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Following weak plane shock diffraction at a knife-edge situated in a duct, a two- 
dimensional vortex sheet springs from the salient edge. The method of ‘vortex 
discretization ’ is used, in conjunction with a Schwarz-Christoffel transformation, to  
develop a two-dimensional potential model for this constrained form of vortex 
generation. The analysis is independent of empirical parameters and describes, quali- 
tatively, the pattern of streamlines through the orifice. 

Flow-visualization photographs are presented which illustrate the spiral shape of 
the starting vortex. Although of a limited nature, quantitative experimental vortex 
growth rates have been obtained and are compared with initial growth rates predicted 
theoretically. The results are discussed together with other aspects of the problem, 
including the limitations of the theory. 

An extension of vortex discretization is developed whereby the pressure distribution 
remote from the vortex sheet can be calculated. The combination of flow separation 
and the associated static wall pressure distribution gives theoretical insight into the 
mechanism of flow through an orifice. 

1. Introduction 
Start,ing vortices, composed of spiral shear layers, characterize those flows which 

involve acceleration of fluid past salient edges. Experimentally this phenomenon has 
been studied two-dimensionally in the shock tube, where shock waves have been used 
to generate such vortices by impulsively inducing flow through sharp-edged orifices. 

The experimental report of Waldron (1954) was the first to describe in detail the 
unsteady events which occur following plane shock diffraction at a sharp-edged 
vertical obstruction (a knife-edge) situated in a duct. From schlieren and interferometry 
photographs he observed that the starting process was characterized by spiral shear 
layers only in those cases where the ‘aft,er-flow’ remained subsonic (M2 < 1) .  For an 
orificelduct width ratio d/D of 0.46 and a variety of incident shock pressure ratios 
(1.4 < p,, < 3.75) he noted that in all cases the vortex centre moved in a non-pseudo- 
steady manner. The term pseudo-steady implies that all flow variables are functions 
of x/t or y / t  alone. That is, a t  different times the flow structure remains geometrically 
similar. 

Confining their range of tests to very weak incident shocks (0.2 < M, < 0.25), 
Howard & Matthews (1956) also studied the formation of the starting vortex shed 
from a knife-edge, ground to 5” on the downstream face. No details of the orificelduct 
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geometry were given. However, contrary to Waldron’s findings they reported that the 
vortex did grow in a pseudo-steady fashion. They also presented an inviscid 
compressible solution for the whole flow field based on pseudo-steady growth and 
assumed the absence of discontinuities in the form of shocks and shear layers. They 
reported that only near the vortex centre did their theoretical results deviate from 
those observed experimentally using interferometry. 

One of the experimental problems encountered when attempting to assess spiral- 
vortex growth rates is repeatability. A number of tests with the same initial conditions 
must be conducted before sufficient quantitative measurements can be made from 
flow-visualization photographs. Workers at the Ernst-Mach Institute have overcome 
this problem through the introduction of the Cranz-Schardin ‘Multiple Spark ’ 
camera. With this camera, variations between tests are eliminated since a single 
experiment provides a large number of photographic results. Using this technique, 
Schardin (1958) has compiled a cine film of the flow pattern following plane shock 
diffraction a t  a 20” knife-edge for an incident shock strength pZ1 = 2-6. He observed 
that, although the spiral vortex did eventually grow in a pseudo-steady manner, 
initially the growth was nonlinear. Again the orifice/duct width ratio was not given. 

Reichenbach (1960) continued this work and together with Merzkirch (Reichenbach 
& Merzkirch 1964) showed experimentally that the ‘starting time’, the period prior 
to pseudo-steady growth, was linearly dependent on the inverse square root of the 
duct Reynolds number. 

Merzkirch (1964) extended the earlier inviscid theory of Howard & Matthews in 
order to overcome the inadequacies of the previous model a t  the vortex centre. He 
introduced the concept of an outer inviscid vortex containing an inner viscous core. 
Commenting on this theory, Kiichemann & Weber (1965) have noted that the radius 
of the viscous core is very much smaller than the radius of the outer inviscid vortex 
region. This is a justification for inviscid solutions. 

