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The results of a series of experiments on the periodic motion of a horizontal cir-
cular cylinder through a linearly stratified fluid are described. For cases in which
the motion is composed of a uniform horizontal translation and a superimposed
sinusoidal variation in horizontal velocity, a number of different flow types are
identified, and régime diagrams delineating the boundaries between the flow types
are presented. Conditions for forward overshooting of wake fluid are discussed,
and suitable scaling criteria are derived for the occurrence of the overshooting
phenomenon. Comparisons are made between the unsteady flow data and those

b fi\j\n pertaining to steady flow counterparts having the same instantaneous parameter
- values, and the conditions for the generation of flow phenomena associated solely
§ P with the periodic nature of the motion are discussed. Quantitative data are pre-
e ~ sented on the dependence of typical wake region dimensions on the controlling
M= dimensionless parameters.
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1. Introduction

In a recent paper (Boyer et al. 1989 a), results were presented from a compre-
hensive investigation into the flow generated by a horizontal cylinder moving
steadily through a stably stratified fluid. A number of previously unreported flow
phenomena were described for this case, and it was confirmed that the character
of the flow was determined principally by the individual values of the Reynolds
and internal Froude numbers of the flow. Qualitative agreement between some of
the experimental data and the predictions of a numerical model of Belotserkovskii
et al. (1987) was demonstrated, and quantitative measurements of characteristic
dimensions associated with (i) upstream blocking and (ii) turbulent downstream
wakes were shown to accord well with scaling predictions. For one of the charac-
teristic wake flows (isolated vortices), the experimental measurements have been
shown subsequently (Davies et al. 1992) to be in consonance with measurements
(Castro et al. 1990) of wave drag forces on cylinders moving steadily through
stably stratified fluids.

The experiments of Boyer et al. (1989 a) have now been extended to include
effects of unsteadiness in the motion of the cylinder, and data from these new
experiments are presented here. A summary of some preliminary findings of the
present investigation has been included in a review by Davies et al. (1992).

Thus far, studies of the effects of unsteadiness in the flow of a fluid past a
circular cylinder have been dominated by cases involving homogeneous fluids,
primarily because of the relevance of these cases to wave- and current-induced
loadings on flexible offshore structures. Examples of such studies are those con-
cerning the oscillating flow of a homogeneous fluid past a vertical cylinder, as
considered by, for example, Keulegan & Carpenter (1958), Tanida et al. (1973),
Griffin & Ramberg (1976), Bearman & Graham (1980), Bearman et al. (1981),
Williamson (1985), Barti et al. (1986), Ongoren & Rockwell (1988 a, b), Obasaju
et al. (1988), Sumer & Fredsge (1988, 1989), Sumer et al. (1989), Bearman &
Obasaju (1989), Garrison (1990) and Sumer et al. (1991). In the related context
of sea bottom processes, studies on the oscillatory flow of homogeneous fluids
over rippled beds have been reported recently by Blondeaux & Vittori (1991).

The only previous experiments of the type to be described here were the clas-
sical theoretical and experimental studies by Stevenson & Thomas (1969) and
Stevenson (1973) on the phase configurations of internal waves generated by the
travelling oscillatory motion of a cylinder in a stratified fluid. Though the results
of these theoretical and experimental investigations are relevant to the present
study (see below), the parameter ranges differed significantly from those of the
present investigation. In particular, the earlier studies were concerned principally
with linear, short-wavelength wave motions in relatively low Reynolds number
flows, with small-amplitude forcing. Effects of flow separation at the body sur-
face were not addressed specifically.

Other studies pertinent to the present investigation are those of (i) Bannon
(1985), who studied oscillatory flow of a rotating, homogeneous fluid past a trun-
cated upright vertical cylinder, and (ii) Boyer et al. (1989) and Boyer & Zhang
(1990), who investigated the unsteady flow of a stratified, rotating fluid past an
upright truncated obstacle. Finally in this regard, Sturova and her colleagues
(unpublished work, 1986, 1989; Bukreev et al. 1986) have made several numerical
studies of lee wave generation by the unsteady flow of a stratified fluid past a
horizontal cylinder.

Phil. Trans. R. Soc. Lond. A (1994)
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Figure 1. Schematic representation of (a) the experimental arrangement, and (b) the imposed
velocity u(t) of the horizontal cylinder.

2. Statement of the problem

The problem under consideration is the following (see figure 1a): a horizontal
circular cylinder of diameter d is immersed in a fluid of kinematic viscosity v
and depth H. The fluid is stably stratified with an undisturbed linear density
gradient,

p(z) = po + (LAp)(1 — 22/H), (2.1)
where pg is the density of the fluid at mid-depth and Ap is the density difference
between the bottom (z = 0) and the top (2 = H) of the fluid. A horizontal

cylinder, located at mid-depth (2 = {H), is moved horizontally through the
initially undisturbed fluid with a time-dependent velocity u(t) given by

u(t) = up — uy coswt, (2.2)

with w being the frequency of the oscillatory component of the motion (see fig-
ure 1b). The resulting flow can then be described in terms of the following di-
mensionless parameters:

Re = upd/v, the Reynolds number, (2.3)
Fr =uy/Nd, the internal Froude number, (2.4)
D = uy/uo, the velocity ratio, (2.5)
6 =w/N, the frequency ratio, (2.6)

together with the geometrical ratios d/H, d/W and d/L. Here, W and L are
the width and length respectively of the (rectangular) fluid container, and N is
the buoyancy frequency (defined in the usual way as N? = gAp/poH, where g
is the gravitational acceleration). Derived parameters of relevance to some of the
ensuing discussion are (i) the Keulegan—Carpenter number K = u, /wd, the ratio
of the amplitude of the oscillation to the cylinder diameter, and (ii) the associated

Phil. Trans. R. Soc. Lond. A (1994)
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counterpart quantity Ky = up/wd, based upon the mean velocity uy. For cases
in which ug = u; (as in the present experiments), K = K, but, in general, a
distinction must be maintained between the two quantities. (The significance of
the parameter K for free surface flows has been reviewed recently by Hudspeth
(1991).)

3. The experimental apparatus

The experiments were carried out using long, stratified flow channels of the type
described previously in Boyer et al. (1989 a). Channels of length 9 m and 15 m
respectively were used, and, in each case, the working section was filled slowly
to a depth of 18 cm with a linearly stratified fluid, using the double reservoir
technique described by Oster (1965). Common salt was used as the stratifying
agent. Measurements of the undisturbed vertical density gradient in the tank
were taken before the start of each run by withdrawing small samples of fluid
at depth intervals of 1 cm, and measuring the density of each with a calibrated
refractometer. The initially imposed density gradient was eroded with time by
(i) the disturbance fields generated by the moving obstacle, (ii) surface evapo-
ration, and (iii) the presence of an impermeable bottom surface. However, the
erosion processes were typically very slow, and it was possible to perform six or
seven experimental runs at 2-3 h intervals before the tank had to be re-filled
and the density gradient re-established. In the experiments to be described, two
values (0.85 s™*; 1.15 s7!) of the buoyancy frequency were used. The following
list summarizes the full ranges of the parameters investigated:

d=16cm; H=180cm; v=0.01lcm?s™};

b =u/up=10; 0.85< N <1155}
0.5 <up<3.0cms™; 76 < Re<648; 0.20 < Fr < 3.70;

0.29 < O(=w/N) < 6.91; 011<K; K, <5.03.

