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Experiments to investigate transport processes in the 
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(Received 22 January 1976) 

Experiments reported previously determined the detention time of airborne 
smoke particles momentarily trapped in the wake bubble behind a flat disk 
normal to smooth air flow. The dimensionless group H ,  the product of the deten- 
tion time td and mainstream air velocity U divided by the disk diameter D, was 
found to be 7.44 for all combinations of U, D and the Reynolds number, a result 
that was consistent with a suggested physical model for particle transport across 
the bubble boundary. The work is now extended into the regime of turbulent 
free-stream flow, where H is seen to decrease with an increasing level of turbu- 
lence while the base pressure coefficient becomes more negative. At the same time, 
the length of the bubble decreases, as does the bubble shape factor (the ratio of 
bubble volume to surface area, non-dimensionalized with respect to f)). A simple 
theoretical relationship between H and the base pressure coefficient is argued, and 
is found to be in good agreement with experiment. 

A n  important conclusion from this work is that the free-stream turbulence 
parameter A = Z,k$/DU (where If and kf are the length scale and the kinetic 
energy of the free-stream turbulence respectively) controls the properties of the 
flow about the disk. 

This work has potential applications in several areas of topical technological 
interest. 

1. Introduction 
The flow of air about flat disks does not appear to have been as extensively 

studied as that about some other bluff obstacles (notably cylinders and rectangu- 
lar flat plates), despite the fact that, from a purely physical point of view, the 
axisymmetric properties of the flow seem to provide a satisfying configuration 
in which to investigate many of the basic fluid mechanical processes common to 
most bluff-body flows. It could be argued that this relative neglect is due to the 
fact that an understanding of the flow about a disk has few engineering applica- 
tions in itself. However a select body of literature has accumulated. For example, 
the main features of the flow about a flat disk normal to an airstream have been 
studied experimentally by Fail, Lawford & Eyre (1959) and Carmody (1964), 
who showed quantitatively how the fluid separates at the edge of the disk to form 
a turbulent mixing layer which spreads out downstream from and closes behind 
the disk to enclose a region of recirculatory flow (the bubble). The limiting stream- 
line which separates the recirculatory flow from the mainstream flow (the bubble 
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boundary) extends between two and three disk diameters downstream from the 
plane of the disk. The mean velocity of backflow inside the bubble is about 40 % of 
the mainstream velocity, and the mean velocity of turbulent fluctuations in the 
mixing layer over the bubble boundary is about 20 % of the mainstream velocity. 
Vortex shedding is present, but is less marked than in the case of two-dimensional 
bluff-body flows, and it is reasonable for most purposes to assume stability. 

Experiments have recently been reported (Humphries & Vincent 1976) which 
investigated the transport of airborne scalar entities in the vicinity of the wake 
bubbles behind disks suspended in the working section of a low-speed, low-turbu- 
lence wind tunnel. Experiments were carried out using a conventional wind- 
tunnel smoke generator to supply smoke for injection axially into the airstream 
just upstream of the disks. Using a laser transmissometer to monitor the smoke 
trapped in the wake bubble, the dimensionless quantity H = Ut,/D was deter- 
mined experimentally, where t, is the time constant of the exponential decay of 
the smoke trapped in the bubble following abrupt removal of the smoke source 
(the detention time), U the mainstream air velocity and D the disk diameter. The 
number H was found to be 7.44 for all U and D and all Reynolds numbers Re in 
the range 2000-40000. This result was seen to be consistent with a physical model 
which describes the turbulent transport of airborne scalar entities (by an ex- 
change mechanism suggested by Launder & Spalding 1972, p. 62) across the 
closed bubble boundary, making use of empirical data published by Carmody 
(1964). 

In  the present paper we describe experiments in which this work is extended to 
examine the effects of free-stream turbulence. The work is part of a wider pro- 
gramme to investigate the transport and precipitation of airborne particulates 
in flows with regions of recirculation, and to consider potential applications in 
air-pollution control devices and systems. Other possible applications of the work 
so far are envisaged in heat transfer, chemical engineering and architectural 
aerodynamics. 

