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Shear-Layer Flow Regimes and Wave 
Instabilities and Reattachment 
Lengths Downstream of an Abrupt 
Circular Channel Expansion1 

A n experimental investigation of water flow through an abrupt circular•-channel ex
pansion is described over a Reynolds number range between 20 and 4200. The shear 
layer between the central jet and the reverse flow region along the wall downstream be
haved differently in the various flow regimes that were observed. With increasing 
Reynolds number these regimes changed progressively from a laminar flow to an un
stable vortex sheetlike flow and then to a more random fluctuating flow. The distance 
between the step and the reattachment location downstream correspondingly increased, 
reached a maximum, and then decreased. Of particidar significance are the shear layer 
wave instabilities observed in the shear flow and their relationship to rettachment which 
apparently has not received much attention previously. Visual observations aided in 
understanding the results. 

Introduction 

L I HE purpose of this investigation was to study the 
flow field downstream of an abrupt expansion in a circular chan
nel and in particular to examine the growth of the shear layer be
tween the central jet and the reverse flow along the wall in the 
region of separated flow. I t is is the lateral growth or spread of 
the shear layer tha t determmes the location of flow reattachment 
and thus the axial extent of the flow separation region. At rela
tively small Reynolds numbers for which the flow is laminar, the 
reattachment location has been found to move downstream with 

1 This paper presents the results of one phase of research carried 
out in the Propulsion Research and Advanced Concepts Section at 
the Jet Propulsion Laboratory, California Institute of Technology, 
under Contract No. NAS 7-100, sponsored by the National Aero
nautics and Space Administration. 
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MECHANICAL ENGINEEES. 

Discussion on this paper should be addressed to the Editorial De
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increasing Reynolds number, e.g., see Macagno and Hung [ l ] 2 

for an abrupt circular channel expansion, or Goldstein, et al. [2], 
and Mueller and O'Leary [3] for flow over backward-facing, steps 
in channels. For example, the measurements by Macagno and 
Hung indicate a reattachment location of about 12 step heights at 
the largest Reynolds number Ren0 of 135 for which their measure
ments were made; Ren0 was based on the upstream tube diameter. 
Yet, it is known that for larger Reynolds number turbulent flows 
through abrupt circular channel expansions [4-9], through abrupt 
rectangular channel expansions [10], and over backward-facing 
steps in channels [11, 12], the reattachment lengths are smaller, 
varying between 6-12 step heights according to different in
vestigators. In the turbulent regime there is a relatively small 
influence of either Reynolds number or upstream to downstream 
diameter ratio D0/D on the reattachment location in terms of step 
heights [9] as inferred from heat transfer measurements. 

Clearly, there is an intermediate regime where the increase in 
the reattachment location with Reynolds number must reach a 
maximum and then decrease to merge eventually with the higher 
Reynolds number turbulent flow results. A hint tha t indeed 
this must be the case is afforded by the flow observations of Meis-
ner and Rushmer [13] in an abrupt rectangular channel expansion 
which showed that the reattachment location moved back toward 

! Numbers in brackets designate References at end of paper. 
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Fig. 1 Reattachment lengths; Do = 0.375 in. , D = 0.97S in. , and h = 
0 .30 in. 

the step as the flow rate was increased. This trend has also been 
observed by Moore for the reat tachment of a laminar boundary 
layer downstream of a backward-facing step [14]. The authors 
became aware of the small amount of information available on 
reat tachment in the intermediate flow regime in connection with 
an investigation in a hot gas facility [15], and this in turn pro
vided the motivat ion for this investigation. 

In the present investigation reat tachment lengths were mea
sured and flow regimes were revealed by visual observation in 
water flows. The Reynolds numbers Re^0 ranged from 20-4200, 
which spanned the laminar to turbulent shear flow regime. The 
Reynolds number Re.o0 was based on the diameter of the flow 
channel located just upstream of the abrupt expansion. A few 
applications where the present results are believed to be useful 
include fluid flow in the human body and in other mammals, and 
in modeling of high temperature, relatively low Reynolds number, 
gas flows. 