At the 7th Shock Tube Symposium, Emrich & Reichenbach (1969) presented a 
paper dealing specifically with the initial nonlinear vortex growth rate. They worked 
on the premise that, during the very early stages of the induced flow, a ‘separation 
bubble’ was formed which accounted for the rapid initial nonlinear growth, However, 
although the flow was subjected to a very close scrutiny, their photographic evidence 
indicated that this was not the case. 

Rott (1956) notes that, for weak shocks, the interferometry results of Howard & 
Matthews show that the flow may be regarded as incompressible. He proposed an 
incompressible pseudo-steady theory for which the vortex region was replaced by a 
single concentrated vortex and a Kutta condition was imposed. Using dimensional 
analysis Rott was able to deduce the dependence of the circulation and the velocity 
of the vortex region on the ‘after-flow ’ Mach number M,. His theory also incorporated 
the effect which the knife-edge angle has on the ensuing path of the vortex centre. 

Experimentally it is the shear layer which dominates the flow field, yet one important 
aspect not fully understood is the connexion between the outer mainstream flow and 
the development of the vortex sheet. Another factor not assessed is the influence of 
the orifice/duct configuration on the flow geometry. Furthermore, since the develop- 
ment of the spiral shear layer is constrained by the duct walls, comparison between 
experiment and mathematical theories based on pseudo-steady assumptions are 
necessarily limited to the starting period alone. 
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The previous investigations do indicate, however, that a complete viscous solution 
is not warranted. Instead, an inviscid solution can be considered, with the proviso 
that the model should be compared only with flow induced by weak shocks. The work 
of Clements (1973) suggests that a two-dimensional problem posed in this way may 
be amenable to a complex-variable treatment involving the method of ‘vortex 
discretization ’. In  this technique the vortex sheet is approximated by point vortices, 
the dynamics of which are calculated numerically. A fairly substantial review article 
on this numerical method has recently been published by Clements & Maul1 (1975). 

Gerrard (1967), Clements (1973), Kuwahara (1973) and latterly Sarpkaya (1968, 
1975 a )  have applied the discretization technique to problems which involve periodic 
vortex shedding. The feedback mechanism whereby the st,rengths of currently 
generated point vortices are calculated from the kinematics of those previously shed is 
described in these papers. It is only in the latter paper of Sarpkaya that any attempt has 
been made to remove the dependence on empirical data. For these cases, the umbilical 
cord which attaches the discrete rolled-up vortex sheet to its generation point, and 
through which more and more vorticity is injected, is periodically stretched and broken. 
The cloud of discrete vortices released is swept away by the flow and subsequently 
plays little part in the conditions pertaining in the neighbourhood of the separation 
point. For this type of problem vortex discretization appears to function very well. 

However, some earlier non-periodic applications of vortex discretization have 
ended chaotically in random vortex motion, due initially to instabilities in the dis- 
cretized vortex sheet. It has been recognized long since that these instabilities are due 
to neighbouring vortices approaching one another too closely. A number of remedies 
have been proposed to  prevent the vortex systems degenerating into chaotic motions. 
Moore (1974) has suggested use of an amalgamation process to replace the discretized 
vortex centre. Chorin & Bernard (1973) and Kuwahara & Takami (1973) have sug- 
gested introducing vortex ‘cut-off’ regions so that the induced vortex velocities 
remain bounded and the earlier problems of instability are suppressed. 

Fink & Soh (1974) have recently highlighted another source of error when vortex 
discretization is employed. This error is due to a ‘logarithmic term’ which is seen to 
arise when proper consideration is given to the principal-value integrals which are 
implicit in the numerical scheme. Fink & Soh have shown that, providing the point 
vortices remain in the centre of the segments of the vortex sheet which they represent, 
this error term will be zero. Therefore they proposed that, a t  each step of the numerical 
procedure, the vorticity should be redistributed along the vortex sheet and new point 
vortices determined and placed at  the respective segment centres, thereby avoiding 
the logarithmic error. In  a number of reworked examples Fink & Soh were able to 
demonstrate that with vorticity redistribution smooth rolling-up wag achieved. 
Sarpkaya (1975b), in a short note, has commented on the above technique and while 
agreeing that the logarithmic term is indeed a possible source of error, claims that its 
avoidance by no means necessarily enhances the method of vortex discretization. 
Furthermore, he notes that in any case the process of vorticity redistribution is 
limited to relatively small flow times. Also a comparison of his 1975a model with the 
same problem reworked but employing redistribution showed little difference in the 
evaluation of forces connected with the model. Sarpkaya concluded that, although 
redistribution can be effective under certain circumstances, it  is not ready to replace 
the standard method of discretization. 
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The problem of vorticity shed from a finite flat plate was also treated in Fink & 
Soh's paper although the plate in their case was not contained in a duct, as it is in the 
present work. While accepting that neglect of the logarithmic term can undoubtedly 
lead to the introduction of errors, it  is suspected that in those cases where continuous 
vortex injection occurs a more serious error probably arises owing to the manner in 
which the elemental vortex strengths are determined and the position from which 
nascent vortices are released into the flow. 

