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Abstract—Experiments encompassing both heat-transfer measurements and flow visualization were
performed for turbulent flow in a square duct whose cross section was partially obstructed by a centrally
positioned transverse blockage. Heat-transfer coefficients were obtained for both the upstream and
downstream faces of the blockage element. The flow visualization, performed with the oil-lampblack
technique, revealed the presence of three stagnation zones on the upstream face. The downstream face is
washed by highly complex recirculation zones, characterized by sidewise fluid motions (along the span of the
blockage). Heat-transfer coefficients on the upstream face generally increase with the square root of the
Reynolds number ; at a given mass flow, higher coefficients are in evidence at smaller blockage heights. The
downstream-face coefficients display a complex dependence on both the blockage height and the Reynolds
number. In the main, for the Reynolds number range investigated, the upstream-face coefficients are greater
than the downstream-face coefficients. Comparisons with the literature showed that the coefficients for a
centrally positioned blockage exceed those for a wall-attached blockage by as much as a factor of two.
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NOMENCLATURE
2, naphthalene—air diffusion coefficient;
H, side of square duct, Fig. 1;
h, height of blockage element, Fig. 1;
K, mass-transfer coefficient, m/p,,, ;
m, rate of mass transfer per unit area;
Nu, Nusselt number;
Regye, duct Reynolds number, aH/v;
Shy, Sherwood number, KH/Z ;
Shy, Sherwood number, Kh/2 ;
z, average velocity in duct;
lapss  average velocity in gaps above and below
blockage;
w mass flow rate in duct.

Greek symbols

v, kinematic viscosity;
P, density;
Prws naphthalene vapor density at plate surface.

INTRODUCTION

WHEN a fluid flow encounters a transverse blockage,
the flow experiences difficulty in following the contour
of the blockage, especially on downstream-facing
portions of the blockage element. Generally, the
mainstream separates from the downstream face of the
blockage, and the space between the face and the
mainstream is occupied by a recirculating flow. The
presence of a separated region filled with a recirculat-
ing fluid has a profound effect on heat transfer, both at
the blockage element itself and at downstream-
positioned surfaces which may be washed by the
recirculating flow. The recirculating flow is partic-
ularly complex when the geometry of the blockage is
three dimensional.
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The fluid flow on the upstream face of a blockage
element is usually less complex than that on the
downstream face, although separation zones may also
occur on the upstream face. There is usually a stag-
nation line or zone on the upstream face, and for three-
dimensional geometries there may be more than one
stagnation zone. These features strongly affect the
upstream-face heat-transfer characteristics.

The present investigation is concerned with the heat
transfer and fluid flow characteristics associated witha
blockage element which partially obstructs the flow
cross section of a square duct. Schematic diagrams of
the blockage element and its positioning in the duct are
presented in the left-hand portion of Fig. 1, re-
spectively in cross sectional view (upper diagram) and
side view (lower diagram). As seen there, the blockage
is a thin plate which is centrally positioned in the
height of the duct and spans the duct width.

The plate height is denoted by h, while the duct
height is H (equal to the side of the square). The
blockage ratio h/H was varied parametrically during
the course of the research, ranging from a minimum
value of 1/6 (moderate blockage) to a maximum of 2/3
(large blockage). In addition, at each blockage ratio,
the Reynolds number was varied over a range encom-
passing about a factor of ten (the specific values of the
Reynolds number depend on the selected definition).

The research is focused on the fluid flow about the
blockage and on the heat-transfer coefficients on the
upstream and downstream faces. The flow field was
visualized by means of the oil-lampblack technique,
which exposed the streamline pattern in the fluid
passing adjacent to the faces of the blockage element.
Other features of the flow such as stagnation lines (and
zones) and regions of recirculation were also made
visible. The flow visualization was performed sep-
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F16. 1. Schematic diagram of a centrally positioned blockage element in a duct (left-hand diagram) and of the
wall-attached blockage of [3] (right-hand diagram).

arately for the upstream and downstream faces.

The heat-transfer coefficients were determined by
transforming measured mass-transfer coefficients in
accordance with the well-established analogy between
the two processes. Mass-transfer measurements were
performed by employing the naphthalene sublimation
technique. The transfer coefficients were separately
determined for the upstream and downstream faces.

To provide perspective on the novel aspects of the
physical problem, it is interesting to indicate the main
features of the flow field which would be consistent
with two-dimensional fluid mechanics. The upper
diagram of Fig. 2 shows these features, which include
the stagnation of the flow on the upstream face and the
twin recirculation zones which stand aft of the
downstream face. The projections of the respective
streamlines on the upstream and downstream faces
would yield the pattern that is indicated in the lower
diagram of Fig. 2. This diagram shows a horizontal
stagnation line, with upward-directed streamlines
above and downward-directed streamlines below. The
same pattern of streamline traces would be applicable
to both the upstream and downstream faces.

The just-discussed flow pattern, while appropriate
for two-dimensional conditions, is not consonant with
the realities of the three-dimensional flow which is
induced by the presence of the in-duct blockage.
Deviations of the actual flow field from that pictured in
Fig. 2 will be identified during the presentation of
results. As will be seen there, the actual upstream-face
flow patterns, although complex, can be readily
rationalized. On the other hand, the flow patterns
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F16G. 2. Perceptions of the two-dimensional flow
field about a transverse blockage in a duct.
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adjacent to the downstream face are of a most
remarkable and unexpected nature, and only tentative
rationalizations can be given.