The cylindrical obstacle was suspended at mid-depth in the fluid from an over-
head carriage support. The ends of the cylinder were connected to the carriage by
thin, rigid, slotted struts, the positions of which could be adjusted to ensure that
the axis of the cylinder was horizontal. Small gaps (typically 1-2 mm) were left
between the struts and the side walls of the tank to facilitate unhindered move-
ment of the obstacle. The towing carriage, which also supported the experimental
accessories required for flow visualization, was translated along the tank using a
computer-controlled drive system. The form of the motion of the carriage (and
thus the cylinder) was preset by entering the required values of ug, u;, and w in
the control software, and observations of the flow were made when the cylinder
had reached a measurement section about halfway along the tank. (For all of the
experiments reported here, the velocity ratio ¢ was always unity, so the cylinder
came to rest instantaneously at the wt = 2nw (n = 0,1,2...) positions in the
forcing cycle).

A shadowgraph was used to visualize the flow structure, and a camera mounted
on the carriage recorded the flow. Photographs were taken at pre-determined
phase intervals within the oscillation cycle of the obstacle, the operation of the
camera shutter being synchronized with the carriage motion and controlled by

Phil. Trans. R. Soc. Lond. A (1994)
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the drive software. For most of the runs, eight photographs per cycle were taken
(i.e. at intervals of 1r), though for cases in which the period of oscillation was
comparable with the wind-on time of the camera motor drive, the number of pho-
tographs per cycle was reduced to four. For details of the shadowgraph arrange-
ment, and the interpretation of the shadowgraph images, the reader is referred
to the paper of Boyer et al. (1989 a). Finally, it is noted that some flow sequences
were recorded photographically with the camera decoupled from the drive mech-
anism, and mounted at rest in the laboratory frame. With this arrangement, a
sequence of shadowgraph images could be recorded at a fixed reference station
as the cylinder passed, and the downstream wake could then be reconstructed
from the image sequence. For some cases, the fixed camera was replaced at the
reference station by a video camera; the wake pattern was then determined by
matching and joining images of flow features in adjacent frames of the video
record.

4. Results: flow classification

(a) General features
(i) Hysteresis effects

From the complete data-set of 115 experiments, the flow patterns were clas-
sified into thirteen characteristic flow types. Figures 2-13 show exemplary time
sequences of twelve of these flow types, as observed with the obstacle moving
with the periodic velocity represented in equation (2.2). In each sequence, except
that shown in figure 2 (see later), five instantaneous shadowgraph images are
presented for the following values of wt: 2nm, 2n7 + (37), 2nm + 7, 2nw + (37),
and 2(n + 1)m, (n = 0,1,2...), respectively, so the third frame corresponds to
the stage in the cycle where the obstacle velocity has its maximum value (see
figure 1b). In all cases, the first and last frames in each of these sequences show
the flow with the cylinder instantaneously at rest in successive cycles.

The clearest common feature of all of the cases shown is the lack of any memory
effects in the near wake flows. This is seen even for those flows which are clearly
turbulent in nature. The absence of such effects can be illustrated by comparing
the frames at wt = 2nm and 2(n + 1)7, frames which show the flow structures
at the start of successive cycles. In all cases, even the fine structure of the near
wake flow can be seen to be replicated very clearly in these frames.

The second common feature of all the images is that the flows in the accelerating
phases are quite different in form from their counterparts in the decelerating
phases of the cycle, at the same instantaneous obstacle velocity. In this regard,
the flows show hysteresis. For example, this characteristic may be seen in all
sequences by comparing the flows at wt = 2nm + (37) (second in sequence) and
2n7 4 (37) (fourth in sequence), where the instantaneous velocity in both phases
is ug. In this respect, such different effects of acceleration and deceleration upon
the flow behaviour were also reported by Boyer et al. (1989b, 1990) for unsteady
rotating homogeneous flows.

(i1) Lee waves

Throughout several of the following sequences, internal waves are seen to be
generated by the motion of the cylinder through the stratified fluid. The phase

Phil. Trans. R. Soc. Lond. A (1994)
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Figure 2. Sequence of photographs taken at phases wt: (i) 2n, (i) 2nm + (37), (iii) 2n7 + (57),
(iv) 2n7 + (37), (v) 2nm + m, (vi) 2nm + (S7), (vii) 2n7 + (37), (viii) 2n7 + (37), and (ix)
2w(n 4+ 1) within a single oscillation cycle, for Re = 159, Fr = 0.61, ©® = 0.58, & = 1, and
d/H = 0.11. Type 2 flow.
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surfaces of these waves are shown clearly by the dark and light patterns in the
shadowgraph images. In this regard, it is pertinent to refer again here to the
results of Stevenson & Thomas (1969) and Stevenson (1973), who were able to
predict successfully the phase configurations of the internal waves formed by
travelling oscillatory forcing effects.

For such cases, the regions in which waves are found are given by Lighthill’s
(1967) radiation condition, and, for purely horizontal motion, Stevenson & Thom-
as (1969) and Stevenson (1973) have shown that the following rules apply in the
far-field for linear, two-dimensional, short-wavelength waves: in the first quadrant,
waves are present for © < 1 (in contrast to the steady case (@ = 0), where no
waves are found). For values of the frequency ratio © > 1, waves are found behind
the body in a wedge-shaped region, with an included angle which decreases as
O increases. (This latter circumstance contrasts with the pure oscillation case,
where the St Andrew’s cross wave pattern is generated only when the value of ©
remains less than unity.)

For comparative purposes, the theoretical relations derived by Stevenson (1973)
have been used to compute phase configurations for those sequences exhibiting
wave generation in the present study. Where appropriate, such computations
are compared below with the shadowgraph data, to assess the importance in
the present experiments of near-field processes (e.g. separation, large amplitude
forcing) to the wave-field pattern. As in Stevenson (1969), only the first few waves
of each family are shown.

(b) Flow descriptions
(1) Flow types

The illustrative sequences covered below by figures 2-13 represent the different
principal flow types which were observed in the experiments. In the following
section, these flows are classified to establish the form of the flow boundaries in
Re : Fr : © parameter space, for constant . In view of the rather complex
changes which occur to the flow as these parameters are varied independently,
the reader is directed to the summary classification shown later (figure 14) to
appreciate more fully the inter-relation between flow types as they are described
in turn.

1. Type 1. For sufficiently low values of ©, the flows observed are, of course,
very similar to the corresponding steady flow cases having the same values of
Re and Fr. For this reason, full sequences are not presented here, though an
example of one of these flows is shown in the summary régime diagram presented
later in the paper in figure 14. In this example, for a case in which both Re and
Fr take relatively low values, the characteristic phenomena of upstream blocking
and attached flow seen (Boyer et al. 1989a) in the steady flow experiments are
again observed. For these cases, the flow in the narrow rear wake of the cylinder
is laminar, with the only contribution from the unsteadiness being the threaded
appearance of the shadowgraph of the near wake region (see figure 14). Flow
changes are insignificant throughout the forcing period, and there is good quali-
tative agreement between the wave structure shown in the shadowgraph images
(figure 14) and the computed patterns of figure 15a.

2. Type 2 (figure 2). Figure 2 shows the detailed development of a type of flow
in which the interaction of the gravitationally collapsing wake and the unsteady

Phil. Trans. R. Soc. Lond. A (1994)
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Figure 3 Figure 4

i) (i)

(i) (iif)

(iv) (iv)

Figure 3. Type 3 flow, showing predicted separation f; of steady waves (see equation (4.1)).
Same legend as figure 2, except Re = 79, Fr = 0.23, and © = 1.79.
Figure 4. Type 4 flow. Same legend as figure 2, except Re = 79, Fr = 0.24, and © = 0.94.

forcing of the flow is well demonstrated. In this case, nine frames per cycle are
shown, to better delineate the complex flow development for this parameter com-
bination. The schematic insert in this figure illustrates the positions in the cycle
at which the nine frames were taken.

