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Abstract-A combined experimental and anaiytical~nume~ca~ investigation has been carried out for tur- 
bulent Row in a flat, rectangular duct with streamwise nonuniform heating at one of the principal walls. 
The investigated heating pattern consisted of adiabatic zones periodically inserted between isothermai 
heated zones. The relative streamwise lengths of the heated zones and the adiabatic zones were varied 
parametrically, as was the Reynolds number. Heat transfer coefficients were determined at each of the 
heated zones, both in the thermal entrance region and in the fully developed region. It was found that the 
presence of the adiabatic zones can give rise to substantial enhancement of the heat transfer coefficients at 
the heated zones. For a duct of fixed overall length, the use of the adiabatic zones represents a loss in 
transfer surface area, which brings about a net decrease in the overall rate of heat transfer. The agreement 
between the numerical and experimental results was typically in the two percent range, an outcome which 

recommends the numerical model as a tool for studying other nonuniform heating patterns. 

INTRODUCTION 

TURBULENT duct flows having longitudinally non- 
uniform heating at the bounding walls are a reality 
of engineering practice. Commonly, the heating may 
vary either monotonically in the flow direction or, 
alternatively, the variation may be approximately spa- 
tially periodic. Furthermore, the use of periodically 
deployed adiabatic zones to interrupt an otherwise 
uniform heating at the wall has been proposed as 
a heat transfer enhancement technique. At such an 
adiabatic zone, the thermal boundary layer created by 
the upstream heating tends toward greater tem- 
perature unifo~ity. As a result, the flow approaching 
the next heated patch undergoes a new thermal boun- 
dary-layer development which, in turn, creates high 
heat transfer coefficients. 

The foregoing discussion provides background for 
the three-part investigation of turbulent, non- 
uniformly heated duct flows to be described here. The 
problem to be considered is a flat, rectangular duct in 
which one of the principal walls is subjected to a 
spatially periodic heating condition where successive 
heated zones are separated by adiabatic zones, with 
each heated zone being isothermal. There is no heat 
transfer at the other bounding walls of the duct. An 
unheated hydrodynamic development length delivers 
a fully developed turbulent flow to the heated test 
section. 

In the first part of the research, experiments were 
performed for various ratios of the lengths of the 
consecutive adiabatic and heated zones in the periodic 
heating pattern. If L,,,,,, and Linact respectively rep- 
resent the streamwise lengths of a heated zone and 
an adiabatic zone, the investigated Li,act/LactiVe ratios 
included 0, 0.095, 0.228, 0.457 and 0.762. For each 

L,"~~tlL~~ti"~ value, the duct Reynolds number was 
varied between 4000 and 24,000 in six steps. For each 
heating pattern and each Reynolds number, heat 
transfer coefficients were measured at each of the 
heated segments, extending all the way through the 
thermal entrance region into the thermally developed 
regime. 

The second part of the research consisted of an 
analytical-numerical attack on the problem for which 
experiments were described in the preceding 
paragraph. The work was performed for a parallel- 
plate channel and for Re > 8000, i.e. the range for 
which turbulence models are well established. For the 
numerical solutions, a marching procedure was used 
which starts at the very beginning of the heated test 
section and proceeds downstream along the successive 
heated and unheated zones. The numerically deter- 
mined heat transfer coefficients will be compared with 
those from the experiments. 

The third part of the work is a performance analy- 
sis. The experimental and numerical results showed 
that the heat transfer coefficients at the heated zones 
were enhanced by the presence of the adiabatic zones. 
On the other hand, the presence of the adiabatic zones 
represents a loss of heat transfer surface area. A priori, 

it is unknown whether the higher heat transfer 
coefficients compensate for the loss of the transfer 
surface area. To investigate this issue, overall heat 
transfer rates were calculated for ducts having a fixed 
overall length for heating patterns with no adiabatic 
zones (Llna,&active = 0) and with adiabatic zones char- 
acterized by Li,JL,,ti,, = 0.25 and 0.5. 