In  the present work, where an automatic process was used to determine both the 
variable generation point and the vortex strengths, no instability was observed, 
although it must be added that all nascent vortices were placed at  the centre of the 
vortex-sheet segments which they represented, thereby initially avoiding the log- 
arithmic error. It will be shown that the method of discretization adequately describes 
the flow conditions shortly after the start. Streamlines indicate the rotational nature 
of the motion and the manner in which the vena-contracta is formed. 

The 'orifice meter' which is used to measure flow rates uses the pressure difference 
developed across the orifice. In  this paper the flow model based on vortex discretization 
is extended, using a finite-difference a,nalogue, to determine the initial static wall 
pressure distribution. This may prove particularly useful in assessing theoretically the 
effect of the positions of pressure tappings on the measured pressure differential. 

In  order to assess the success of the theoretical model a limited number of experi- 
mental results were obtained. A shock tube was used, in conjunction with shadow- 
graph flow visualization, to examine vortex shedding from a 10" knife-edge situated 
in the duct working section. The tests were confined to weak incident shocks and the 
effects of the orifice/duct width ratio were studied. Measurements from photographs 
taken at  known times after flow inception enabled a comparison to be made between 
the experimental and predicted vortex-spiral growth rates. 

2. The theoretical model 
The model proposed here is an infinite two-dimensional channel of width 0 con- 

taining a perpendicular barrier of infinitesimal thickness and height h. Inviscid flow 
through the channel is started impulsively and maintained by introducing a source- 
sink combination at the points at infinity. 

A Schwarz-Christoffel transformation is employed which maps the interior of the 
duct in the physical ( z )  plane into the upper half of the 6 plane as shown in figure 1.  
In particular, the salient edge of the barrier, z = ih, is mapped to I: = 0 and either side 
of the foot, z = 0, is mapped to 6 = & 1.  The mapping is then given by 

7T 

where p = 5 cosee(~hf2D) correspond to the transformed points at  infinity. 

gives rise to the complex potential 
Thus, in the 6 plane, the placing of the source and sink at 6 = & p  respectively 

w ( 5 )  = --log Du 7T (!I$)> - 
where U is the magnitude of the flow velocity through the channel. 
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FIGURE I .  The transformation of the physical (2) plane t o  the upper half 5 plane under the 
transformation 

To simulate the vorticity shed from the edge, discrete vortices are introduced into 
the flow at z = ih. Since these elemental vortices are continually convected away by 
the mainstream flow and their own induced velocity, new discrete vortices are gener- 
ated, at discrete times t,, to continue the simulation process. The subsequent path 
formed by their co-ordinates represents the shear layer, or hypothetical vortex sheet, 
shed from the edge. 

Thus at  some general time t, the complex potential in the transformed plane is 
given by 

DU 
w(5)  = -{- 1% ( 6 + A  + 1% (5-PI) + ( 2 Kj 1% (5- Q) - 2 Kj log (5- &,], 

77 i= 1 i= 1 

(2.3) 
which includes the potential due to an image system introduced to prevent flow across 
the boundary 7 = 0. In  the above expression the cj are vortex positions and the Ki 
the corresponding vortex strengths. 