A search of the literature did not reveal any
information on fluid flow patterns for three-
dimensional in-duct blockages of the type considered
here. With regard to heat transfer, there appear to be
three relevant references. In [1], 2 wind tunnel study
was performed in which a heated plate was positioned
transverse to the flow. The wind tunnel had a 22 x 32in
rectangular cross section, and the plate spanned the
entire 22in tunnel dimension. Reynolds numbers,
based on the wind-tunnel free stream velocity and the
plate height (i.e. the h dimension of Fig. 1) extended
from 110000 to 420000 ; these Reynolds numbers are
more than an order of magnitude larger than those of
the present study. Although the 21°, blockage of the
tunnel by the plate was undoubtedly a factor in the
results of [1], blockage effects were not studied (only a
single plate was employed), and the results were
reported without reference either to blockage or to
three-dimensional effects. The downstream-face heat-
transfer coefficients reported in [1] will be compared
with the present results later in the paper.

In [2], which is actually an Authors’ Closure, some
.nformation is conveyed for upstream-face heat-
transfer coefficients that were measured with the same
apparatus as used in [1]. The given information is,
however, not sufficient to enable comparisons to be
made.

The last of the relevant heat-transfer references, [31,
was a forerunner of the present study and dealt with a
blockage which is wall attached as shown at the right
(upper and lower diagrams) in Fig. . The central
placement of the blockage for the present study, in
contrast to the wall attachment of {3], brings about
certain profound and readily identifiable changes in
the flow pattern (plus others that are not so easily
identifiable). For one thing, for the wall-attached
blockage, there is a separation zone at the base of the
front face of the blockage, where it meets the lower wall
of the duct. There is no comparable separation zone for
the central blockage, as will be demonstrated later.
Second, for the wall-attached blockage, the recircu-
lation zone is stabilized by the presence of the adjacent
duct wall. For the central blockage, the recirculation
region has very little contact with solid boundaries, so
that it may be expected to be less stable. In [3], heat-
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transfer coefficients are reported, but fluid flow pat-
terns were not studied. Comparisons of the transfer
coefficients will be made later.

THE EXPERIMENTS

Apparatus

The square duct used as the fluid flow environment
for the blockage experiments was an adaptation of that
of [3]. The flow cross section of the duct is a
4435 x4435mm (1.746 x 1.746 in) square, and the
overall length of the duct is 2.75m (9ft) which
corresponds to 62 hydraulic diameters. Aluminum bar
stock, 9.53 mm (0.375in) thick, carefully machined to
close tolerances and hand polished to a high degree of
smoothness, was used in the fabrication of the duct.

At a cross section situated 40 hydraulic diameters
from the duct inlet, vertical slit-like access ports were
provided in each of the side walls of the duct. These
access ports enabled the naphthalene-coated blockage
plates to be rapidly inserted (or removed) from the
duct (time was of the essence to avoid extraneous
sublimation mass transfer). The blocks which served to
close the access ports were very carefully machined,
with beveled edges to mate with corresponding bevels
in the sides of the access ports. The blocks were
designed to positively position and support the various
blockage elements so that each element was centrally
located along the height of the duct, as shown in Fig. 1.

The preselected 40-diameter length of duct up-
stream of the blockage was intended to serve as a
hydrodynamic development section, with a view to-
ward providing well-defined flow conditions at the
blockage. In this regard, a square-edge inlet created by
a large baffle plate was used to hasten the hydro-
dynamic development. Pressure taps deployed
along the duct axis were employed to examine the
degree of development, and measured pressure distri-
butions indicated that a linear variation was estab-
lished within about ten hydraulic diameters of the
inlet.

The apparatus was operated in the open-circuit
mode, with air being drawn into the duct from the
laboratory room. After traversing the length of the
duct, the air passed through a square-to-circular
transition section and then to a calibrated rotameter, a
control valve, and finally to the blower. The blower
was situated outside the laboratory room so as not to
affect the thermal environment and also to enable the
discharge (i.e. the naphthalene-laden air) to be ducted
outside the building.

Temperature control is important in naphthalene
sublimation experiments because the vapor pressure of
naphthalene, which provides the impetus for mass
transfer, is very temperature sensitive (10 %, change of
vapor pressure per °C at room temperature). The
laboratory chosen for the experiments was
temperature-controlled and also free of naphthalene
vapor. The temperature of the air entering the duct was
measured with an ASTM-certified thermometer hav-
ing a smallest scale division of 0.1°F.
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The rate of mass transfer from a naphthalene-coated
blockage element during a data run was determined by
direct weighings of the blockage element before and
after the run. The mass was measured by a Sartorius
2432 analytical balance with a smallest scale division
of 0.1 mg. Typically, the change of mass for a data run
was 20 mg. Results for data runs made before and after
recalibration of the balance differed by no more than
did consecutively repeated runs (about 2 %), thereby
testifying to the precision of the calibration.

Four blockage element heights were employed
during the course of the research. All blockage ele-
ments spanned the width of the duct (Fig. 1) and, in
fact, the blockage elements extended into the two side
walls. These extensions rested in recesses in the metal
blocks which closed the access ports. The heights h of
the blockage elements were chosen to be H/6, H/3,
H/2, 2H/3 (increments of H/6), where H = 44.35 mm
(1.7461n). Six blockage elements were fabricated for
each h/H ratio.

The blockage elements were metal plates chosen to
have the minimum possible thickness consistent with
the maintenance of flatness to at least 0.025mm
(0.0011in). Mild steel plates, 0.71 mm (0.028 in) thick,
were found to be suitable.

With a view to separate determination of the
upstream-face and downstream-face mass-(heat-)
transfer coefficients, a naphthalene coating was ap-
plied to only one face of the metal substrate. The
coating was confined to the exposed face (area H x h),
with no naphthalene being permitted on the portions
of the metal plate which extended into the side walls of
the duct.

