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Abstract-Experiments have been performed to investigate the transfer coefficient distributions in the 
regions of flow separation, reattachment, and redevelopment along the walls of a channel whose inlet is 
partially constricted. The experiments were carried out for Reynolds numbers in the laminar range and 
utilized the naphthalene sublimation technique with air as the working fluid. The results revealed the 
presence of a new region of augmented transfer coefficients that is in addition to the zones of augmentation 
caused by the reattachment ofthe separated flow. The separated regions on the respective walls of the channel 
are of different length (i.e. short and long stalls) except at low Reynolds numbers and small constrictions. The 
new region of augmentation occurs on the wall of the channel that is washed by the short stall and is 
downstream of both the long and short stall reattachments. There is strong evidence that the new region of 
augmentation is caused by a vortex street shed from the tips of the constriction plates situated at the inlet. 

NOMENCLATURE 

9, diffusion coefficient; 

H, height of channel, Fig. 1; 

h, step height, Fig. 1; 

K local mass-transfer coefficient based 

on AP = Pw-Phi; 

Kb, local mass-transfer coefficient based 

on AP = Pw-Pbx; 
L*, streamwise location of peak; 

m, local mass-transfer rate; 

Re, Reynolds number, equation (1); 

SC, Schmidt number; 
Sh, local Sherwood number, K(2H)/9; 
Sh,, local Sherwood number, Kb(2H)/9; 

uo, mean velocity in entrance slit; 

u, mean velocity in channel; 

wo, half opening of entrance slit, Fig. 1; 

x, streamwise coordinate. 

Greek symbols 

v, kinematic viscosity; 

P? concentration of naphthalene. 

Subscripts 

bi, inlet bulk ; 
bx, local bulk; 

W, wall. 

INTRODUCTION 

AN ABRUPT enlargement of the cross section of a tube 
or duct creates a downstream zone of flow separation. 
Beyond the separation zone, the flow reattaches to the 
duct wall and then redevelops. Experiments involving 
rectangular ducts [l-3] have shown that the stream- 
wise length of the separation zone may be different 
along the individual walls of the duct. These experi- 
ments have dealt with two-dimensional enlargements 
(i.e. the spacing between only one pair of walls is 

enlarged) such that there is a backward facing step at 
each of the walls where the enlargement takes place. 
This flow configuration is termed a double backward 
facing step. The two separation zones, each situated 
downstream of its respective step, are referred to as 
long and short stalls in recognition of their different 
streamwise lengths [l]. The presence of stalls of 
different length has a marked effect on the heat-transfer 
characteristics at the duct walls downstream of the 
enlargement [2,3]. 

The present research was undertaken to investigate 
the heat/mass transfer characteristics for flow and 
geometrical conditions that differ in a fundamental 
way from those of prior experiments involving double 
backward facing steps [l-3]. In particular, whereas all 
of the earlier experiments were performed for Reynolds 
numbers corresponding to turbulent duct flows, the 
present research was carried out at much lower 
Reynolds numbers, where duct flows are normally 
laminar. Furthermore, in all the prior experiments, the 
flow field upstream of the enlargement step was fully or 
partly hydrodynamically developed. In contrast, in the 
present study, the separating flow is drawn from the 
laboratory room through a slit bounded by sharp- 
edged plates. By this arrangement, it was intended to 
avoid the presence of upstream boundary layers which 
become free shear layers when separation occurs. 

The present experiments were designed with the 
objective of closely approaching two-dimensional 
flow. To this end, a cross sectional aspect ratio of 2O:l 
was employed for the duct downstream of the enlarge- 
ment. The cross sectional aspect ratios of the down- 
stream ducts of [l-3] were substantially smaller, 
having values of <l:l, 3.2:1 and 4.7:1, and 1:l 
respectively. 

The research was carried out in the form of mass- 
transfer experiments via the naphthalene sublimation 

1241 

HMT Vol. 20.No.llAL 



1242 E. M. SPARROW and J. P KALEJS 

technique. As will be described later, the implemen- 
tation of this technique enabled highly localized 
measurements to be performed. This capability facili- 
tated the resolution of the complex variations of the 
transfer coefficient along the duct walls. Other advan- 
tages of the naphthalene technique, compared with 
heat-transfer measurements, are that it is less suscep- 
tible to extraneous losses and facilitates the attainment 
of a uniform and well-defined boundary condition. 

Measurements of the local mass-transfer rates were 
performed in the separation, reattachment, and rede- 
velopment regions downstream of the enlargement 
steps on both principal walls of the duct. This infor- 
mation has been recast in dimensionless form in terms 
of the Sherwood number, which is the mass transfer 
counterpart of the Nusselt number. By means of the 
analogy between heat and mass transfer, these Sher- 
wood numbers can be employed directly as Nusselt 
numbers for a fluid whose Prandtl number equals the 
Schmidt number (=2.5) of the mass-transfer experi- 
ments. The uniform wall concentration boundary 
condition of the experiments corresponds, via the 
analogy, to the case of uniform wall temperature. 

