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Abstract-Experiments were performed to determine heat transfer coefficients on an upstream-facing surface 
that is pierced by a regular array of holes. The holes were arranged on equilateral triangular centers, and this 
regular geometry gives rise to a symmetry pattern whereby each hole is surrounded by a hexagonal region, 
the boundaries of which are symmetry lines. Within each such hexagonal module, the heat transfer and fluid 
flow characteristics are identical to those of all the other modules which blanket the surface, so that 
measurements for a single module yield information for the entire surface. This feature has been employed in 
the design and execution of the present experiments. Two parameters were varied during the course of the 
experiments-the hole pitch-to-diameter ratio P/D and the per-hole Reynolds number Re. The results were 
tightly correlated by the relation Nu,* = 0.881Re ’ 476 Pr”3. The characteristic dimension in the Nusselt 
number is the ratio of the module surface area to the pitch, while the Reynolds number is that for flow 
through a pipe having a diameter equal to that of the holes in the plate. Flow visualization studies confirmed 

the existence of the array of hexagonal modules. 
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NOMENCLATURE 

surface area of module ; 
hole diameter ; 
naphthalene-air diffusion coefficient ; 
heat transfer coefficient; 

mass transfer coefficient, equation (3); 
thermal conductivity ; 
characteristic length, A/P; 
rate of mass transfer, AM/T; 
change in mass due to sublimation ; 
Nusselt number based on L*, hL*/k; 
Nusselt number based on P, hP/k ; 
pitch, Fig. 1 ; 
Prandtl number; 
naphthalene vapor pressure at surface ; 
per-hole Reynolds number, equation (6); 
Schmidt number, v/2 ; 
Sherwood number based on L*, KL*I9; 
Sherwood number based on P, KPI9 ; 
rate of mass flow through entire array. 

Greek symbols 

fi? viscosity ; 
V, kinematic viscosity; 

P”,? density of naphthalene vapor at the surface; 

P,,? density of naphthalene vapor in approach 
flow; 

75, duration of data run. 

INTRODUCTlON 

THERE is a diversity of physical situations where fluid 
from an upstream space passes into a regular array of 
holes which pierce a surface that faces the upstream 
space. Such a configuration occurs, for example, at the 
upstream tubesheet of a shell and tube heat exchanger. 
Another example is encountered in the making of 
fiberglass threads, where molten glass is withdrawn 

from a containment vessel through a regular array of 
holes in the floor of the vessel. Numerous other 
applications are encountered in connection with the 
widespread use of perforated plates in process in- 
dustries and as devices to smooth non-uniformly 
distributed flows. 

When the temperature of the upstream-facing sur- 
face is different from that of the oncoming fluid, heat 
will be transferred as the fluid passes over the surface 
en route to the holes. It is this transfer ofheat that is the 

focus of the present study. The investigation has two 
parts. In the first part, heat transfer coefficients for 
the upstream-facing surface are determined 
experimentally, while the second is a flow visualization 
aimed at examining the pattern of fluid flow adjacent 
to the surface. Despite the numerous practical 

applications to which the results are relevant, it is 
remarkable that a survey failed to reveal any heat 

FIG. 1. Equilateral triangular array of holes showing the 
pattern of hexagonal symmetry. 
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FIG. 2. Schematic view of the pattern of fluid flow passing 
from the upstream space into the holes along section A-A 

(section A-A is defined in Fig. 1). 

transfer coefficient information in the published 
literature for an upstream facing surface pierced by a 
regular array of holes. 

In this investigation, consideration will be given to 
upstream-facing surfaces pierced by holes that are 
deployed in an equilateral triangular pattern. Such an 
arrangement is pictured schematically in Fig. 1, which 
is intended to portray an array containing a sufficiently 
large number of holes so that end effects are negligible 
at holes that are situated in the central portion of the 
array. The equilateral triangular pattern possesses 
symmetry properties that are illustrated in the figure. 
As shown there, each of the holes is surrounded by a 
hexagonal region, the boundaries of which (shown as 
dashed lines) are symmetry lines with regard to the 
fluid flow. These hexagons are constructed by drawing 
connecting lines between the centers of the holes, as in 
the figure. In reality, the symmetry lines which com- 
prise the hexagons are actually symmetry surfaces 
which extend upstream from the plate into the space 
from which fluid is drawn into the holes. This is 
illustrated in Fig. 2, which shows a schematic view of 
the pattern of fluid flow passing from the upstream 
space into the holes along section A--A (section A-A is 
defined in Fig. 1). 

In view of the foregoing considerations, the entire 
flow field can be regarded as being subdivided into an 
ensemble of hexagonal cells (or modules), with the 
flow pattern in each cell being the precise duplicate of 
that in every other cell. Furthermore, fluid does not 
cross the symmetry surfaces, such that the flow field in 
each cell is independent of that in the others. 

