m at the location
all other models were placed in the smooth-floor boundary layer. Thus
it was expected that the circulation measured would be lower behind
the 0.076 m model because the turbulence intensity was greater at the
height of the vortex. This expectation was realized as the circulation
was only approximately 20 percent of the value measured behind the
0.14 m model. This data provides another, however limited, check of
the theory. The value of the instantaneous vortex strength predicted
is still T/U(R)R = 0.75. When the meander theory is applied to obtain
the average, or measured, circulation prediction a value of fYU(R)R =
0.135 is obtained. Calculation of this value required the assumption
that the ratio a/R would be the same behind the 0.076 m model as it
was behind the 0.14 m model. The validity of this assumption is open
to question but no other method is available for estimating the core
radius. The agreement between the measured value of fYU(R)R = 0.044 and

the predicted value of 0.135 is, at first glance, poor. But the
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difference between the two values is only 12 percent of the instanta-
neous vortex strength. This agreement is as good as can be expected
considering the uncertainty in the value of a and the measurement
accuracy.

A final test of the theory predicting the instantaneous vortex
strength was performed in a hemisphere wake. The hemisphere was
mounted near the leading edge of a flat plate which was suspended in
the free stream of the wind-tunnel test section. This was done to
place the model in a uniform approach flow. According to the theory
the vortex strength is directly related to the shear in the mean
velocity profile approaching the model. In a uniform flow the horse-
shoe vortex should not be generated. Observations with the vorticity
meter showed a very weak vortex pair was generated. The average
strength of the vortex pair was much less than that observed behind the
model in a shear flow even though the turbulence intensity of the flow
was much less. This weak vortex was most likely due to the small
amount of shear generated by the leading edge of the flat plate and the
boundary layer on the plate and model. The result is that the simple
test also indicates the inviscid theory is adequate for predicting the
vortex strength.

The final vortex strength measurements were made in the wake of
the block building with the wind at an angle of approach of 47° in the
boundary layer over the carpet. The results of these measurements are
shown in Figure 32. The highly turbulent flow reduces the measured
vortex strength to a level which is near the resolution limit of the
instrument in the highly turbulent flow. Typical swirl velocities are

of the order of three to five percent of the free-stream speed. But



73

the fact that the vortex can be detected at all in such a flow is a
good indication that the instantaneous vortex strength is quite high.
There is no prediction of the instantaneous strength available, and
again there is no method to determine the core radius reliably. There-
fore, a reliable quantitative application of the meander theory is not
possible. Inspection of the meander theory indicates that the roof-
corner vortex must be stronger than the horseshoe vortex behind the
hemisphere. Indeed, visualization with the vorticity meter also indi-
cated that the instantaneous roof-corner vortex was considerably
stronger than the instantaneous horseshoe vortex. Unfortunately, a
quantitative measure of the relative strengths of the instantaneous
vortices is not possible with the instrumentation available for this

study.

Vortex position behind the hemisphere

The position of the vortex behind the 0.14 m hemisphere was
determined from the vorticity meter and swirl velocity data plots.
The results are shown in Figure 33. Both methods for determining the
vortex position agreed reasonably well. There is considerable scatter
in the data because of the coarse spatial resolution between the swirl
velocity data points and the sometimes asymmetric, weak distribution
of swirl velocity. The trend of the motion is clear--the vortices rise
and move outwards as they travel downstream. It was postulated in
Chapter III that vortex rise is due to vertical transport of vorticity.
The rate of rise of the vortex was then equated to the rate of growth
of the boundary layer. The motion outwards was attributed to the
interaction of the vortex with the surface (the induced motion due to

the image vortex).
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Also shown in Figure 33 is the predicted motion of the vortex.
These curves were calculated by fitting the results of equation (3-17)
with the observations, and then using this result for z(x) in con-
junction with equation (3-18) to predict y(x). Two curves of Yy vs x
are plotted. In one curve the boundary condition of equation (3-18)
was selected to result in agreement between theory and observation at
x/R = 8.73. In the other the boundary condition was selected to result
in better overall agreement.

It can be seen that agreement between the phenomenological theory
and the observations of vertical vortex motion is reasonably good. The
vertical motion is slightly underpredicted. This may be due to error
in the assumption that the obstacle is a disturbance to the boundary
layer sufficiently small to allow equating the boundary layer growth in
the wake to that in the undisturbed boundary layer. Agreement between
the predicted and observed lateral motions of the vortex is not highly
satisfactory. The theoretical curve is very sensitive to the selection
of the boundary condition. But neither theoretical curve gives good
agreement between the theory and the observations over a large range
of x/R. It is apparent that either the physical mechanisms of vortex
motion are not well understood or the mathematical model is not com-
rletely adequate.