Throughout the maximum velocity and decelerating phases of the cycle (frames
(v)-(ix)), the general structure of the wake is seen to consist of (i) a pair of
counter-rotating eddies E attached to the rear of the cylinder, (ii) a bulbous head
feature B in the intermediate wake region, and (iii) a sequence of bulges (the
first of which is denoted F1) of fluid at several downstream locations. During
the acceleration phase (frames (ii)—(iv)), the attached eddy pair is seen to be

Phil. Trans. R. Soc. Lond. A (1994)
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decoupled from the rear of the cylinder. In the intermediate wake, there are strong
interactions during this phase between bulges generated in successive cycles. This
is shown very clearly in frames (ii)-(vi) for the most recently generated bulge
and its immediate predecessor, with clear evidence being shown of small-scale
mixing occurring in the interaction region at the intruding bulbous nose of the
collapsing bulge. The shadowgraph data indicate that within each of the bulges,
the contained fluid has undergone mixing.

The period extending from wt = iﬂ' before, to wt = iw after the maximum
velocity points (wt = (2n + 1)7) is a convenient starting point to understand
the flow development within a particular cycle. During this period (covered by
frames (iv)—(vi)), attached eddies are generated by flow separation at the rear
of the obstacle as the obstacle reaches, and then exceeds, the critical velocity at
which eddies are generated. The size of the attached eddy pair E increases with
increasing cylinder velocity (all other factors remaining constant), as for steady
counterpart homogeneous and stratified flows (Taneda 1956; Boyer et al. 1989 a).
During the deceleration phase (2n + 1)m < wt < 2(n + 1)7 of this cycle (for
convenience, denoted the jth cycle), the rear wake fluid continues to be carried
forward inertially as the cylinder is coming to rest, and the portion of dragged
fluid closest to the body is then deflected vertically as it encounters the rear
surface of the relatively slower moving cylinder. This interaction causes localized
bulging of the eddy pair E, as shown clearly in frames (vi)—(ix). The height
of the separation bubble pair E reaches its maximum value when the cylinder
is instantaneously at rest, and, at this stage in the cycle, forward-moving wake
fluid has overridden the stationary cylinder and has been advected past its leading
surface (see frames (viii) and (ix)). '

Since the transitions within each cycle are identical, it is convenient to follow
the flow development to the (j + 1)th cycle, by beginning the full sequence again
at frame (i); i.e. the corresponding frame (ix) of the jth cycle). Thus, as the
motion of the cylinder begins to accelerate again at the start of the (j + 1)th
cycle, the enlarged separation bubble containing low momentum fluid is shed
from the rear of the cylinder at a time At(~ 7/4w) into the cycle, and released
from the cylinder as an isolated parcel of mixed fluid (see frame (ii)). Though the
shed parcel then begins to undergo gravitational collapse (with an acceleration
NZh;, where h; and N; are the instantaneous values of the parcel height and
buoyancy frequency respectively at a time ¢;,, in the (j + 1)th cycle, and t;,, =
[(2(4 + 1)7/w) + At] after the start of the experiment), its collapse is interrupted
by the longitudinal arrival of the relatively high momentum fluid still moving
forward inertially in the lee of the cylinder. In consequence, the greater horizontal
momentum of the forward moving fluid causes it to intrude into, and mix with,
the recently generated and stationary separated parcel of mixed fluid at the rear
of the cylinder (frames (iii)—(vi)). The bulbous head feature B (see figure 2, frame
(vii)) is thereby formed as a result of the interaction.

It is noted that the preceding description of the flow development began at
this stage in the previous cycle (figure 2, frames (iv)—(vi)), and subsequent de-
velopments in the (5 + 1)th cycle merely replicate those already described for
the corresponding period in the jth cycle. Flow features formed at corresponding
stages of the previous cycles are also present downstream of the obstacle, though
each is displaced downstream relative to its immediate predecessor because of
the mean longitudinal translation 27ug/w of the obstacle over a given cycle. The

Phil. Trans. R. Soc. Lond. A (1994)
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vertical extents of these features at given downstream reference stations are suc-
cessively reduced with increasing time, because of dissipation.

3. Type 3 (figure 3). Interactions between successive wake features are less
clearly delineated at higher values of the frequency ratio w/N, because the col-
lapse of a single mixed region is at a proportionately earlier stage when the next
mixed region is generated. (In this regard, note that the amplitude n of the cylin-
der oscillation is given by 7 = u;/w, so that the distances between successive
mixed regions reduce as the frequency ratio w/N increases, for fixed N). This
behaviour can be seen clearly in figure 3, where the far wake consists of a very
narrow central mixed region C, along the upper and lower edges of which are found
sequences of ‘spikes’ S arrayed in a regular herringbone pattern. Such spikes are
formed from the mutual intrusive motions of adjacent individual mixed regions
generated at the rear of the cylinder. In the near wake, there is little evidence of
attached eddy pairs being formed at the cylinder, except during the acceleration
and decelerating phases (frames (ii) and (iv)), though evidence of symmetrical
shedding of eddies is noted (see E in frame (iv), for example) in the near and
intermediate wake regions. The wake again seems to be laminar, as for Type 2
flows, and cowhorn lee waves L are again clearly observed in the shadowgraph
images.

4. Type 4 (figure 4). Figure 4 shows a somewhat different flow type from that
of the previous example, though only the parameter © has been reduced. The
effects of decreasing the forcing frequency are seen to have been twofold: firstly,
the narrow mixed region in the wake has disappeared (to be replaced by a chevron
pattern K of symmetric spikes), and, secondly, the process of symmetric eddy
generation and shedding at the rear of the cylinder is more clearly operative than
in Type 3 flows. The wake region appears to be laminar, and lee waves L. are
generated, as for the other flow types discussed above.

5. Type 5 (figure 5). For this type of flow, the wake region consists of (i) a near-
field portion, in which symmetric eddies are generated and shed at the rear of
the cylinder throughout the forcing cycle, (ii) an intermediate region in which the
eddies E are extended into tear-drop shapes T before coalescing as they collapse
gravitationally, and (iii) a far field region of isolated bulges F of mixed fluid.
Within the intermediate region, the tear-drop eddies maintain their integrity for
considerable distances downstream, particularly at the upper and lower interfaces
between disturbed and undisturbed regions of the flow. Interfacial spikes K of the
kind observed earlier in figure 4 are again seen for the Type 5 flows here, and
cowhorn lee waves localized at the spikes are again generated in the otherwise
undisturbed fluid. Note that the vertical extents of the intermediate and far field
wakes are considerably increased over those in the other preceding flow types.

6. Type 6 (figure 6). For this type of flow, symmetric tear-drop eddies E are
again formed in the same way as for Type 5, but these eddies quickly lose their
integrity within the intermediate wake region, where mixing and coalescence of
successive eddy pairs occur. Strong bulge features F (see frame (iii)) are formed
in the far wake, and the regular array of spikes K at the upper and lower edges of
the intermediate and far wake regions serve to indicate the locations of cowhorn
wave patterns L. Though the general appearance of the intermediate and far-
field wake does not alter significantly within the forcing cycle, frames (i) and
(ii) of figure 6 show clear evidence of the intrusion of collapsing fluid into newly
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Figure 5 Figure 6

(i)

(iii)

(i) @iv)

(U] ()

Figure 5. Type 5 flow. Same legend as figure 2, except Re = 238, F'r = 0.96, and © = 3.09.
Figure 6. Type 6 flow. Same legend as figure 2, except Re = 238, Fr = 0.69, and © = 1.77.

generated eddy patches, during part of the cycle. Within the collapsing region,
internal wave motions can be seen.