The results of the present experiments have revealed 
phenomena and trends which were not observed in the 
earlier studies [l-3]. The most interesting of the new 
findings is a downstream maximum in the value of the 
transfer coefficient which is in addition to those at the 
points of reattachment of the long and short stalls. It 
occurs on the wall of the channel which is washed by 
the short stall, but is well downstream of the re- 
attachment of that stall. This finding, as well as the 
other results, will be presented and discussed later. 

A schematic diagram of the test section is presented 
in Fig. 1, with an inset at the lower right to show 
additional pertinent dimensions. As is seen there, air 
from the laboratory room passes through a slit formed 
by a pair of constriction plates and then emerges into a 
channel whose height H is greater than the slit opening 
2w,. This enlargement in the cross section causes the 
flow to separate. The subsequent reattachment of the 
flow at the walls gives rise to an enclosed separation 
bubble behind each constriction plate. Within each 
bubble, there is a recirculating flow. After re- 
attachment, the main flow begins to redevelop. The 
length of the channel is such that fully developed 
conditions were attained for the lower Reynolds 
numbers of the experiments, but not for the higher 

FIG. 1. Schematic diagram of the test section. 

Reynolds numbers. Downstream of the channel, the 
flow emerges into a plenum chamber from which it is 
successively ducted to a rotometer, a blower, and to a 
roof-top exhaust. 

The two parameters that were varied during the 
course of the experiments are the constriction ratio 
h/w, and the Reynolds number. The former encom- 
passed (nominal) values of 0.5, 1 and 2. The Reynolds 
number is defined here as 

%(4w,) g(2H) 
Re=-=- 

V V 
(1) 

where u,, and U are, respectively, the mean velocities in 
the entrance slit and in the channel. The first of the 
Reynolds numbers defined by equation (1) pertains to 
the flow through the constriction slit, whereas the 
second definition is that of a channel Reynolds num- 
ber. In both cases, the characteristic dimension is twice 
the height of the passage, as for a parallel plate channel. 
The Reynolds number range of the experiments exten- 
ded from about 190 to 1440. 

THE EXPERIMENTS 

Experimental apparatus 
The flow path through the apparatus has already 

been discussed in the Introduction. The key com- 
ponents of the apparatus will now be described along 
with the most relevant aspects of the experimental 
procedure. A more detailed description is available in 
the thesis [4] on which this paper is based. 

As seen in Fig. 1, the heart of the test section is the’ 
two naphthalene plates which serve as the principal 
walls of the channel where the separation, re- 
attachment, and redevelopment take place. These 
plates were fabricated by a casting procedure which 
differs from that previously employed in our labo- 
ratory. In the past, naphthalene plates were cast and 
then removed from the mold prior to being in- 
corporated into an appropriate test section. For the 
present research, the sometimes tenuous task of un- 
molding the naphthalene plates was circumvented. A 
mold was employed which not only served for the 
casting process, but which also became a part of the 
test section while still cradling its cast naphthalene 
plate. Two molds were employed, respectively for each 
of the two principal channel walls. 

After casting, one of the walls of the mold was 
removed in order to expose the naphthalene surface 
which subsequently served as a bounding wall for the 
channel flow. In addition, a constriction plate was 
affixed to the forward part of the mold in order to form 
the test-section entrance slit as shown in Fig. 1. That 
part of the mold that cradles the naphthalene plate in 
the test section will be referred to as a cassette. As 
indicated in Fig. 1, each cassette served as a base for its 
respective naphthalene plate. In addition to the base, 
each cassette had side walls which bounded the 
spanwise breadth of the naphthalene plate. 

The quality of the exposed naphthalene surface with 
respect to smoothness and flatness was such that no 
further machining was necessary. To prevent ex- 
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traneous sublimation from this surface prior to the ing horizontal motion of the coordinate table enabled 
data run, it was covered with a glass plate and the precise positioning for both the streamwise and span- 
entire cassette wrapped in plastic. This package was wise coordinates, respectively to within 0.0127 and 
left in the thermostatically controlled laboratory room 0.0254mm (0.0005 and 0.001 in). The sensing head 
for a minimum of 12h in order to attain thermal electronics allowed surface elevations as small as 
equilibrium. 0.00025 mm (lo- ’ in) to be resolved and recorded. 

Only reagent grade naphthalene was used for the 
castings. New plates were cast for each experiment and 
the naphthalene was never re-used. A strict regime of 
cleanliness was maintained for all surfaces and imple- 
ments which were exposed to the naphthalene. Further 
information about the molds, the cassettes, and the 
casting procedure are available in Chapter 3 of [4]. 