2. Theory 

wake bubble behind a disk, consider the following variables. 
For a reasonably general description of the entrapment of scalar entities in the 

Disk diameter 

Mainstream air velocity 

Characteristic energy of turbulence for the fluid along the bubble boundary 

Corresponding characteristic energy for the scalar 

Energy of free-stream turbulence 

Characteristic length scale of turbulence for the fluid along the bubble 

Corresponding characteristic length scale for the scalar 

Length scale of free-stream turbulence 

Molecular viscosity of the fluid 

boundary 
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p Density of the fluid 

D, Molecular diffusion coefficient for the scalar 
f Frequency of vortex shedding 

It is reasonable to assume that molecular diffusion and vortex shedding are of 
negligible importance over the range of conditions of interest. For smooth flow, 
k, and I, are determined by combinations of D,  U ,  ,u and p. With non-zero free- 
stream turbulence, k, and I ,  are also influenced by kf and I f .  If the fluid carries a 
scalar it is convenient to introduce the corresponding quantities k,, and I,, to 
describe the motion of that scalar in the vicinity of the bubble boundary without 
having to specify any further details about its physical properties. In this way the 
analysis is not restricted to any particular type of scalar (notwithstanding our 
already declared interest in aerosols). In  the simplest case, for scalar entities which 
move essentially as the fluid (for example, very small smoke particles), ks, and 
lsc become k, and I, respectively and are therefore determined solely by combina- 
tions of D, U ,  p, p, kf and I f .  The characteristic detention time duringwhich a given 
typical entity is trapped inside the bubble boundary can therefore be written in 
terms of only six variables, thus 

(1) 

( 2 )  

t,  = #l{D, u,p, P,  kf , If}, 

H = Fl{Re, lf /D, k f /U2} ,  

which by dimensional analysis leads to 

where Re = DUp/,u, the Reynolds number. 
From Humphies & Vincent (1976) we have an expression for H based on a 

physical model of the wake bubble for zero free-stream turbulence. For a scalar 
which behaves essentially like the fluid itself, this becomes 

where b is the fraction of the kinetic energy of turbulent motion of the scalar 
carried in directions normal to the bubble boundary. The function fl is a bubble 
shape factor equal to the ratio of bubble volume to surface area (normalized with 
respect to disk diameter), and appears in order to allow for variations in the mean- 
flow streamline pattern. Although for smooth flow it is specified as a function of 
Re, it  is in practice constant for Re greater than about 1000. However, when free- 
stream turbulence mixes with the wa,ke turbulence, the effect is to produce extra 
entrainment of fluid out of the bubble and so shorten its length. Therefore it is 
more correct to write the shape factor as fl{Re, lf/D, k f / U z } .  Further, since we are 
dealing with a mixing process which involves essentially the diffusion of fluid, 
i t  seems reasonable to lump together the two turbulence characteristics in the 
form of an effective turbulence diffusion coefficient (Prandtl 1945), and so re- 
write the shape factor as fl{Re, lfk$/DU}. 

The function fi is the non-dimensionalized length scale indicating the mean 
distance across the bubble boundary over which the concentration of the scalar 
drops to  zero on the outside. Consider an analogy with the simplest case of the 
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diffusion of entities from a point source, where the mean distance diffused in a 
given time is a simple function of the diffusion coefficient. It is therefore reason- 
able to rewrite f2 in the form fa{Re, lcki /DU}.  If we now make the assumption 
that the product 1,kt is determined only by some combination of lfk$, D ,  U ,  p 
and p, then this becomes fa{Re, lfk$/DU}. 