The coating was applied by a combination of casting
and machining. For the casting, the area to be coated
was placed horizontal, facing upward, and framed by
four metal bars. Molten naphthalene was poured into
the thus-created open mold. After cooling and un-
molding, the solidified naphthalene layer was carefully
faced off to a final thickness of 0.28 mm (0.011 in) with a
vertical milling machine fitted with a fly cutter attach-
ment. The final surface finish was at least as good as a
carefully machined metal surface.

Once the coatings were applied, the blockage ele-
ments were individually wrapped in impermeable
plastic and sandwiched between glass plates, after
which they were allowed to remain in the laboratory
room for a minimum of twelve hours in order to attain
thermal equilibrium.

Flow visualization

As noted earlier, the oil-lampblack technique was
employed to enable visualization of the flow field
adjacent to the faces of the blockage element. The use
of this technique has been reported from time to time
in the published literature, but its present application
is a rather demanding one and merits some
description.

Lampblack is a very fine black powder now pri-
marily available as an ingredient of paint. It mixes
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readily with oil, and the mixture, when brushed on a
surface, produces a smooth, glossy-black coating. The
fluidity of the mixture can be regulated by the selection
of the viscosity of the oil and by the proportions of the
oil and the lampblack powder. These proportions also
have a significant effect on the degree of definition of
the flow pattern that can be achieved with the method.

The general procedure for using the technique is to
brush the oil-lampblack mixture on a surface and then
to expose the surface to the airflow whose characteris-
tics are to be studied. Ideally, under the action of the
shear stresses exerted by the flow, the mixture will
move along the surface, following the paths of the fluid
particles that pass adjacent to the surface. These path
lines will appear as streaks on the surface. In regions of
low velocity (e.g. stagnation regions), the shear stresses
are small and the mixture will remain stationary, so
that such regions show themselves as black streak-free
zones on the surface.

The degree of fluidity of the mixture is an especially
relevant factor when the flow adjacent to a vertical
surface is to be visualized, as is the case in the present
investigation. In such a situation, the mixture will sag
under the action of gravity, unless it is constituted so as
to be stiff. However, if the velocities of the airflow
adjacent to the surface are small, the stiff mixture will
not respond and no path lines will be observed. Even if
the use of a stiff mixture does not totally obscure the
flow pattern, it may yield no information for those
parts of a surface that are washed by moderate
velocities, and only in regions of high velocity {or high
shear) will a pattern be visible. Thus, for stiff mixtures,
the correct flow pattern will be displayed in those
regions where a pattern is visible, but the absence of an
observable pattern in other regions does not nec-
essarily mean that those regions are no-flow regions.

The foregoing paragraph suggests some of the
special difficulties encountered in employing the oil-
lampblack technique in the physical situation under
study here. These difficulties were especially in evi-
dence for the downstream face of the blockage ele-
ment, where there are large variations of the shear
stress across the face.

To facilitate the visualization, a number of oils of
various viscosities were assembled, and numerous trial
mixtures were employed in preliminary visualization
runs. These trials provided guidance for the adopted
operating procedure, which will now be described. For
all visualization runs, both trial and final, the face
under study (i.e. upstream or downstream) was coated
with white, plasticized contact paper in order to
provide the highest possible contrast for the black
streak lines induced on the plate surface by the flow.

In order to obtain the clearest possible patterns, all
of the final visualization runs were made at the highest
Reynolds number studied, namely, a duct Reynolds
number of about 30 000. From the preliminary runs, it
was found that the flow patterns observed at this
Reynolds number persisted at all the Reynolds num-
bers for which patterns could be obtained. These
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encompassed Reynolds numbers down to about half of
the aforementioned 30 000.

The general approach for the downstream face was
to make runs both with very stiff mixtures and with
intermediate mixtures. The stiff-mixture runs were of
relatively long duration, 0.5-0.75h, and yielded re-
markably sharp and clearly defined flow patterns in
the regions of high shear. However, there were no
streak lines visible in regions of low shear. The
intermediate-mixture runs were of shorter duration
(5-10min). These runs yielded little or no detail in
regions of high shear, since most of the mixture had
been scrubbed from the surface by the airflow. How-
ever, very good resolution was obtained in regions of
moderate and low shear.

For the upstream face, it was found possible, after a
large number of trials, to find a mixture which would
display all aspects of the flow pattern.

Photographic examples of the observed flow pat-
terns will be presented shortly in the Results section of
the paper. A systematic presentation of the flow
patterns will be made via painstakingly prepared
sketches. These sketches combine information from
numerous data runs (e.g. for both stiffand intermediate
mixtures) and, therefore, convey more complete infor-
mation than would be conveyed by individual
photographs.

RESULTS AND DISCUSSION

The presentation of results will be subdivided into
two main sections, respectively for the fluid flow
patterns and for the heat (mass) transfer. The flow
patterns will be presented first, with the heat transfer to
follow.

Photographs of fluid flow patterns

Representative photographs of the fluid flow pat-
terns are presented in Figs. 3 and 4, respectively for the
upstream and downstream faces of the blockage
element. As was noted earlier, these photographs are
included in the paper to illustrate the type of infor-
mation that is provided by the oil-lampblack tech-
nique - - sketches based on direct visual observations
of the plates will be used to convey all the available
flow pattern information. Figure 3 is for the upstream
face of the h/H = 2/3 plate. The streamline traces are
remarkably sharp and portray a strongly three-
dimensional flow field. The black regions, one at the
center of the plate and the other two adjacent to the
respective side walls, depict stagnation regions. Almost
perfect symmetry is seen to prevail, and there is no
evidence that any sagging of the oil-lampblack mixture
took place.