The channel height H was set with the aid of 
precisely machined spacers which rested on the side 
walls of the cassette and were secured in place by pins. 
The assembled test section consisted of the cassettes 
and their naphthalene plates, the spacers, and the 
entrance constriction plates. The upstream end of the 
test section was placed in a slot in a large baffle plate, 
with the upstream faces of the constriction plates 
aligned to be flush with the baffle. A plenum chamber 
situated downstream of the test section was used to 
collect the discharging flow and to duct it to the 
calibrated rotometer, from which it passed through a 
control and a cut-off valve and then to a blower. The 
ultimate exhaust was at the roof of the building so that 
the laboratory room is maintained free of naphthalene 
vapor. 

For each naphthalene plate, surface contours were 
measured along each of six parallel lines aligned in the 
streamwise direction. The parallel lines were spaced 
uniformly across the central portion of the breadth of 
the plate with a distance of 38.1 mm (1.5 in) separating 
the first and the sixth lines. Along each line, surface 
elevations were recorded at 42 points, with a higher 
density of points in the initial portion of the plate 
where separation and reattachment give rise to more 
rapid variations of the transfer rates. As will be 
discussed shortly, the results of the six contour 
measurements at each streamwise station were aver- 
aged to yield a final result for that station. 

In addition to the aforementioned surface contour 
measurements, surface contours were also recorded 
along a pair of parallel lines on each of the side wall 
faces that are co-planar with the naphthalene plate. 
These side wall measurements are employed in the 
data reduction procedure to be described in the next 
section. 

A common channel height H = 4.83 mm (0.190in) 
was used for all the experiments. Three entrance slit 
openings were employed, respectively 2w, = 1.652.40 
and 3.17 mm (0.0650, 0.0945 and 0.125 in). These 
correspond to the constriction ratios 

h/w, = 1.92, 1.01 and 0.52 (2) 

which will be subsequently referred to in terms of their 
nominal values of 2, 1 and 0.5. The 96.5mm (3.80in) 
spanwise breadth of the channel provided a cross 
sectional aspect ratio of 2O:l. The useful streamwise 
length of the channel was about 75 mm (3 in). 

All told, measurements were made at 420 points on 
each plate, both before and after a data run. The 
measurement sequence for one plate lasted from 20 to 
25min. In addition to the surface contour and flow 
rate measurements that have already been mentioned, 
relevant pressure and temperature data were also 
recorded. The duration of the data runs and of the 
contour measurement sequences were carefully me- 
tered with a digital timer. 

Data reduction 

The constriction plates that formed the entrance 
slits were 0.61 mm (0.024 in) thick. The front face and 
the exposed edge of each plate were polished on a 
quartz lapping block, thereby providing well-defined 
sharp (in contrast to rounded) corners. The slip 
openings were spanwise uniform to within a few tenths 
of a percent or better. 

Instrumentation and measurements 
In order to determine local mass-transfer rates and 

transfer coefficients, it is necessary to measure the 
surface contours of the naphthalene plates both before 
and after a data run. The instrumentation employed to 
perform these measurements included a depth sensor 
with electronics to provide a voltage output, a printer- 
equipped digital voltmeter, and a coordinate table. 

The naphthalene surface contours were measured 
with the cassette clamped to fixed reference blocks on 
the coordinate table and the depth sensor suspended 
above the table. Two calibrated feed controls produc- 

At any surface location, the mass transferred by 
sublimation during a data run can be determined by 
differencing the contour measurements made before 
and after the run and then applying suitable cor- 
rections. Three corrections were made. The first and 
second were for natural convection mass transfer that 
occurred during the time when the contour measure- 
ments were being performed and when the test section 
was being assembled. These natural convection cor- 
rections were determined from auxiliary in situ experi- 
ments [4]. The third correction was for changes in 
surface elevation inherent in removing and sub- 
sequently repositioning the cassette on the coordinate 
table. This positioning correction was accomplished 
by making use of the measured elevations on the side 
wall faces that are co-planar with the naphthalene 
plate [4]. These faces, being of metal, do not parti- 
cipate in the mass transfer process and, therefore, any 
measured changes in their elevation are due to po- 
sitioning. 

The local changes in surface elevation, corrected as 
discussed above, may be termed the sublimation depth 
6 (x, y). A sublimation depth A(x) representative of a 



1244 E. M. SPARROW and J. P. KALEJS 

given streamwise station x was evaluated as 

A(X) = (l/6) f 6(X, 4’;) (3) 
i=l 

where the average encompasses the aforementioned 
six spanwise measurement locations. Except for one 
set of operating conditions, the individual inputs 
6(x, yi) were generally within 5% of the mean value, 
A(x). The local mass-transfer rate at x was then 
computed from 

h(x) = p,A(x)/to (4) 

where t, is the duration time of the data run and p, is 
the density of the solid naphthalene. 

