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Abstract-Local mass-transfer coefficients in the laminar entrance region of a flat rectangular duct were 
determined by application of the naphthalene sublimation technique. In accordance with the analogy 
between heat and mass transfer, the experimental conditions corresponded to a heat-transfer situation 
characterized by simultaneously developing velocity and temperature fields in an isothermal-walled 
parallel plate channel. Results were obtained for Reynolds numbers in the range between 350 and 1500. 
By use of a dimensionless streamwise coordinate involving the Reynolds number as a scaling factor, 
it was found that the data for the various Reynolds numbers could be brought together. The experi- 
mental results were compared with analytical predictions and good agreement prevailed. Overall mass 

balances performed using independent measurement procedures were satisfied to within a few per cent. 

NOMENCLATURE 

equivalent diameter, 2h; 
diffusion coefficient; 
duct height; 

mass-transfer coefficient; 
local mass-transfer rate/area; 
vapor pressure of naphthalene at wall; 
Reynolds number, iiD&; 
Sherwood number, kDJ9; 
Schmidt number; 

absolute temperature; 
duration of a data run; 
mean velocity; 

streamwise coordinate; 
local sublimation depth; 
kinematic viscosity; 
concentration of naphthalene vapor in 
incoming flow; 

concentration of naphthalene vapor at duct 
wall; 

density of solid naphthalene. 

INTRODUCTION 

THE PROBLEM of simultaneously developing laminar 
velocity and temperature fields in the entrance region 

__~ 
*Onleave from Department0 de Hidraulica e Saneamento, 

Escola de Engenharia de SBo Carlos, SFto Carlos, S&o Paulo, 
Brazil. 

of a parallel plate channel has evoked a number of 
analytical studies in the past two decades. Interest in 
the problem has been motivated by applications to 

compact heat exchangers. Owing to the complexity of 
the analysis, a variety of solution methods encompass- 
ing varying degrees of approximation were employed, 
including the Karman-Pohlhausen integral method 
[ 1,2], the Langhaar-Han integral method [3,4], series 
expansions [5,6], and finite-differences [7,8]. On the 
other hand, experimental investigation of the problem 

appears to be limited to the tests reported in [8]. The 
results presented therein tend to be rather sparse 
(e.g. eight local Nusselt number data points for the 
symmetrically heated channel) and restricted in range. 

The present investigation was undertaken to provide 
more complete experimental information on the local 
transfer characteristics for simultaneously developing 
laminar velocity and temperature fields in a parallel 
plate channel. The experiments were performed using 
the naphthalene sublimation technique. In accordance 
with the analogy between heat and mass transfer, the 
present tests correspond to a heat-transfer problem 
with the same uniform surface temperature at each of 
the channel walls. A flat rectangular duct with a cross 
sectional aspect ratio of about 60 was used for the 
experimental runs, which encompassed a Reynolds 
number range from approximately 350-1500. Local 
transfer coefficients were determined as a function of 
a dimensionless axial coordinate which varied over a 
range of two orders of magnitude. 
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EXPERIMENTAL APPARATCS 

The flat rectangular duct used in the experiments 
was made up of two parallel plates of naphthalene 
with side walls of plexiglass. The side walls served as 
spacers to fix the distance between the naphthalene 

plates. The resulting dimensions of the duct cross 
section were 1.5 x 88.3mm (height by width), which 

corresponds to an aspect ratio of 58.9. The active length 
of the test section in the streamwise direction was 

about 65 mm. 
At its upstream end, the duct mated with a slot that 

had been cut into a baffle plate. as shown schematically 
in Fig. 1 (the figure is not to scale). The front edges 
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FIG. 1. Duct and baffle plate 
configuration. 

of the duct walls were carefully aligned with the face 
of the baffle plate in order to provide a continuous 
surface. At its downstream end, the duct emptied into 
a plenum chamber which was connected to a flow 
meter via flexible hose. A blower situated downstream 
of the meter delivered the flow to.an exhaust system, 
which discharged the naphthaleneair mixture at the 
roof of the building. 