Since the motion in the z plane is not compatible with that in the 5 plane, in the 
sense that particular vortex paths do not correspond, the complex potential given by 
(2.3) may be used only at particular instants in time. To determine the vortex velocities 
in the z plane Routh's rule must be used (see Milne-Thomson 1968, p. 371). Also the 
introduction of the following substitutions enables the problem to be non-dimen- 
sionalized: z 

UD, =- 
f K  K -  a '=% ' f Ut 

UD' D' U' @ = -  D' 
where the primes denote non-dimensional quantities. 
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Thus the vortex velocify qi(u’, u’) at time t; for a vortex at z’ = 2: is 

From (2.1) the co-ordinates (&y) can be determined as functions of (x’,y’) and 
therefore, using (2.4), the vortex velocities in the physical plane can be calculated for 
each time step At. Using a first-order approximation to a Taylor series 

zi(tn + A t )  = zi(tn) + Atpi(t,) (primes now dropped), 

the solution is advanced in time and new vortex positions in the z plane are established 
for the time t ,  + A t .  

To ensure that the distance between successive vortices was sufficient to prevent 
non-physical local interaction, a double time step of 2At was employed, as suggested 
by Clements. During the first increment At, new co-ordinate points were evaluated 
for the existing discrete vortices and a fresh vortex was generated a t  the barrier 
tip. During the second cycle no new vortex was created, but the existing vortices 
were convected to new positions. There is an upper limit on the size of At since it must 
be small enough to enable the discrete vortices to follow the streamlines in the vicinity 
of the barrier tip. Several initial runs suggested that At = 0.01 was a reasonable choice. 
However, in order to overcome initial instability problems, a much smaller value was 
used initially, increasing gradually until after 15 double time steps the chosen value 
was attained. 

3. Calculations 
In the past, the determination of individual vortex strengths was usually achieved 

either by imposing a Kutta condition or by using the identity for the rate of vorticity 
shedding. Both of these methods have one unknown parameter which is determined 
empirically. A natural extension of the theory would seem to be a combination of the 
two methods. This approa,ch, which avoids the need to resort to experiment, was 
first adopted by Sacks, Lundberg & Hanson (1967) and by Sarpkaya ( 1 9 7 5 ~ ) .  In  this 
paper a similar technique is employed, although a minor difference exists in the 
interpretation of the rate of vorticity shedding from the separation point. 

Basically the shear layer shed from the tip of the barrier is decomposed into a 
number of discrete sections ofvorticity each of which is represented by a point vortex. 
It is assumed that at the salient edge, where every section originated, the width of 
the sheet is 8. To satisfy the Kutta condition at z = ih there must be a stagnation 
point at  5 = 0. Thus the strengths of the vortices generated are such that 

This condition implies that the strength of the nth vortex is 

where (En, yn) are the initial transform co-ordinates of the nth vortex. At time t ,  
the vortex strengths Ki and corresponding positions (5, qr) are known for 

j= 1 , 2  ,..., n-1.  
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FIGURE 2. Dimensionless distancetime curves for spiral-vortex growth for two different geo- 
metries compared with experiment. (a) d/D = 0.6. ( b )  d/D = 0.5. Experimental spiral-vortex 
dimensions: 0, vertical; 0, horizontal. 

Also /3 = cosec id  is known. Therefore (3.1) is sufficient to  determine the value of 
K ,  providing (&,r],) is given. However, the choice z = ih (5 = r] = 0) is precluded 
and instead the generation point is taken to be z = i(h + B E ) .  

The variable thickness parameter E plays an important role in the application of the 
vortex discretization technique since K ,  = K,(s).  It is crucial therefore that the correct 
value for E be obtained if the ensuing discrete vortex distribution is to be representative 
of a real shear layer. To determine E the rate of vorticity shedding from the salient 
edge is considered. For a flat plate normal to the mainstream flow Page & Johansen 
(1927) have verified experimentally that the vorticity flux may be approximated by 
$q2+, where q+ is the speed on the outer surface of the vortex sheet in contact with the 
mainstream flow. The approximate rate at which vorticity is shed into the wake 
from the plate at  time t ,  is then given by 

K, =!I@/' . 
At dz z=i(h+d 

This equation, together with (3.1), determines the value of K ,  and the variable 8 

at each stage. That is, the Kutta condition and the rate of vorticity shedding are 
satisfied simultaneously at each calculation step. 