A local mass-transfer coefficient may be defined as 

K(x) = i(x)/Ap (5) 

where Ap is the naphthalene vapor concentration 
difference. Two concentration differences were con- 
sidered here 

AP = Pw-Pbi, AP = Pw-Pbx (6) 

where p, is the concentration of naphthalene vapor at 
the wall, and phi and pbx are, respectively, the inlet and 
local bulk concentrations. If it is noted that p, is 
constant along the channel wall and that phi = 0, then 
the first definition reduces to Ap = pW = constant. 
Consequently, as is evident from equation (5), K(x) is a 
true reflection of the streamwise variation of the mass- 
transfer rate. On the other hand, the second definition 
yields a Ap which is a function of x so that K(x) 
responds to both ni(x) and Ap (x). 

The first definition of Ap was selected for the 
primary presentation of results because it promotes 
greater fidelity between K(x) and ni. Representative 
results based on the second definition will also be 
presented. For concreteness, we write 

K = k/p,> &, = ti/(p,,.-p,,). (7) 

Values of p,,, were computed by employing the Sogin 
relation [5] for the vapoi pressure of naphthalene in 
conjunction with the perfect gas law. The local bulk 
concentration was obtained from 

Pbx = Phi + hi (X)/f, (8) 

where hi(x) is the overall rate of mass transfer from x 
= 0 to x = x from both of the channel walls, and Q is 
the volume flow through the test section. 

The local Sherwood number is the dimensionless 
counterpart of the local mass-transfer coefficient. It is 
defined here as 

Sh = K (2H)/V, Sh, = Kb(2H)/P (9) 

where 2H is the hydraulic diameter of a parallel plate 
channel and 9, the naphthalene-air diffusion coef- 
ficient, was evaluated via the Schmidt number SC 
= v/9 with SC = 2.5 and v as the kinematic viscosity of 
air. 

LOCAL TRANSFER COEFFICIENTS 

The measured distributions of the local transfer 
coefficients along the bounding walls of the channel are 
presented in Figs. 2-4, respectively for constriction 
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FIG. 2. Distributions of the local Sherwood number along the 
channel walls, constriction ratio h/w, = 0.5. 
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FIG. 3(a). Distributions of the local Sherwood number along 
the short-stall wall, constriction ratio h/w, = 1 
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FIG. 3(b). Distributions of the local Sherwood number along 
the long-stall wall, constriction ratio h/w, = 1. 

ratios h/w, of 0.5, 1 and 2. In the figures, the local 
Sherwood number is plotted as a function of the 
dimensionless streamwise coordinate x/H, where x is 
measured from the downstream face of the con- 
striction plates. The Sherwood number appearing in 
these figures is based on the concentration difference 
(p,-phi), which is a constant for each data run. 
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without constriction. Only the initial and final por- 
tions of these curves are shown in the interests of 
clarity. 

Short stall, long stall, and tertiary maxima 

Sh 

1430 

615 
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Inspection of Figs. 2-4 reveals a complex pattern of 
trends and variations in the transfer coefficient distri- 
butions, with both the constriction ratio and the 
Reynolds numbed playing important roles. Before the 
specific trends are identified and discussed, certain 
general characteristics will be described. 

X/H 

FIG. 4(a). Distributions of the local Sherwood number along 
the short-stall wall, constriction ratio h/w,, = 2. 
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The presence of the inlet constriction gives rise to 
very low values of the transfer coefficient immediately 
downstream of the constriction plates, but the coef- 
ficient increases rapidly with increasing downstream 
distance and ultimately attains a maximum at the 
point where the separated flow reattaches to the wall. 
For most of the operating conditions of the present 
experiments, the reattachment occurs considerably 
farther downstream on one wall than on the other, as 
reflected by the distribution curves. Therefore, in spite 
of the significant differences in the flow configuration 
and in the Reynolds number range, the short and long 
stall phenomenon that was encountered in [l-3] is 
also in evidence here. 

20 

FIG. 4(b). Distributions of the local Sherwood number along 
the long-stall wall, constriction ratio h/w, = 2. 

Therefore, the streamwise variation of the Sherwood 
number is a direct reflection of the variation of the 
mass-transfer rate. The results correspond to a Sch- 
midt number of 2.5. 

In each figure, the curves are parameterized by the 
Reynolds number, with the number of Re values and 
their magnitudes being selected to facilitate a clear 
description of the results for each constriction ratio. 
The largest Reynolds number consistent with the 
available instrumentation is about 1440. For the case 
of least constriction (h/w, = OS), where data were 
taken at three Reynolds numbers, the results for both 
walls of the channel were plotted in the same figure (i.e. 
Fig. 2). For the other cases, more Reynolds numbers 
were employed and this necessitated that the results for 
each channel wall be plotted separately. Therefore, 
Figs. 3 and 4 have (a) and (b) parts. The (a) part 
corresponds to the short-stall wall and the (b) part to 
the long-stall wall. 