Next, with regard to the heat transfer, it is apparent 
that if the surface of the upstream-facing plate is 
isothermal (as is the case in the present investigation), 
then the aforementioned velocity symmetry lines are 
also symmetry lines for the temperature field. As a 
consequence, there is no heat transfer by conduction 
across the symmetry lines which lie in the surface of the 
plate nor is there convective or conductive heat 
transfer across the symmetry surfaces that extend 

upstream from the plate into the space from which the 
fluid is drawn. 

These considerations indicate that if the heat trans- 
fer characteristics were to be determined for the 
hexagonal region that surrounds one of the holes of the 
array, then the average heat transfer coefficient for that 
hexagon is precisely equal to the average heat transfer 
coefficient for the entire upstream-facing surface. Ac- 
cordingly, in the experiments as actually performed, 
heat transfer coefficients were determined at only one 
of the typical hexagons, hereafter referred to as the 
active module. 

To take advantage of the symmetry considerations 
that have been discussed in the foregoing, it was 
natural to use the naphthalene sublimation technique 
in lieu of direct heat transfer measurements, and then 
to convert the mass transfer results to heat transfer 
results via the well established analogy between the 
two processes. The validity of the analogy has been 
firmly established both on a first-principles basis [l] 
and by numerous comparisons with experimental 
correlations and analytical predictions for heat trans- 
fer. The overwhelming advantage of the naphthalene 
technique in the present instance is that it enables the 
symmetry lines which envelop the active module to 
truly correspond to boundaries of zero mass transfer 
(i.e. by the analogy, to boundaries of zero heat 
transfer). If, on the other hand, the experiments were to 
be performed for a single active module by means of 
direct heat transfer measurements, it would be unlikely 
that the symmetry lines would be strictly adiabatic 
because thermal insulators of the requisite quality do 
not exist. Other advantages of the naphthalene tech- 
nique include the high accuracy which it affords and 
the relative simplicity of the apparatus which is needed 
for its utilization. 

The flow visualization studies were performed using 
the oil-lampblack technique. The main objective of 
the visuali~tion was to verify the existence of a 
hexagonal symmetry envelope around the active 
module. 

Two parameters were varied during the course of the 
investigation. One of these is the pitch-to-diameter 
ratio P/D, where P and D are illustrated in Fig. 1. The 
other parameter is the Reynolds number, which was 
varied over a range encompassing an order of magni- 
tude. Auxiliary experiments were also carried out to 
assess the effect of the number of holes in the experi- 
mental array on the heat transfer coefficients measured 
at the active module. Air was the working fluid for all 
the experiments. 

THE EXPERIMENTS 

Apparatus ouerview and design. 
The description of the experimental apparatus is 

facilitated by reference to Fig. 3. As shown schemat- 
ically in the upper diagram of the figure, a disk 
containing the array of holes is positioned in the upper 
wall of a large plenum chamber. Air is drawn from the 
laboratory room into the plenum chamber through the 
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MULTI-HOLED DISK 

MASS TRANSFER 

FIG. 3. Upper diagram: multi-holed disk positioned in the 
upper wall of a large plenum chamber ; lower diagram : front- 

face view of the multi-holed disk with P/D = 2.5. 

multi-hole array by a blower@) positions down- 
stream of the plenum. Thus, the surface of the disk 
which faces the laboratory room is the upstream- 
facing surface on which the heat transfer coefficients 
are being sought. 

The lower diagram of Fig. 3 is a front-face view of 
one of the multi-holed disks that were employed 
during the experiments. As noted earlier, the holes are 
arranged in an equilateral-triangular pattern. The 
main feature of this diagram is the hexagonal region 
which surrounds the center hole of the array. As can be 
seen in the diagram, the space between the hexagon 
and the hole is filled with solid naphthalene, the 
subIimation of which yields the mass transfer data and, 
by analogy, the desired heat transfer data. 

There were a number of factors which had to be 
taken into account in selecting the three geometrical 
parameters of the array-the hole diameter D, the 
pitch P, and the number of holes N. The major 
challenge was to obtain values of P/D which lie at the 
low end of the practical range (u 1.5) [2] and to obtain 
Reynolds numbers Re at the high end of the range 
(a 40,000) [3]. Larger P/D and smaller Re posed no 
difficulties. 

The design considerations will now be described. 
For the experimental apparatus, the maximum per- 
hole Reynolds number Re,,, may be written in terms 
of the maximum mass flow rate 3,,, that can be 
provided by the air-handling system, the number of 
holes N, and the hole diameter D : 

Remax = 4(d,,JN)/tucD. (1) 

Based on equation (l), a strategy for obtaining as large 
a Reynolds number as possible would be to use 
relatively few holes (i.e. small N), each of small di- 
ameter D. 