It can be seen looking at Figure 34 that the vortex position is
that required to satisfy the vortex wake hypothesis. The hypothesis
requires that the vortex location be between the minimum and maximum
of the velocity deficit profile. The points on the lateral profiles

where the velocity deficit is a maximum are shown as the dashed line in
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the figure. The vortex is always located inboard of this dashed line
and not along the line as hypothesized by Castro and Robins (1975).
Note that the growth of the vortex core can be seen in the divergence
of the lines of minimum velocity and vortex location.

In a decaying line vortex which is very strong there is an axial
flow in the core of the vortex towards the upwind (or younger) part of
the vortex (toward the wingtip in a trailing vortex behind an aircraft)
(Batchelor, 1964). This axial flow is a result of the pressure gradient
from the weak, diffuse core of the decaying vortex to the tight, strong
core of the upwind portion of the vortex. In the data obtained in the
present study there is no indication of this phenomenon--which would
appear as an increased velocity deficit at the location of the vortex.
It can be concluded that the vortex is of insufficient strength to
establish significant pressure gradients along the core of the vortex.

All of the observations of longitudinal and swirl mean velocities
made in this study support the hypothesis that the vortices in the wake
are responsible for the differences noted between the wakes reported in
this research and the momentum wakes reported by others. The rotational
sense and position of the vortices are precisely those required to
support the hypothesis. The vortex meander results in observation of
a weak, rapidly decaying vortex when in fact the instantaneous vortex
is strong and only slowly decaying. It can be said with certainty the
wakes in this investigation are combined vortex and momentum wakes and

the vortex is responsible for the unusual features of the wakes.

Evaluation of the Hunt vortex wake theory

The combined vortex and momentum wake theory recently developed

by Hunt can be tested by comparing some of Hunt's asymptotic solutions
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for the vortex wake, combined with the momentum wake prediction, with
the wind-tunnel observations in the hemisphere wake reported earlier
in this chapter.

The experimental evidence of the importance of the vortex in
determining the nature of the wake is clear. Thus it can be expected
that Hunt's mathematical model, since it contains the basic physical
model already described and verified, will present a reasonable pre-
diction of the wake. The assumption of small velocity perturbations
is valid in the hemisphere wake. The assumption that n << 1 is
satisfied as is the assumption that R/§ << 1. In the previous section
it was shown that there are no significant velocity perturbations
caused by pressure gradients along the vortex core. Therefore the

assumption of a balance between inertial and Reynolds stresses in (V+)

and (V_) is satisfied. There is insufficient data to test the
turbulence model. It is unfortunate that only the asymptotic results
are presently available. But several important conclusions can be
drawn from comparing these results with the observations.

Evaluation of the theory is accomplished by comparing measurements
on the wake centerline with the prediction of the asymptotic results
for the inviscid region (E). On the centerline the effect of each
branch of the horseshoe vortex is identical and additive. The effect
of one branch can be calculated from the theory and then simply doubled
to account for the other branch. Application of the theory requires a
knowledge of the strength of the vortex at x = 0 and the vortex
position for all x. The strength of the instantaneous vortex,

T/U(R)R = 0.75, predicted by this author and verified earlier in this

chapter is taken as the strength of the vortex at x = 0. The position
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of the vortex is obtained from the observations already presented in
Figure 33. An obvious problem is apparent in Hunt's model. He assumes
the vortex position is constant (along the line z = h, y = 0).
Actually h is a function of x and the vortex also moves laterally
with increasing x. This may not be a serious problem because results
of the theory can be applied using variable h and y values. But
the solutions were obtained using an assumption which is not valid.
The magnitude of the error introduced using this assumption should be
examined in future refinements of the theory. In the calculations
that follow h is taken as a constant, h = 0.4R, and the observed
values for y are used.

The eddy viscosity v/h = 2nk2 is equal to U/h = 0.038 in the
smooth-floor boundary layer. The regions (G) and (V+) merge when
x/h >> /49x/h2. Therefore, for the present problem the regions merge
directly beneath the vortex when x/h >> 6. But on the wake centerline
where y is typically equal to 4h, the vortex core does not extend
to the centerline until x/h >> (y2/h2)/(4v/h), i.e., x/h >> 100. Thus
along most of the wake centerline the assumptions valid in region (E)
apply. Region (G) does extend quite high into region (E) on the wake
centerline. But the effect of this boundary-layer region cannot be
large away from the surface. The asymptotic results for region (E)
should apply most correctly along the wake centerline though the damping
influence of (G) will lead to actual values lower than the predicted
values for large x/h.