7. Type 7 (figure 7). Figure 7 shows that when the frequency of the motion is
reduced from that of figure 6 (other parameters remaining fixed), the character
of the near field wake flow is altered significantly. Eddies E are generated at the
rear of the obstacle (see frame (ii)), but the eddies are now shed asymmetrically.
For much of the forcing cycle, the flow within the whole wake region appears to
be turbulent, and vigorous mixing takes place as successive collapsing patches
interact and coalesce. The appearance of a knot-like feature N (see frames (iii)
and (iv)) in the wake region intermediate to the asymmetric eddy field and the

Phil. Trans. R. Soc. Lond. A (1994)
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Figure 7 Figure 8
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Figure 7. Type 7 flow. Same legend as figure 2, except Re = 238, F'r = 0.73, and © = 0.94.
Figure 8. Type 8 flow. Same legend as figure 2, except Re = 318, F'r = 0.93, and © = 2.66.

—

< downstream bulges shows the intensity of this localized interaction. Cowhorn lee
> s waves L are once more observed in the shadowgraph images, with their location
2 : being again indicated by the spikes or knot-like features in the intermediate wake.

)

= O . . o :

T O 8. Type 8 (figure 8). For this type of flow, the relatively W.lde intermediate
~ wake appears to be turbulent, with fine structure and approximately constant

thickness throughout the forcing cycle. Tear-drop eddies T are again formed and
shed asymmetrically from the rear of the cylinder, before being extended and
collapsed to form the head J of the intermediate wake region (see frame (ii)). The
signature of the periodic motion of the cylinder is again evident in the symmetric
array of upper and lower spikes S, each of which is a site for the cowhorn wave
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patterns observed for all Fr < 1 cases. A series of regularly spaced isolated
bulges of mixed fluid is again formed in the far-field wake (i.e. to the right of the
fields shown in the photographic frames), as shown in figure 7 for Type 7. Note
also that a characteristic feature of the Type 8 flow (and certain of the other
types described below) is the overshooting of the attached eddy pairs E when the
cylinder is instantaneously at rest (frame (v)). This is seen particularly clearly
in the lower of the two attached eddies of frame (i) in figure 8, where the steady
flow shape of the eddy (as illustrated by frame (iv), for example) is distorted to
a hook-like profile by the forward motion of fluid in the region very close to the
cylinder surface.

9. Type 9 (figure 9). Figure 9 shows a different type of flow pattern (a ‘Cobra
eyes’ pattern), which is generated at somewhat higher values of the Reynolds and
Froude numbers than the case of figure 8, though at almost the same frequency
ratio. Many of the same qualitative features of figure 8 are repeated here, though
the formation of hook-like eddies O (see, for example, frame (ii)) at the cylinder
surface at wt = 2n7 is more pronounced for the present flow type. This flow
property leads to dramatic differences between the intermediate and far field
structures of the two cases, as seen by comparing figures 8 and 9. It can be seen
from such a comparison that the combined effects of increasing both Re and F'r
have been (i) to increase the separation of individual mixed regions, and (ii) to
cause the overshooting vortices at the cylinder to roll up in such a way that the
expelled fluid feature contains a small double eddy pair W on the axis of the wake,
and a pair of tear-drop-type eddies T at its edges (frame (i)). The small onaxis
eddies are seen to persist as recognizable structures within the intermediate wake,
throughout the forcing cycle.

10. Type 10 (figure 10). The flow parameters in figure 10 are identical to those
in figure 8, except for the higher value of F'r in the former. However, the dramatic
changes which are brought about by this difference are seen very clearly when
comparing the two flow sequences. For Type 10 flows, the intermediate and far-
field wakes are essentially unchanged in form throughout the forcing cycle, and
there is evidence of small-scale mixing of fluid within these regions. The eddies
E which are formed at the rear of the cylinder are shed symmetrically therefrom,
and the shape of the collapsing eddy pairs C reveals the effects of overshooting
of fluid during the decelerating phase of the motion. This effect (see frames (iv)
and (v) of figure 10) is less pronounced than in the corresponding cobra eyes
sequences (frames (iv), (v) of figure 9), but many of the flow details associated
with this effect are to be seen in both cases. Note that for all phases except
wt = (2n + 1)7, the collapsing shed eddies within the near wake form a mixed
patch region Q which is separated from the intermediate field. (This feature of
the wake is accentuated in the next flow type.) As with the other flow sequences,
figure 10 illustrates well the interaction of a collapsing newly generated mixed
fluid patch with others generated at successively earlier times. This sequence
of interaction events can be most easily appreciated by following the respective
progress with time (starting at frame (i) in each case) of the eddy pair at the rear
of the cylinder and the intermediate wake region downstream of it.

11. Type 11 (figure 11). The formation in the intermediate wake region of
an isolated patch P of mixed fluid (which is separated as a distinct physical
entity from the near field eddy pair feature G (frames (i), (ii), (v)) and the
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Figure 9. Type 9 flow. Same legend as figure 2, except Re = 397, Fr = 1.59, and © = 2.45.
Figure 10. Type 10 flow. Same legend as figure 2, except Re = 318, F'r = 1.37, and © = 2.64.

downstream bulges of mixed fluid M in the far-field) is the characteristic feature
of this type of flow. As indicated in the legend to figure 13, such a patch is formed
under the same circumstances of Type 10 flows, but for smaller forcing frequency
ratios. Mixing takes place initially within the eddy pair which is (i) generated
at the cylinder as a symmetrical attached eddy E (frame (iv)) and (ii) distorted
into an overshooting feature G (frames (i) and (ii)) during the overshoot and
shedding phases of the near-wake flow development. The subsequent collapse of
the resulting mixed patch takes place separately from those of the corresponding
patches generated during preceding cycles, and an isolated intermediate wake is
generated. In the following cycle, this intermediate wake patch feature collapses
further and interacts in turn with the corresponding patch generated one cycle

—
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Figure 11 Figure 12

@

(i)

(iv)

()

Figure 11. Type 11 flow. Same legend as figure 2, except Re = 318, Fr = 1.31, and © = 1.90.
Figure 12. Type 12 flow. Same legend as figure 2, except Re = 381, Fr = 2.52, and © = 0.94.

previously. This latter interaction is manifested as a preferential intrusion of the
older fluid patch into the more recently generated counterpart, and the consequent
formation of a larger bulge of mixed fluid with a characteristic pair of spikes S
(frame (iv)) locating the intrusion event.

12. Type 12 (figure 12). The formation of isolated bulges F of mixed fluid in the
intermediate wake region (frames (i) and (ii), for example) is less clearly seen as
the values of Re and F'r are increased and the value of © is decreased from those
of figure 11. For this case, the appearance of the wake region varies significantly
through the forcing cycle. There is no evidence of attached eddy pairs at the rear
of the cylinder, though, during the deceleration phase, eddy shedding can be seen
clearly within the structure of the near wake region N (see frame (iv)). Mixed
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e g Figure 13. Type 13 flow. Same legend as figure 2, except Re = 397, F'r = 1.59, and © = 1.84.
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E 9) fluid patches are seen to be generated in the far field throughout the cycle, but

the near and intermediate regions of the flow are seen to change within the cycle
from a fully turbulent narrow wake (frames (ii), (iii)), to a state where the large
patch of mixed fluid which overshoots near the cylinder is separated from the far
field bulges of mixed fluid (frames (i) and (iv) by a narrow intermediate knot K
of mixed fluid.
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13. Type 13 (figure 13). The flow parameters for figure 13 are identical with
those of figure 9, except for the lower value of @ in the former. This difference is
seen to influence the flow appearance in a quite dramatic fashion. For this case,
the near and far wake regions show fine structure, indicating the presence of tur-
bulence and mixing, with a larger-scale symmetrical vortex pair being discernable
within the single large mixed bulge M downstream of the cylinder (frames (i) and
(iv), for example). This feature is recognizable throughout the forcing cycle. Sig-
nificant overshooting occurs when the cylinder is instantaneously at rest, and the
inertia of the overshooting fluid causes an increase in the upstream penetration
of the mixed fluid for a short time into the acceleration phase of the cylinder
motion. The width of the far wake region is considerably less than in earlier flow
types, though far downstream a regular sequence of mixed fluid bulges is formed.