There are two factors that, however, conflict with 
the choice of small N and small D. One of these is the 
requirement that the experimental array consist of a 
sufficiently large number of holes so that the finiteness 
of the array has only a minimal effect on the mass 
transfer coefficients measured at the active module. 
The other consideration has to do with the desired 

accuracy of the naphthalene mass transfer measure- 
ments. The amount of mass AM sublimed during a 
data run is 

AM = p,A6 (2) 

where p, is the density of the solid naphthalene, A is the 
surface area of the naphthalene exposed to the airflow, 
and 6 is the mean recession due to sublimation during 
the data run. In order to maintain the basic geometric 
confi~ration, it is reasonable to limit 6 to 0.00254 cm 
(0.001 in.). Furthermore, the resolving power of the 
available analytical balance is 0.1 mg, so that un- 
certainties of 0.2-0.4 mg are possible for a data run 
owing to the multiple weighings that are made. Thus, 
for 2% accuracy, dM should be about 15mg. This 
requirement sets a lower bound on the area A of the 
naphthalene surface exposed to the airflow. Therefore, 
if D is small and if P/D is aiso small, then the area A is 
smaller than the permitted lower bound. 

On the basis of the available air supply (130 scfm 
maximum volume flow) and the perceived need (based 
on the visual examination of various array layouts) to 
use at least 19 holes to model an infinite array, 
calculations showed that per-hole Reynolds numbers 
as large as 20,000 could be obtained for P/D ratios of 
2.0 and 2.5, while fulfiiling the accuracy requirement 
for the mass transfer measurement. These pitch-to- 
diameter ratios were employed during the course of 
this research. The resulting hole sizes corresponding to 
P/D = 2.0and2.5were1.27cmandi.17cm(0.5OOand 
0.460 in.), respectively. 

The layout for the P/D = 2.5 case is illustrated in the 
lower diagram of Fig. 3. In an auxiliary set of data runs, 
performed to examine the effect of the number of holes, 
certain of the holes were closed, and these are desig- 
nated by the cross symbols in Fig. 3. 

Apparatus details 
The upper wall of the plenum chamber, which 

served as the host surface for the multi-holed disk, 
was a 61 x 61 cm (2 x 2 ft) square aluminium plate, 
1.27cm (tin.) thick. A 13.97 cm (5SOin.) diameter 
opening, fitted with a lap, was machined centrally into 
the wall to accommodate the disk. The plenum was 
1.2 m (4ft) in height. At its base surface, it was 
equipped with a pipe stub which facilitated connection 
to the air-handling system. 

Each of the two disks was made to fit precisely into 
the opening in the upper wall of the plenum, with 
positive sealing being provided by an O-ring pos- 
itioned in a groove along the outer rim of the lower 
surface of the disk. The compression of the O-ring was 
accomplished by the tightening of screws, via access 
from below through a port in the plenum sidewall. 
Both disks were of aluminium, 0.495 cm (0.195 in.) 
thick. When in place, the exposed surface of the disk 
was precisely coplanar with that of the plenum wall. 

To accommodate the mass transfer zone which 
surrounds the center hole, a cavity, 0.292cm 
(0.115 in.) deep, was milled into the disk with the aid 
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of a rotary table placed on the bed of a vertical milling 
machine. A special machining operation was used to 
ensure sharp (unrounded) corners at each of the 
vertices of the hexagon. 

With regard to the containment of the naphthalene 
in the hexagonal cavity, the inner boundary of the 
cavity was a thin-wall sleeve whose bore served as the 
aperture through which fluid passed into the center 
hole of the array. Such a sleeve was used to avoid the 
configuration in which the naphthalene itself bounds 
the aperture. Had the sleeve not been used, the 
aperture opening would have enlarged during the 
course of the data run and become bell mouthed. The 
sleeve was made as thin as possible consistent with 
strength and life considerations, and served to main- 
tain a square-edged aperture of fixed diameter. The 

thickness of the sleeve exposed to the airflow was 
0.025 cm (0.010 in.) for both plates. 

With respect to the flow circuit, the air drawn from 
the laboratory room through the plenum exited from 
the plenum base, from which point it passed into the 
rotameters, valves, and blowers. The blowers were 
situated in a service corridor adjacent to the labo- 
ratory, and their exhaust was vented outside the 
building. The outside exhaust guaranteed that the air 
drawn toward the test section was free of naphthalene 
vapor. Furthermore, operation of the apparatus in the 
suction mode ensured that the temperature of the air 
passing over the naphthalene surface was always the 
same as the air in the room, which was controlled and 
maintained at about 22°C (71°F). Two blowers, 
ranged in parallel, served to induce the airflow, with a 
separate calibrated rotameter used in conjunction with 
each blower. 

The air temperature was monitored by an ASTM- 
certified thermometer which could be read accurately 
to within 0.025”C (O.OYF). The amount of naph- 
thalene sublimed during each run was determined by 
weighing the multi-holed disk before and after the run 
using a Sartorius precision analytical balance accurate 
to 0.1 mg for specimens up to 200g. 