Results of the calculations of the vortex wake on the wake
centerline at four downwind positions are shown in Figure 35. The

vortex wake results were calculated from equation (2-2). The momentum
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wake velocity deficit profiles are also shown. These curves were
obtained using Hunt's momentum wake theory, choosing the strength of
the wake to result in agreement between theory and observations at

x/R = 8.73 for large z/R. The sum of the vortex wake velocity excess
and the momentum wake velocity deficit should agree with the observed
velocity profile. At x/R =4.36 and x/R = 8.73 the agreement between
the observations and the predictions is quite good. For all x the
shape of the velocity profile is predicted very accurately though the
actual values are in error. Surprisingly, the vortex wake excesses
appear to be too weak near the ground and too strong far above the
ground. One would expect the influence of region (G) to have the
opposite effect. At great distance downwind the calculated vortex

wake is much stronger than the observed vortex wake. This is to be

expected because the regions (V+), (V.), and (G) have all merged and
asymptotic results for region (E) should not apply. Asymptotic results
have not been obtained by Hunt for the combined (V+}; (V.), (G) region.
One of the most interesting predictions of Hunt's theory is the
slow decay of the wake strength. Recall that the vortex wake strength

b b

first increases as x- and then decays as x -. This decay is very

slow compared to the x"3/2

decay of a three-dimensional momentum wake
and the x 1 decay of a two-dimensional momentum wake. In Figure 36
the experimentally observed maximum vortex-induced velocity perturba-
tions on the wake centerline are plotted against x/R. The vortex-
induced perturbation was determined by adding the calculated momentum
wake velocity deficit already discussed to the observed velocity excess

(also shown on the figure). At x/R = 26.2 the maximum velocity excess

value is questionable. Therefore, at this location the two highest
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observed values of -AU/U(R) are shown. It can be seen that the wake
decay rate is approximately that predicted by Hunt. The increase in

wake strength to x/R = 21.8 is not as rapid as predicted by Hunt's

theory.

The results, though far from being completely satisfactory, are
encouraging. The authors expect that agreement between theory and
observations would be more complete if Hunt's complete results were
available. But even the asymptotic results predict the shape of the
velocity profiles quite satisfactorily. A wake with extreme persis-
tence and a large region of net velocity excesses is also predicted.
It appears that the theory contains many of the important physical

concepts and is in need only of refinement.

Turbulence Measurements

Extensive measurements of longitudinal fluctuating velocities were
made in the wakes of the block and the hemispheres. Only longitudinal
velocity fluctuations were measured. Hence the word ''longitudinal' will
be omitted from the remaining discussion with the understanding that it
is implied in all reference to turbulence measurements.

The turbulence intensity profiles in vortex wakes are quite
different in character from their momentum wake counterparts. In
Figures 37 and 38 the turbulence intensity wakes of the block building
in the rough wall boundary layer at o = 47° and o = 0°, respectively,
are shown. In the vortex wake there is a large region where the tur-
bulence intensity is lower than it would be at the same location in
the absence of the model. This is due to the downwards convection by

the vortices of less turbulent fluid from the upper portion of the
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boundary layer. The turbulence vortex wake is also more persistent
than the momentum wake--though the rms of the velocity fluctuations
returns to the undisturbed state more rapidly than the mean velocity
field. At x/H = 19 in the vortex wake of the block building the rms
velocity fluctuations are uniform along a lateral profile. Variations
in the turbulence intensity along the profile are due solely to varia-
tions in the local mean velocity.

The turbulence intensity wake of the 0.14 m radius hemisphere
on the smooth floor is shown in Figure 39. Once again there is a large
region of turbulence intensity deficit--as opposed to the more common
excess in momentum wakes--and the unusual wake persistence. These
observations confirm more strongly still the vortex wake hypothesis.

In none of the turbulence measurements is there any indication of
turbulence damping in the vortex core by the rotational stabilization
of the vortex. The rotation, which can act much like stable thermal
stratification, is apparently not of sufficient magnitude to affect

the turbulence.

Measurements of space correlation of velocity fluctuations were
made in the wakes of the 0.076 m radius hemisphere and the block build-
ing at a = 0° and a = 47° in the boundary layer generated over the
carpet. Additional measurements were made in the wake of a block
building 0.15 m high (of the same proportions as the block building
0.065 m high) to see if the turbulence scales in the near wake are
completely determined by the building size.