Two photographs are shown in Fig. 4 to illustrate
the different nature of the information obtained when
stiff and intermediate oil-lampblack mixtures are
employed for the downstream-face flow visualization.
The upper photograph, corresponding to the stiff
mixture, is for h/H = 1/2, while the lower photograph,
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FiG. 3. Photograph of oil-lampblack visualization for the upstream face of the blockage, h/H = 2/3.

which corresponds to the intermediate mixture, is for
h/H = 2/3.

The stiff-mixture photograph shows sharply etched
horizontal flow lines issuing from a seemingly sta-
tionary vertical core. Flanking the zones of strong
horizontal flow are black regions which, at face value,
may be interpreted as being stationary. Sagging of the
mixture is in evidence both within the flanking regions
and adjacent to the lower surface of the plate. The
sagging is responsible for a lack of symmetry in the
vertical direction.

When a mixture of moderate stiffness is used, the
visualization pattern (lower photograph of Fig. 4)
appears quite different from that discussed in the
preceding paragraph. The formerly sharply defined
horizontal flow lines which emanate from the central
vertical stagnation region now appear diffuse and ill-
defined because the oil-lampblack mixture has been
blown away from this highly active zone. Indeed, the
central stagnation region now has a rather cellular
appearance. However, the most remarkable difference
between the upper and lower photographs of Fig. 4 can
be seen in the regions adjacent to the side walls of the
duct. What previously had seemed stationary is now
revealed to be a wall-adjacent region of horizontal
flow. These side bands of horizontal flow are separated
from the strong inner zone of horizontal flow by heavy
black vertical lines. As will soon be elaborated, these
lines portray the stagnation which results from the
collision of the oppositely directed inner and outer
horizontal flows. Sagging of the mixture is in evidence
at the bottom of the photograph. The two photo-
graphs of Fig. 4 affirm the desirability of using
mixtures of different stiffness in order to make visible
all aspects of the flow pattern.

Flow pattern presentation

Attention will now be turned to the flow patterns
which were sketched from direct visual observations of
the oil-lampblack traces on the upstream- and
downstream-facing plates. The flow patterns adjacent
to the upstream-facing plate are presented in Fig. 5,
while those for the downstream face are shown in Fig.
6. To provide perspective for these results, it is useful to
recall the expected patterns for a two-dimensional flow
that were pictured in the lower diagram of Fig. 2. As
seen there, the basic ingredients of the flow pattern, as
would be shown by the oil-lampblack technique, are a
horizontal stagnation line with vertical streamlines,
upward-directed above the stagnation line and
downward-directed below the stagnation line. This
same pattern would be in evidence on both the
upstream and downstream faces, even though the flow
fields adjacent to these faces are different (see upper
diagram of Fig. 2). It is clear from Figs. 5 and 6 that the
actual flow patterns are markedly different from the
two-dimensional perceptions that were just discussed.

Consideration may first be given to the upstream-
face flow patterns of Fig. 5. There, arranged from top
to bottom, are the results for h/H = 1/3, 1/2 and 2/3.
Results for the h/H = 1/6 plate (the plate of least
height) are not shown in the figure because, despite
numerous attempts, an oil-lampblack mixture could
not be found which would provide a clear flow pattern
picture.

For all three plates, the flow pattern is characterized
by a central stagnation zone from which issue outflow-
ing streamlines. For the shortest of the three plates, the
stagnation zone is wider than for the other cases,
suggesting a kinship with the horizontal stagnation
line of the two-dimensional case (Fig. 2, lower dia-
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FiG. 4. Photographs of oil-lampblack visualization for the downstream face of the blockage. h:ff = 1.2
(upper) and h/H = 2/3 (lower).

gram). As the plate height increases, the central stag-
nation zone becomes narrower and more nearly
circular.

Some of the outflowing streamlines sweep over the
top and bottom of the plate, while others are directed
toward the side walls of the duct. These sidewise flows
stagnate against the duct walls, as is evidenced by the
black region situated adjacent to each side wall. The
presence of the side walls causes a turning of the flow
(either upward or downward), and the streamlines in
the region of turning are reminiscent of the classical
textbook picture of the streamlines of a stagnation
point flow.

The sidewise flow is closely connected with a
sidewise pressure gradient. This pressure gradient is set
up because fluid passing through the central part of the
duct cross section has a higher velocity than does fluid

moving adjacent to the side walls. Therefore, when
stagnated against the plate, the former attains a higher
pressure than the latter.

Another relevant characteristic, which cannot be
deduced from the figure but which has a strong logical
basis, is the presence of a vortex adjacent to each side
wall. To make this plausible, consider the sidewise flow
as it approaches the wall. The flow impinges on the
wall and “splashes”, with part of the splashed flow
moving upward, part moving downward, and part
moving upstream (opposite to the direction of the
mainstream flow). The upstream-moving portion col-
lides with the main flow, and a vortex is created by the
collision. Both the sidewise pressure gradient and the
vortex play important roles in the downstream-face
flow patterns, as will be discussed shortly.

As a final remark about Fig. 5, it may be concluded
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FiG. 5. Flow patterns on the upstream face of the blockage,
top to bottom, h/H = 1/3, 1/2 and 2/3.

that the flow adjacent to the upstream face is eminently
three-dimensional and that two-dimensional percep-
tions are far off the mark.