Nuphthalene test surfaces 
The naphthalene test surface was fabricated by a 

casting process using a two-part mold. One part of the 
mold was the disk itself, and the other part was a thick, 
highly polished stainless steel plate. To initiate the 
casting procedure, the naphthalene remaining in the 
disk from a prior data run was removed by melting and 
subsequent evaporation. The disk was then placed on 
the thick stainless steel plate with the open face of the 
hexagonal cavity downward. Then, previously unused, 
reagent-grade molten napththalene was poured into 
the cavity through an access aperture in the rear face of 
the disk. Three smaller apertures enabled escape of the 
air which was displaced by molten naphthalene. After 
the hexagonal cavity had been filled and the naph- 
thalene had solidified and cooled, the disk was sepa- 
rated from the stainless steel plate. 

Upon the completion of the casting procedure, the 

naphthalene surface was carefully protected against 
sublimation with a hexagonally shaped impermeable 
plastic cover. The pouring apertures were also covered 
with impermeable tape in order to prevent extraneous 
sublimation during the data run. The test plate sealed 
thus was placed in the laboratory to attain thermal 
equilibrium. 

Experimental procedure 
To prepare for a data run, the flow rate was initiated 

and the room lighting turned on at least one hour 
before the intended start of the run. During this 

period, the plate was positioned in its recess in the 
upper wall of the plenum, the naphthalene test section 
still being protected against sublimation by the plastic 
cover, and air was drawn through all the holes except 
the centermost, which was closed. This period enabled 
steady-state operation of the blower(s) to be achieved 
and thermal equilibrium between the airflow and the 
test surface to be attained. 

Immediately before the data run, the disk was 

weighed (subsequent to the removal of the protective 

plastic cover). Then, after the weighing, a specially 
fabricated Teflon cover capable of rapid installation 
was placed over the naphthalene surface. This cover 

was kept in place while the disk was implanted and 
secured in its recess in the upper wall of the plenum, 

During the course of the run, the air temperature, 

the flow rate(s), and the related pressure(s) were closely 
monitored and recorded. The durations of the data 
runs were selected so that the mean depression of the 
naphthalene surface would not exceed 0.00254cm 
(0.001 in.). At the typical temperature level of the 
laboratory (22°C 71”F), the run durations ranged 
from 30 to 80 minutes, and the change of mass during a 
run was in the range from 13 to 19 mg. 

The termination of each data run was defined by the 

simultaneous replacement of the Teflon cover on the 
naphthalene test surface and the deactivation of the 
timer and the blower(s). The disk was weighed im- 
mediately after the run. 

To determine the magnitude of any extraneous 

sublimation that may have occurred during the set-up 
and disassembly of the experiment, a mock data run 
was executed subsequent to the after-weighing. Specifi- 

cally, all steps in the set-up and disassembly periods 
were repeated, except that the naphthalene was not 
exposed to the airflow. The change of mass during the 

mock experiment was taken to be equal to the 
extraneous mass transfer during the actual experiment. 
Typically, the correction due to the extraneous transfer 
was 0.2 mg. 

FIow visualization 
The oil-lampblack technique was employed to 

enable visualization of the flow field adjacent to the 
test surface. Lampblack is a very fine black powder 
which mixes readily with oil, and the mixture, when 
brushed on a surface, produces a smooth, glossy black 
coating. The general procedure for using this tech- 
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nique is to brush the oil-lampblack mixture on a 
surface and then to expose the surface to the airflow 
whose characteristics 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, 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. 

To facilitate the visualization, a number of oils of 
various viscosities were assembled, and numerous trial 
mixtures were employed in preliminary visualization 
runs. For all the visualization runs, both preliminary 
and final, the face of the disk was coated with white, 
plasticized contact paper in order to provide the 
highest possible contrast for the black streak lines 
induced on the surface by the flow. In order to obtain 

the clearest possible patterns, the final visualization 
runs were made at the highest Reynolds number 
studied, namely a per-hole Reynolds number of 

about 20,000. From the preliminary runs, it was found 
that the flow pattern observed at this Reynolds 
number persisted at all the Reynolds numbers for 

which patterns could be obtained. Photographs were 
taken of the flow patterns thus visualized, and an 
illustrative one will be presented later. 

DATA REDUCTION 

The procedure used to deduce mass transfer coef- 
ficients and their dimensionless counterpart, the Sher- 
wood number, from the measurements of mass, run 
time, and temperature will now be described, as will 
the determination of the Reynolds number. To this 

end, let AM denote the change of mass during a data 
run (corrected as described earlier) and let r denote 
the duration of the run, so that AM/r = ni is the rate of 
mass transfer. Then, the average mass transfer 
coefficient K for the hexagonal module can be written 
as 

K= 
MIA 

P “W - P*, 

In this equation, A is the area of the surface which 

participates in the mass transfer process, while p,, and 
pnx are the densities of naphthalene vapor at the 
surface and in the approach flow. 