Counihan (1971) reported that all integral scales of turbulence are
reduced in a momentum wake of a three-dimensional obstacle from their

value in the undisturbed boundary layer. Figure 40 shows two-point
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velocity correlation coefficients as a function of lateral separation
distance in a vortex wake. Obviously the correlation is better in the
vortex wake than it is in the undisturbed boundary layer for a given
separation distance. This may be due to the decreased turbulence
intensity in the vortex wake and the improved correlation due to the
presence of the more highly structured vortex (see Townsend, 1956, for
example). Figure 41 shows a similar series of plots in the momentum
wake of the block building at o = 0°. In this wake, as in Counihan's
measurements, the scale of turbulence is reduced. It can be seen from
a comparison of Figures 40 and 41 that the vortex wake is more highly
structured than the momentum wake. At x/H = 20.0, in the vortex wake,
the correlation is higher in the wake than in the undisturbed boundary
layer. At x/H = 20.0 the wake of the building at o = 0° is not
observed. Presumably the correlation would be the same at x/H = 20.0
as it is in the undisturbed boundary layer. Correlations as a function
of longitudinal separation distance in the vortex wake of the block are
shown in Figure 42. The vortex wake has better longitudinal correlation
for large separation distances than the undisturbed boundary layer or
the momentum wake.

Lateral correlations in the hemisphere wake are shown in Figure 43.
Here the correlations are very similar in and out of the wake. But in
the wake there is a slight rise in the correlation at y/R = 1.0. This
may be a weak indication of the presence of the vortex. If the vortex
strength were higher in proportion to the turbulence intensity the
evidence of the vortex would likely be more pronounced.

A tabulation of the integral scales of turbulence at all measure-

ment locations is given in Table 2. Note that at all locations in the
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momentum wakes the scales are reduced from their values in the undis-
turbed boundary layer. But in the vortex wakes many of the scales
increase.

It might be expected that in the near wake of a body the scales
of turbulence, particularly the lateral scales, are determined solely
by the dimensions of the body. Comparison of lateral scales measured
at x/H = 2.55 behind the 0.065 m block and the 0.15 m block shows
that this is not the case. The ratio Ay/H is 0.34 behind the small
model and 0.21 behind the large model. At x/H = 7.17 the ratios are
0.55 and 0.30 behind the small and large models respectively. The
ratios of the longitudinal scale of turbulence to the building height
at x/H = 2.55 are 1.67 and 0.64 behind the small and large models.
Obviously the scales of turbulence in the wakes of bodies in the
rough-wall boundary layer are not determined solely by the scale of
the body--even in the very near wake.

One-dimensional turbulent kinetic energy spectra were calculated
at several points in the wakes and at the corresponding heights in the
approach flow in the rough-wall boundary layer. There were two purposes
in this. One was to determine how the energy was redistributed in the
wake. The other was to determine if there is a discrete meander fre-
quency to the motion of the wake or the vortex. It was found that
there was little difference between the normalized spectra in and out
of the wakes and there was no meander frequency evident in any of the
spectra calculated. Spectra were measured throughout the wakes--
including points at the edge of the wake and at the location of the
vortices. Figure 44 shows a comparison of a spectrum in the wake of

the block at o = 47° to the spectrum of the undisturbed boundary layer
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at the same height. There is the expected shift of energy to the
higher frequencies in the wake. Both spectra show a distinct inertial
subrange region and viscous dissipation region. A spectrum at x/H =
20 was virtually indistinguishable from the approach flow spectrum.
There is some scatter in the points at the low frequency end of the
spectrum. This scatter could be reduced by lengthening the duration
of the velocity record.

Figure 45 compares spectra in and out of the hemisphere wake.
Again there is little difference between the two curves. At x/R = 20
the hemisphere wake spectrum, too, is indistinguishable from the
approach flow spectrum. It can be concluded that the structure of tur-
bulence in the wake returns to its undisturbed state far more quickly
than the mean velocity distribution returns to its undisturbed state.

The absence of evidence of a discrete vortex meander frequency
lends further support to the assumption of a Gaussian probability dis-
tribution in the vortex meander theory.

All of these turbulence measurements indicate that the vortex wake
has turbulence characteristics quite different from the momentum wake.
The turbulence deficit and wake persistence, not observed in a momentum
wake, are due to the presence of the vortices in the combined vortex
and momentum wake. The turbulence wake is not as persistent as the

mean velocity vortex wake. The opposite is true in a momentum wake.
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Chapter VI

CONCLUSIONS AND RECOMMENDATIONS

An obstacle wake unlike any reported previously in the literature
has been recognized and investigated using wind-tunnel tests and
theoretical analyses. The new type of wake is a vortex-containing wake
behind a bluff body mounted on a plane surface in a thick, turbulent
boundary layer. Several conclusions can be drawn from the results of
the study of the vortex-containing wakes which were presented in the
foregoing chapters.