System and Measurements 
The system consisted of an upstream chamber 1.25-in. dia 

where water was injected radially, a contraction section with a 
conical half angle of 30 deg, a short length of 0.375-in-dia tube 
(1.0-dia long), an abrupt transition to a 0.975-in-dia tube (9.7-dia 
long), and a convergent nozzle. This particular system was a 
half-scale model of a ho t gas facility [15] in which argon was 
heated by an electric arc discharge between the tip of the center-
body (cathode) in the contraction section and the 0.375-in-dia 
tube (anode). Because of the contraction section and short tube 
length the boundary layer was expected to be relatively thin a t 
the end of the short tube compared to the tube radius. The 
wake from the center body was also confined by the contraction 
section. The flow at the entrance of the abrupt channel expan
sion therefore is believed to have been nearly uniform. The step 
h in the channel expansion was 0.30 in. 

Small holes (0.030-in. dia) were located along the larger diam
eter tube one step height apart . Reat tachment locations were 
determined by slowly metering dye through these holes and ob
serving which direction the dye moved, toward the step in the 
reverse flow region or downstream in the reat tachment region. 

Dye injected through these holes and other holes located up
stream of the abrupt expansion was also used for flow visualiza
tion studies. I n this connection i t should be noted tha t reat
tachment locations were not inferred by visual observation of the 
dye filaments tha t were introduced into the flow upstream. 

To accurately measure the lower flow rates (Rez>0 from 20 to 
about 350) the water discharge was collected and weighed over a 
time interval. A t higher flow rates the water flow rate 
was measured with a calibrated rotameter. Water temperature, 
measured by insertion of a thermometer in the water discharge, 
ranged from 68-72 deg F . 

Results 
Reat tachment lengths are shown in Fig. 1 for the range of 

Reynolds numbers investigated. On an overall basis they are 
seen to first increase with Reynolds number, reach a maximum 
value, decrease to a minimum value, and then increase again 
somewhat. This variable behavior for which the flow reattaches 
a t the same location a t different Reynolds numbers, is associated 
with the various flow regimes. 

At lower Reynolds numbers the reat tachment location moves 
downstream with increasing Reynolds number as expected if the 
shear layer between the central je t and reverse flow along the 
wall spreads by molecular diffusion of momentum. For ex
ample, for laminar mixing of a s tream with uniform velocity an 
with- a fluid a t rest, velocity profiles depend upon a similarity 
variable [16]. I n this case, the half width of the shear layer b is 
given by 

x \ v ) 

where c = constant, x is the downstream distance, and v is the 
kinematic viscosity. This relation can be used to estimate the 
dependence of reat tachment location on Reynolds number by 
taking 6 equal to the step height h a t the reat tachment point x = 
xH to give 

XR 

h (1) 

Mixing theory indicates a linear variation of reat tachment loca
tion in terms of step heights with upstream Reynolds number 
uoDo . , . 4m 

which is —— for flow through a circular tube; m is the mass 
v TfiDo 

flow rate, n the viscosity, and Do the tube diameter upstream of 
the expansion. The factor h/D0 depends upon the abrupt expan
sion configuration. I n this connection the present experimental 
results a t lower Reynolds numbers are seen to bet ter advantage 
in Fig. 2, where they are shown in linear coordinates. The re
at tachment location in terms of step heights increases with 
Reynolds number in a manner not basically different from tha t in
dicated by mixing theory. 

The lateral growth of the laminar shear layer a t these lower 
Reynolds numbers can be seen in Fig. 3(a). Dye injected con
tinuously just downstream of the step flows back toward the step 
and then is entrained into the shear layer near the step to reveal 
its growth. There is difficulty in determining precisely the de
pendence of the half width of the shear layer spreading toward 
the wall a t this relatively low Reynolds number, especially in the 
region farther along the tube where the dye which is slightly 
heavier than water begins to bend downward because of gravita-

-Nomenclature-

b = half width of shear layer 
c — constant 

D — tube diameter 
-Do = tube diameter upstream of ex

pansion 

h = step height 
m = mass flow rate 

Rez>0 = upstream Reynolds number 
Mo = upstream flow speed 
ur = reverse flow speed 

x = downstream distance 

xR = reat tachment length 

IX = viscosity 

v = kinematic viscosity 
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Fig.2 Reattachment lengths, laminar shear-layer regime

tional effects. Dye slowly metered into the flow in the short tube
preceding the abrupt channel expansion does not yield any in
formation on the shear layer growth in this flow regime. The per
turbed condition of this filament farther downstream is associated
with gravitational effects. Of note is the negligible disturbance
produced by the center body upstream in the contraction section
as revealed by the undisturbed state of the dye filament intro
duced at the tip of the center body.