The placement of the blower downstream of the test 
section, rather than upstream, was purposeful. With 
the blower upstream, preheating of the air prior to its 
entry into the test section might have occurred, thereby 
causing a temperature rise. Since the vapor pressure 
of naphthalene is quite sensitive to temperature level 
(about 10 per cent/degC at room temperature), the 

preheating would have introduced an element of un- 
certainty in the results. Furthermore. the use of the 
building exhaust system ensured against the presence 
of naphthalene vapor in the room. Therefore. the air 

entering the test section was room temperature air, 
free of naphthalene vapor. The laboratory room itself 

was temperature-controlled, and the naphthalene 

plates, sealed between glass with a plastic outer wrap, 
were left in the room for a period of 24 h prior to 
the tests to ensure thermal equilibrium. 

The naphthdlene plates were cast in a specially 
designed mold. The metallic components of the mold, 

stainless steel plates and brass bars, had been hand 
polished and lapped to a mirror finish. When as- 

sembled. the mold enclosed a rectangular CdVity whose 
top was left open for pouring the molten naphthalene. 
Once poured, the naphthalene was allowed to solidify 
under air cooling conditions. Removal of a cast plate 
was accomplished by hammer blows on strategic posi- 
tions on the mold. Additional details of the mold con- 
struction and thecasting procedurearedescribed in [9]. 

The surfaces of the plates produced by the afore- 
mentioned casting procedure were extremely smooth 
and flat, so that further surface finishing operations 
were unnecessary. Furthermore. lubricants were not 

used to facilitate the removal of the plates from the 
mold. Extreme care was employed in cleaning all equip- 
ment involved with the casting procedure and in 
handling the cast plates subsequent to their removal 
from the mold. In view of these procedures and pre- 
cautions, it can be assumed with confidence that the 

surfaces of the naphthalene plates were free of con- 
tamination. 

A plate was never re-used subsequent to a data run. 

Rather. each new plate was cast from fresh naphthalene. 
To ensure against extraneous mass transfer during a 
data run, only that surface of the plate which was 
contacted by the duct flow was left exposed. All other 
surfaces were covered by a pressure sensitive tape. 

The profile of the surface in the streamwise direction 
was measured both before a data run and after a data 

run by a precision dial gage. The smallest scale 
division on the dial gage was 0.00005 inches. It was 
mounted on a fixed strut that overhung a movable 
coordinate table. The coordinate table provided two 
directions of horizontal travel and was equipped with 
micrometer heads from which the horizontal position 
could be read to 0.002mm. The naphthalene plates 
were held firmly against the coordinate table by Rat 
springs. 

The rate of flow through the test section was 
measured by a rotameter that had been calibrated by 
a volume displacement method (the calibration appar- 
atus is described in [lo]). Air temperature at the duct 
inlet was sensed by a calibrated copper-constantan 
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thermocouple and recorded by a digital millivoltmeter. 
A laboratory timer was used to measure the duration 
of a data run. 

ANALYSIS OF DATA 

Preliminary data runs were made to verify that the 
measurements were essentially independent of spanwise 
position. Surface profile measurements in the stream- 
wise direction (x direction, see Fig. 1) were made along 
the spanwise centerline and along lines displaced by 
2.4 and 3.4 cm from the centerline. The measured pro- 
files along these three lines were identical within the 
precision of the instrumentation. This outcome is 
entirely consistent with the predicted spanwise flatness 
of the velocity field for a 59: 1 aspect-ratio rectangular 
duct. In fact, to encounter a 1 per cent spanwise vari- 
ation in the velocity, it would be necessary to go to 
a spanwise position that is 4.2cm from the centerline 
(half-span of duct = 4.4cm). 

For all of the final data runs, surface profile measure- 
ments were made along the line at 3.4cm from the 
spanwise centerline. This choice was made to facilitate 
corrections for natural convection sublimation which 
occurred during the period when profiles were 
measured before and after a data run. The corrections 
were determined from surface profile measurements on 
that portion of the plate which was covered by the 
plastic side walls during the duration of a data run, 
but was uncovered during the measurement period. 
The proximity of the 3.4cm spanwise location to the 
location of the free convection measurements was the 
main factor in its selection as the data collection site. 

The surface profile measurements, corrected as de- 
scribed in the foregoing paragraph, yielded the stream- 
wise distribution of the sublimation depth 6(x). Then, 
using the density p. of solid naphthalene (p, = 1.145 
[ 111) and the measured duration to of the data run, 
the rate of mass transfer rit per unit area was evaluated 
from 

k(x) = /%&x)/to. (1) 

A local mass-transfer coefficient k can then be 
defined as 

kc: 
Pnw-Pni 

where pnw and pni are the concentrations (densities) 
of naphthalene vapor at the duct wall and in the flow 
entering the duct. For determining p.,,,, it is necessary 
to employ the vapor pressure-temperature relation for 
naphthalene. There are several such relations in the 
literature and it is difficult to assess their relative merits. 
The Sogin correlation [ 121 

log10 PM = 11.884-6713/T (3) 
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was ultimately adopted, where pnw is in lb/ft’ and T is 
in “R. With pnw from equation (3), p.,,, was evaluated 
from the perfect gas law. The concentration of naph- 
thalene vapor in the entering flow was zero. 