The vortex-containing wakes have a character quite unlike that of
their momentum wake counterparts. Two major differences were noted
between the two types of wakes: 1) vortex-wake persistence is much
greater than momentum-wake persistence and 2) the vortex wake contains
large regions of mean velocity excess and turbulence intensity deficit
not observed in momentum wakes. A vortex wake hypothesis was developed
to explain the differences between the two types of wakes. Briefly, the
hypothesis states that the longitudinal vortices in the vortex wake
induce a downwards motion in the center of the wake which carries high
momentum fluid from the higher portions of the boundary layer toward
the ground plane. This results in the velocity excesses noted in the
wakes. The remarkable wake persistence is a result of the persistent
nature of a trailing line vortex. The vortex wake hypothesis was veri-
fied by measurements of the location, sense of rotation, and strength
of the vortices in the wake.

The extent of the vortex wake, just as that of the momentum wake,
is decreased with increasing turbulence intensity in the approach flow

at the height of the obstacle. However, there is not sufficient data
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over a wide range of approach flow and obstacle configurations to
permit development of an empirical expression relating the wake param-
eters to the approach flow parameters for even simply shaped obstacles.

The inviscid secondary-flow theory of Hawthorne and Martin (1955)
was modified by this author to give a realistic prediction of the
instantaneous strength of the horseshoe vortex in the wake of a hemi-
sphere. The effect of flow separation was considered in the new model,
as was the effect of viscosity in the boundary layer on the hemisphere.
The average vortex strength in the turbulent wake was calculated using
a Gaussian probability distribution to describe the lateral and vertical
meander of the vortex core. The selection of one free constant in the
meander theory to give agreement between the predicted and observed
vortex strengths at one location in the hemisphere wake also resulted
in good agreement at all other locations in the wake. The vortex
meander phenomenon is of major importance in understanding the decay of
the average vortex strength in a turbulent flow.

The mean motion of the trailing vortices in the hemisphere wake
was upwards away from the ground and outwards from the centerline of
the wake. Theoretical prediction of this motion models correctly the
trend of the motion but does not give highly satisfactory agreement
between the observed and predicted vortex motions. The mean vortex
motion is not completely understood at this time.

The integral scales of turbulence in the vortex wake were often
larger than the corresponding scales in the undisturbed approach flow.
This is not the case in a momentum wake--where integral scales of

turbulence are reduced in the wake. It was also observed that even
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in the near wake of an obstacle the integral scales of turbulence were
not determined solely by the dimensions of the obstacle.

It was found that the combined vortex- and momentum-wake theory of
Hunt predicts the velocity excess character and x";i decay law observed
in the wind-tunnel simulation of the vortex-containing wake. The theory
is in need of refinement--particularly regarding addition of a vortex
strength and position prediction--but even the simple asymptotic results
predict the correct vortex-wake character. In a limited region the
theory also predicted the correct mean velocity deficits in the vortex
wake.

Finally, a rotating hot-film anemometer for sensitive measurements
of cross-flow velocities in a turbulent flow has been developed. This
anemometer makes possible the detection of weak vortices in the vortex

wakes.
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Appendix A
MEAN VELOCITY CALCULATIONS FROM THE ROTATING
HOT-FILM DATA
Calculation of the three mean-velocity components in the probe
coordinate system from the ten pairs of mean anemometer bridge voltage
(Ei) and wire orientation (wi) data is accomplished using a least-
squares technique. The hot-film calibration equation constants are
determined by a simple least-squares fit to the daily calibration data.

This equation is then used to relate the velocity vector to the

anemometer bridge voltage. The calibration equation has the form:

E2=A+B u; £(0) (A.1)

where f(6) = 1+A19+A262 + A363 and U = (U2+V2+Wz)%. With reference

to Figure 14 and simple geometrical considerations it can be seen that

angle 6 is given by the relationship

U cos 45° + V sin 45° cos ¢y + W sin 45° sin ¢

Cos 8 = (A.2)
UT
Defining the quantities si(i=1,2,...10)
s, = (B2 - A) & (A.3)
i i B
and
10 c )
S = 121 (up £(8;) - s;) (A.4)

the solution (U,V,W) (or Uj) is selected as the vector which minimizes
the value of S. The conditions required for minimizing S are that

3s

aS aS
0= % w % W (A.5)

Q
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These conditions (A.5) applied to equation (A.4) result in the following

equations:

S __ o= 1% [US£(e.)-s. JUS % [cu.£00.) + £'(0.) 229 = F A.6
30 (L) [Upf(05)-s; JUp el £(8 R IC

This is a system of three equations in the three unknowns U, V, and W.
The quantities Fj are defined here for later convenience. This system
of equations is best solved through numerical application of Newton's
iterative technique. Values for U, V, and W are assumed and then

F

and F can be calculated. First order corrections to Uk

1° Fp 3
are computed using the relation

oF .