Figure 14 shows a three-dimensional summary plot of all data, with the régime
locations appropriate to the above individual flow types being depicted by the
symbols indicated. For comparison purposes, and to aid the interpretation of the
figures, representative photographs for each flow type are shown for the phase
wt = 2n.

(i) Lee waves

Figure 15 a—e shows the computed phase surfaces for the Type 1, 2, 3, 4 and
6 flow cases shown in summary form in figure 14. For the type of flow under
investigation here, the principal features of the phase configuration diagrams
are (i) the steady wave patterns, consisting of semicircles S, radiating either
upstream (e.g. figure 15a) or downstream (e.g figure 15b-e) from the obstacle,
and (ii) the two families F;, of waves associated with the periodic nature of
the obstacle motion. The forms and spacings of the phase surfaces corresponding
to these sets of waves can be compared with the shadowgraph images of the
flow, since the latter contain information on the wave-induced distortions to the
density surfaces. However, in this paper, the intention is not to attempt full
quantitative comparisons between the computed and observed patterns, because
of the following reasons: (i) in the near-field, the computed phase surfaces have
validity only for linear disturbances from small amplitude motions—a situation
not satisfied in the experiments, where large amplitude forcing takes place and
where flow separation in the near field is common, (ii) the experimental flows have
associated with them significant near-field mixing, so that the local values of the
buoyancy frequency N (required for the phase configuration computations) are
not known in the source region, and (iii) in contrast to the schlieren technique, the
shadowgraph method (which relates intensity variations in the image to second-
derivative density fluctuations in the flow) is not particularly well suited to the
detection of phase surfaces (Davies 1992).

In spite of these deficiencies and incompatibilities, some comparisons are pos-
sible in the farfield regions of the computed and observed flow patterns. For
example, the computed pattern of figure 15a shows all of the principal features
of the upstream influence and downstream distortion seen in the corresponding
shadowgraph image in figure 14 for the quasi-steady case depicted as Type 1
flow. The far-field steady wave patterns in figure 15 b—e also shows good quali-
tative agreement with their counterparts in figures 2—-4 and 6, and, in addition,
the dimensionless spacing f* (= f;/d) of the steady phase surfaces in the flow
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Figure 14. Three-dimensional (F'r:w/N : Re) régime diagram showing the occurrence of the flow
Types 1-13 described in §4b. See attached key for identification and illustration of flow types.
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Figure 15. Computed phase configurations of the internal waves generated for the parameter
values of the (a) Type 1, (b) Type 2, (¢) Type 3, (d) Type 4, and (e) Type 6 images shown in
figure 14.
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visualization images accord well with the prediction,
fZ=2n(Fr), (4.1)

of theory (Stevenson & Thomas 1969). This comparison is shown for figure 3,
one of the cases in which the shadowgraph image is relatively clear and for which
the near-field distortion of the flow is minimal. The two sets of swept-back phase
surfaces in the image sequence is associated with the unsteady motion of the body,
and the shapes of these features are seen to show good qualitative agreement with
the computed counterpart patterns in figure 15. Both sets of phase surfaces can
be identified readily in the shadowgraph images (see, for example figures 3 and
4) corresponding to the cases of minimal near-field distortion, and the relative
spacings f, of the unsteady phase surfaces, as compared with those of the steady
wave patterns are in good qualitative agreement with the predictions. Indications
of the predicted local scales of f for the steady phase surfaces in figure 3 are
shown directly on the figure. For the reasons given above, precise quantitative
comparisons of the predicted and observed waves are not meaningful, particularly
in the cases such as figures 2, 5 and 6 where the localized distortion of the flow field
obscures the wave pattern. However, as shown above (particularly by figures 3
and 4), the comparisons of the steady and unsteady patterns show satisfying
qualitative agreement between theory and experiment.

(i) Far-field effects

In the cases described above, attention has been concentrated primarily upon
the structure of the near and intermediate regions of the wake. However, as indi-
cated earlier, qualitative measurements of flow activity in the far-field have also
been made. The most prominent features in the far field wake region are the
isolated bulges formed at discrete locations downstream of the cylinder. The first
of these (‘F1’) was identified earlier in figure 2 (frames(ii)—(iv)). The bulges are
associated with mutual interactions in the intermediate and far-field between the
periodically shed parcels of fluid described in the previous section for the near
wake region. At a fixed point in the far-field wake, the bulges are seen to dilate
and contract periodically, with the motion of adjacent bulges being in anti-phase
with each other, and with the amplitude of the motion decreasing with time (i.e.
distance downstream of the cylinder). In this regard, the time-dependent far-field
motion resembles a damped solitary wave (see, for example, Maxworthy 1979;
Koop & Butler 1981; Kao et al. 1985; and references therein). Figure 16 a illus-
trates the far wake structure corresponding to the near-field images in figure 2(i)
and (ix), and, for purposes of comparison, the remaining sketches in figure 16
illustrate the far-field structure for other exemplary flow types. Inspection of fig-
ure 16 and other flow visualization data reveal that the downstream bulges are
common features of the far-field wakes for all of the flow types investigated. Note
also the similarities in behaviour of these bulges and the counterpart features
described by Boyer et al. (1989 a) for steady forcing. For each case, the relative
displacements of the bulges is regular with respect to the cylinder at each stage
of the cylinder oscillation cycle, with the position and spacing of the bulges (and
their amplitudes) being determined by the particular combination of Re, F'r and
© under consideration.
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Figure 16. Sketches derived from composite photographs, showing far wake structures for
[Re : Fr : O] values of (a) [159:0.59:0.86] (Type 2 flow), (b) [238:0.88:1.14] (Type 11), (c)
[318:1.18:0.57] (Type 13), (d) [318:1.21:0.88] (Type 12), (e) [318:1.19:1.15] (Type 7), and (H
[238:0.95:0.92] (Type 12), for wt = 2nm.

(¢) Scaling considerations
(i) Owershooting

As indicated above, upstream overshooting of the cylinder by downstream fluid
is a common occurrence for certain parameter ranges, with fluid in the rear wake
of the cylinder moving forward with a velocity which is greater than that of the
cylinder at certain stages of the forcing cycle. For some parameter combinations,
the effect is most apparent (see, for example, figures 7, 9 and 11) when the obstacle
is instantaneously at rest (wt = 2nm, n =0,1,2...), but it can also be seen when
the cylinder has started moving at the beginning of the acceleration phase (see,
for example, figures 12 and 13, frames (ii)). The mechanisms responsible for the
overshooting phenomenon may be understood by considering the acceleration
scales present in the flow, as follows.

The first cases are those for which the values of the Reynolds and Froude num-
bers are sufficiently low for the flow to be laminar and for the flow to be influenced
significantly by viscous diffusion effects. (It is noted that such cases lie outside
the parameter ranges investigated herein and that here they are of academic in-
terest only, but it is instructive to consider them briefly for completeness and for
comparisons with future measurements.) Here, deceleration of the solid surface of
the obstacle causes a viscous stress to be transmitted from its solid surface to all
regions of the surrounding fluid, including those regions initially at levels above
and below the levels occupied by the cylinder. The typical viscous response time
for fluid particles at distance ! above or below the cylinder surface is I?/v, and
the associated viscous diffusion velocity u. and acceleration a. are given by

Ue = (v/t)l/Q, Qe = (v1/2/t3/2), (4.2)
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respectively. Over a single period of oscillation of the obstacle, a, is O(v/%w?3/?).
The deceleration a. of the cylinder itself is O(uow), so that if a. > a. overshooting
will be expected to occur, at least at levels above and below the level of the
cylinder. The value of the dimensionless ratio B = (a./a.)? = uj/vw can then be
regarded as an indicator of the likelihood of overshooting, with high values of B
favouring the occurrence of the phenomenon.