Downstream of the long stall peak, the transfer 
coefficients decrease monotonically. On the other 
hand, the coefficients do not decrease monotonically 
downstream of the short stall peak. Instead, the 
decrease is arrested and the coefficients increase once 
again, attain a maximum, and then begin a steady 
decrease. This additional maximum will be termed the 
tertiary maximum. It has not been observed in any of 
the previous investigations of flow downstream of a 
double backward facing step, all of which were carried 
out at Reynolds numbers corresponding to turbulent 
duct flow. The discovery of the tertiary maximum is, 
therefore, one of the main outcomes of the present 
study. Possible causes of the tertiary maximum will be 
discussed later. 

From a careful study of Figs. 2-4, it may be observed 
that the tertiary maximum undergoes an evolution as 
the Reynolds number increases, with the nature of the 
evolution being dependent on the constriction ratio. In 
no case can a tertiary maximum’be identified at the 
lowest Reynolds number of the experiments, Re = 195. 
For the minimum constriction, h/w,, = 0.5, the evol- 
ution is slow and only a trace of a tertiary maximum 
can be seen at Re = 610. A full-blown tertiary peak 
exists at Re = 1440. For the intermediate constriction, 
h/w, = 1, the evolution process is more rapid. A 
tertiary peak is already strongly in evidence at Re 
= 400, and it continues to grow and remain distinct as 
the Reynolds number increases. 

The data points are shown in Figs. 3(a) and (b), but The process of evolution appears to be even more 
are omitted from the other figures to avoid crowding rapid at the largest constriction, h/w, = 2, so that a 
and confusion. Also appearing in the figures are greater portion of the life history of the tertiary peak is 
dashed curves depicting Sherwood number results for exposed in the given Reynolds number range. The 
SC = 2.5 from a finite difference solution for simul- birth and initial growth of the peak occur as before. 
taneously developing laminar velocity and con- However, at higher Reynolds numbers, its further 
centration distributions in a parallel plate channel growth appears to be stunted, and it tends to become a 



1246 E. M. SPARROW and J. P. KALEJS 

diminishing shoulder on the downslope of the short 
stall peak. 

The short stall and long stall maxima also exhibit an 
evolution as a function of the Reynolds number. In 
general, these peaks grow taller with increasing Re- 
ynolds number. The only exception to this trend is for 
h/w, = 2, where the growth of the long stall peak is 
arrested within the same range of Reynolds numbers 
where the tertiary peak diminishes. At the smallest 
constriction ratio and Reynolds number, separate 
short and long stalls are not in evidence, thereby 
suggesting that threshold values of these parameters 
have to be exceeded before distinct stalls occur. 

The streamwise locations of the short and long stall 
maxima will be presented in a later figure (Fig. 5) in 
order to facilitate their comparison with literature 
values. The tertiary maximum is, in all cases, located 
downstream of the long stall maximum. 

The transfer coefficients at the three maxima are 
generally much larger than those at corresponding 
locations in a conventional laminar channel flow. To 
obtain an indication of the degree of augmentation, 
each of the measured peak transfer coefficients may be 
ratioed with the analytical value for the channel flow at 
the same x/H and Re. For h/w0 = 0.5, the maximum 
augmentation occurs at the highest Reynolds number, 
the augmentation ratios being 1.6, 2.9 and 2.2 re- 
spectively for the short stall, long stall, and tertiary 
peaks. The comparable factors for h/w, = 1 are 3.0,3.9 
and 3.0. For h/w, = 2, the augmentation ratios for the 
short stall and tertiary peaks increase more or less 
monotonically with Reynolds number to values of 5.2 
and 3.5 respectively. The augmentation ratio for the 
long stall peak reaches a maximum of 4.9 at Re = 1130 
and declines thereafter. 

The foregoing results indicate that the extent of the 
augmentation is appreciable. In general, the largest 
augmentations occur for the greatest constriction and 
at the larger Reynolds numbers. 

Other aspects of the results 

Before leaving Figs. 2-4, there are other aspects of 
the results that warrant discussion. One of these is the 
behavior of the transfer coefficients at streamwise 
locations downstream of the maxima. There is a clear 
trend for the coefficients on both walls to approach 
those for a conventional laminar channel flow (dashed 
lines). At the lower Reynolds numbers, there is near 
coincidence of the experimental results and the dashed 
lines. These findings suggest that laminar conditions 
are maintained in the channel even in the presence of 
the flow separation and reattachment. 

Another interesting feature of the curves of Figs. 2-4 
is the presence of a variety of minor peaks and 
shoulders. For instance, such peaks and shoulders can 
be observed at locations upstream of the long stall 
maximum for all the curves of Fig. 4(b). Another such 
shoulder forms the forward edge of the tertiary peak 
for Re = 615 in Fig. 3(a). These peaks and shoulders 
are believed to be the result of temporary and short- 
lived shifts ofthe flow pattern from one wall to the other 

during the course of the data run. Therefore, each such 
peak or shoulder corresponds to the temporary pre- 
sence of one of the major peaks on the wall opposite to 
that where it normally resides. Thus, it can be easily 
verified that the aforementioned shoulder in Fig. 3(a) 
spans the same range of x/H as does the long stall 
maximum of Fig. 3(b). A similar verification can be 
made for all of the other peaks and shoulders. 