= 1
F. F. *t 3 AUk

(A.7)
Jnew 3old k

The concept involved in this calculation is straightforward. But
the details become quite involved. It is convenient for programming

purposes to rewrite equations (A.6) in the form

10
f1- 1§1 xli K xsl
10
F, = igl xli X, x4i (A.8)
10
5T N R

where the definitions of Xz are obvious by comparison of (A.8) with

i
(A.6). From (A.8) it can be seen that
9F, 1§ %, X, M3,
= XX, *+ X, ==X, + X X, =t (A.9)
I LU PR PR W M W 1T
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Similar expressions are obtained for BFZ/BUk and 3F3/8Uk. The

quantities that are contained in (A.9) are listed below:

axX
1 _ c-2 c 39
55 = U Up TE(8) + ULE'(8) o5 (A.10)
k k
3X
2 _ c-4
‘é'-u-l—(' = (C-Z)UkUT (A‘ll)
aX
_3 . veg) 28
Y cf(6) + (c+2)Uf'(0) 50
96, 2 326
+ U2£'"(0) (50 + U2f'(9) — (A.12)
T U T 2
3u
aX
3 - ?ﬁ_ 24 i?..?_g.
v - CUE'(8) 3y + UFE"(8) 35 5y
2
2¢1 ?....?... U E.@.
+ UZE'(8) sy + 2VE'(O) 5g (A.13)
X
_3. ! 38 21 36 36
aw - CUET(8) g + UrE"(8) 57 5y
2
2 9°8 39
+ UZE'(0) sgo + 2WE'(8) g (A.14)
Similarly,
X
4 Vo) 28, y2gmgy 28 28
su, = cE(0)8,5 + cUET(8) 7+ Upf"(8) 3~ 55
j j i o2
U260 (0) =220 4 oy £r(0) 2O (A.15)
T oU.aU j au
j 2 2
and
—33(;5 = cf(8)6 + cU,£'(6) 38 + sz"(e) _22-8___8;9___
au, 3j 3 U, T oUu, aU
J J j 3
2
2£1 ___?_é____, 1 §E_
+ UZE' (0) 3090, + ZUjf ) 30, (A.16)
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The derivatives of 6 with respect to Uj contained in equations (A.10)

through (A.16) are given below:

U cos 8 - U, cos 45°

&= - (A.17)
UZ sin 6
T
V cos 6 - U, sin 45° cos ¢
%§-= T (A.18)
U2 sin 6
T
W cos 8 - U, sin 45° sin y
g%-= T (A.19)
U% sin @

The six second-order derivatives contained in (A.12) through (A.16) are
readily calculated from (A.17) through (A.19).

The solution for U, V, and W is obtained through repeated use
of (A.7) to calculate corrections to the assumed values of U, V, and

W. Equation (A.7) is solved for AU, wusing Gaussian elimination. The

k
terms contained in (A.7) are evaluated using (A.8) through (A.19). The
solution is accepted when the values of AUk are below a specified
minimum (IAUk[ < 0.0005). Though the computations seem complex the
mean velocities at a point can be calculated (using up to 15 iterations)
in approximately one to two seconds of computing time on the CDC 6400

computer. Thus the computing cost of data reduction is quite insignifi-

cant in comparison to other costs involved in the experiment procedure.

Error Analysis

The uncertainty in the swirl velocity measurement can be estimated

from the standard deviations o

¢

Chapter IV. The swirl velocity vector magnitude, Us’ is given by

and 9g presented and explained in

U, = (v2 + wa5 (A.20)
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The uncertainty in US, defined as AUS, is determined from the

uncertainties in V and W. Thus,

U U

AU = —> AV + ——

< =37 T A (A.21)

This simplifies, using (A.20), to the form

AU
s _ VAV + WAW (A.22)
Us u?
s
Since
¢ = tan~! W/U
g = sin-! v/u, (A.23)
and U> V, W
¢ = W/U
B = V/U (A.24)
Therefore AW = UA¢ and AV = UAB (A.25)
Equation (A.22) can now be rewritten
AUS 1
T = [(v/U)aB + (W/U)A] . (A.26)
s (US/U)2

Typical values for V/U and W/U are 0.03. Using A¢ = Oy = 0.39°

and AB = o, = 0.63° the typical uncertainty in US is AUS/Us = 0.30.

B
In terms of the local longitudinal velocity the uncertainty is AUS/U =
0.01. Thus, as stated in Chapter IV, the anemometer system is capable

of detecting with confidence a cross-flow which has a magnitude of one

percent of the local mean velocity.