A literature search failed to reveal any prior experi- 
mental work on turbulent flow in spatially periodi- 
cally heated ducts. Furthermore, the problem has, as 
such, not heretofore been solved analytically. It can, 

175 



176 E. M. SPARROW et ctf. 

NOMENCLATURE 

A cross-sectional area for fluid flow T temperature 

4 surface area of element i Tb bulk temperature 
A+ generalized van Driest damping TM bulk temperature at element i 

factor TO fluid inlet temperature 

& hydraulic diameter TW wall temperature 
9 mass diffusion coefficient u streamwise velocity component 

.f friction factor i2 mean velocity 
H half height of duct u’ dimensionless velocity 
H’ dimensionless half height u* friction velocity 

hi heat transfer coefficient at element i X streamwise coordinate 

K mass transfer coefficient at element i xi coordinate at midpoint of element 
k thermal conductivity X; coordinate at upsteam end of element 

Lactive streamwise length of mass (heat) x: coordinate at downstream end of 
transfer element element 

L lnaCt streamwise length of no mass (heat) X+ dimensionless streamwise coordinate 
transfer zone Y transverse coordinate 

L tof overall length of duct Y’ dimensionless transverse coordinate. 
I+ dimensionless mixing length 
& rate of mass transfer at element i Greek symbols 
AMi change of mass at element i rr thermal diffusivity 

ni,,, overall rate of mass transfer for duct % eddy diffusi~ty for heat 
length L,,, %I eddy diffusivity for momentum 

k20t.0 value of tit,,, in absence of zero mass B dimensionless temperature 
transfer zones iJ viscosity 

Nu, Nusselt number at element i V kinematic viscosity 
Pr Prandtl number Pnh.i bulk naphthalene vapor density at 

Pr, turbulent Prandtl number element i 

4 static pressure Pnw naphthalene vapor density at 

Q volumetric flow rate subliming surface 

Qt rate of heat transfer at element i t duration of data run 
RC? Reynolds number It shear stress 
‘SC Schmidt number t, wall shear stress. 
92, Sherwood number at element i 

in principle, be treated by superposing Graetz-type 
solutions for the one-sided heated, isothermal-walled 
duct [l-3]. Recall that the Graetz solution is a series, 
the first term of which applies far downstream (in 
the thermally developed region) and each subsequent 
term enables the solution to progress upstream toward 
the test section inlet. Solutions of this type generally 
do not yield accurate results in the neighborhood of 
the inlet. 

If Graetz-type solutions were to be superposed in 
an attempt to solve the periodic heating problem, the 
aforementioned inlet-section inaccuracies would be 
repeated at the initiation of each cycle of the periodic 
heating pattern. It is for this reason that superposition 
of Graetz-type solutions was not used here. As pre- 
viously noted, the present solutions were obtained 
by a marching procedure which starts at the very 
beginning of the heated test section, in contrast to the 
Graetz solution which starts downstream and tries to 
work backwards toward the inlet. 

Performance analyses to evaluate the use of periodic 
adiabatic zones as an enhancement technique seem 
not to have been published up till now. 

EXPERIMENTS 

Experimental apparatus andprocedure 
In the design of the experiments, cognizance was 

taken of the need to achieve a sharply defined, abrupt 
change in the thermal boundary condition between 
contiguous portions of the duct wall (i.e. the iso- 
thermal and adiabatic zones). Owing to the unavail- 
ability of perfect thermal insulators, it is virtually 
impossible to fulfill the adiabatic condition in the near 
neighborhood of a heated, isothermal zone. On the 
other hand, the desired boundary conditions can be 
achieved by analogy by making use of the naphthalene 
sublimation technique, and this technique was 
adopted for the present experiments. 

The experiments were performed using a horizontal 
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rectangular duct having cross-sectional dimensions of given array, all of the spacers had a common length 
13.335 x 2.667 cm (width x height), with a hydraulic Linact and a spanwise width equal to the duct width. 
diameter D, = 4.445 cm and a 5 : 1 aspect ratio. The During the course of the experiments, five different 
duct consisted of a hydrodynamic development arrays were employed, characterized by Linact/ 
length, the test section, and a post-test-section length, Lactive = 0, 0.095, 0.228, 0.457 and 0.762. Since Lactive 
which were fabricated as a single unit and were, there- was fixed, the variation of the Linact/Lactive ratio was 
fore, continuous. These sections had respective achieved by using four different sets of spacer bars in 
streamwise lengths of 4OD,,, 13D,, and 1 lD,. addition to the no-spacer case. 