Attention will next be focused on the downstream-
face flow patterns of Fig. 6. The upper diagram is for
the h/H = 1/3 plate, the next two diagrams are for h/H
= 1/2, and the lower diagram is for #/H = 2/3. For the
shortest plate (upper diagram), the flow pattern in the
central region is somewhat reminiscent of the two-
dimensional expectation shown in the lower diagram
of Fig. 2. There is a horizontal stagnation zone from
which streamlines issue both upward and downward,
but there are also sidewise-directed streamlines. Ad-
jacent to both sides is a region of source-like outflow.
The source streamlines move in a direction opposite to
those issuing from the central horizontal stagnation
zone. The collision of the two opposing flows creates
the contoured vertical black bands, the presence of
which is indicative of a region of very slow or stagnated
flow. Thus, the h/H = 1/3 plate retains a certain
amount of two-dimensionality, but the side source-like
regions are definitely a three-dimensional feature.

513

Those regions are probably related to the vortices
which are formed in the front of the plate, adjacent to
the side walls, and represent the carryover of the
vortices.

For the h/H = 1/2 plate, both of the patterns
displayed in the middle diagrams were observed, with
the lower of the two being encountered somewhat
more frequently. A common feature of both diagrams
is a central vertical stagnation zone, from which
streamlines issue more or less horizontally; that is,
there is a sidewise flow. In the upper of the two
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Fi6. 6. Flow patterns on the downstream face of the blockage,
top to bottom, h/H = 1/3. 1/2, 1/2 and 2/3.
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diagrams, there is a ring-like stagnation region which
bounds the outflow zone, but beyond that the pattern
defies interpretation.

The lower of the two diagrams for h/H = 1,2 is more
regular and is more readily rationalized. There is a
sharply etched sidewise flow issuing from the central
stagnation zone. It is likely that this flow is driven by
the sidewise pressure gradient that is set up on the
upstream face of the plate. Adjacent o the side walls,
there is a zone of predominately sidewise flow, but
directed oppositely to that in the inner region. This
wall-adjacent sidewise flow is believed to be caused by
the carryover of the vortices from the upstream face.
The collision of the two opposite directed sidewise
flows yields the two narrow vertical stagnation lines.

In view of the two different patterns for the h/H
== 1/2 plate, it may be regarded as a transition case
between the quasi two-dimensional pattern for h/H
= 1/3 and the strongly three-dimensional pattern for
h/H =2/3

The latter is shown in the lowermost diagram of Fig.
6. It is seen to be very similar to the neighboring flow
pattern for h/H = 1/2, and the rationalization offered
for the latter continues to apply.

In the view of the authors, the flow pattern displayed
by the lower two diagrams of Fig. 6 is truly remarkable,
especially the fact that the flow which sweeps the
downstream face of the plate is essentially sidewise
flow. The recirculation zone in which produces such a
pattern must have a character altogether different from
that pictured in the upper diagram of Fig. 2 (two-
dimensional flow). In particular, instead of recirculat-
ing about a horizontal axis, as in Fig. 2, the recirculat-
ing flow of Fig. 6, lower diagrams, must have a vertical
axis. These flows are, clearly, of great complexity.

Dimensionless parameters

In view of the analogy between the two processes,
the phrases heat transfer and mass transfer will be used
interchangeably. Average mass-transfer coefficients K
were separately evaluated for the upstream and
downstream faces of the blockage element. This was
possible because, in any given data run, a naphthalene
coating was applied to only one of the faces.

From measurements of the mass of the blockage
element made before and after a data run, the average
rate of mass transfer m per unit arca was evaluated
by making use of the duration time for the run and the
surface area of the coating. The mass transfer is driven
by the difference between the naphthalene vapor
concentrations at the plate surface and in the approach
flow, p,., and p,,, respectively. The former was evalu-
ated from the Sogin vapor pressure—temperature
relation [4] in conjunction with the perfect gas law,
while the latter is zero. Thus,

K = m/p,,. (1)

The dimensionless form of the mass-transfer coef-
ficient is the Sherwood number, Sh, which is analogous
to the Nusselt number. As is the case with the Nusselt
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number, it 13 necessary to select a characteristic
dimension for the Sherwood number. Two Sherwood
numbers will be employed here

Shy = KH/Z, Sh, = Khi/% 2)

where & is the mass diffusion coefficient. The first of
these is based on the duct side wall dimension H {equal
to the hydraulic diameter), while the second is based
on the blockage height /.

The flow field will be characterized by one of three
Reynolds numbers, depending on the message to be
conveyed. One of these is the duct Reynolds number

Reguo = aH/v 3

where u is the mean velocity in the unobstructed duct,
The second is a Reynolds number based on the duct
mean velocity # and the blockage height h

uh/v. {4)

The last of the Reynolds numbers is based on the
blockage height /1 and on the mean velocity in the gaps
above and below the blockage element

Ugap BIY (5}

where
Ugaps = W/p(H? — hH) {5a)

and w is the mass flow rate of the air.

The mass-transfer analogue of the Prandtl number
is the Schmidt number. The Schmidt number for
sublimation of naphthalene into air is 2.5 [4]. To
generalize the present results to be applicable to other
Prandtl or Schmidt numbers, a power-law may be used
{e.g. Sh~ S or Nu~ Pri?),

Heat-( muss- ) transfer results

The presentation of the heat-{mass-} transfer results
will have three foci. The first is to present the heat-
transfer coefficients as such, using dimensionless
groups which do not mvolve variable geometrical
factors. Next, correlations will be attempted using
alternative dimensionless groups. Finally, compar-
isons will be made of upstream- and downstream-face
results and also with the literature.