These results were obtained in the low turbulence intensity flow

of the smooth floor boundary layer. It was observed that the uncertainty
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was greater in the more turbulent boundary layer over the carpet. Over
the carpet the cross-flow velocity in the undisturbed boundary layer
was measured at 12 locations. The values of 0¢ and Tg for these
12 data points were o, = 0.38° and o, = 1.86°. Using the same values

] B
for V/U and W/U as in the example in the smooth-floor boundary layer
an uncertainty in Us of AUS/Us = 0.66 1is calculated. The uncertainty
in terms of the local longitudinal velocity, AUS/U, is equal to only
2.8 percent. The reason for the increased variance in the horizontal

angle B with an increased ambient turbulence intensity is not known

at this time.
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APPENDIX B

PRESSURE MEASUREMENTS ON THE HEMISPHERE SURFACE

Another researcher at Colorado State University (J. T. Lin, 1969)
made measurements of the static pressure distribution on the surface
of the 0.14 m radius hemisphere in the 0.38 m thick boundary layer over
the smooth floor of the wind-tunnel test section. These results have
not been published previously and are relevant to the present study.
Therefore they are presented here though they are not the work of the
present author.

Figure 46 shows contours of constant pressure on the surface of
the hemisphere. The pressure coefficient is defined as

P-PS

P %pUz(R)

where P 1is the pressure at the point in question and Ps is the static
pressure in the free-stream above the boundary layer. In the region
marked -0.7 Z_CP > -0.9 the values measured by Lin (1969) were somewhat
unreliable. It can only be said with assurance that the pressure

coefficients were between -0.7 and -0.9 in this region.

In the x-z plane the pressure becomes negative at a latitude of
approximately 45°. This is very near the location of the change in
sign of pressure coefficients on a sphere in a uniform flow. A pres-
sure coefficient of 1.0 is not observed on the hemisphere because of
the shear in the approaching flow. Separation is seen to occur some
distance before or very near the 107° meridian (where Cp = -0.70).

Somewhat preceding this meridian and beyond it an adverse pressure
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gradient acts to cause separation. The precise separation line is
difficult to locate using these pressure measurements.
A drag coefficient was calculated from the pressure distribution.

The drag coefficient is defined as

C. = Drag Force

%on,Ab

where Ab is the dome base area. This is the form used by Blessman
(1971) in reporting pressure distributions and drag coefficients on
domes in various simulated planetary boundary layers. The present
measurements yield a drag coefficient CD = (0.094. Blessman, in a
boundary layer similar to that used in these measurements, obtained a
value of Cp = 0.109 at a Reynolds number of 2.1 x 10%. Unfortunately,
Blessman does not define the Reynolds number he used nor does he define

the reference pressure used. He merely states that the pressure

coefficients represent normalized "effective pressures".



TABLE 1 SUMMARY OF WIND-TUNNEL MEASUREMENTS AND CONDITIONS

H Urms(H)
Test (or R) Boundary U, Re T U(H)
Series Model (m) Layer (m/sec) H/$ (xlO‘”) %) Measurements
1 Hemisphere 0.14 Smooth 16.2 .37 10.7 5 U, U , swirl velocity
™ms
(n=0.12)
2 Hemisphere 0.14 Smooth 4.9 .37 3.2 5 U
3 Hemisphere 0.14 Smooth 3.3 .37 2,3 5 U
4 Hemisphere 0.14 Smooth 6.1 .37 4.0 5 Surface static pressure
distribution
5 Hemisphere 0.10 Smooth 4.9 .27 2.2 6 U
6 Hemisphere 0.10 Smooth 3.3 .27 1.6 6 U
7 Hemisphere 0.076  Smooth 16.2 .20 5.5 8 Swirl velocity
8 Hemisphere 0.076 Carpet 16.2 .13 4.0 17 U, U__ , correlations and spectra
(n=0.25) ms
9 Block (a=0°) 0.065 Carpet 16.2 .11 3.3 19 U, U s correlations and spectra
10 Block (a=47°) 0.065 Carpet 16.2 .11 3.3 19 U, Urms’ correlations and spectra,
swirl velocity
11 Block (a=0°) 0.15 Carpet 16.2 .25 9.4 14 U, Urms’ correlations and spectra

T Re = Hi%lﬂ- or Qi%lﬂ
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TABLE 2 RATIOS OF INTEGRAL LENGTH SCALES OF TURBULENCE IN THE WAKE TO
THE CORRESPONDING SCALES IN THE UNDISTURBED BOUNDARY-LAYER

Rectangular Rectangular Rectangular
Block Block Block Hemisphere
H=0.065m, a=0°* H=0.15m, o=0°+ H=0.065m, a=47°* R=0.076 m*
Longitudinal Scales
x/H = 2.55 .52 .37 -— -
x/H = 7.17 .73 .58 1.2 1.11
x/H = 20, - -- 1.13 1.19
Lateral Scales
x/H = 2.55 .52 .51 - -
x/H = 7.17 .84 .73 .95 .93
x/H = 20. - -- 1.36 .99
Vertical Scales
x/H = 2.55 .35 .47 -- -
x/H = 7.17 .59 .62 .93 .93
x/H = 20. - -- 1.04 1.04
*In the undisturbed boundary layer Ax = 0.21m, A_= 0.043 m, AZ = 0.088 m.
+In the undisturbed boundary layer Ax = 0.27 m, Ay = 0,063 n, Az = 0.10 m.