The apparatus was operated in the open-circuit 
mode and in suction. Air from the temperature-con- 
trolled, naphthalene-free laboratory was drawn into 
the hydrodynamic development section through a 
sharp-edged inlet. The air traversed the development 

section and entered the test section, where it received 
naphthalene vapor due to sublimation at one of the 
principal walls of the duct. It continued on through 
the post-test-section length, whose presence avoided 
abrupt changes in cross section which would have 
disturbed the flow in the downstream portion of the 

test section. 
At the exit of the rectangular duct, the air passed 

into a rectangular-to-circular transition piece and 
then to a flowmeter (a calibrated orifice plate), a con- 
trol valve and a blower. The blower was situated in a 
service corridor adjacent to the laboratory, and its 
naphthalene-enriched, compression-heated discharge 
was vented outside the building. This placement of 
the blower and the outside exhaust enhanced the tem- 
perature stability of the laboratory and ensured the 
absence of naphthalene vapor in the air entering the 
apparatus. 

The upper wall of the test section (fabricated from 

aluminum) was made easily removable to facilitate the 
rapid installation and extraction of the mass transfer 

elements and the spacer bars. The elements and 
spacers, once assembled, were held in place by trans- 

verse pressure exerted by longitudinal rails respec- 
tively positioned along each lateral edge of the wall. 
As seen in Fig. 1, the wall was machined at its forward 
edge with a lip that overlay the adjacent wall of the 
hydrodynamic development section, and a similar lip 

was provided at the downstream end of the wall. Seal- 
ing against inleakage of air was accomplished by the 
use of O-ring material which was compressed by the 

action of quick-connect clamps. 
The other walls of the duct were metallic (i.e. alumi- 

num) and, therefore, did not participate in the mass 
transfer process. 

The upstream portion of the test section is shown 
in a schematic side view in Fig. 1. As seen there, the 
upper wall of the test section housed the periodically 
positioned mass transfer elements. Each mass transfer 
element consisted of a layer of solid naphthalene and 
an aluminum substrate onto which the naphthalene 
had been cast. All the mass transfer elements had the 
same streamwise length L,,,,,, (= 3.335 cm) and a 
spanwise width equal to the width of the duct cross 
section. The mass transfer boundary condition at each 
element is uniform concentration of naphthalene 
vapor, which corresponds to uniform temperature for 
the analogous heat transfer problem. 

For the casting of the mass transfer elements, each 

substrate was incorporated into a mold whose sur- 
faces had been hand lapped to a high degree of 
smoothness. To ensure that the exposed surface of the 
naphthalene was flush with the surface of the adjacent 
spacer bar, the spacer bar was incorporated as one 
wall of the mold. During the casting process, ther- 
mocouples were embedded in two of the mass transfer 
elements such that their junctions were flush with the 
exposed naphthalene surface. 

The zones of zero mass transfer, which correspond 
to adiabatic zones in the heat transfer analog, were 
created by precisely machined spacer bars of alumi- 
num placed between the mass transfer elements. In a 

The freshly cast mass transfer elements, suitably 

wrapped to suppress sublimation, were placed in the 
laboratory for at least 12 h to achieve thermal equi- 
librium. To prepare for a data run, each element was 
weighed, and the elements and their attached spacer 
bars were immediately assembled onto the upper wall 
of the test section. Before the assembled wall was put 
in place in the test section, a shield was installed which 
screened the wall from the flow cross section and 
thereby suppressed sublimation. Then, the airflow was 
activated, and the readings of the thermocouples 
embedded in the mass transfer elements were moni- 
tored. Once steady state had been attained, the shield 
was removed, signalling the beginning of the data run 
proper. 

NAPHTHALENE 

FIG. 1. Upstream portion of test section. 

The duration of the run was chosen to limit the 

sublimation-related recession of the mass transfer sur- 
face to 0.0025 cm. During the run, temperatures and 
pressures were read periodically. At the termination 
of the run, the upper wall of the test section was 
disassembled and the mass transfer elements immedi- 
ately weighed. Then. without interruption, a cali- 
bration procedure was performed to determine the 
extent of any extraneous mass transfer which might 
have occurred during the setup and disassembly of 
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the test section, during the weighing, and during the 
equilibration period. 