Fluid particles initially in the downstream wake are forced to move vertically
as they are carried forward and collide with the rear of the instantaneously sta-
tionary cylinder. Because of their buoyancy, such particles experience a restoring
force as they are deflected vertically. For these particles, the important ratio de-
termining their subsequent motion is that between the acceleration of the obstacle
at the start of the cycle and the restoring acceleration N2d. Thus, the prevention
of overshooting as a result of gravitational collapse will occur for such particles
if the ratio R = N2d/uow is less than some quantity of order unity. Particles
are then able to surmount the obstacle and undergo further vertical excursions
before the motion of the latter resumes.

For the cases investigated here, in which viscous diffusion effects were negli-
gible, fluid within the wake is dragged inertially in the direction of motion of
the obstacle, and the overshooting which is then observed is due solely to this
process (as with a homogeneous fluid). Fluid motions are then affected signifi-
cantly by the inertial acceleration, with the drag force per unit mass exerted on
the fluid being O(u?2/d). In these cases, the relevant condition to be satisfied for
overshooting is

w2/d > a,, (4.3)

i.e. the parameter K, = ug/dw is greater than unity. For cases of turbulent flow in
which both buoyancy and inertial effects are significant, effects of K, (and hence
K, in these cases) can therefore be expected to dominate the flow behaviour if
u2/d > N?d (ie. Fr?>1).

From the above discussion it is clear that for the experiments conducted, the
criteria for overshooting are simply that the values of the acceleration ratio R
and the parameter K, should both exceed critical values. These criteria are in-
vestigated further below.

Figure 17 summarizes the data collected on the overshooting behaviour. Fol-
lowing the scaling considerations above, the data are classified into separate flow
régimes as follows according to the degree of overshooting experienced.

Régime 1. At some stage in the forcing cycle, the rear wake fluid washes com-
pletely past the cylinder in the manner of, say, figure 13(i), (ii) and (v).

Régime 2. At some stage in the forcing cycle, wake fluid moves forward with
respect to the cylinder, with a typical maximum relative excursion of one cylinder
diameter. An example of this behaviour is given by figure 11(i) and (ii) and
figure 8(i) and (ii).

Régime 3. No overshooting.

In figure 17, the overshooting data are shown with the inverse acceleration
ratio R = uow/N?d as abscissa, and the parameter K, = ug/dw as ordinate. It is
noted that the product of R and K, is simply the square of the Froude number
F'r, so the critical condition of F'r = 1 (see below) is represented on the régime
plot of figure 17 by a hyperbolic curve.

The régime plot shows significant clustering of data types within clearly delin-
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R
Figure 17. Flow régime plots of Ko = uo/dw against R = uow/N 24, for overshooting régimes 1
(o), 2 (W) and 3 (o).

0.1

eated boundaries, and it is noted for very low values of R, the [Régime 3—Régime
1] transition is accomplished without the flow displaying the intermediate stages
typified by régime 2. For sufficiently high (not less than 1.5) values of K, there
is strong overshooting (i.e. régime 1 flow) for all values of R; this bounding value
of 1.5 corresponding in the experiments to a value of Re of just less than 300.

The data shown in figure 17 confirm the validity of the scaling arguments
outlined above, namely that inertial overshooting effects are favoured by the con-
dition that u2/d > N?d (i.e. Fr? > 1). Figure 17 illustrates that this condition
is generally satisfied well for both régime 1 and régime 2 flow, the flow types
with the strongest manifestations of inertial overshooting. The curve delineating
the Fr > 1 and Fr < 1 conditions is seen to separate quite well the data points
corresponding to the most extreme flow régimes (3 and 1 respectively), and the
overshooting régime 2 is also well-described by the Froude number classification.
The individual data-sets shown on figure 17 also confirm the earlier proposition
that high values of K, are associated with the overshooting phenomenon. For
values of R greater than about 1, the full set of transitions between régimes 3
and 1 are observed as the values of K, are increased.

(i1) Wake flows

For cases in which overshooting does not occur, the significant changes which
take place as the frequency ratio is changed are localized to the downstream
wake. Then, an important question to be addressed is whether the flow which is
observed at any instant within one oscillation cycle is representative of the steady
flow associated with the appropriate instantaneous Reynolds and Froude numbers
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of the flow (as summarized in the flow régime diagram of Boyer et al. (1989 a). If
this is not the case, phenomena associated specifically with the time-dependence
of the forcing can be anticipated.

Conditions for the occurrence of these new phenomena can be gauged in the fol-
lowing manner, by considering the extreme cases of buoyancy-dominated (F'r <
1) and inertia-dominated (F'r > 1) flows. In both cases, the respective conditions
to be satisfied for the ‘new’ phenomena to occur are that the relevant buoyancy
or inertial adjustment times of the flow should be long compared with the period
of oscillation of the obstacle. Conversely, if the flow adjustment time is relatively
short, no significant effects of oscillation frequency can be expected at a given
stage in the oscillation cycle.

For the buoyancy-dominated régime (Fr < 1), the relevant adjustment time is
N1, so that specific effects of obstacle oscillation are anticipated only when the
frequency ratio w/N exceeds a critical value. For the inertia-dominated régime
(Fr > 1), the adjustment time is simply the advective scale d/ug, and the rele-
vant condition for frequency effects to be significant is that the ratio uy/dw (the
parameter Kj) is much less than some critical value. The latter ratio may be
rewritten in terms of F'r as

K() = Uo/dw = FT/@, (44)

so that, for this régime (where Fr > 1), the value of the frequency ratio © at
which effects of unsteadiness will be observed will be dependent upon the Froude
number of the flow. Specifically, as the value of F'r increases, new phenomena will
only be expected if © assumes progressively greater values to ensure that the ratio
Fr/O remains less than unity. Figure 18 a shows a schematic representation of
this effect, with the solid curve delineating the simultaneous limiting conditions:

Fr/6=1, ©>1 (4.5)

for the occurrence of new phenomena.

Figure 18 b uses the framework of figure 18 a to show a scatter plot for the oc-
currence of the 13 flow types described above in § 4 a(i7) and classified in figure 14.
There are a number of points of interest which arise from such a representation,
particularly with regard to the preceding discussion. Firstly, for example, it can be
seen that the diagram serves as a convenient régime classification plot for several
flow types (Types 2-6 and 8) which each cluster conveniently within well-defined
O : Fr parameter boundaries. This is a somewhat unexpected result, since the
plot of figure 18 is a two-dimensional representation of a three parameter problem
(see figure 14). Secondly, it can be seen that these identifiable groupings (except
for Type 2 flows) occupy regions of © : Fr parameter space which satisfy the
joint conditions (see (4.5) above) for the occurrence of flow phenomena associ-
ated specifically with the unsteady nature of the forcing. Likewise, parameter
combinations not satisfying condition (8) are not well classified by the plot of
figure 18 b, as illustrated by the non-systematic distributions of flow Types 7, 11,
12, and 13 in particular, for F'r > ©. It is noted that these flows all correspond to
cases in which the wake flow is turbulent, and all cases correspond to relatively
high values of the Reynolds number Re (see figure 14). Within this régime, the
classification of the flow is clearly determined by the values of all three controlling
dynamical parameters, and not two as for the cases above.