The upstream-face heat-transfer coefficients are first
plotted in the form of Shy {or Nuy) vs Regye, a8
presented in Fig. 7. Since H is a constant in all the
experiments, variations in Shy directly reflect vari-
ations in the heat-transfer coefficient. Furthermore,
variations in Regy,., are caused only by changes in the
mean velocity a of the flow approaching the blockage.
Thus, Fig. 7 shows how the heat-transfer coefficient
responds to changes in the velocity of the approach
flow for different blockage heights h/H. The curves
passing through the data are least-squares fits of the
equation

Shy = C, Ref,, {6}

where C, = 2.86, 2.12, 2.82 and 1.50, and m = 0.522,
0.529,0.489. and 0.552 for i/H = 1/6, 1/3, 1/2, and 2/3.
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FiG. 7. Upstream-face heat-transfer coefficients, Shy or Nuy vs Regyc,.

As expected, the heat-transfer coefficient increases
with the velocity of approach. In addition, the slopes of
the curves are in the range of the half power, which is
conventional for stagnation-type flows. The results for
the smallest blockage stand apart from the others, and
this may be due to the fact that this blockage has quasi
two-dimensional flow characteristics while the other
blockages are more strongly three dimensional. In-
deed, there seems to be a trend for Shy, to decrease as
the three-dimensional effects intensify.

The slope of the curve for h/H = 1/2 seems not to fit
well with the others. The data runs for this case were
repeated after a six-month interval and after re-
calibration of the analytical balance used to measure
the mass of the blockage elements. The data repro-
duced themselves to within 29, or better. The only
apparent explanation of the imperfect fit of the h/H
= 1/2 curve with the others is that the flow transition
that is in evidence adjacent to the downstream face (see
Fig. 6) affected the flow adjacent to the upstream
face.

The heat-transfer coefficients for the downstream
face are presented in Fig. 8 using the Shy (or Nuy) and
Reg,, groupings that were used in Fig. 7. Curves have
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been faired through the data to provide continuity. In
addition, the figure contains data from [3] that will be
discussed shortly. From an inspection of Fig. 8§, it is
evident that the downstream-face results are less
regular than are those for the upstream face. This is
probably a reflection of the complex flow field adjacent
to the downstream face. The results for h/H = 1/6 and
1/3 are especially perplexing in that there is no ready
explanation of why the Shy, values for h/H = 1/3 are
substantially higher than the others and why the h/H
= 1/6 data soar for Re,,, values greater than 10*.

The greatest degree of regularity is evidenced by the
curves for h/H = 1/2 and 2/3, and the Shy values for
the former show no indication of the two different flow
regimes illustrated in Fig. 6. Correlation of the results
for the two largest blockage ratios will be briefly
delayed to enable a single correlation to be given for
both.

Attention will now be turned to the correlation of
the results. For the upstream face, taking guidance
from the literature, it is appropriate to seek a cor-
relation in which the (projected) height h of the
blockage serves as the characteristic dimension and a
(the mean approach velocity) is the characteristic

h/H
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FiG. 8. Downstream-face heat-transfer coefficients, Shy or Nuy vs Regy,.
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velocity. The data, after being rephrased in terms of Sh,
and ah/v, have been plotted in Fig. 9.

By comparing Fig. 9 with Fig. 7, it is seen that the use
of the new groupings has brought the data together to
some extent. Whereas the overall vertical spread of the
data in Fig. 7 was about 50°%,, the corresponding
spread is 309 in Fig. 9. The ordering of the data with
A/H has also been reversed in the two figures. The
straight lines appearing in Fig. 9 are least-squares fits
of the form

Shy, = Cy{uhjv)" {7}

where C, = 1.22, 1.26, 1.98, and 1.25, respectively for
h/H = 1/6, 1/3, 172, and 2/3. The exponents m are the
same as those for equation (6).

In seeking a correlation of the data for the down-
stream face, it appeared reasonable to define the

E. M. Sparrow, M. Mokl and S. R, CHASTAIN

Reynolds number as dg,//v [equation {5)]. This
selection reflects the expectation that the mean ve-
locity in the gaps above and below the blockage plays
a greater role in driving the rectrculating flow thun
does the duct mean velocity. A plot of the downstream-
face data in terms of Sk, vs #1,. h/vis presented in Fig.
10, In general, this figure is much tidier than is Fig. .
where the same data were presented in terms of simpler
groupings {i.e. dimensionless heat-transfer coefficient
vs dimensionless duct mean velocityh

In particular, the data for the two larger blockages.
i/H = 172 and 2/3, have been brought together in Fig.
10 and have been fitted with the equation

Shy = 0184z, b )00 {4}

gaps

The slope of this line very closely approximates the
value 2/3 which is commonly encountered for fully
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Fii. 9. Upstream-face heat-transfer coefficients, Shy, or Nu, vs uh/v.
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Fic. 10. Downstream-face heat-transfer coefficients, Shy or Nuy vs g, h/v.
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separated flows. The fact that the h/H = 1/2 and 2/3
results can be correlated together is suggestive of a
common flow pattern. In terms of Fig. 6, this lends
weight to the predominance of the lower of the two
flow patterns pictured for h/H = 1/2.

The h/H = 1/6 and 1/3 data, as plotted in Fig. 10,
continue to display individualistic trends and do not
correlate with each other or with the other data.
Furthermore, the overall vertical spread in Fig. 10,
taken on a percentage basis, is actually greater than
that in Fig. 8. Thus, although the data for h/H = 1/2
and 2/3 can be correlated by the groupings of Fig. 10,
an overall correlation is not achieved. Perhaps, in view
of the complexity of the flow and the rich variety of
flow regimes, a general correlation is out of reach.

Comparisons will now be made of the upstream-face
and downstream-face data, and this will be followed by
comparisons with the literature. The data for the
upstream and downstream faces have been brought
together in Fig. 11, where it is plotted in the form Shy
(or Nuy) vs Reg,.,- The data for the respective blockage
ratios have been separated for the sake of clarity. Also,
since the data points have already been shown in
earlier figures, they are not presented in Fig. 11; rather,
the data are represented by continuous faired curves
(solid line for the upstream face and dashed line for the
downstream face).