The mass measurements were performed with an 
electronic analytical balance having a resolution of 
IO- ’ g. The thermocouples, which had been specifi- 
cally calibrated, were read to 1 pV, while the orifice- 
plate pressures were read to 10e3 Torr. 

Data reduction 
The mass transfer coefficient K and the cor- 

responding Sherwood number Sh were evaluated at 
each of the mass transfer elements which made up the 
duct wall. At any element i 

K, = (AMiI5A,)I(pnw-pnb,r), Sk = KiD@. (1) 

In the equation for K;, the quantity AM, is the change 
of mass of element i due to sublimation at area A, 
during the duration r of the data run. In the denomi- 
nator, pnw and pnh,r respectively represent the densities 
of naphthalene vapor at the subliming surface and in 
the bulk, both at element i. 

Under the assumption of solid-vapor equilibrium 
at the subliming surface, pnw is a function only of the 
surface temperature. The temperature measurements 
made during the data runs indicated that temperature 
uniformity prevailed all along the test section, so that 
pnn was the same at all elements. With the measured 
surface temperature as input, the naphthalene vapor 
pressure was evaluated from the vapor pressure- 

temperature relation for naphthalene [4], after which 
pnw was calculated from the perfect gas law. 

With regard to the bulk density pnb,,, it is relevant 
to note that the increase of pn,, due to sublimation at 
any arbitrary mass transfer element j is 

(AP~LJ, = (AM,lr)le (2) 

in which 0 is the volumetric flow rate (virtually a 
constant along the test section). Then, with equation 
(2) and with pnb = 0 at the beginning of the test 
section, it follows that 

Pnb,, = 1 (APnb), + :(APnb)r 
,= 1 

(3) 

which becomes 

Pnb,r = U/d 1 AM,+tAMi 
[ 

,- I 

1 (4) 
,= I 

thereby completing the evaluation of K,. 
The mass diffusion coefficient G@ appearing in 

equation (1) was eliminated by making use of the 
definition of the Schmidt number SC = v/g, where 
SC = 2.5 for naphthalene diffusion in air [4] and v is 
the kinematic viscosity of air. 

The Reynolds number was evaluated from the stan- 
dard definition for duct flows 

Re = CD& 

in which U is the mean velocity. 

(5) 

ANALYSIS 

The analysis is subdivided into two parts. In the first 
part, the velocity and eddy diffusivity distributions are 
solved for. These quantities are used as input to the 
second part, which deals with the heat/mass transfer 
problem. The analysis is performed for turbulent 
flow in a parallel-plate channel of height 2H, with 
streamwise and transverse coordinates x,y as shown in 
Fig. 1. Owing to the presence of the hydrodynamic 
development section, the velocity distribution in the 

test section (x > 0) is invariant with x. 

Velocity problem 
Owing to the symmetry of the velocity profile about 

y = H, it is sufficient to solve the velocity problem in 
only half the channel, 0 6 y < H. 

The condition of fully developed flow can be ex- 
pressed as 

dp/dx = dr/dy, r = ~,,,[l - (y/H)] (6) 

where, for turbulent flow, 

r = (P+E,) (duld.v). (7) 

If dimensionless variables are introduced 

u+ = u/u*, y+ = u*y/v, H+ = u*H/v (8) 

Xf = x/H, u* = (z,Jp)“” (9) 

equations (7)-(9) become 

(l+s,/u)(du+/dy+) = 1 -(j+/H+). (10) 

The eddy diffusivity for momentum E, varies with 
y+ in the region adjacent to the channel wall but is 
virtually constant in the core of the flow (see Fig. 7- 

63 of [5] and Fig. 2 of [6]). For the core region, 

em/v = O.O79H+. (11) 

Adjacent to the wall, E, will be represented by a mixing 
lengthdamping factor model 

Em/V = (I+)*(du+/dy+), 

Z+ = rcy’[l-exp(-y+/A+)] (12) 

where I+ is the mixing length, K = 0.4 is the von 
Karman constant, and A+ is a generalized van Driest 
damping factor. In ref. [7], an empirical representation 
is given for A+ as a function of the dimensionless 
streamwise pressure gradient dp/dx and the transverse 
velocity u, at the wall. For the heat transfer appli- 
cations of interest here, v, = 0, while in the naph- 
thalene sublimation experiments, v, - 10PsU and is, 
therefore, entirely negligible. Thus, from [7] 

A+ = 25/(1+30.175~+), 

p+ = p(dp/dx)/(pr;)“* = -(l/H+). (13) 

The boundary between the near-wall and core regions 
will be derived shortly. 