Careful examination of a large number of re- 
plication data runs indicated that from run to run, 
there was not a consistent preference of the short stall 
for one wall of the channel and of the long stall for the 
other wall. However, for any given data run, the flow 
pattern was essentially fixed except for the short-lived 
shifts noted in the foregoing. 

Direct numerical comparisons between the transfer 
coefficients of Figs. 2-4 and those of the published 
literature are not appropriate because of major differ- 
ences in operating conditions. The only previously 
published local transfer coefficient distributions for a 
two-dimensional, double backward facing step are 
those of [2] for heat transfer downstream of a sudden 
enlargement. However, the Reynolds numbers of those 
experiments are more than two orders of magnitude 
greater than the Reynolds numbers of the present 
investigation. As already noted, tertiary peaks have 
not been previously encountered. In addition, there are 
differences between the shapes of the short stall and 
long stall peaks of Figs. 2-4 and those of [2]. The 
peaks encountered here are quite symmetric, whereas 
there is a pronounced skewing in the peaks of [2], with 
a slower decay on the downstream side. 

The streamwise locations of the short and long stall 
maxima can be read from Figs. 2-4 and compared with 
information in the literature. An extensive in- 
vestigation of the reattachment of the separated flow 
downstream of a two-dimensional sudden enlarge- 
ment was performed in [l] using visualization tech- 
niques. Those studies encompassed the Reynolds 
number range from 20000 to 50000. At a given h/w,, 

the reattachment lengths of [l] were found to be 
independent of the Reynolds number, but the data 
exhibited a rather broad scatter band. 

In Fig. 5, the streamwise locations of the peaks, 
denoted by L*, are plotted as a function of the 
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FIG. 5. Reattachment lengths for the short and long stalls. 
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constriction ratio b/w,,, with the various Reynolds 
numbers being identified by different data symbols. 
The lines appearing in the figure represent the data 
range of [l]. The figure shows that the present 
reattachment lengths fall within or adjacent to the data 
brackets of [ 11. This finding is noteworthy in view of 
the large difference in the Reynolds number ranges of 
the two investigations and the probability that the flow 
regimes were different. Another seemingly relevant 
difference is the presence of established upstream 
boundary layers in [l] (which become shear layers 
after separation) as contrasted to the absence of such 
boundary layers in the present flow configuration. On 
the basis of the comparison shown in Fig. 5, the 
reattachment length appears not to be very sensitive to 
these factors. A close inspection of the data in Fig. 5 
indicates an overall trend for L* to increase with 
Reynolds number, but the trend is not consistently 
monotonic at the higher Reynolds numbers. 

Transfer coefficients for duct flows are frequently 
based on the wall-to-bulk temperature (or con- 
centration) difference as defined in the second of 
equations (6). Such a coefficient is convenient to use in 
the thermally developed regime because it is a con- 
stant, but it has no special merits in the entrance 
region. For completeness, a limited presentation of 
results is made in Fig. 6 in terms of the Sherwood 
number Sh, based on the wall-to-bulk concentration 
difference. In that figure, Sh, is plotted as a function of 
x/H for the Reynolds number extremes of 195 and 
1440 for the constriction ratio h/w, = 1. The figure 
includes results for both walls. 

A comparison of Figs. 3 and 6 reveals that the 
essential trends are not affected by the alternate 
definition of the Sherwood number. Furthermore, for 
small values of x/H (up to the short stall peak), Sh, 

Sh. Thereafter, the deviations between Sh, and Sh 
increase steadily. In particular, the downstream drop- 
off of Sh, is slower than that of Sh, which gives rise to a 
modest skewing of the long stall and tertiary peaks. At 
the last measuring station, Sh, is larger than Sh by 25 
and 60%, respectively for Re = 195 and 1440. 
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FIG. 6. Representative Sherwood number distributions ba- 
sed on the wall-to-bulk concentration difference. 

THE TERTIARY MAXIMUM 

The presence of the tertiary maximum in the transfer 
coefficient distributions is a finding that is unique to 
the present laminar-range Reynolds number experi- 
ments. It is, therefore, appropriate to seek possible 
causes for the existence of this maximum. A number of 
potential causal phenomena were considered by the 
authors, as will be discussed in the paragraphs that 
follow. 