The quantity p,, is zero in the present experiments, 
while p,, is determined by a two-step computation. 
The first step yields the vapor pressure pnw at the 
surface corresponding to an input value of the surface 

temperature [4], and with p,, and the surface tempera- 

ture, pnw is calculated from the perfect gas law. For 
these calculations, it was assumed that the surface 
temperature is equal to the measured air temperature, 
and the validity of this assumption will now be 
established. 

One cause of possible deviations between the surface 
and ambient temperatures stems from the latent heat 

requirements of the sublimation process. If it is 
assumed that the latent heat is supplied solely by 
convective heat transfer from the airflow, then an 

energy balance can be written as 

hAAT = tii. (4) 

where the left-hand side is the rate of convective heat 
transfer and the right-hand side is the rate of latent 
heat utilization, with >. denoting the latent heat of 
sublimation and h denoting the convective heat trans- 
fer coefficient; AT is the difference between the am- 
bient and surface temperatures. The h values needed to 

evaluate equation (4) were determined by applying the 
heat/mass transfer analogy to the mass transfer coef- 
ficients measured during the present experiments. 
Evaluation of equation (4) yields AT = 0.075”C 
(0.14-F) for the operating conditions of the exper- 
iments. Because of other energy inputs omitted from 

equation (4), the aforementioned value of AT is an 

upper bound. Measurements in a related experiment in 
which thermocouples could be conveniently installed 
yielded AT = 0.045”C (0.08”F). 

Another possible source of error is that the mea- 
sured air temperature corresponds to the stagnation 
temperature, while the surface temperature may be 
closer to the recovery temperature. The difference 
between these temperatures depends on the air vel- 
ocity passing over the surface. At the highest velocity 
of the experiments, the stagnation temperature was 
calculated to be 0.075”C (0.14”F) larger than the 
recovery temperature. In the middle of the velocity 
range, the corresponding difference is 0.019”C 
(0.035”F). 

The aforementioned differences between the mea- 
sured air temperature and the surface temperature of 

the naphthalene give rise to uncertainties of 1% or less 

in pnw. 
Once the mass transfer coefficient has been de- 

termined, the Sherwood number may be evaluated 
from 

Sh = KL/G2 (5) 

where ?Z is the naphthalene-air diffusion coefficient, 

and L is a characteristic dimension which will be 
specified during the presentation of results. The dif- 
fusion coefficient was evaluated via the Schmidt num- 
ber SC = v/63?, with SC = 2.5 [4] and v equal to the 
kinematic viscosity of air. 

For the Reynolds number, it is believed that the 
pipe-flow Reynolds number, based on the hole di- 

ameter and the per-hole mass flow, will have greater 
meaning both to practitioners and researchers than 
alternative definitions. For instance, for shell and tube 
heat exchangers, the Reynolds number of the tubes 
which are fed by fluid passing through the holes in the 
tubesheet would be known. To evaluate such a 
Reynolds number definition, the measured mass flow 
for the 19-hole array was prorated uniformly among 
the holes, yielding tiGi19 for each hole, and the hole 
diameter D was employed as the characteristic 
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dimension, so that 

Re = 4(ti/l9)/~~rD. (6) 

The results will be correlated in the form Sh =f(Re) 
and, subsequently, by applying the heat/mass transfer 
analogy, a correlation in the form Nu = f(Re, Pr) will 
be presented, where Nu is the average Nusselt number. 

RESULT!3 AND DISCUSSION 

Mass (heat) transfer results 
The results for the average mass transfer coefficient 

for the hexagonal module will now be presented. In the 
initial presentation of these results, the Sherwood 
number will be based on the pitch P as the characteris- 
tic dimension, so that Sh, = KP/V. The use of the 
pitch has the virtue of simplicity (as compared to other 
candidate characteristic lengths that are combinations 
of dimensions) and, in addition, the magnitude of P 
can serve as an index of the size of the hexagonal 
module. 

In Fig. 4, Sh, is plotted as a function of the Reynolds 
number, which covers the range of 200&20,000. The 
results for the pitch-to-diameter ratios P/D of 2.0 and 
2.5 are respectively represented by blackened and open 
circles. All of the data represented by circular symbols 
correspond to an array consisting of 19 holes. Data 
from auxiliary runs made with a 13-hole array are 
designated by square symbols. 

As seen in the figure, the Sherwood number in- 
creases in a regular manner with the Reynolds number 
for both of the P/D ratios investigated. Within the 
scatter of the data, the Sh,, Re relation for each P/D 
can be very well represented by a straight line, and 
least-squares fits yielded Nu, = 1.90Re0.46g and Nu, 
= 1.52Re0.483, respectively for P/D = 2.0 and 2.5. The 
Reynolds number exponents for the two cases differ 
only slightly, and the difference is probably not 
significant within the scatter of the data. Therefore, a 
common exponent equal to the mean value of the 
aforementioned individual exponents was employed 
(= 0.476). 