The final forms of the governing equations for the 
velocity can now be obtained. For the near-wall 
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region, equations (12) and (13) are introduced into 
equation (lo), and the resulting quadratic is solved 
for du+/dy+ 

du+/dy+ = [2(1 -y+/H+)j/ 

[l+[1+4{lcy+(1-exp(-y+/A+))}2 

x (1 -y+/H+)]“21. (14) 

Note that the near-wall a, can be represented as an 
algebraic function of y+ by combining equations (12), 
(13) and (14). The boundary between the near-wall 
and core regions will be defined as the position 
y+ = Y+ at which the near-wall E, equals the core a, 
as given by equation (11). By using the afore- 
mentioned near-wall algebraic representation for E,, 
there follows 

O.O79H+ = -:++[1+4{~Y+(l -exp(- Y+/A+))}* 

x(1 -Y+/H+)]“‘. (15) 

This equation can be solved numerically to obtain Y+. 
The quantity A+, which appears as a parameter, is a 
function of H+. Consequently, Y+ can be obtained 
for parametric values of H+. 

The differential equation (14) can now be solved to 
find U+ in the range 0 < y+ < Y+ for parametric 
values of H+. The solution was obtained numerically 
via the RungeKutta method, subject to the boundary 
condition u+ = 0 at y+ = 0. From the solution, the 
computed value of U+ at y+ = Y+ may be denoted by 
u+. 

For the core region, Y+ ,< y+ < H+, equation (10) 
can be integrated directly since E, is a constant. This 
yields 

u+ = ~~+[(y~-Y+~-~~~~~ 

-(Y+)*}/2H+]/(l +O.O79H+). (16) 

It now remains to relate the parameter H+ to the 
Reynolds number. From its definition, the Reynolds 
number can be evaluated as 

H+ 
Re = iiD& = 4 

i 
u+ dy+ (17) 

0 

where the hydraulic diameter D, = 4H for a parallel- 
plate channel. By means of equation (17) the 
Reynolds number corresponding to each H+ can be 
evaluated. In addition, the friction factor f can be 
related to the Reynolds number via 

H+ = (Re/4) (f/8)“‘. (18) 

The numerically determined friction factors were 
compared with those from the Jones modification [8] 
of the Prandtl equation. The Prandtl equation is for 
turbulent flow in a circular tube, and to generalize it 
to rectangular ducts, Jones introduced a modified 
Reynolds number Re’ = XRe (Re = hydraulic-dia- 
meter Reynolds number), where x = 2/3 for a parallel- 
plate channel. In terms of Re’, the modified Prandtl 

equation is 

f ‘/2 = 210g (Re’f ‘I*) - 0.8. (19) 

The comparison between the present numerical 
results for f and those of equation (19) was made 
over the Reynolds number range from 7000 to 40,000. 
For Re 2 10,000, agreement was in the 0.5% range; 
the maximum deviation was 1.5% at Re = 7000. This 
level of agreement lends confidence to the numerically 
determined velocity profiles. 

Heat and mass transfer problems 
Owing to the analogy between the two processes, 

the solutions for heat transfer problems can be used 
for mass transfer problems and vice versa. Since heat 
transfer terminology is more familiar than mass trans- 
fer terminology, the forthcoming analysis will be made 
for heat transfer, but the final Nusselt number results 
will serve equally well as Sherwood number results. 

For hydrodynamically developed turbulent flow in 
a parallel-plate channel, the energy equation can be 
written as 

u(WW = (ajaY) [(a + %) (wwl (20) 

in which E,, is the eddy diffusivity for heat. To obtain 
a dimensionless representation of equation (20), the 
u+, X+ and y+ variables of equations (8) and (9) are 
used in conjunction with 

0 = (T- r,)/(T, - T,), Pr, = E,/&~ (21) 

so that 

u+ (LWjax’ ) = H+ (ajay’) [ { l/Pr 

+ (~,Iv)IPrJ (Way+)l. (22) 

In the definition of 8, T, is the bulk temperature 
of the fluid entering the test section and T, is the 
temperature of the isothermal zones at the duct wall. 