Incorporating these assumptions into (3) gives 

H = F2{Re, I f  k$/DU}, (4) 

which is consistent with the dimensional analysis. It has been shown experimen- 
tally for smooth flow that H is independent of Re over a wide range of values. If 
the same can be shown to be true for turbulent flow, then 

H = F,{l,k$/DU}. (5) 

For the flow about a flat disk, the resultant turbulent mixing layer entrains 
fluid from the bubble and so sustains a base pressurepb on the rear face of the disk 
which is lower than the free-stream static pressure ps. Therefore we might expect 
the pressure difference pa -p8 to be closely related in some way to the detention 
time td. It can a t  least be described by the same set of variables, thus 

Pa-% = $2tD,  u ,p ,p , l f ,kf) ,  (6) 

which by dimensional analysis leads to 

where c p b  is the base pressure coefficient. 
Now consider the wake region physically. Turbulent energy is produced by 

the disk at the expense of the mainstream motion and is transmitted through the 
fluid by diffusion, convection and viscous transport. All this energy is eventually 
converted into heat by viscous dissipation. The non-dimensional rate of produc- 
tion of turbulent energy within a volume of integration can be written in cylin- 
drical co-ordinates as (Rouse 1960) 

- - 
(8) 

U’V’ aqu a v p  ~ ‘ a a ; i l p  F a v p  PF/U r drdx +--+-- --- I P = 4 / / ( 4 - + - )  U ar/R axlR +-- U2 ax/R U2arlR Ua r/R R R R ’ 

where R is the disk radius, where u’, v‘ and w’ are the axial, radial and tangential 
components of the velocity of the turbulent fluctuations respectively, and where 
u and ij are the axial and radial components of the mean velocity (there is no 
tangential component). If we assume that 

- 

aii av az az v - & -  - - - 
ar ax’ax’aT’r’ 

based on inspection of the experimental data of Carmody (1963), then (8) simpli- 
fies to 
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This is equal to the rate at which the disk does work on the fluid (non-dimensional- 
ized), so that 

where C, is the overall drag coefficient. It can be shown that the correlation term 
dv' approximates to the form (Zk)) aiilar, which is the Prandtl expression for the 
shear stress, where k and 1 are local values of the turbulence characteristics. Thus 

- 

In  smooth flow, C, is well known to be constant over a wide range of Re. Accord- 
ing to Bearman (197 l), C, is also constant for a given level of free-stream turbu- 
lence. The mean streamline pattern (which influences the distribution of &/&) 
is dependent on the free-stream turbulence parameters in the same way as fi 
in the earlier discussion. Therefore (1 1) can be written as 

C D  = Q;{lfk)/DU]. (12) 

cpb = Q2{1f @lDu), (13) 

Variations in C, with l,k!/DU are due almost entirely to variations in the base 
pressure coefficient (Bearman 1971), so 

which is consistent with the dimensional analysis. 

ally as functions of the turbulence parameter 
As a result of these analyses, it was decided to measure Hand C,b experiment- 

A = l fk] /DU. 

3. Experimental 
The experiments were carried out in an open-cycle, low-speed, low-turbulence 

wind tunnel with experimental disks suspended in the throat of the working 
section by piano wires. Each disk had a 30" bevelled edge, and geometrical simi- 
larity was maintained from one disk to another. 

The apparatus and experimental techniques used in obtaining H have already 
been fully described elsewhere by Humphries & Vincent (1976). Fail et al. (1969) 
showed experimentally that the base pressure is distributed uniformly across the 
rear face of a disk in smooth flow. Bearman (1971) confirmed this result for both 
smooth and turbulent flow. On this evidence, the present experiments to measure 
the base pressure coefficient employed a single pressure tap at the centre of the 
downstream face of each disk, connected to one arm of a capacitativemicro- 
manometer. The static pressure was taken from the appropriate arm of a Pitot- 
static tube which also served to  measure the velocity head required for determin- 
ing cpb. The free-stream static pressure in the wind tunnel was found to vary 
substantially from one part of the working section to another. Therefore, for 
each value of cpb recorded, readings for each of the pressure differences of interest 
were made with the Pitot-static tube placed at many locations on a mesh in the 
plane containing the disk, and were averaged. Since the pressure differences 
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measured were subject to a certain amount of fluctuation, time-averaged values 
were obtained by electronically integrating the electrical output signal from the 
micromanometer. Since all the free-stream measurements were made in the plane 
of the disk, no blockage correction was necessary in the calculation of cpb. 