Also shown in Fig. 2 by the dashed curve are the measurements
by Macagno and Hung which span a relatively small Reynolds
number range. The slope of their results appears to be less than
that of the present measurements. This difference is consistent
with that inferred from laminar mixing theory since hlDo was
smaller in their circular channel expansion than the value em
ployed in this investigation. However, the difference in the
slopes of the two sets of data is less than would be indicated by
the configuration factor hlDo in equation (1). Differences be
tween the entering flow profiles also may have influenced the re
sults. It is not clear in which direction the subsequent shear
layer growth would change, for example, as might be obtained by
using a more appropriate velocity in equation (1). For an enter
ing parabolic velocity profile (Macagno and Hung) the center
line velocity is twice that for a nearly uniform flow (this investiga
tion) but velocities are less near the wall.

It should be mentioned that Macagno and Hung also found
very good agreement between numerical solutions of the N avier
Stokes equations 'and their measurements. The predicted re
attachment lengths increased with Reynolds number nearly
linearly, as also indicated by mi4ing theory. Numerical solu
tions of the N avier-Stokes equation by Kawaguti [17] for an
abrupt rectangular channel expansion also indicate a nearly linear
incre'ase. Simple mixing theory provides no information on the
details of the reattachment process, but only indicates the posi
tion at which the thickening shear layer would intersect the
wall. That part of the shear layer that does not have enough
momentum to overcome the pressure rise associated with re
attachment is then turned rearward to form the reverse flow
[18].

As the Reynolds number increases, the reattachment lengths
deviate from the linear variation and reach a peak value. This
peak value is as large as 25 step heights (7.7 tube dia) and occurs

Fig. 3 Visual observation of shear-layer growth

at a Reynolds number of about 250. This behavior signifies the
onset of a different flow regime where shear-layer waves and their
stability play the dominant role. However, small waves were
observed in the shear layer already at Reynolds numbers of
about 200. These waves propagated downstream with the flow
and began to grow in amplitude as the inertia forces were in
creased relative to the viscous forces, Le., as the Reynolds number
was increased. Fig. 3(b) depicts the shear-layer wave growth at
a Reynolds number of 290. Of note is the lateral extent of the
wave which appears to contain the shear layer itself. This be
havior resembles a vortex sheet in that the viscous layer is sheared
in one direction by the faster moving core flow and in the opposite
direction by the slower moving reverse flow neal' the wall. In
this flow regime reattachment is no longer determined by the
growth of the laminar shear layer due to molecular diffusion, but
instead is determined when the lateral extent of the undulating
vortex sheetlike region, which also spreads by diffl)sion, extends
to the wall. Within this regime, increases in Reynolds number
caused undulations of increasing amplitude in the shear layer and
a more rapid thickening of the vortex sheet like region. The re
sult is that the reattachment length decreases with increasing
Reynolds num,ber, Fig. 1.

Further increases in Reynolds number above 290, Fig. 3(b),
caused the undulation of the vortex sheetlike region to become
more pronounced in both amplitude and frequency. At a
Reynolds number of about 390, Fig. 3(c), these undulations be
gan to lose definition and to form. eddies of more random, be
havior. The portion of the reattachment curve in the Reynolds
number range of about 400-1000, Fig. 1, was characterized by
flow in which smooth undulations in the shear layer were re
placed by this more random fluctuating behavior.

At a Reynolds number of about 1000 the flow reattached at a
relatively short distance of about six step heights. The shear
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layer spreads rapidly in the lateral direction in this case, Pig. 
3(d), because of the enhanced lateral transport by more random, 
and relatively more pronounced, fluctuations in the flow. At 
this Reynolds number the spread of a dye filament introduced 
upstream appeared much more rapid than was the case at a 
Reynolds number of 390, Fig. 3(c). 

At Reynolds number above about 1000 the reattachment point 
moves downstream again and then remains at a distance of about 
9-10 step heights at the largest Reynolds numbers investigated. 
In this region there was difficulty in observing the flow visually 
because of the higher flow speeds and rapid diffusion of dye caused 
by random eddying motion of fluid which at the largest Reynolds 
numbers appeared to be "turbulent" in nature. Consequently, 
little information is available on those mechanisms in the flow 
that caused the reattachment location to move downstream again. 
For turbulent mixing of a uniform stream with a fluid at rest, the 
half width of the shear layer b has been found experimentally [19] 
to be 

b = ex with c = 0.27 

This relation which is independent of Reynolds number or the 
factor h/Da indicated for laminar mixing, however, gives a re
attachment length of only about four step heights. 