The u+ and am/v distributions appearing in equation 
(22) are already available from the velocity solution. 
The turbulent Prandtl number Pr, is commonly taken 
to be 0.9 or 1. For mass transfer problems, the tur- 
bulent Schmidt number is generally set equal to 1. 
Since the solutions to be obtained here will ultimately 
be used for comparison with the results of mass trans- 
fer experiments, Pr, = 1 will be employed. 

The boundary conditions for equation (22) are 

0=1 at y+= 0 for the isothermal zones (23) 

LM/ay = 0 at y+ = 0 

for the adiabatic zones (24) 

iM/ay = 0 at y+ = 2H+ (25) 

Q= 0 at x+ = 0. (26) 

The solution of equation (22) was carried out 
numerically after it was recast in implicit finite-differ- 
ence form, and the details of the numerical work are 
available in [9]. Numerical results were obtained for 
Reynolds numbers of 8000, 11,500, 16,500, and 24,000 
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and, for each Reynolds number, for heating patterns 
defined by Li”,l/L,*i,, = 0, 0.095, 0.228, 0.457 and 
0.762. These parameter values correspond to those of 
the experiments described earlier in the paper. The 
Prandtl number appearing in equation (22) was set 
equal to 2.5 in cognizance of the forthcoming com- 
parisons with the mass transfer experiments, for which 
SC = 2.5. 

Heat transfer coefficients and Nusselt numbers were 
evaluated from the numerical solutions for each of the 
isothermal zones. For zone i 

hi = Q,/A,(T, - Tb,), A$ = h&,/k. (271 

To implement equation (27), suppose that zone i 
extends from X: to XT, with midpoint xi and surface 
area Ai (per unit width) 

Xi = :(x:+x;), Ai = Xl’-x:. (28) 

At any x in the zone, the local heat flux q was evaluated 
from the finite-difference form of Fourier’s Law, after 
which Qi was obtained from 

Qi = 
c. 
;;’ y dx. (29) 

The bulk temperature &was taken to be the aver- 
age of T,(x~ and Tb(xj‘), which corresponds to the 
practice used in the data reduction for the exper- 
iments At either x! and xi’ 

s 

2H+ 

= (2/Re) &A+ dy+. (30) 
0 

The Nusselt numbers evaluated from the foregoing 
are precisely equal to Sherwood numbers for Se = 2.5. 

RESULTS AND DISCUSSION 

Experimental results 
The experimentally determined streamwise dis- 

tributions of the Sherwood number at successive mass 
transfer elements are presented in Figs. 2-4. In each 
figure, the per-element Sherwood number, denoted 
by Siti, is plotted as a function of the dimensionless 
streamwise coordinate xi/& at the centers of the 
respective elements. Figure 2 conveys results for 
Re = 4000 and 5700, Fig. 3 for Re = 8000 and 11,500 
and Fig. 4 for iPe = 16,500 and 24,000. For each Rey- 
nolds number, S/Z, distributions are plotted for mass 
transfer patterns characterized by L,,,,t/L,a, = 0, 
0.095, 0.228, 0.457 and 0.762. 

For convenience, the data for each value of Linact/ 
Lactive are tied together by dashed lines, but this is 
not to imply that the Shj vs x,/D, distributions are 
continuous. Note that although the ordinates of the 
various figures cover different ranges, they all belong 
to the same logarithmic scale. Therefore, a given ver- 
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FIG. 2. Experimentally determined per-element Sherwood 
numbers, Re = 4000 and 5700. 

tical distance corresponds to the same percentage 
change in Sk, in all of the figures. 

An overall examination of Figs. 2-4 reveals that the 
presence of periodically positioned zones of zero mass 
transfer enhances the Sherwood number at the mass 
transfer elements. This is witnessed by the fact that 
for any given Reynolds number, the Sir, vs xi/D,, dis- 
tributions are arranged one above the other for 
increasing values of LinBct/LactiVe. The extent of the 
enhancement due to the zero mass transfer zones can 
be gauged by the vertical separation distance between 
the distributions. Aside from the neighborhood of the 
test section inlet, the separation between successive 
distributions is virtually independent of x,/D,,. There- 
fore, representative comparisons can be made at any 
x,/D, away from the inlet. 