Justification of this overall procedure was confirmed by the fact that C,b was 
found to be equal to - 0.36 (to within r f :  1 %) for all the disks used under smooth 
flow conditions, in close agreement with the measurements of Fail et al. (1959) and 
Bearman (1971). 

During normal operation, good smooth flow conditions prevailed in the working 
section of the wind tunnel. Turbulent free-stream conditions were obtained by 
the use of lattice-type screens placed across the inlet to the working section. Two 
such screens were separately employed, with bar widths 1 and 4 em respectively, 
and with screen solidity less than 50 % in both cases. The empirical data of Baines 
& Peterson (1951) were used to determine the intensity and length scale of the 
free-stream turbulence thus generated at  various distances downstream from the 
screen. The actual turbulence quantities obtained in this way were the velocity 
of turbulent fluctuations parallel to and the length scale perpendicular to the 
axis of the experimental disk; say u; and Zfr respectively. Thus the experimental 
turbulence parameter, say Aexp = Zfru;lL,U, was determined in the plane con- 
taining the disk, and could be varied by a combination of changing the screen and 
moving the experimental disk with respect to the screen. It is recognized that the 
mechanisms relevant to the present study cannot be confined to a single plane 
downstream from the turbulence-creating grid, and that the induced free-stream 
turbulence conditions might vary noticeably over the downstream extent of the 
disk wake bubble. However, for the range of conditions of the experiments re- 
ported, the estimated variation of Aexp over the downstream extent of the bubble 
region was always less than a few per cent of the value taken in the plane of the 
disk. For the purpose of subsequent discussion it is reasonable to assume a simple 
linear relationship between the experimental turbulence parameter hexp and 
the corresponding theoretical turbulence parameter A. In  all the experiments 
reported in this paper, the length scale of the free-stream turbulence was small 
compared with the disk diameter. 

Experiments to locate the shape and position of the bubble boundary were 
performed using a smoke probe under visual observation, in the absence of more 
sophisticated suitable instrumentation at the time of the experiments. The probe 
was carried in a stand which in turn was free to ride along a straight track. The 
probe was set up and the track aligned such that the probe head could be moved 
axially in the wake of the experimental disk. By thus adjusting the smoke probe 
and carefully observing the movement of the smoke emitted, it was possible after 
some practice to locate the downstream (axial) extremity, or stagnation point, 
of the wake bubble to an accuracy of better than r f :  0-5 em for all the experimental 
disks used. Construction of the rest of the bubble boundary was achieved by 
placing the smoke-probe head just inside the bubble’s downstream stagnation 
point and visually observing the shape of the enclosed volume of smoke. Thus it 
was possible to construct the bubble boundary fairly accurately over a down- 
stream extent of up to one disk diameter, beyond which turbulent mixing had 
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FIGURE 1. Experimental plot of D2/t,  as a function of Reynolds number for various 
values of free-stream turbulence parameter. 
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FIGURE 2. H as a function of free-stream turbulence parameter. 
0, D = 5 em; +, D = I0 em; A, D = 15 cm; 0 ,  all values of D.  

become so intense as to prevent further reliable observation of the limiting 
streamline in this way. However, with this limited information together with 
fair knowledge of the downstream stagnation point, it was possible, by extrapola- 
tion, to build up an acceptable picture of the bubble boundary. 
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Reynolds number, Re x 

FIGURE 3. Base pressure coefficient as a function of Reynolds number for a fixed value 
of the free-stream turbulence parameter (Aexp = 0-049) and D = 10 cm. 
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0 1 2 3 4 5 

Turbulence parameter, hap x 102 

FIGURE 4. Base pressure coefficient as a function of free-stream turbulence parameter. 
0, D = 5 cm; +, D = 1Ocm; A, D = 15 cm; 0 ,  all values of D. 