With this, least-squares fits yielded 

Sh I = Nu I, = 1.78 Re”.416, P/D = 2.0 (7) 

Sh, = Nu, = 1.62 Re0.476, P/D = 2.5 (8) 

El 
; 
; 100 

- =I 80 

60 
0 2.5, 13 HOLES 

FIG. 4. Mass (heat) transfer results for P/D = 2.0 and 2.5; the 
characteristic dimension in the Sherwood number is the 

pitch P. 

where the analogy between heat and mass transfer has 
been invoked. The straight lines appearing in Fig. 4 are 
representations of equations (7) and (8). As written, 
equations (7) and (8) apply specifically for SC = 2.5 and 
Pr = 2.5 ; generalization to heat transfer situations 
characterized by other Prandtl numbers will be made 
shortly. 

It is interesting to note that the Reynolds number 
exponent, 0.476, which appears in equations (7) and (8) 
is not very different from the value of 0.5 which 
characterizes simple larninar stagnation flows. The 
present flow field has some features in common with a 
stagnation flow and, for example, the dashed lines 
appearing in Fig. 2 can be regarded as stagnation 
streamlines. However, the turning of the flow as it 
enters the holes is a unique feature not found in 
stagnation flows. 

Another interesting aspect of equations (7) and (8) is 
the modest difference-about 9.4x-between the 
numerical constants in the two equations. Thus, it 
appears that the use of the pitch Pas the characteristic 
dimension in the Sherwood (or Nusselt) number is 
quite effective in muting the dependence of the results 
on the P/D ratio. In the interests of a concise and 
simple presentation, a representation accurate to 
better than & 5% over the range 2.0 5 P/D 5 2.5 can 
be written as 

Sh, = Nu, = 1.70Re0.476. (9) 

Notwithstanding the foregoing, it was deemed desir- 
able to examine the use of other characteristic dimen- 
sions to see if a correlation could be achieved which is 
independent of P/D. Such a correlation would facili- 
tate interpolation and extrapolation of the results to 
P/D values other than those employed here. 

The first alternative characteristic dimension to be 
examined is one which has the form of a hydraulic 
diameter, but without its physical significance. A 
pseudo hydraulic diameter may be defined as the 
surface area A of the mass transfer module divided by 
the perimeter which bounds the area A (the perimeter 
includes both the hexagon and hole perimeters). When 
such a characteristic dimension is used in the Sher- 
wood number, the constants in the individual cor- 
relations corresponding to P/D = 2.0 and 2.5 differ by 
6.9%. Compared with equations (7) and (8), this 
represents a slight coalescing of the correlating equa- 
tions, but at the price of a much more complex 
characteristic dimension. It is interesting to note that if 
the pseudo-hydraulic diameter is used in both the 
Sherwood and Reynolds numbers, the spread between 
the correlating equations becomes appreciably larger. 

From further study, it was found possible to bring 
the data for both P/D ratios together onto a single line 
by defining a characteristic length L* as 

L* = A/P (10) 

and employing it in the Sherwood number, while 
maintaining the diameter D as the characteristic length 
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Re x d 

FIG. 5. Mass (heat) transfer results for P/D = 2.0 and 2.5 ; the 
characteristic dimension in the Sherwood number is L* = 

A/P. 

in the Reynolds number. The single correlation which 
results is 

Sh,* = Nu,* = 1.196Re0.476. (11) 

This equation has been plotted in Fig. 5 along with the 
experimental data. It is seen that equation (11) pro- 
vides an excellent representation of the data, and its 
use is recommended both for interpolation within the 
range 2.0 < P/D < 2.5 and for moderate extrapo- 
lations outside that range. 

Attention will now be turned to the generalization of 
the correlating equations, either (9) or (1 l), to apply to 
other Prandtl numbers. For external flows, it is 
common to express the Prandtl number dependence in 
the form Nu h Pr113 at a fixed Reynolds number, 
although Zukauskas [5] suggests that an exponent of 
0.36-0.37 is more suitable. If the l/3 power is used, 
then equations (9) and (11) become 

Nu = 1 25Re0.476 Pr113, P . (12) 

Nu L* = 0.881Re0.476 Pr113 (13) 

where equation (13) is preferred for extrapolation and 
interpolation with respect to P/D. 

As the final item in the discussion of the mass (heat) 
transfer results, consideration will be given to the data 
for the thirteen-hole array that appear in Fig. 4. The 
13-hole array was obtained by closing the six outer- 
most holes (those designated by cross symbols in 
Fig. 3) of the original P/D = 2.5 array with adhesive 
tape. The 13-hole experiments were undertaken to 
examine the response of the Sherwood-Reynolds 
relation to the number of holes since, in the data 
reduction procedure, it was assumed that the total 
mass flow is prorated equally among all the holes in the 
disk. If the experimental data for a lesser number of 
holes were to not deviate from the data obtained for 
the 19-hole array, then any departures from uniform 
prorating of the flow could be regarded as negligible. 