Physically, when the flow begins, the boundary-layer thickness at the tip of the 
plate is zero, but it rapidly adjusts itself so that the vorticity swept into the shear 
layer is such that the imposition of a Kutta condition is appropriate. To model this 
numerically, E is initially made very small. As the process begins E rapidly increases 
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FIGURE 3. For legend see facing page. 
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until the correct rate of vorticity shedding is attained. Subsequently, as the process 
settles down there is a gradual decrease in the hypothetical thickness. 

Sarpkaya (1975a) has chosen to interpret the velocity of the outer shear layer as 
being represented by elemental vortex velocities rather than straightforward fluid 
velocities. Furthermore, he argues that the close proximity of the nascent elemental 
vortex to the separation point could give rise to oscillations of the vorticity flux. To 
avoid this possibility he takes instead the average of the current velocities of the four 
discrete vortices previously emitted from the separation point in question. I n  this way 
any oscillatory effect introduced numerically is smoothed out. 

Figure 2 illustrates the predicted growth rate of the vortex spiral during the early 
period of roll-up for two flow geometries. The rate of steady roll-up is dependent on 
the size of E ,  which itself is a function of the constriction factor. 

The value of the stream function $ at non-singular points at any instant of time 
t, is given by 

I n  
+2 .X Kj{log[(C-&)2+ (q-q j )2] t+ log[ (~-~j )2+ (q+qj)2]~)+constant, (3.2) 

]=1 

where the vortex co-ordinates (5, q j )  in the transform plane are known. 
A rectangular mesh was est,ablished in the z plane and values of $ were evaluated 

in the 5 plane a t  points corresponding to the grid points. The instantaneous stream- 
lines were then constructed, as illustrated in figure 3, using a contour method in 
conjunction with a graphical procedure. 

In some instances discrete vortices moved into the neighbourhood of grid points 
and streamline distortion occurred. This effect is particularly noticeable, during the 
later stages of the starting motion, in the region of the recirculating flow, where the 
majority of the vortices are concentrated. However, since the distortion is fairly 
obvious it does not spoil the overall picture of unsteady streamline flow through a 
two-dimensional segmental orifice. 

A particular cas0 was tried for dlD = 0.55 in which a fixed empirical value for E 

of 0.01 was used and the rate of vorticity shedding alone was used to determine the 
strengths Km. The stagnation point, ideally situated at z = ih on $ = 0, was seen to 
wander up and down the back of the orifice plate. This resulted in high velocities 
occurring a t  the tip of the plate, contrary to what is required. 

For high rates of flow, when the motion is fully developed, the assumption of a 
rectangular velocity distribution across the channel far upstream of the orifice plate 
is a good approximation to duct velocity profiles observed experimentally. It is 
assumed that the channel walls are sufficiently far removed from the point vortices 
that the discrete approximation is effectively smoothed out to model a real continuous 
flow along the walls. Since the fluid velocity a t  non-singular points in the z plane is 

FIGURE 3. Stages in the development of a spiral vortex sheet shed from the salient edge of a 
barrier for which d / D  = 0.5, together with the associated instantaneous streamlines. The 
numbers refer to the order of vortex generation. (a) Time U t / D  = 0.105. (b) Ut /D = 0.295. 
(c) Ut /D = 0.695. 
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FIGURE 4. The theoretical pressure distribution along the channel walls for 
d/D = 0-5 at time Ut/D = 1.89. - -- -, top wall; -, bottom wall. 

given by - u + i v  = (dw/dg) (dgldz), the non-dimensional velocity component u a t  a 
point (x, y) on the wall may be shown to be 

where a = f 1 for the upper and lower channel walls respectively. 
Although the injection of vorticity into the flow, in the shape of discrete point 

vortices, does not alter its essential irrotational nature it does introduce an ever 
increasing number of singularities. To calculate the pressure distribution on the walls 
recourse is made to Euler's equation and a finite-difference analogue of the nonlinear 
equation is developed. Along both walls the boundary conditions require v = 0. Thus 
on introducing p' = p /pU2  Euler's equation reduces to 

au au ap 
at ax ax - +u- = -- (primes have been dropped). (3.4) 