4. Results and discussion 
For a given set of free-stream turbulence conditions, H was determined from 

the slope of the experimental curve relating D2/ltd with Re, in the manner de- 
scribed previously by Humphries & Vincent (1976). Some typical data for various 
disk sizes and experimental turbulence parameters Aexp are displayed in figure 1, 
each point on the graph representing the average value of the detention time 
taken from between 6 and 10 separate measurements. Despite some scatter in the 
data resulting from the fact that the wake bubble behind the disk is not truly 
stable but is subject to (apparently) arbitrary shedding of sizeable 'lumps' of 
vorticity, the curves may be reasonably concluded to be straight lines. This 
shows that H is independent of Re for the range of Aexp covered in the experiment. 
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FIGURE 5. Experimentally determined wake-bubble boundaries for 

various values of free-stream turbulence parameter. 

H was determined in this way for disks of diameter 5, 10 and 15cm, and for 
Aexp up to about 0.045. The standard experimental error in each determination 
of H was about 7 %. The results are plotted in figure 2, and it may be seen that 
H is uniquely determined by Aexp, confirming the general functional statement 
in ( 5 )  and therefore providing support for the assumptions leading up to it. 
H decreases as the turbulence level increases, as expected, since the enhanced 
mixing in the shear layer causes greater entrainment of fluid (and smoke) out 
of the wake bubble and so increases the dilution rate of trapped smoke when the 
source is removed (hence decreasing td) .  

The base pressure coefficient c,b is plotted as a function of Re for h e d  Aexp 
in figure 3, and is seen to be constant. In  figure 4, c,b is plotted as a function of 
Aexp for various disk diameters, and the good uniqueness of the relationship 
between the plotted quantities indicates strong support for (13). For en increasing 
level of turbulence, C,, becomes more and more negative as the increased mixing 
in the shear layers of the wake bubble causes greater entrainment of fluid out 
of the bubble and so increases the suction experienced by the rear face of the disk. 
It is worth remarking that the choice of turbulence parameter in the present case 
is at variance with Bearman (1971), who suggested that the slightly different 
form ljkj/D2U is the proper parameter for collapsing data on the base pressure 
coefficient. However this choice of turbulence parameter is based on dimensional 
analysis which appears to be in error. We suggest that the present choice of 
parameter is more satisfying on physical grounds. 

From all that has been said so far, it is reasonable to expect a strong correlation 
between H and C,,,. We now attempt to examine the physical basis of that rela- 
tionship. On the basis of the experimental evidence, for turbulent flow (3) can 
be rewritten in the form 

The overall drag force on the disk is associated with the shear stresses, which 
control the flow streamline pattern and hence the shape of the bubble boundary, 
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so we ought to be able to write the shape factor fl in terms of the drag coefficient 
C,. Figure 5 shows the experimentally determined bubble boundaries for various 
values of Aexp,  and it can be seen that the bubble shortens markedly as the level 
of turbulence is increased. In  figure 6, the non-dimensionalized bubble length 
X / D  is plotted against Aexp and is seen to vary from 2.2 to 1.68 as Aexp varies 
from near zero to 0.0212, appearing to follow a unique relationship for the range 
of disk diameters employed. In  neither of these experiments did there appear 
to be any dependence on Re. In  figure 7, values of fl determined from these data 
are plotted against Aexp, and again we obtain a unique function for all D (the 
maximum estimated error in f l  is about k 0.005). The drag coefficient is given 
by 

C D  = c f p + c D b ,  (15 

where Cfp is the face pressure coefficient, constant for a wide range of free-stream 
turbulence levels (Rearman 1971), and CDb is the base drag coefficient ( =  - c p b  

for the normal disk). Therefore, for a given value of Aexp, C, can be calculated 
directly from the measurements of C', in figure 4, assuming C, = 1.12 for smooth 
flow (Fail et at. 1959). Table 1 shows the experimental variation of fi with CD, 
and it can be seen that the product f 1 c D  is constant within the limits of experi- 
mental error over the range of conditions of the experiment. 