For example, in the neighborhood of .YJ& = 10, 
the Sherwood number for Li,,t/L,,ti,, = 0.762 is 50% 

Re= 11.500 
Linoct’Loctwe 

00 

0 0.095 

I%, / v 0.228 

~-*--&--p--&__6__~ 

-~--c--_o- O-*--O--Q_ 

‘--XL.~_p_~_~_~_+” 
a-0 -0-il-D-C+--D--D-*-.-O 

I -e0-2-Q00-o-i)- 

401 ’ ’ ’ ’ ’ ’ 1 ’ ’ ’ ’ ’ 1 
0 2 4 6 8 IO 12 

Xi/D, 

FIG. 3. Experimentally determined per-element Sherwood 
numbers, Re = 8000 and 11,500. 
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Sh; 

Linact /Lactive 
00 I 

X,‘Dh 

FIG. 4. Experimentally determined per-element Sherwood 
numbers, Re = 16,500 and 24,000. 

greater than that for &J&iv, = 0 at Re = 4000 and 
28% greater at Re = 24,000. Lesser enhancements 
occur at smaller values of Linact/Lactive ; e.g. 20% and 
14% for Re = 4000 and 24,000 when Linact/Lacuve = 
0.228. These examples demonstrate that by proper 
choice of the streamwise length of the periodically 
positioned zones of zero mass transfer, considerable 
enhancement can be achieved at the mass transfer 

zones. 
Both from inspection of Figs. 224 and from the 

foregoing examples, it is evident that the degree of 
enhancement for a given value of Li,,,t/L,,ti,, is sub- 
stantially greater at low Reynolds numbers than at 
high Reynolds numbers (note the lesser spread of the 
Sh, distributions as Re increases). This behavior is 
consistent with the well-established fact that low 
Reynolds number flows are more responsive to factors 
which alter the temperature and/or velocity fields than 
are high Reynolds number flows. 

From the figures, it is seen that for a given Reynolds 
number, all of the S/z, distributions start with a com- 
mon value (within a 2-3% spread) at the first mass 
transfer element. Thereafter, with increasing xi/D,, 
there is a monotonic dropoff in S/r, which becomes 
progressively more gradual. Ultimately, S/z, tends 
toward a fully developed value which is actually 
achieved for most of the operating conditions investi- 
gated here. 

Of particular relevance is the fact that the extent of 
the dropoff, relative to the initial value of S/r,, becomes 
progressively smaller as Linacr/Lact,ve increases. For 
example, at Re = 4000, the dropoff is, respectively, 54 
and 36% for L,,,,,/L,,,,,, = 0 and 0.762. The cor- 
responding percentages for Re = 24,000 are 36 and 
20. Thus, the presence of the zones of zero mass trans- 
fer lessen the toll that is exacted by the mass transfer 
entrance region. 

The cause of the enhancement associated with the 
presence of the zero mass tansfer zones has already 
been set forth in the Introduction. As discussed there, 

interrupted and actually reversed as the flow passes 

over a zero transfer zone. The longer the streamwise 

length of the zone, the more uniform does the con- 
centration profile become. Furthermore, the more 
uniform the concentration profile in the flow 
approaching the next mass transfer element, the 
higher is the rate of mass transfer at that element. 
Thus, the results of Figs. 2-4 are physically plausible. 

Although the local transfer coefficients are 
enhanced by the presence of the zero transfer zones, 
it is uncertain whether the overall rate of transfer from 
a fixed length of duct will be increased or decreased. 
This uncertainty arises because the zero mass transfer 
zones constitute a loss in transfer surface area. The 

net effect of enhanced local coefficients and reduced 
surface area will be addressed later. 

Numerical-experimental comparison 
The experimentally determined per-element Sher- 

wood numbers will be compared in Figs. 5-8 with the 
predictions of the analytical/numerical model set forth 
earlier in the paper. Furthermore, to add new per- 
spectives to the results, a format will be used for Figs. 
5-8 that differs from that of the preceding figures. 

In each of Figs. 5-8, the per-element Sherwood 

number S/z, is plotted against the Linact/Lactive ratio 
for parametric values of the Reynolds number. Both 
numerical and experimental results are available and 

are presented for Re =8000, 11,500, 16,500 and 
24,000. For continuity, solid lines have been passed 
through the numerical results. At the two lower Reyn- 
olds numbers, 4000 and 5700, only experimental 
results are presented because numerical results were 
not obtained (since the turbulence model applies only 
to established turbulent flow). The experimental data 
are interconnected by dashed lines. 