On the lower wall the orifice plate causes a discontinuity in the static pressure 
distribution and, in order to avoid this difficulty, it was necessary to determine the 
pressure distribution along the upper wall first. Far upstream of the orifice the non- 
dimensional pressure is uniform and equal to p,, say. This serves as a boundary 
condition for (3.4). The pressure discontinuity across the obstruction on the lower 
wall is evaluated in the following way. Far downstream of the constriction the pressure 
is assumed to be uniform across the channel and is found from the previously calculated 
pressure distribution on the top wall. This serves as a boundary condition, so that the 
pressure distribution on the bottom wall downstream of the constriction can be 
calculated. The pressure distribution on the lower channel wall upstream of the 
orifice can also be found. 

It became apparent during the ensuing computation that the finite-difference 
approximation of au/at a t  a specified point was reliable only if the consecutive velo- 
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cities bounding the particular time increment At were evaluated from numerical 
solutions with the same number of vortices. Other estimates of aulat for time intervals 
which spanned vortex generation led to solution instability which was due to excessive 
jumps in fluid velocity following vortex emission. Although this could have been 
countered by using a smaller time step At this was not necessary provided that the 
above precaution was taken. 

Figure 4 illustrates graphically the calculated static pressure distribution for the 
upper and lower channel walls at large times. 

4. Experimental apparatus 
Experimental results were obtained using a conventional shock tube, comprised 

of a tubular driver and a rectangular (7.6 x 10-16 em2) test section. To detect the 
progress of the shock along the test section ‘thin film’ heat-transfer gauges, in con- 
junction with trigger amplifiers, were employed. 

Repeated tests with identical flow conditions were made feasible by the use of the 
‘double diaphragm ’ technique, employing ‘Melinex ’ diaphragms. This enabled 
accurate driverltest pressure ratios pdl  to be established at  the beginning. Controlled 
bursting was initiated, at  any time, by exhausting the intermediate ‘double diaphragm’ 
chamber. 

The 10’ knife-edges were mounted in the working section, approximately 432 cm 
from the downstream diaphragm. In-line optical-quality glass portholes (8.6 em 
diameter) were a feature of the duct working section which enabled flow visualization. 
A typical shadowgraph system was employed although, owing to a shortage of space, 
it  was necessary to fold the light beam. Because quantitative measurements were 
required however, the angles involved were kept as small as possible to minimize any 
distortion effects. It was necessary to run a series of identical tests from which single 
photographs of various aspects of the flow were taken. The camera shutter speed 
presented a problem which was overcome by using the ‘spark discharge’ technique. 
The voltage impulse emitted by one of the trigger amplifiers was also fed to a digital 
pulse delay unit. On receipt of the input pulse the output signal was delayed for a 
preset time before triggering the spark source. By this means of exposure, photographs 
of the diffraction process at selected times were obtained. 

5. Results and comparison with theory 
Two orifice/duct width ratios (d/D = 0-4, 0.5) have been used to determine experi- 

mental roll-up rates for starting vortices. In  both cases the incident shock pressure 
ratio used wasp,, = 2.13 and the initial test-gas pressure was atmospheric (1.03 bar). 
For each of the series of experiments a sequence of photographs was obtained 
(figure 5, plate i) ,  and from these, vortex-spiral dimensions at known times were 
measured. 

Theoretically, in attempting to deduce the rate of roll-up of the vortex spiral, the 
entire wave system has been ignored. The most important wave is the upstream- 
travelling reflected shock wave, which is responsible for conditions upstream. A 
short distance upstream of the orifice, the reflected shock becomes plane and the 
assumption is made that the flow approaching the orifice is of uniform velocity. 
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Knowledge of the magnitude of this velocity is essential in order to non-dimensionalize 
the experimental results and compare them with theory. 

For the interaction of plane shock waves with orifice plates situated in a duct, 
Dadone & Pandolfi (1971) have given a one-dimensional theory which predicts the 
steady-flow pressure ratios across the reflected and transmitted shocks. An experi- 
mental assessment of their theory, which is based on impulsively established flow 
conditions, has shown it to be fairly accurate. Thus a reliable estimate of the magnitude 
of the ‘approach velocity’ can be made. 