Figure 11 shows that the downstream face coef-
ficients increase more rapidly with Reynolds number
than do the upstream-face coefficients. This trend is
consonant with literature information which indicates
that separated flows yield a higher Nu vs Re slope than
do unseparated flows. For the Reynolds numbers
investigated, the upstream-face coefficients are higher
than the downstream-face coefficients, but it is clear
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that a crossover is in the offing (such a crossover is
already in evidence for h/H = 1/3). The relationship
between the two sets of coefficients (i.e. degree of
deviation)is not regularly ordered with h/H. This is the
result of the irregular ordering of the downstream-face
coefficients that was discussed earlier.

Comparisons with the literature will now be made.
As noted in the Introduction, downstream-face heat-
transfer experiments are reported in [1] for a plate
which blocked 21 9 of the 22 x 32 in rectangular cross
section of a wind tunnel. The experiments were
performed for Reynolds numbers, based on the wind-
tunnel approach velocity and plate height, in the range
10° to 4 x 10°. These Reynolds numbers exceed those
of the present investigation by more than an order of
magnitude. There are numerous other differences that
can be identified (rectangular vs square test section, Pr
=0.7 vs Sc = 2.5, coefficients for central region of
plate vs average coefficients for entire plate). Notwith-
standing these differences, the Nu, Re correlation of [ 1]
was scaled via Nu ~ Pr'3, and the free stream velocity
was transformed to u,,,. For Pr = 2.5, the rephrased
correlation of [1] is

Nuty = 0.261(ifgups ).

gaps*

©)

Equation (9) has been plotted as a dashed line in Fig,
10, where the present downstream-face data are also
plotted. It can be seen from the figure that equation (9)
isin remarkably good agreement with the present data.
The good agreement appears more noteworthy when
the high-Reynolds-number origins of equation (9) are
taken into consideration. The outcome of the com-
parison leads strong support to the present results.

Finally, the present results will be compared with
those of [ 3], the flow configuration for which is shown
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at the right in Fig. 1. As noted in the Introduction,
there are major fluid-flow differences which result from
the present central positioning of the blockage and the
wall attachment of the blockage in [3]. The wall-
attachment stabilizes the wake downstream of the
plate, and this suggests that the downstream-face heat-
transfer data of [3] will be more regular than the
present data, but smaller in magnitude. These expec-
tations are borne out by the comparisons shown in
Fig. 8. Depending on the blockage ratio, the heat-
transfer coefficients for the wall-attached case can fall
to half of those for the central blockage.

The upstream-face data of [3] are compared with
the present results in Fig. 11 and are seen also to fall
low, but to a substantially lesser extent than the
downstream-face data. As h/H increases, the de-
viations between the two sets of data diminish.

CONCLUDING REMARKS

The flow visualization studies performed here afford-
ed insights into the use of the oil-lampblack tech-
nique in addition to revealing the patterns of fluid flow
adjacent to the blockage element. In general, as the
blockage height increases, the flow becomes increas-
ingly three dimensional. On the upstream face, threc
stagnation zones are in evidence. The downstream face
is washed by highly complex recirculating flows. At
higher blockages, the recirculation moves sidewise
{along the span of the blockage), and two such sidewise
streams collide to create a stagnation zone.

The upstream-face heat-transfer coefficients gen-
erally increase with the half power of the Reynolds
number; the coefficients are higher at smaller block-
ages at a given duct mass flow. The sensitivity of the

dimensionless results to blockage height was dimin-
ished but not eliminated when the height was used as
the characteristic dimension in the Nusselt and Rey-
nolds numbers. )

The downstream-face coefficients display a complex
dependence on both the blockage height and the
Reynolds number. Correlation of the results for the
two largest blockages was achieved by using the
blockage height as the characteristic dimension and
the gap velocity as the characteristic velocity. The
upstream-face coefficients generally exceeded those for
the downstream face, but the latter increase more
rapidly with the Reynolds number.

By comparing with the results of [ 3] it was found
that the heat-transfer coefficients for a centrally po-
sitioned blockage are larger than those for a wall-
attached blockage. For the downstream face. the
differences can be as large as a factor of two.
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COEFFICIENTS DE TRANSFERT THERMIQUE TURBULENT ET CONFIGURATIONS
D’ECOULEMENTS SUR LES FACES D'UN OBSTACLE POSITIONNE AU CENTRE
D'UNE CONDUITE

Résumé — On conduit des expériences sur le transfert thermique et sur la visualisation de tecoulement
turbulent dans une conduite carrée dont la section droite est partiellement obstruée par un obstacle disposé
au centre. Des coéfficients de convection sont obtenus & la fois pour les faces amont et aval de 'obstacle, La
visualisation par la technique du noir de fumée révéle la présence de trois zones d’arrét sur la face amont. La
face aval est balayée par des zones trés complexes de récirculation, caractérisées par des mouvements latéraux
de fluide (dans le sens de 'envergure de Fobstacle). Les coéfficients de convection sur la face avant croissent
généralement comme la racine carrée du nombre de Reynolds: pour un débit massique donné, des
coefficients plus élevés sont décelés pour des hauteurs faibles d’obstacle, Les coefficients sur la face arriére
montrent une dépendence compliquée & Ia fois de la hauteur de 'obstacle et du nombre de Reynolds. En
général, pour le domaine de nombre de Reynolds considéré, les coefficients en aval sont supérieurs i ceux en
amont. Des comparaisons avec la bibliographie montre que les coefficients pour un obstacle positionné au
centre sont par rapport a un obstacle attaché 4 une paroi environ deux fois plus grands.