The most likely cause of the tertiary maximum is a 
vortex street that is shed from the tips of the con- 
striction plates. In [6], it was found by flow visualiz- 
ation that for Reynolds numbers above a threshold 
value, a vortex street was shed from the sharp edges of 
a two-dimensional slit in an orifice plate. Whereas the 
strength of the shed vortices presumably increases with 
Reynolds number, the streamwise life span of the 
vortex street decreases. The demise of the vortex street 
appears to be due to mutual annihilation of interacting 
vortices. Furthermore, the geometrical characteristics 
of the vortex street appear to scale with the slit 
opening, so that the streamwise life span of the street 
diminishes as the slit opening decreases. It was also 
found that the vortex street follows the curved flight 
path of the jet that issues from the orifice and that a 
street of sufficient life span migrates to one of the side 
walls of the test section. 

All of the essential characteristics of the tertiary 
maximum are well correlated with those of the shed 
vortex street. These include the absence of the maxi- 
mum at low Reynolds numbers, its growth with 
increasing Reynolds number, the acceleration of its life 
history at greater constrictions, and its tendency to 
disappear at higher Reynolds numbers for the most 
constricted inlet. The positioning of the tertiary peak 
downstream of the short stall reattachment is also 
consistent with the flight path of the vortex street. 
Finally, the absence of the tertiary peak from the prior 
high Reynolds number experiments [l-3] is consistent 
with the rapid breakup of the vortex street at these 
Reynolds numbers. Aside from the Reynolds number, 
another possible reason for the absence of shed 
vortices in the prior experiments is that the separating 
flow was supplied via an upstream duct or nozzle 
rather than a sharp edge orifice. 

Although it is highly likely that the shed vortex 
street is the cause of the tertiary maximum, it is 
interesting to briefly air some of the other causes 
considered by the authors. One of these is the conjec- 
ture that the tertiary maximum is due to a transition 
from laminar to turbulent flow beyond the short stall 
reattachment. If the tertiary maximum were to repre- 
sent a zone of transitional or turbulent flow, then a 
subsequent laminarization would have to occur in 
order to fulfill the experimental fact that the down- 
stream flow is laminar. 

Another conjecture is that there is a zone of 
separation adjacent to the short-stall wall, down- 
stream of the short stall reattachment. The presence 
of such a separation bubble might be made plausible 
by noting that there is a pressure recovery downstream 
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of the constricted inlet, so that the flow must press 
forward against an adverse pressure gradient. Once the 
short stall has reattached, the flow adjacent to the 
short-stall wall must contend with both wall friction 
and an adverse pressure gradient and may, therefore, 
separate. 

The conjectures that were outlined in the two prior 
paragraphs do not explain all of the observed charac- 
teristics of the tertiary maximum. It is believed that 
they are less likely to be the cause of this maximum 
than is the shed vortex street. 

Auxiliary experiments were performed to de- 
monstrate that the tertiary maximum is not an ex- 
traneous phenomenon caused by surface irregularities 
resulting from excessive local sublimation. In these 
experiments, the duration time of each data run was 
reduced so that the maximum change in surface 
contour was 0.02 mm (0.0008 in). These experiments 
yielded results identical to those obtained from data 
runs where the surface contour changes were as much 
as 0.1 mm (0.004 in). 

CONCLUDING REMARKS 

The major novel finding of the present laminar- 
range experiments is the discovery of a new region of 
augmented transfer coefficients downstream of a dou- 
ble backward facing step. This region is in addition to 
the zones of augmentation caused by the reattachment 
of the separated flow. The two separated regions, each 
situated downstream of its respective step, are of 
different streamwise length (i.e. short and long stalls) 
except at low Reynolds numbers and small con- 
strictions. The new region of augmentation occurs on 
the wall of the channel washed by the short stall and is 
downstream of both the short and long stall re- 
attachments. The short and long stall phenomenon 
has been encountered previously in turbulent-range 
experiments, but the third region of augmentation (i.e. 
the tertiary maximum) has not been observed before. 

The tertiary maximum does not exist at the lowest 
Reynolds number of the experiments (Re - 200) and 
evolves with increasing Reynolds number. The rate of 
evolution is more rapid when the constriction is large. 
At the largest constriction (h/w, = 2), the growth of 
the tertiary maximum is arrested at Reynolds numbers 
beyond 1000, and it diminishes thereafter. There is 
strong evidence that the tertiary maximum is caused 
by a vortex street shed from the tips of the constriction 
plates situated at the inlet of the channel. 