Then, a local Sherwood number can be evaluated 
from 

Sh = kD,/3 (4) 

in which D, is the equivalent diameter and 9 is the 
diffusion coefficient. For a parallel plate channel, 
D, = 2h. The diffusion coefficient can be expressed in 
terms of the Schmidt number by 3 = V/SC. In view of 
the minute concentrations of naphthalene, v was evalu- 
ated as that for pure air; in addition, SC = 2.5 [ 123. 

The local Sherwood number results are to be pre- 
sented as a function of a dimensionless streamwise 
coordinate 

x/2h 

ReSc 
(5) 

which is the reciprocal of the Graetz number, and 
Re = iiD&. 

In view of the fact that the channel height changed 
during the course of a data run as a result of sub- 
limation, the quantity h appearing in equations (4) and 
(5) was evaluated as the average of the initial and final 
heights. Generally, the average channel height differed 
by about 3 per cent from the initial height. 

As a check on the instrumentation, experimental 
procedure, and data reduction technique, overall mass 
balances were performed. To this end, the sublimation 
depth profile a(x) was integrated along the entire length 
of the plate. Upon multiplication of the integrated 
result by p. and by the exposed area of the plate, the 
amount of sublimed mass was determined. An alter- 
native and fully independent measure of the sublimed 
mass was obtained by before and after weighing of the 
plate by means of a precision balance accurate to 
within 0.05 per cent in the range of the present measure- 
ments. Comparisons of the two sets of overall mass- 
transfer results will be made shortly. 

RESULTS AND DISCUSSION 

The experimentally determined local Sherwood 
number results are plotted in Fig. 2 as a function of 
the dimensionless streamwise coordinate (x/2h)/ReSc. 
The figure contains the results for all of the five 
Reynolds numbers investigated, ranging from about 
350-1500. The data for each Reynolds number are 
plotted separately in order to preserve clarity. 

The ordinary axis actually serves as five different 
axes. The level of the ordinate for each set of data is 
fixed by indicating one Sherwood number for each set. 
The Sherwood number increment between hash marks 
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FIG. 2. Local Sherwood number results. 

is given at the lower left of the figure. A relatively 
large scale has been used on the ordinate, so that both 
data scatter and deviations from analytical predictions 

tend to be exaggerated. 
Associated with each set of data is a sohd line. 

Actually, all of the solid lines are repetitions of the 
same line, each being drawn according to the ordinate 
scale that is specific for each Reynolds number. As 

will be discussed shortly, the lines represent analytical 
predictions, but for now they serve as convenient 
reference lines for making comparisons among the data 
for the various Reynolds numbers. 

As seen in the figure, the transfer coefficients for 

each Reynolds number decrease monotonically with 
increasing distance from the duct inlet. Furthermore, 
the data for the various Reynolds numbers follow the 
respective reference lines with about the same degree 
of fidelity. Therefore, since the reference lines are 
identical, the data points for the various Reynolds 
numbers would fall together if they were plotted on 
the same ordinate scale. It may thus be concluded that 
the use of (x/2/9/R e as a dimensionless streamwise 
coordinate successfully brings together the data for the 
different Reynolds numbers.* This finding is in accord- 

*The Schmidt number is included in the abscissa variable 
of Fig. 2 in accordance with conventional practice, but a 
separate dependence on SC or Pr still remains. 

ancewith published analyses, but must be accepted with 
the reservation that it is applicable only when the 
boundary layer assumptions are valid. that is, at 

sufficiently high Reynolds numbers. 
The quantitative outcome of the mass balances dis- 

cussed at the end of the preceding section will now be 
presented. For the five Reynolds numbers, proceeding 
from lowest to highest, the respective deviations be- 

tween the integral of the local mass transfer and the 

measured overall mass transfer were 1.3, 0.4, 0.5, 3.0 
and 1.7 per cent. This excellent level of agreement Iends 
support to the quality of the experimental apparatus 
and to the data acquisition procedures. 