Accordingly the experimental results were non-dimensionalized and a comparison 
with the theoretical predictions is shown in figure 2. In the experiments the initial 
nonlinear growth observed by previous workers is apparent and is interpreted as a 
convective effect due to the impulsive method of flow inception. This nonlinearity is 
also predicted theoretically but its duration is too long, owing to the way in which the 
model was started. Initially E was made very small and then, for each consecutive 
double time step, was allowed to increase until the correct rate of vorticity shedding 
was achieved. An upper bound on these step increases was imposed to prevent dis- 
cretization instability, with the result that the transition to the period congeneric 
with pseudo-steady growth was artificially delayed. Overall, figure 2 indicates a 
discrepancy of 20-30 % between theory and experiment. 

Davies et al. (1975) have also compared experimental vortex dimensions with those 
predicted using ‘vortex discretization ’ to model vortex rings. Good correspondence 
between theory and experiment was reported. 

Thus the results, although of a limited nature, indicate that the combination of a 
Kutta condition and the rate of vorticity shedding does allow theoretical estimates of 
initial roll-up rates to be made. Furthermore the model is capable, initially, of de- 
picting the flow situation illustrated in the flow-visualization photographs. 

Since no account has been taken of diffusion, the spread of the jet boundary 
observed experimentally cannot be modelled and experimental comparison with the 
model is legitimate only before diffusive effects become important. However, during 
this period another event occurs. Figure 5 shows that a diffracted part of the trans- 
mitted shock wave actually cuts through the shear layer after a finite time. It is 
therefore responsible for disrupting the steady vortex growth. 

For increasing time continual injection of vorticity means that steady flow con- 
ditions can never be achieved throughout the duct, although for t > 1-5 the vortex- 
sheet thickness and rate of vorticity shedding are approximately constant. If the 
model is to be improved some form of vorticity decay must be introduced, so that when 
a balance between vorticity injection and dissipation is obtained steady flow con- 
ditions will be established. Furthermore some account would need to be taken initially 
of the vorticity generated by the curved part of the transmitted shock. 

One facet of too much injected vorticity is particularly obvious in figure 3. The 
concentration of trapped discrete vortices in the recirculatory flow causes the dimen- 
sions of the vena contracta to be distorted. In  periodic-type flows this situation does 
not arise as periodically these clouds of elemental vortices are swept away. 

For the lower channel wall the pressure curves of figure 4 illustrate the so-called 
‘impact pressure’ which arises immediately upstream of the orifice plate and the 
resulting discontinuity across the plate. It was apparent that the pressure difference 
established across t h e  orifice was not noticeably time dependent. Using miniature 
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Orificelduct Pressure difference, Ap 
width ratio, r A > 

d / D  Theory Experiment 
0.6 3.10 3.24 
0.5 4.07 4-29 

TABLE 1. Comparison between theoretical and experimental pressure differences developed 
across the orifice for steady flow. Calculations are for &D pressure tappings on the lower wall. 

piezoelectric pressure transducers fitted in the floor of the working section 2.54cm 
upstream and downstream of the knife-edge, time-pressure traces were recorded 
experimentally. Non-dimensional measurements from these traces, for steady flow 
conditions, compare favourably with the results predicted numerically as shown in 
table 1. 

6. Conclusion 
The method of ‘vort,ex discretization ’ has been used to develop an impulsive model 

which is capable of describing the process of vortex generation at a knife-edge following 
weak shock diffraction. A quantitative comparison between theoretical and experi- 
mental roll-up rates has indicated a discrepancy of 20-30 %. This difference between 
theory and experiment is due in the most part to the moderate Mach numbers 
encountered in the experiments. 

A finite-difference scheme has been used to determine the pressure distribution 
along the channel walls. An experimental assessment of the pressure difference 
developed across the obstruction on the lower wall has shown reasonable agreement 
with that predicted theoretically. 
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FIGURE 5. Shadowgraphs of the generation of a spiral shear layer following weak shock diffraction 
at a knife-edge. p , ,  = 2.37, p ,  = 1.03 bar, d /D = 0.5. (a)  Ut/D = 0.029. (b)  Ut/D = 0-085. (c) 
UtlD = 0.174. (d) TTtID = 0.276. 
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