At the short stall, long stall, and tertiary peaks, the 
transfer coefficients are substantially larger than those 
at corresponding locations in a conventional laminar 
channel flow. Downstream of the peaks, the transfer 
coefficients approach the channel flow values. The 

streamwise locations of the short and long stall peaks 
are in the same range as those of the prior turbulent 
flow studies. 
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COEFFICIENTS LOCAUX DE CONVECTION DANS UN CANAL EN AVAL 
DUNE ENTREE PARTIELLEMENT RESSERREE 

RCsumk-Des experiences ont ete faites pour ttudier les distributions du coefficient de convection dans 
les regions de separation, de rtattachement et de redeveloppement le long des parois d’un canal dont 
l’entree est partiellement resserree. Les nombres de Reynolds correspondent au domaine laminaire et on 
a utilist la mtthode de sublimation du naphtalene avec I’air comme fluide de travail. Les rtsultats 
r&lent la presence d’une region nouvelle d’augmentation des coefficients de transfer& en addition des 
zones d’augmentation provoquees par le reattachement de I’ecoulement decolle. Les regions de. separation 
sur les parois respectives du canal sont de longueurs differentes sauf pour les faibles nombres de Reynolds 
et les petites constrictions. La nouvelle region d’augmentation se produit sur la paroi du canal qui est 
balayee par la region la plus courte et elle est situte en aval des deux plages de reattachement. A l’evidence, 
la nouvelle region d’augmentation est provoquee par une allee de tourbillons issue des bords des plaques 

de constriction situbes a l’entree. 

O~RTLICHE,K~NVEKTIVEUBERG.~NGSK~EFFIZIENTEN INEINEM KANAL 
HINTER EINEM TEILWEISE VERENGTEN EINLAUF 

Zusammenfassung-Es wurde der Verlauf des Ubergangskoefhzienten im Bereich der Stromungsablosung, 
des Wiederanlegens und der Neuausbildung der Striimung entlang den Wanden eines Kanals, dessen Einlauf 
teilweise verengt ist, experimentell untersucht. Die Versuche wurden mit Reynolds-Zahlen im laminaren 
Bereich durchgefiihrt; es wurde die Naphthalin-Sublimations-Methode mit Luft als Arbeitsmittel verwen- 
det. Die Ergebnisse zeigten einen neuen Bereich erhiihter Ubergangskoeffizienten, zusatzlich zu den 
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Erhohungszonen im Bereich des Wiederanlegens der abgeldsten Stromung. Die getrennten Bereiche weisen 
an den verschiedenen Kanalwanden unterschiedliche Langen auf, ausgenommen bei niedrigen 
Reynolds-Zahlen und kleinen Verengungen. Die neue Zone erhohten Wkmeiibergangs tritt an der 
Kanalwand auf, an der sich die Stromung frtiher wieder anlegt und befindet sich stromabwlrts von beiden 
Wiederanlegungszonen. Die neue Zone erhiihten Warmeiibergangs ist offensichtlich auf eine, von den 

Kanten der am Einlauf angebrachten Verengungsplatten ausgehende WirbelstraBe zuruckzufuhren. 

KO3@NIDMEHTbI JIOKAlIbHOI.0 KOHBEKTIIBHOIO I-IEPEHOCA B KAHAJIE 
3A ‘IACTPIYHO CYxEHHbIM YYACTKOM HA BXOAE 

AHHoTarn-3KcnepHMeHTanbHo xcneAoeanocb pacnpeneneme Ko3+@iusieHToe nepeHoca B 

obnacrw OTpbIBa,rIpkiCOeAUHeHkiR H IIOBTOpHOrO pa3BHTHII nOTOKa BAOnb CTeH C YaCTUYHO CyXCeH- 

HblM y'laCTKOM Ha BXOAe. OIIbITbl IIpOBOAHnHCb npll WCJIaX PehIOnbACa, COOTBeTCTByIOLlUiX 

IIaMUHapHOMy Ye'IeIiWlO. MCIIOnb30BanCR MeTOA cy6nmauau Ila~TEUUiHa B BO3AyXe. Pe3yJIbTaTbI 

norasanu mmmie 1ioe0P 06nacTw c 6onee ebIcoKmmi Ko3&jmuueHTaMa nepetroca, ser4 B 3one 

IIptiCOeAHHeHBR COpBaHHOrO IIOTOKB. &-IHHa 30H OTpblBa Ha COOTBeTCTByKWHX CTeHKaX KaHana 

pa3nHYHa (T. e. HMeK)T MeCTO KOpOTKHe H AJ-IHIiHbIe OTpbIBHbIe 30HbI),3a WCKnKNeHHeM TeYeHHII C 

HHJKWMW YHCJIPMW PefiHOJIbACa n He6OJIbIIIHX CyXCeHUi-t. Hoear 06naCTb BHTeHCRBHOrO IIewHOCa 

o6pasyeTca Ha cTeHKe KaHana, 0MbIeaeMoti KOPOTKO~~ 0TpbIeHoB 30Hofi, si 0Ha pacnonaraeTcn 3a 

06naCTbm KIpHCOeAHHeHHR IlOTOKa. MMeIGTCff BeCKHe AOKa3aTenbCTBa B IIOnb3y TOrO, 'lT0 HOBaR 

06naCTb HHTeHCUBHOrO IIepeHOCa BbI3bIBaeTCII BHXpeBOfi AOpOXCKOk, CpbIBaloIIIefiCSl C IInaCTHH, 

Cy)KWBBIOLLIHXBXOA. 