Analytical results for the isothermal-walled channel 
(by analogy, for uniform wall concentration) are pro- 

vided in [l, 5-Q but only [S] presents results for the 
local transfer coefficients. The latter results are for 

Pr = O-7 and, therefore, cannot be employed for direct 
comparison with those of the present tests, which are 
for SC = 2.5. Fortunately, the average Nusselt number 
results of [l] are expressed by a relatively simple 

algebraic form, so that local transfer results can be 
obtained by differentiation with respect to the stream- 
wise coordinate. The thus-obtained expression for the 

local Sherwood number is 

(6) 

The analysis of [l] is based on the approximate 

Karman-Pohlhausen integral method and, therefore, 
so is equation (6). The range of applicability of equation 
(6) extends up to (x/2h)/ReSc = 6 x 10W3, which cor- 

responds to the position where the boundary layers, 
growing from the two opposite walls of the channel, 
have met. To examine its validity, equation (6) has been 

evaluated for Pr = 0.7 and compared with the finite 
difference results of [8]. It was found that equation (6) 
gives results that are 2.5-6 per cent high. Other com- 
parisons cited in [8], all related to overall heat-transfer 
results, indicate a 6-7 per cent range of agreement 
among the various analytical predictions [ 1, 5, 7, 81. 

The solid lines in Fig. 2 represent equation (6) with 
SC evaluated as 2.5. From an examination of the figure, 
it can be seen that for the most part, the data are 
within 5 per cent of the analytical prediction, although 
there are a few points which deviate by as much as 
10 per cent. In general, the experimental results fall 
above the analytical prediction, and some consider- 
ation was given to possible reasons for this outcome. 
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Uncertainties in the Schmidt number and in the 
vapor pressure-temperature relationship might well be 

responsible for a few per cent of the just-cited deviation. 

Also considered was the possible effect ofa sublimation- 

induced transverse velocity at the duct walls, but the 
corresponding variation of the Reynolds number along 
the channel was found to be negligible (ARe << 1). 
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Kanglen, Chemie-lngr-Tech. 32,401-404 (1960). 
C. L. Hwang and L. T. Fan, Finite difference analysis 
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a flat rectangular duct, Appl. Scient. Rrs. A13, 401-422 
( 1964). 
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Laminar forced convektion in the entrance region 
between parallel flat plates, J. Heat Transfer 89,251-257 
(1967). 
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fin and tube heat exchanger, Ph.D. Thesis, Department 
of Mechanical Engineering, University of Minnesota, 
Minneapolis, Minnesota (1974). 
S. T. McComas, Heat transfer and pressure drop in 
laminar flow through a circular tube under continuum 
and rarefied conditions, Appendix B, Ph.D. Thesis, 
Department of Mechanical Engineering, University of 
Minnesota, Minneapolis, Minnesota (1964). 
Handbook of Chemistry and Physics, 47th Edn, p. C-414. 
Chemical Rubber. Cleveland, Ohio 11966-1967). 
H. H. Sogin, Sublimation from disks to air’ streams 
flowing normal to their surfaces, Trans. Am. Sot. Mech. 
Engrs 80,61-71 (1958). 

Still another potential factor might have been the 
contouring of the duct walls owing to the streamwise 

variation of the sublimation depth. During the course 
of a data run, a slight convergence of the walls was 
created by the sublimation. Very near the duct inlet, 
(x/2h)/ReSc < 3 x 10m4, it was estimated that a con- 

vergence with a half angle of about 3” developed 
during the duration of a run. Farther downstream, the 

convergence half angles were small fractions of a degree. 
Convergence does tend to increase the Sherwood num- 

ber, but it would not be expected that convergence 
angles as small as the aforementioned would cause a 
5-10 per cent effect. 
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MESURE DU COEFFICIENT LOCAL DE TRANSFERT POUR UN ECOULEMENT 
LAMINAIRE A L’ENTREE D’UNE CONDUITE RECTANGULAIRE ALLONGEE 

RCumC-On d&ermine le coefficient local de transfert massique dans la rtgion d’entrke laminaire d’une 
conduite rectangulaire allongbe, en utilisant la technique de sublimation du naphtalkne. En accord avec 
l’analogie entre transferts de masse et de chaleur, les conditions exptrimentales correspondent g un 
transfert de chaleur caractCrist par des champs d’holution de vitesse et de temptrature dans un canal 
entre deux plans parallkles isothermes. Les r6sultats concernent les nombres de Reynolds compris entre 
350 et 1500. A partir d’une coordonnte adimensionnelle, dans le sens du courant. introduisant le nombre 
de Reynolds comme un facteur d’bchelle. on trouve que les rbsultats peuvent &tre rassemblbs pour 
diffkrents nombres de Reynolds. 11s sont comparts aux calculs et on obtient un bon accord. Des bilans 
globaux de masse Ctablis par des mCthodes de mesureindkpendantes se recoupent aquelques pour cent pri-s. 