WARMEUBERGANGSKOEFFIZIENTEN UND STROMUNGSFORMEN AN DEN
STIRNSEITEN EINES ZENTRAL ANGEORDNETEN HINDERNISSES IN
EINEM KANAL BEI TURBULENTER DURCHSTROMUNG

Zusammenfassung - Fiir turbulente Stromung durch einen quadratischen Kanal, dessen Querschnitt durch
ein zentral angebrachtes Hindernis teilweise blockiert ist, wurden Wiirmeiibergangsmessungen durchgefithrt
und die Stromung sichtbar gemacht. Es wurden Wirmelibergangskoeffizienten fiir die in Zu- und
Abstrémrichtung orientierten Querschnitte des Hindernisses ermittelt. Die Sichtbarmachung der Stromung,
die mit Hilfe der O-RuB-Methode durchgefiihrt wurde, zeigte, daB auf dem Anstrémquerschnitt dret
Stauzonen vorhanden sind.

Der Abstréomquerschnitt wird in héchst komplizierten Rezirkulations-Zonen umstromi, die durch
seitliche Flissigkeitsbewegungen iiber die Breite des Hindernisses gekennzeichnet sind. Die
Wirmeiibergangskoeffizienten am Anstrémquerschnitt nehmen im allgemeinen mit der Wurzel der
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Reynolds-Zahl zu; bei einem vorgegebenen Massenstrom zeigen sich groBere Koeffizienten, wenn das
Hindernis kleiner ist. Die Koeffizienten des Abstromquerschnitts lassen eine komplizierte Abhéngigkeit
sowohl von der Hohe des Hindernisses als auch von der Reynolds-Zahi erkennen. Ganz allgemein sind fiir
den untersuchten Bereich der Reynolds-Zahl die Koeffizienten am Anstrémquerschnitt grofer als auf der
Riickseite. Ein Vergleich mit der Literatur zeigt, daB die Koeffizienten fiir ein zentral angeordnetes Hindernis
diejenigen fiir ein an der Wand angebrachtes um mindestens den Faktor zwei iiberschreiten.

KO2OOULMEHTHI TYPBYJIEHTHOIO NEPEHOCA TEIUIA U XAPAKTEP TEYEHUA
JKUJAKOCTH HA TOPLIEBBIX MOBEPXHOCTSX 3ATPOMOXIAIOLIEA BCTABKH,
PACITIOJIOXKEHHO! MO LEHTPY KAHATIA

AnnoTanms — [poBeIcHO SKCNEPHMEHTAbHOE MCCENOBaHHME NEpeHOca Tenjda W Xapaktepa TypOy-
JICHTHOTO TEYEHHs B KBAJAPATHOM KaHAJe, MONEPEYHOE CeYEHHE KOTOPOro HacTHYHO 3arpoMOXIEHO
BCTaBKOM, PacHoJIOKEHHON MO LEHTPY kaHana. OnpenencHbl koahGHUHEHTH TemTonepeHoca Ana obenx
TOPUEBBIX NMOBEPXHOCTEH BCTaBKH. B pe3yabraTe BH3YyalIH3allMK NOTOKa METOAOM 3aKOMYEHHOTO
CTEK/a YCTAHOBIEHO HA/IMMHE TPeX 30H TOPMOXKEHHS HA MOBEPXHOCTH, PACIMOJIONKEHHOW BBEPX MO
IIOTOKY. ¥ NOBEPXHOCTH BHH3 MO NOTOKY OTMEYAKOTCS OYEHb C/IOXKHbIE PELHPKYNALUMOHHBIE 30HBI,
XapaKTepPHU3YIOUIMECS PACTEKAHHEM XHIKOCTH B CTOPOHBI MO IIKPHHE BCTaBKH. 3Ha4eHHA Kod(bu-
UHEHTOB TEIUIONEPEHOCA HA IOBEPXHOCTH BBEPX IO MOTOKY OGBIMHO YBETHYMBAKOTCS KaK KOPEHb
KBaJipaTHbIA M3 uncna PeliHonblca; npH 3a/aHHOM 3HA4YeHHMHM NMOTOKa Macchl HabmopaioTcs 6osee
BBICOKHE 3HaYeHHs KO3 dHUHEHTOB MpH GoJiee HU3KUX 3HAYEHHAX BLICOTH 3aIrPOMOXKAAIOLIEH BCTaBKH.
Kospdpuuuentsr TennoobMeHa NOBEPXHOCTH BHH3 MO MOTOKY 3aBHCAT CIOXHBLIM 00pa3oM Kak OT
BBICOTbl BCTaBKM, Tak M OT uMcna PeiiHonbaca. B mceneaoBaHHOM [Mana3oHe 3HaveHMM uymcna
Peiinosibaca 3HaueHns KOIOOUIHEHTOB TeNToo6MEHa NOBEPXHOCTH, PacTONIOKEHHOH BBEPX NO NOTOKY,
KaK TPaBHJIO, NPEBLINAIOT 3HAYEHHUA KOIDDULHEHTOB MOBEPXHOCTH, PACMOIOKEHHON BHH3 MO MOTOKY.
CpapHerue ¢ onyO/IMKOBaHHLIMH JAHHBIMH 110KA3aJ10, YTO 3HAYEHHS KO3(DPHUUHEHTOB TemsnooOMeHa
NP YCTaHOBJICHHH 3arPOMOXAIOLIEH BCTaBKH MO LCHTPY KaHafla B /BAa pa3a BbIEC 3HAYEHHil ITHX
k03h(PHUMEHTOB NPH HAJIMYHH 3arPOMOXIAIOLIEH BCTABKH Ha CTEHKE KaHa/a.
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