20t
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Figure 1. Schematic of the experiment configuration showing
the coordinate system and symbol definitions.
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Figure 3. Lines of constant ws/Uo(rm) at infinity downstream

of a hemisphere in a shear flow. (Viewed looking
downwind with the hemisphere center at y=0, z=0.)
From Hawthorne and Martin, 1955.
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'V =Time Averaged Vortex Swirling Velocity
V = Instantaneous Rankine Vortex Velocity

i 1 1 ] 1 ] 1 1 1

Figure 8.

1
10
r/a

12 14 16 18

The effect of vortex meander in terms of the meander
amplitude and the distance from the center of the

average vortex.

20

011



111

\'
Vmox
| .O7
Rankine Vortex
05+ Average Rankine

Vortex in Turbulent
Flow (o/a =2.0)

Figure 9.

+-10

ol

A comparison of the instantaneous and average Rankine

vortex in a turbulent flow.



112

Horseshoe Vortex

Strength=-T

va
-

y
N A
(\:/"' \\-.’:/,
Image Vortex
Strength=T"
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Figure 17.
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Photographs of the paddlewheel vorticity meter in
a) a close-up view and b) a typical operating
configuration in the near wake.
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Figure 23. Flow visualization of the roof-corner vortices with
the wind approaching at 47 degrees to the normal to
the long face of the building. (a = 47°)
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Figure 24. Lateral profiles of mean velocity deficit in the
wake of the building at 47 degrees. Test series 10.

1¢1



441

05 T Y T T Y T T T T T T T T
MODEL AT O°
o4l (z/7H=0.94)
o x/H=0.56
o x/H=2.55
o x/H=4 .86
O x/H=7.17
v x/H=12.86
oD
=L
-0.1
-0.2 -6 -4 -2 2 4

I{~< o}

Figure 25. Lateral profiles of mean velocity deficit in the
wake of the building at 0 degrees. Test series 9.
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degrees. x/H = 12.9, Test series 10. (Viewed
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Figure 30. Comparison of the theoretical and actual horseshoe
vortex average strengths in the wake of a hemisphere.
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z/H = 0.94. Test series 10.
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Figure 41. Lateral correlation of longitudinal velocity fluc-

tuations in the wake of the block building with the
wind at o = 0 degrees. Fixed point at y/H = 0.0,
z/H = 0.94. Test series 9.
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the wind at o = 47 degrees. The fixed point is

at y/H = 0.0, z/H = 0.94. Test series 10.
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obstacles were surface mounted in a thick, simulated planetary boundary layer.
Measurements of mean longitudinal velocity, mean swirl (or cross-flow)

velocity and vortex strengths, longitudinal velocity fluctuation intensity, spectra,
and two-point space correlations, and the hemisphere surface pressure distribution,
at Reynolds numbers between 104 and 10°, were made. In addition, an inviscid

model was developed to predict the strength of the horseshoe vortex generated

by passage of a shear flow around a hemisphere and to determine the effect of
vortex meander on the average strength of the vortex. A theory of combined

vortex and momentum wakes developed by J. C. R. Hunt is given preliminary
evaluation.

It was found that the vortex-containing wake is quite different from a
momentum wake in two important ways. First, the vortex wake is extremely
persistent when compared to its momentum wake counterpart. Wake extents of
100 model heights were observed in the vortex-containing wakes, but a
momentum wake in the same boundary layer extended only 15 to 20 model heights.
Second, the vortex wake contained large regions of mean velocity excess and
turbulence intensity deficit. It was found that both the remarkable extent
of the wake and its velocity excess character are due to the convective motion
induced by the highly persistent vortices.

The theoretical predictions of the horseshoe vortex circulation and the
effect of the vortex meander were satisfactory. Meander of the vortex in the
turbulent boundary layer resulted in measured (or average) vortex strengths that
were only a small fraction of the instantaneous vortex strength. The meander also
caused a rapid decay of the average vortex strength while there was very slow
decay of the instantaneous vortex strength. Hunt's theory contains the
essential feature of the vortex-shear flow interaction to correctly
predict the velocity-excess and persistent nature of the wake. Though
refinement is needed the theory can be useful in its present state as a
research tool.
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