MEssuNGEN VON ORTLICHEN AUSTAUSCHK~EFFIZIENTEN FOR sIcH 
AUSBILDENDE LAMINARE STROMUNG IN FLACHEN RECHTECKIGEN KANALEN 

Zusammenfassung-C)rtliche Stoflaustauschkoeffizienten in der laminaren AnlaufstrGmung von flachen 
rechteckigen Kantien wurden mit Hilfe der Naphtalin-Sublimationstechnik bestimmt. In Ubereinstim- 
mung mit der Analogie zwischen WSirme- und Stoffaustausch entsprachen die experimentellen Bedingungen 
den Wtimeiibergangsverhatnissen, die durch die gleichzeitige Ausbildung von Geschwindigkeits- und 
Temperaturfeldern in einem Kanal mit parallelen isothermen W&den gekennzeichnet sind. Es wurden 
Ergebnisse fiir Reynolds-Zahlen zwischen 350 und 1500 gewonnen. Unter Verwendung einer dimen- 
sionslosen Koordinate, die die Reynolds-Zahl als einen MaBstabsfaktor enthat, ergab sich, dalj die 
Ergebnisse fir verschiedene Reynolds-Zahlen korreliert werden konnten. Die experimentellen Ergebnisse 
wurden mit analytischen Ansltzen verglichen. Es ergab sich gute nbereinstimmung. Stoffbilanzen, die 
unter Verwendung verschiedener MeDverfahren aufgestellt wurden, stimmten mit einer Abweichung von 

wenigen Prozent iiberein. 
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M3MEPEHME JIOKAflbHblX KO%D@MUMEHTOB FIEPEHOCA IlPM JIAMMHAPHOM 
TE’4EHMM HA HAYAJIbHOM YYACTKE nJIOCKOl-0 IlP~MOY~OJlbHOl-0 KAHAJIA 

AmoTauHR-C ITOMOUJbbO MeTOLIHKM cy6JlHMaUMM HiI@TitnMHa OnpeneneHbl nOKanbHble KO3,$,$M- 

UCleHTbI MaCCOnepeHOCa Ha BXOflHOM yWcTKe IInOCKOrO npflMOyrOnbHOr0 KaHana. B COOTBeTCTBMM 

C aHanOrMeP MeXWy TennO- M MaCCOnepeHOCOM 3KClTepMMeHTanbHble yCJlOBMR COOTBeTCTBOBa,TH 

Tennonepeiiocy, xapaKTepM3yroqeMycn onHoBpeMeHH0 pa3B~BatotwiMMc~ nonmbi CKOPOCTM H 

TeMnepaTypbl B nnOCKO-napan,IenbHOM KaHane C M30TepMHYeCKMMM CTeHKBMH. flO."yYeHblnaHHble 

mm wcen PeiiHonbnca ~~~ar1a30t1e 0~ 350~0 1500. HatiineHo, 4~0 naHHble mm pa3nMrHbrx wcen 

PeiiHOJlbRCa hlOryT 6blTb o6o6ueHbl C IIOMOU,bK) 6e3pa3MepHofi npOflOnbHOti KOOpnMHaTbl,BK,UO- 

rafoueti B ce6x B KaqecTBe MacmTa6Horo +aKTopa wcno PeAHonbnca. npOBeneHHOe cpaBHewie 

IIOKa3aJlO XOpOIIIee COOTBeTCrBMe MeHcny 3KCJIepMMeHTWlbHblMM UiLHHblMM A aHanMTAYeCKMMH 

paCYeTaMH. 06~1~2 6anaHc MaCC, BblnOnHeHHblk C nOMOUlbH) He3aBIICMMblX !43MepeHdi, nOKa3an 

COBnaneHMeCTO',HOCTbMnO HeCKOnbKHX IIpOUeHTOB. 