For varying free-stream turbulence, f 2  is controlled by the characteristic co- 
efficient of diffusion along the bubble boundary, l ,ki/DU, and by X / D .  Since 
Zckt/DU increases with Aexp while X / D  decreases (see figure 6), the net effect will 
be weak dependence of f2 on Aexp. If we assume on this basis that f 2  is roughly 

'+ 1 ,  - 
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Turbulence parameter, A,, x loa 
FIGTJRE 7. Bubble shape factor as a function of free-stream turbulence parameter. 

0, D = 5cm; +, D = 10cm; a, D = 15cm; 0,  all values o f D .  

Disk 
diameter 

D (cm) 
5 ,  10, 15 

15 
10 
5 

15 
10 

Free-stream 
turbulence 
parameter 

A,, = ltlu;/DU 
0 
0.0026 
0.0039 
0-0077 
0.0141 
0.0212 

Bubble shape 
factor 

fl 
0.321 
0.308 
0.306 
0.300 
0.296 
0.294 

Disk drag 
coefficient 

C D  ficD 

1.122 0.360 
1.147 0.353 
1.155 0.353 
1.168 0.350 
1-184 0.350 
1.199 0.352 

TABLE 1. Drag coefficient and bubble shape factor as functions of 
free-stream turbulence parameter 

constant, then (14) becomes 

The drag coefficient as described by (1 1) can be evaluated in terms of the charac- 
teristic wake properties, so that 
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10 0.45 0.50 

Base drag coefficient, Cob( = - CSb) 

FIGURE 8. Graph to show the relationship between H and baae drag coefficient. 0, D = 
5 cm; +, D = 10 cm; A ,  D = 15 om; , all values of D. -, H = 9.15/(C~~+0.76)*. 

Consider the double-integral part of this expression. As Z,k~/DU increafjes owing 
to the increase in free-stream turbulence, the effective volume of integration 
decreases (being related to the change in bubble volume). But at the same time 
recirculation velocities inside the bubble increase, so that radial velocity gradi- 
ents also increase. These two effects will tend to offset one another, so we might 
reasonably expect variations in the double-integral part of (17 )  to be week. If so, 

CDOC I ,  k$/D u . (18) 
From (16) and (18 ) ,  we get 

CD = B/h?’, 

where B is a constant of proportionality. For smooth flow, cD = 1-12, CDb = 0.36 
and H = 7-44.  Therefore (19 )  with (15) gives 

H = 9*15/(cDb -I- 0.76)2. (20) 

The curve representing (20) is plotted alongside the experimental data in figure 8, 
where agreement between experiment and theory is seen to be excellent. There is 
therefore strong support for the argument leading to the simple relationship 
between ff and CDb (and hence Cpb) for disks normal to the mainstream air flow. 
It is likely that similar relationships will hold for flows about flat plates of dif- 
ferent shapes which exhibit reasonable axial symmetry. To what extent these 
ideas can be extended to other forms of bluff-body flow must, however, await 
further investigation. In  practical applications of the detention-time concept for 
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helping to understand the behaviour of scalar entities in the wake regions of bluff 
obstacles (e.g. aerosol transport and deposition), measurement of the base pres- 
sure coefficient may often present fewer technical problems than the direct 
measurement of H itself. Therefore reliable expressions of the form of (20) could 
be of considerable practical value. 

5 .  Conclusions 
The results of these experiments lead to the following main conclusions. 

(a) There is a free-stream turbulence parameter, A E Z,k$/DU, which uni- 
quely controls all the important properties of the flow about a flat disk, in par- 
ticular H (the dimensionless group describing the detention time of a given species 
of scalar entity trapped in the wake bubble), the base pressure coefficient, the 
drag coefficient and the bubble length and shape. 

( b )  As the level of turbulence increases, H decreases while the base pressure 
coefficient becomes more negative, from which it is seen that, for a given species 
of scalar entity, there is a simple unique experimental relationship between H 
and the base pressure coefficient. This relationship is plausible on physical 
grounds. 
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