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at a sufficiently large number of  locations, can lead to 
accurate construction of the phase-locked three-dimen- 
sional field. However, even with automation of the data 
acquisition by computer-controlled traversing, the total 
time for acquisition can be long for low speed water flows. 
We view the technique described herein, and extensions 
of it, to be useful as a diagnostic estimate, and a prelude 
to more detailed measurements. 

In this investigation, the large-amplitude excitation of 
the cylinder provided, on the whole, reasonably repetitive 
flow patterns from cycle to cycle; minimal ensemble- 
averaging is required to obtain representative digitized 
images. This may not always be the case, particularly in 
downstream regions of  the flow where the three-dimen- 
sional structure loses its original, highly coherent charac- 
ter. However, using the same technique as that described 
herein, it is straightforward, in concept, to ensemble- 
average a large number of successive images at the same 
phase. Currently a program is underway to ensemble- 
average the images in time-dependent flows using either a 
transducer signal or a highly coherent portion of an image 
as a phase reference. In doing so, consideration is being 
given to applying Fourier descriptors, allowing rapid 
averaging of line shape and orientation in Fourier space, 
followed by reconstruction of the averaged line and, 
thereby, image in physical space. 
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1 Introduction 

The measurement of density fields by means of speckle 
photography, first introduced by K/Spf (1972), has found 
a number of applications, e.g. to combustion (Farrell & 
Hofeldt 1984), turbulent jet flow (Wernekinck et al. 1985), 
or natural convection (Wernekinck & Merzkirch 1986). 
With this method one measures, in a recording plane, the 
two components of the angle by which individual light 
rays are deflected in the test field. These values can be 
converted into respective components of the density gra- 

dient in the flow. The measurement of these quantities 
can be performed with higher accuracy than with a 
schlieren system or a shearing interferometer, and the 
number of data obtainable from one single speckle record 
is by orders of magnitude larger than taken from a 
schlieren photograph or a shearing interferogram. 

The speckle technique has the disadvantage that the 
flow with varying density cannot be visualized in real 
time. An optical arrangement is described here in which 
the set-up for taking speckle records is combined with a 
shearing interferometer using a Wollaston prism (Merz- 
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Fig. 1. Optical set-up for the si- 
multaneous recording of a speckle- 
gram and a shearing interferogram 
of a transparent phase object (com- 
pressible flow) 

Fig. 2. Shearing interferogram of the Bunsen burner flame (cen- 
ter), and patterns of Young's fringes obtained by the point-by- 
point analysis of the specklegram at 16 different positions in the 
field of view 

kirch 1964). The latter instrument allows for observing the 
flow in real time, and interferograms and specklegrams 
can be taken simultaneously. The system is applied to a 
fluctuating Bunsen burner flame. 

2 Optical arrangement and experiments 

The optical arrangement is shown in Fig. 1. A ruby laser 
serves as the light source. The expanded and then colli- 

mated laser beam passes through the test field. A vertical 
plane in the test field is focused by means of the imaging 
lens through the beam separator onto the ground glass. The 
beam separator provides that the major part of the avail- 
able light is used for taking the specklegrams (in the 
horizontal arm). This set-up is designed according to the 
system described by Wernekinck and Merzkirch (1986). A 
plane at distance l from the ground glass is focused onto 
the photographic film. The ruby laser is pulsed twice, the 
first pulse without flow in the test section, the second 
pulse in the presence of the flow. Deflection of a light ray 
by an angle e in the flow field results in a local dis- 
placement A of the speckle pattern, with A = e" l. The two 
overlapping speckle patterns of the double exposure can 
be analyzed; e.g. with the point-by-point evaluation meth- 
od that has been described extensively in the literature on 
speckle photography. 

The other part of the light is directed by the beam 
separator into a Wollaston prism shearing interferometer. 
Interferograms can be recorded on photographic film. !f 
the He-Ne laser is used instead of the ruby laser, an inter- 
ferometric image of the flow can be observed in real time 
on a screen. 