If attention is directed at the flow types which lie within the Fr > © portion
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of figure 18, it is noted that it is these flow types which most clearly illustrate the
flow development taking place in a sequence of quasi-discrete steps, for each of
which the flow resembles instantaneously that which would be observed for steady
forcing at the same instantaneous values of both Fr and Re. This behaviour
can be seen, for example, in figure 12 for Type 12 flow, where both ‘turbulent
symmetric’ and ‘vortex shedding laminar’ flow types (Boyer et al. 1989a) are
observed instantaneously (frames (iii) and (iv) respectively) as the velocity of
the obstacle decelerates. Reference to the régime diagram of Boyer et al. (1989 a)
confirms that these are the T and V;, flows to be expected for the instantaneous
[Re : F'r] combinations of [762:5.04] and [381:2.52] respectively appropriate for
these frames in the sequence.

The plot on figure 185 illustrates that the cases which best satisfy the two
simultaneous conditions (Fr/© < 1; © > 1) for the appearance of ‘new’ flow
structures, quite distinct from those associated with steady forcing, are those
denoted 3, 4, 5, 6, 8, 9, 10 and 11. Reference to the sequences of shadowgraph
images and accompanying flow descriptions (§4 a(i¢)) for these types confirms the
general predictions of the above model. In all of these examples, the wake flow
contains characteristic features (‘chevrons’, ‘spikes’, ‘cobra-eyes’, for example)
which are not seen for cases in which the motion of the cylinder is steady.

(d) Quantitative measurements

For flows in which the rear wake was turbulent (flow types denoted 7, 11, 12 and
13 in the classification of figure 14 and the accompanying descriptions of §4 a(i7)),
measurements were made of the dimensions of the wake and the degree of forward
overshooting for the full range of conditions. One of the primary purposes of this
procedure was to reveal the effects of unsteadiness in the present experiments
by comparing the wake dimension data with measurements from the previous
counterpart investigations (Boyer et al. 1989) with steady flow forcing. In such a
way, the effects of unsteadiness on some geometrical aspects of the flow structure
could be gauged.

The observables adopted for (i) the comparison of the wake dimension data and
(ii) the quantification of the degree of forward overshooting were the maximum
dimensionless vertical width v* = 7. /d and the maximum forward excursion
€* = €max/d, respectively, during one forcing cycle (see figure 19 for a defining
sketch).

As indicated in §4b(7), the maximum values of v and ¢ did not always occur
in phase with (i) each other, and (ii) a particular stage in a given each cycle, so
it was necessary to monitor the variation in both quantities throughout several
cycles to determine v* and €*. Typical results of this monitoring procedure for
intervals of between two and three cycles are shown in figure 20 a—d. These plots
illustrate and confirm the discordance in some cases between the times at which
the maximum values of both « and € occur and, for example, the wt = 2nw values
for which the cylinder is instantaneously at rest. Also, the data illustrate the phase
differences between the variations of v and ¢ with time, for representative flow
examples. This effect is particularly noticeable in figure 20 b, where the variations
in v and € occur with a phase difference of between 27 and .

Using time records such as those presented in figure 20, values of v* (= €max/d)
and €* (= €nax/d) have been measured (for turbulent wake flows only), and plot-
ted in terms of the relevant forcing parameters. The results of the overshooting
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Figure 19. Schematic diagram showing the instantaneous wake flow for Types 7, 12 and 13,
and the definition of the quantities v and e.

flow classification above indicate that the most important dimensionless param-
eter controlling the occurrence of the overshooting phenomenon (and, by impli-
cation, the degree of overshoot) is likely to be the parameter K;, and that the
roles of the parameters B(= ul/vw) and R(= uow/N?d are less significant for
this aspect of the flow. That is, the forward overshooting process of the turbulent
wakes does not seem to be controlled by buoyancy constraints. Accordingly, €*
data for all flow types associated with turbulent wakes have been plotted against
K (see figure 21). The data show quite good agreement with the scalings devel-
oped above, in spite of the scatter which becomes more acute at higher values of
K. It is noticeable that the dependence of € upon K, becomes weaker beyond
K, ~ 3, as the value of the forcing frequency decreases for fixed values of the
mean velocity uy and cylinder diameter d.

Figures 22 and 23 summarize the behaviour of the maximum width of the
turbulent wake, as the external forcing parameters are varied. For cases of steady
motion of a cylinder in a stratified fluid, previous experiments (Boyer et al. 1989)
confirm that the maximum wake width scales with Fr!/2, and it is with this result
that the present data may sensibly be compared, if effects of unsteadiness alone
are to be detected. The plot is shown in composite form in figure 22, for all values
of the parameter O(= w/N) and for all relevant flow types (see figure 21). The
data show good qualitative agreement with the Fr'/? dependence, implying that
effects of unsteadiness (at least, as they enter through variations in @) are not
significant for this property of the near field wake flow. This result is confirmed
by the plot of figure 23, where the lack of dependence of v* upon the frequency
ratio © is shown for bands of values of F'r. It can be seen that the trend of the
data in both figures 21 and 22 are consistent with a principal dependence of v*
upon Fr'/?, and no significant dependence upon ©.

Though the data in figure 22 satisfy very well the Fr'/? dependence established
by Boyer et al. (1989 a) for steady forcing, there remains a quantitative discrep-
ancy between the two data-sets. Specifically, the best linear regression fit to the
present data,

A = 4.34(Fr'/?) — 0.76 (4.6)

(with a coefficient of determination of 0.85) produces dimensionless maximum
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Figure 20. Composite plots showing variations with time of v* and €¢*, for & = 1 and
[Re : Fr : O] values of (a) [397:1.67:0.96], (b) [610:3.48:0.83], (c) [238:0.73:0.94], and (d) [476,
1.38:1.77].

wake widths which are systematically and significantly greater than those
(Y ) ~ 2.4Fr1/? (4.7)

obtained by Boyer et al. (1989 a) for otherwise identical steady forcing conditions,
regardless of the value of the forcing frequency ©. This comparison is shown
directly on figure 22.

This somewhat surprising result can be clarified, if it is noted that the values of
F'r in the comparison between the steady and unsteady cases are both computed
using uo as the velocity scale. However, for the type of unsteady motion under
consideration here, the velocity of the cylinder varies within a cycle, and it reaches
a maximum instantaneous value of 2u, at the phase value of wt = (2n+1)7. Thus,
providing that the conditions described in §4b are satisfied, the instantaneous
maximum wake width (v*); will vary through the cycle, with the maximum value
~v* being correlated a priori with the maximum velocity of the cylinder. That is,
it will be determined by (Fr’*)max, the instantaneous maximum value of Fr!/2
based upon an instantaneous maximum velocity 2uy. The chain-dashed line in
figure 22 shows the effect of redefining F'r in terms of this velocity, and thereby
readjusting all abscissa values by a factor 2'/2; as a consequence of this redefinition
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Figure 22. Composite plot of v* against Fr'/? Dotted line shows the result for steady flow
(Boyer et al. 1989); chain line shows effect of redefining Fr in terms of 2uo; see text.

of Fr, the quantitative discrepancy between the steady and unsteady flow cases
is reduced considerably, and the difference between the two estimator expressions
(4.6) and (4.7) is seen to be within the scatter of the data.