As seen in Fig. 4, there is no discernible difference 
between the results for the 13-and 19-hole arrays. This 
finding lends strong support to the notion that the 
results reported here are uninfluenced by the finite size 

FIG. 6. Pattern offluid flow adjacent to the surface of a multi- 
holed disk with P/D = 2.0. 

of the experimental array. 

Flow visualization 
The flow visualization studies were performed using 

the same multi-holed disks as were employed in the 
mass transfer experiments, but with the surface cov- 
ered with white, plasticized contact paper. Holes were 
cut in the contact paper to coincide with those in the 
disk. Visualization patterns were obtained for both the 
P/D = 2.0 and 2.5 disks, both with 19 holes, and for the 
P/D = 2.5 disk with 13 holes. All of the visualization 
patterns yielded the same basic message and, therefore, 
only a typical pattern, that for P/D = 2.0, will be 
presented in Fig. 6. 

Inspection of Fig. 6 shows that, indeed, there are 
hexagonal regions around the holes. Since the boun- 
daries of the hexagons are formed by lines of flow 
stagnation, these boundaries are shown as black lines 
by the oil-lampblack technique. The hexagon sur- 
rounding the center hole is perfectly symmetric. Fur- 
thermore, the central hexagon is surrounded by six 
complete hexagons which, with respect to the center 
hole, simulates the situation that would prevail in an 
infinite array. Thus, the mass (heat) transfer results for 
the hexagon surrounding the center hole can be 
regarded as representative of those for a typical hole in 
an effectively infinite array. 

Owing to the finiteness of the array, some asym- 
metry in the shapes of the hexagons is in evidence in the 
direction from the center of the array toward the outer 
holes. The hexagons for the outermost holes are, 
necessarily, ,incomplete. 

The streak lines show the details of the flow pattern 
adjacent to the surface. From these, it can be seen that 
near the surface, the flow toward each of the holes is 
more or less radial. 

CONCLUDING REMARKS 

The heat (mass) transfer coefficients reported here 
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should be of direct applicability to the thermal design 
of perforated plate systems, with the recommended 
Nusselt-Reynolds-Prandtl relation being Nu,* = 

0.881Re0.476 PF3. This relation is based on exper- 
iments which extended over an order of magnitude in 
Reynolds number (2000 5 Re 5 20,000). The close 
adherence of the heat (mass) transfer data to a power 
law dependence upon the Reynolds number through- 
out this entire range suggests that the aforementioned 
correlation can be employed at higher Reynolds 
numbers with an expectation of satisfactory accuracy. 

Although the range of pitch-to-diameter ratios 
employed in the experiments was modest (2.0 2 P/D 
5 2.5), the fact that the correlating equation is 
independent of P/D provides encouragement for its 
application to a wider range of P/D values. The 
selection of the Pr”3 power law for generalizing the 
basic data, which correspond to Pr = 2.5, was based 
on the wide utilization of this power law for external 
flows. In the recent literature, there is some preference 
for an exponent of 0.36 or 0.37 instead of l/3. Had 

Pro.37 been used in the correlating equation, the 
constant 0.881 would be replaced by 0.852. 
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COEFFICIENT DE TRANSFERT THERMIQUE POUR LA FACE AMONT DUNE PLAQUE 
PERFOREE NORMALE A UN ECOULEMENT INCIDENT 

R&sum&Des experiences permettent de determiner les coefficients de transfert thermique sur une surface 
faisant face a un icoulement et per&e d’un r&au rtgulier de trous. Les trous sont disposes selon une maille 
en triangle iquilattre et cette geomitrie conduit a une symitrie telle que chaque trou est entouri par une 
region hexagonale dont les frontitres sont des lignesde symttrie. Le transfert thermique et les caracteristiques 
de l’ecoulement sont identiques pour toutes les mailles, de telle sorte que les mesures pour une seule donnent 
information pour la surface entiere. Deux parametres sont variables durant les experiences, le rapport pas sur 
diametre des trous P/D et le nombre de Reynolds Re relatif au trou. Les resultats sont etroitement reprisentes 
par la relation Nu, = 0,881 Re”,“‘b Pr”J. La dimension caracteristique dans le nombre de Nusselt est le 
rapport de la surface de la maille au pas, tandis que le nombre de Reynolds est celui de I’tcoulement a travers 
un tube ayant un diamttre Cgal a celui du trou dans la maille. Des visualisations d’ecoulement confirment 

l’existence de la maille hexagonale. 