Figure 2 demonstrates the application of this system to 
an unstable, fluctuating Bunsen burner flame. The central 
interferogram, taken in the finite fringe width mode, gives 
an overall-view of the flow at a particular instant of time. 
The simultaneously recorded specklegram has been evalu- 
ated with the point-by-point analysis. For each evaluated 
point one obtains a pattern of Young's interference fringes 
that provides information on the magnitude and direction 
of light deflection, at the respective position in the test 
field. The Young's fringes for 16 different positions are 
indicated in Fig. 2. It is obvious that the light deflection 
varies randomly in the flame, and it is also possible to 
relate the measurable light deflection angle to the local 
density gradient that follows from the fringe pattern in the 
central interferogram. 
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This experiment is another demonstration of the use- 
fulness of speckle photography for measuring the light de- 
flection in flows with fluctuating density. The simultane- 
ously recorded interferogram facilitates the interpretation 
of the data field derived by the point-by-point analysis of 
the specklegram. 
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Abstract. The important parameters that affect the reattachment 
length in an axisymmetric sudden-expansion flow are examined. 
It is found that inlet centerline turbulence stands out as the most 
important; namely increased inlet centerline turbulence causes the 
reattachment length to decrease. 

1 Introduction 

Flow through sudden expansions can be found in many 
different engineering applications; such as combustors, 
pipe networks, heat exchangers and nuclear reactors. 
Because of their practical importance, sudden-expansion 
flows have been investigated by numerous researchers. 
Besides the loss in the flow, investigators are also inter- 
ested in the behavior of the separating shear layer, its 
reattachment downstream and the formation and structure 
of the recirculation region immediately downstream of the 
sudden expansion. Since the recirculation region is used to 
anchor the flame, a knowledge of the reattachment length 
and the structure of the recirculation region is of partic- 
ular interest to designers of dump combustors. In view of 
this, any empirical relation between the reattachment 
length and the important flow parameters will be most 
helpful. Therefore, the purpose of this note is to examine 
the dependence of the reattachment length on the various 
flow parameters of importance. 

2 Effects of inlet centerline turbulence 

Among the more important parameters that affect iso- 
thermal flows through an axisymmetric sudden expansio n 

are: 
(1) Re =- Ui dl/v, the inlet flow Reynolds number, where 

Ui is the average inlet velocity, d I is the diameter at the 
inlet to the sudden expansion and v is the fluid kinematic 
viscosity, 

(2) d2/dl, the expansion ratio, where d2 is the diameter 
of the downstream tube, 

(3) H = (d2-  dO~2, the step height, 
(4) inlet centerline turbulence level, characterized by 

u;/Ui, where u6 is the centerline rms u measured at less 
than H/2 downstream of the sudden expansion, 

(5) inlet Mach number, 
(6) inlet geometry and 
(7) exit geometry. 
These and other parameters, such as thermal boundary 

conditions in the case of non-isothermal flows, have been 
investigated by a number of researchers. In order to elimi- 
nate the dependence of the reattachment length (x D on H, 
it is usually reported as xL/H. A summary of these results 
is given in Table I. In Table 1, xL is determined either 
from the locus of zero mean U, the dividing streamline, 
the locations of the maximum heat and mass transfer or 
from flow visualization. The Table only shows turbulent 
flow results. Therefore, all xL/H measurements at 
Re < 2000 are excluded. The different methods of deter- 
mining xL/H obviously would not give the same result 
under the same flow conditions and geometry. How- 
ever, the differences among them are small (Moon and 
Rudinger 1977) and could not have accounted for the 
variations observed (Table 1). 

These results show that xL/H varies from 4.0-12 in a 
Re range of 2,000-2 × 106, an inlet Mach number range 
of < 0.1-1.0 and a d2/dl range of 1.25-3.76. The inlet 