In the lower Reynolds number regime where the flow speeds 
were smaller it was also possible to obtain information on the mag
nitude of the flow speeds ur in the reverse flow region near the 
wall. This was accomplished by observing and measuring the 
displacement of a small droplet of dye during an elapsed time. 
These results are shown in Fig. 4, where uT is given relative to the 
flow speed ~uo upstream of the abrupt channel expansion, i.e., 
ur/uo. The relative reverse flow speeds increase with Reynolds 
number and reach a value of about 0.2. This value is of the same 
magnitude as observed by Seban [12] for turbulent air flow over a 
backward-facing step at much higher Reynolds numbers. The 
reverse flow speeds shown were obtained in the central portion of 
the reverse flow region where they were reasonably uniform. Of 
course the reverse flow speed is zero at flow reattachment and at 
the step. 

As in all experimental investigations there are certain questions 
that arise with regard to the quality of the data and the effect of 
various aspects of the particular configuration studied. The re
attachment lengths shown in Figs. 1 and 2 were reproducible from 
day to day within the bands shown for the data points. In the 
laminar shear-layer regime (ReB0 < 250) reattachment locations 
could be determined more accurately than at higher Reynolds 
numbers in the vortex-sheet instability regime and the more ran
dom fluctuation regime where the flow was basically unsteady. 
In particular, careful observation of the dye metered in through 
the holes along the tube was necessary in these latter regimes, 
and the extremities of the bauds shown do indicate definite dye 
movement in either direction. Reattachment locations could 

not be inferred accurately by visual observation of dye filaments 
introduced into the flow upstream, Fig. 3. The convergent 
nozzle located a distance of 32 step heights along the tube is not 
believed to have influenced the largest reattachment location of 
about 25 step heights observed. However, the maximum re
attachment lengths may have been influenced to some extent by 
the nature of the flow upstream of the channel expansion and dis
turbances present in the flow at that location. Reattachment 
appeared to be symmetric cireumferentially for the results pre
sented- It should also be mentioned that continuous visual ob
servations are clearly more instructive than the few instantaneous 
flow pictures that are shown herein. These continuous observa
tions formed the basis for the previous discussion. It is realized 
that other flow visualization techniques employing additives such 
as metallic powders or birefringent fluids, or the hydrogen bubble 
technique, etc., [20] are better suited to reveal a truer picture of 
the overall flow field, but dye injection at discrete locations does 
have the advantage of isolating particular regions in the flow 
that are of interest. 

Concluding Remarks 
In an experimental investigation reattachment lengths were de

termined over a large range of Reynolds numbers in an abrupt 
circular-channel expansion. There were basially three flow re- , 
gimes observed. At lower Reynolds numbers reattachment was 
essentially determined by the growth of the laminar shear layer 
between the central jet and reverse flow along the wall. In this 
regime the reattachment location moved downstream with in
creasing Reynolds number. At intermediate Reynolds numbers 
an instability developed in the vortex sheetlike shear layer and 
reattachment was determined when the lateral extent of this un
dulating motion extended to the walj. The reattachment loca
tion moved back toward the step with increasing Reynolds num
ber in this regime. At higher Reynolds numbers the shear layer 
spread rapidly because of enhanced lateral transport by more 
random fluctuations and reattachment occurred a relatively short 
distance downstream of the step. 

The results presented indicate the large variation of the reat-
tachment location with Reynolds number that can occur in an 
abrupt channel expansion. In particular the separation region 
extended over a region up to 25 step heights long (7.7 tube di
ameters) at an upstream Reynolds number of about 250. Cau
tion is directed toward the use of any techniques other than un
steady methods in the numerical calculation of such flows in 
which instabilities occur. 

The present results are useful in applications such as fluid flow 
in the human body, and in modeling of high temperature, rela
tively low Reynolds number, gas flows. Local restrictions to 
blood flow in the human vascular system due to growths at the 
wall of a vessel occur in various cardiovascular diseases. The 
modified hemodynamics in flow reattachment regions is an im
portant aspect of diseases such as arteriosclerosis and athero
sclerosis [21, 22]. In high-temperature gas flows knowledge of 
the flow reattachment location is important because the peak heat 
flux is found in the reattachment region, and this in turn, estab
lishes the kind of heat transfer distribution downstream of re
attachment in the redevelopment region and upstream in the 
separated flow region [15]. 
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