The intra-cycle flow behaviour can be explored further, and the above conclu-
sions confirmed, by plotting instantaneous intermediate values of (v*); against

corresponding instantaneous values (Fri1 / 2) of Fr'/?, within a given oscillation
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cycle. To accomplish this comparison, it was first of all necessary to determine
the phase difference between the sinusoidal velocity field u(t) of the forcing and
the periodic pattern of the wake response (v*);(t) — see figure 20 — and then to
correlate the two. Following equation (2.2), least squares fits were made to

v = Y[l — acos(wt + £)] (4.8)

for all of the v data, where the amplitude o and the phase difference ¢ were
determined for each of the data-sets. Then, within the limits of validity of the
model developed earlier in §4b(i7), it is then possible to relate (see (4.8)) each
measured instantaneous value of y(t) to a corresponding instantaneous velocity
u;(t) and associated Froude number F'r; given by

Fry = Fr[l — cos(wt + £)]. (4.9)

Because of the cosine form of u(t), and the restriction in the experiments to
a single value of unity for the velocity ratio &, the values of Fr(t) and Re(t)
vary between 0 and [2uy/Nd] and 0 and [2ugd/v] respectively within a cycle.
Thus, between these two sets of limiting values, only certain combinations of the
instantaneous values F'r; and Re; correspond to flows in which the wakes are
turbulent according to Boyer et al. (1989a). In order to identify the subset of
the complete (v*); : (Fr;)!/? data corresponding to turbulent wake structures,
reference was made to the F'r : Re régime diagram constructed by Boyer et al.
(1989 a) for steady counterpart flows. The bounding values of Fr and Re for
the wake flow régimes delineated therein as turbulent, were then used to select
the counterpart subset of turbulent wake data from the unsteady flow cases.
Of course, implicit in such a procedure is the tacit assumption that the flow
changes which take place within a cycle in the unsteady forcing experiments can
be regarded as taking place sequentially in a number of transitions between quasi-
steady states, each of which is characterized by the flow type determined by Boyer
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Figure 24. Plot of instantaneous values of dimensionless wake width v;/d against instantaneous

Froude number (F'r;)'/2.

et al. (1989 a) for the instantaneous values of F'r and Re. As shown earlier in §4b
and figure 20 b, this assumption will generally be valid for Type 7, 12 and 13 flows
(the types under consideration here), and the above procedure thereby provides
a self-consistent selection criterion for the composition of the (v,); : Fr{ /? data
subset corresponding to turbulent wake conditions. Figure 24 shows the resulting
plot of the instantaneous turbulent wake widths (v*); = ;/d versus (¥r;)*/2, for all
of the turbulent wake flow Types (7, 12, and 13) shown earlier in figure 22. In spite
of the scatter on the plot, and the number of simplifying assumptions underlying
it, a linear regression fit reveals that the data are represented satisfactorily by a
linear relationship,

(v*); = 2.44(Fry)"? + 0.40, (4.10)

with a coefficient of determination of 0.55. This result, obtained from instanta-
neous turbulent wakes, is quantitatively consistent with not only the special max-
imum width case (see (4.6)) but also the earlier results of Boyer et al. (1989 a)
for steady forcing.

5. Summary and concluding remarks

The experimental results presented above have demonstrated the richness and
diversity of the flows associated with periodicity in the motion of a two-dimensional
solid body through a stably stratified fluid. Attention has been directed particu-
larly at delineating the flow features which characterize the effects of varying the
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frequency of the forced motion, over a wide range of both Froude and Reynolds
numbers. The three-dimensional régime diagram shown in figure 14 summarizes
the results of this effort, and the flow sequences of figures 2-13 show in detail
the time-development of the individual flow types. For the portions of parameter
space investigated in the experiments, the disturbances generated by the body
were of relatively large amplitude, and comparisons of the observed lee wave char-
acteristics with the predictions of linear theory were, of necessity, qualitative in
nature and limited to the far-field. In spite of these restrictions, the limited data
presented on this aspect of the flow show good qualitative agreement with theory.

The interplay between the different timescales (namely, N~!, the buoyancy
period, w™?, the forcing period, and wuy/d and u,/d, the advective times) of the
problem has been shown to affect in a crucial way the form of the downstream
flow in the near-, intermediate- and far-wake regions. An important question in
this connection has been the extent to which unsteady forcing of the flow can be
regarded as proceeding step-wise in a series of quasi-steady stages, with conse-
quent generation of instantaneous flow structures corresponding to steady flow
patterns appropriate for the equivalent instantaneous values of the Froude and
Reynolds numbers. Conversely, the issue to be addressed is that of determining
the conditions under which flow structures associated solely with the unsteadi-
ness of the motion are generated. Scalings based upon such considerations have
been presented, and the associated prediction that the conditions @/Fr > 1 and
Fr > 1 should be satisfied simultaneously for the appearance of the features
associated solely with unsteadiness, has been verified by the experimental data.

Scalings associated with the overshooting behaviour of the unsteady flow have
also been developed, for viscous-dominated and inertia-dominated flows respec-
tively, and these scalings been successful at not only classifying the degree of over-
shooting for different external flow parameters, but also quantifying the amount
of forward overshooting of wake fluid for inertia-dominated flows. In cases for
which the wake flows are turbulent, measurements have been made of the max-
imum vertical extent of the wake, as a function of (i) phase, (ii) Reynolds (Re)
and Froude (Fr) number, and (iii) forcing frequency ratio, and these data have
confirmed the sole dependence of this wake dimension upon Fr'/2, in two re-
spects; firstly, in the dependence of the maximum vertical extent over a full cycle
upon the square root of the Froude number based upon the maximum velocity 2u,
within the cycle, and, secondly, in the dependence of the instantaneous maximum
vertical extent of the wake at any time within the cycle upon (Fr;)'/2, with Fr
defined in this case in terms of the corresponding instantaneous velocity at the
time in question. In these respects, the wake dimensions for the unsteady forcing
cases are controlled by the Froude number alone, in the manner of the steady
flow counterpart situations investigated previously by Boyer et al. (1989 a).
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Figure 2. Sequence of photographs taken at phases wt: (i) 2nm, (ii) 2n7 + (37), (iii) 2n7 + (57),
(iv) 2nm + (37), (v) 207 + 7, (Vi) 2nm + (37), (vil) 2n7 + (37), (viii) 2n7 + (£7), and (ix)
2m(n + 1) within a single oscillation cycle, for Re = 159, Fr = 0.61, ® = 0.58, & = 1, and
d/H = 0.11. Type 2 flow.
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(v)
igure 3. Type 3 flow, showing predicted separation f; of steady waves (see equation (4.1)).
ame legend as figure 2, except Re = 79, F'r = 0.23, and © = 1.79.
igure 4. Type 4 flow. Same legend as figure 2, except Re = 79, F'r = 0.24, and © = 0.94.
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“igure 5. Type 5 flow. Same legend as figure 2, except Re = 238, F'r = 0.96, and © = 3.09.
Figure 6. Type 6 flow. Same legend as figure 2, except Re = 238, F'r = 0.69, and © = 1.77.

PHILOSOPHICAL
TRANSACTIONS
OF



http://rsta.royalsocietypublishing.org/

Figure 7

2
—
o
e
=9}
om
-

SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL A
SOCIETY

igure 7. Type 7 flow. Same legend as figure 2, except Re = 238, F'r = 0.73, and © = 0.94.
‘igure 8. Type 8 flow. Same legend as figure .2‘ except Re = 318, F'r = 0.93, and © = 2.66.
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Figure 9 Figure 10
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igure 9. Type 9 flow. Same legend as figure 2, except Re = 397, Fr = 1.59, and © = 2.45.
igure 10. Type 10 flow. Same legend as figure 2, except Re = 318, Fr = 1.37, and © = 2.64.
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gure 11. Type 11 flow. Same legend as figure 2, except Re = 318, F'r = 1.31, and © = 1.90.
igure 12. Type 12 flow. Same legend as figure 2, except Re = 381, Fr = 2.52, and © = 0.94.
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(v)
igure 13. Type 13 flow. Same legend as figure 2, except Re = 397, Fr =

1.59, and © = 1.84.
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(b)

‘igure 14. Three-dimensional (Fr:w/N : Re) régime diagram showing the occurrence of the flow
[ypes 1-13 described in §4 b. See attached key for identification and illustration of flow types.
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