WARMEUBERGANGSKOEFFIZIENTEN AN DER ANSTRGMSEITE EINER GELOCHTEN 
UND SENKRECHT ZUR STRGMUNG AUSGERICHTETEN PLATTE 

Zusammenfassung-Es werden Experimente zur Bestimmung von Warmeiibergangskoeffizienten an einer 
gegen die Stromung gerichteten Platte durchgefiihrt, in die Lecher in regelmaBiger Anordnung gebohrt sind. 
Die L&her sind in Form gleichseitiger Dreiecke angeordnet. Diese regelmal3ige Geometrie la5t ein 
symmetrisches Stromungsbild vermuten, wobei jedes Loch von einem hexagonalen Gebiet umgeben 
ist, dessen Grenzen Symmetrielinien sind. Innerhalb eines jeden solchen hexagonalen Moduls sind die 
Warmeiibergangs- und Stromungsvorglnge gleich denen der anderen Module, welche die Flache 
iiberdecken, so daB Messungen an einem einzelnen Modul die Information fiir die gesamte Flache ergeben. 
Diese Eigenschaft wurde bei der Planung und Durchfiihrung der beschriebenen Experimente ausgenutzt. Es 
wurden zwei Parameter bei den Messungen variiertdas Verhlltnis Lochteilung zu Lochdurchmesser P/D 
und die auf das einzelne Loch bezogene Reynolds-Zahl Re. Die Ergebnisse werden von der Beziehung Nu,* 
= 0,881 Re”.4’0 Pr’.’ wiedergegeben. Die charakteristische geometrische Grol3e in der Nusselt-Zahl ist das 
Verhaltnis der Modulobetllache zur Teilung. Die Reynolds-Zahl entspricht der einer Rohrstriimung mit 
dem Durchmesser der L&her in der Platte als charakteristischer Lange. Die Sichtbarmachung der Stromung 

bestatigte die Existenz von hexagonal angeordneten Moduln. 
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K03@@M~MEHTbI TEIUIOITEPEHOCA 06PAuEHHOti K nOTOKY I’IOBEPXHOCTM 
IlEP~OPWPOBAHHO6l IlJfACTMHbI, PACI-IOJIO~EHHO~ FlOfl FIPFiMbIM YFJIOM 

HATEKAHMR 

AHHoTau~ - npoBeAeHo ~Kcnep~MeHTanbHoe onpeAenewe KO~~~~~~CHTOB Ten~o~e~H~a Ha 06pa- 
WeHHOii K IIOTOKy nOBepXHOCTFi C ~Q’JHlpHO PaCUOnO~e~~HbIM~ pPAaMN OTBe&Z=Zfii. OTEep?TItS paC- 

nOnI’W.RHCb B UeHTpaX paBHOCTOpOHHRX TpE?yrOAbHHKOB, YTO nO3BOjIBJIO IlOJlyWfb fdKyl0 CUMMCTPIIIO, 

Ilprl KOTOpOii BOKpyr KaW3Ol-0 OTBepTWl MOXHO BbIAeJINTb RKCarOHaJIbHyIO 06JlaCTb, rpaHWb1 

KOTOpOa IIBJUIIOTCX JN~HARM&~ CWMMeTpHli. TenJIOO6MeHHbIe A WApOAWIaMA’IeCKNe XapaKTepltCTHKH 

Kaxnoro TaKoro reKcaroHanbHor0 Monynn weHTwUibI XapaKTepscTuKaM 0cTanbHbIx Monyneti Ha 

nosepxHocTu, TaK vT0 ~3~epekili51, nposenewibre An* o~t~oro ~onynn, nawT wHQopMaUuto 0 BceA 

nOBepXHOCTH. 3Ta OCO6eHHOCTb HCnOJIb30BaJIaCb IlpH nOCTaHOBKe A npOBCAeHH&l OflHCaHHbIX 3KCnepW 

MeHTOB. B 3KCnepHMeHTaX H3MeHllJUfCb ABa WpaMeTpa: OTHOUleHAe UIara OTBepTHil K AHaMeTpy, P/D, 
If %%$I0 PeitHOAbACa Rn5t KaW(IIOr0 OTBepCTifSl. Pe3yJIbTaTbI 0606WLWCb C UOMOUlbK) COOTHOWCHAI 

Nz&* = 0,88 1 Re * 476Pr”3 3a XafXlKTepHbIfi pa3Mep AAll YNCJIa HyCCenbTa Up~H~~~OCb OTHO~eH~e 

nno~aiItt noBepxHoeT~ ~0Ayjlfl K utary,a nnli wiCna Pe~HoAbAca-n~He~H~~ pa3Mep,xapaKTepHbl~ 

Anx TeqeHHK B Tpy6e c AsaMeTpoM, paBHbrM AlraMeTpy 0TBepcTG B nnacrmie. Bwyans3aUes 

TeYeHHI( nOATEepAkina HLWRWfC ptlAOB reKCarOHa,IbHblX MOAyJIeii. 