Each figure corresponds to a fixed value of xi/D,,, 
respectively, 2, 4, 8 and 12. Since the .Shi at these x,/D,, 
were not directly available from either the experi- 
mental data or the numerical results, they were 
obtained by interpolation. In view of the smoothness 

of the S/I, vs x,/D, distributions (e.g. Figs. 2-4) no 
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loss of accuracy is expected due to the interpolation. 

Note that S/z, is plotted logarithmically in Figs. 5-8, 

so that a given vertical distance corresponds to the 

same percentage change regardless of the magnitude 

of Sh,. 
Attention may first be turned to the comparison of 

the experimental and numerical results. An overview 

of Figs. 5-8 indicates a general level of agreement in 
the 2% range, with an extreme deviation of about 4%. 
This excellent agreement lends support to both the 
experimental technique and the numerical model. In 
particular, it serves to recommend the numerical 
model as a tool for obtaining results for heating pat- 
terns other than those considered here. 

The increase of Sh, with Linact/Lactive follows a pat- 
tern that is common for all cases. In general, for a 
given Reynolds number, the increase is somewhat 
more rapid at smaller L,,,C,/L,,,iy, than at larger 
Linact/Lactive. The extent of the increase is greatest 
at the lowest investigated Reynolds number and dimi- 
nishes in a regular manner with increasing Reynolds 

number. 
The Sh, vs Linact/Lactive distributions display a kind 

of congruence in that adjacent distributions in any of 
the figures are virtually equidistant from each other. 

Furthermore, the shapes of the distributions are pre- 
served from one xi/D,, to another, despite changes in 
the level of Sh,. This regularity in the response of Sh, 

to Linact/LactiVe means that interpolations of the results 
to other Reynolds numbers and other xi/D,, can be 
performed with high accuracy. 

OVERALL PERFORMANCE 

It has been demonstrated that the use of period- 
ically positioned zones of zero mass transfer give rise 
to enhancement at the mass transfer elements, and 
this finding carries over directly to heat transfer. 
Depending on the application, this per-element 
enhancement may be of sufficient value to justify the 
use of the zero mass transfer zones, regardless of their 
effect on the overall mass transfer. 

In some instances, however, the overall mass trans- 
fer (or heat transfer) may be of concern. If the 
streamwise length of the duct wall is unconstrained, 
then whatever overall mass transfer is desired can 
be attained. On the other hand, the situation in which 
the streamwise length is fixed requires more careful 
consideration, since the presence of the zero mass 
transfer zones causes both enhanced transfer 
coefficients and loss of transfer surface area--effects 
which are in conflict. The case of the fixed length duct 
will now be investigated. In particular, the overall 
rate of mass transfer in the absence of the zero mass 
transfer zones will be compared with that when the 
zones are present. 

The experiments performed here involved five 
different test setups, each with a different value of 
Linact/Lactive. The overall streamwise lengths of these 
different test setups were slightly different, so that a 
comparison of their respective overall rates of mass 
transfer would not yield the desired fixed-length com- 
parison. To facilitate the fixed-length comparison, a 
certain amount of computation had to be performed, 
as will now be described. 

The experiments for L,,,,./L,,ti,, = 0 were per- 
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formed for an overall length L,,, = 15L,,,,,, and this 
same value of L,, will be used as the overall length 

for other configurations where Linact/Lactive > 0. For 
this L,,,, the overall rate of mass transfer will be com- 
pared for three cases : Linact/Lactive = 0, 0.25 and 0.50. 
The comparisons will be made at a common value of 
the naphthalene vapor density at the subliming sur- 
face (corresponding to a temperature of 25°C) and for 
three different Reynolds numbers. 

To begin the analysis, let the rate of mass transfer 
at any mass transfer element i be denoted as 

ti, = AM,/r (31) 

so that the overall rate of mass transfer for the length 

L,, is 

tit,, = 1 n;r, (32) 
act 

where the summation includes all the active mass 
transfer elements contained within the length L,,. 
From a rearrangement of equation (1), &fi can be 
written as 

%/i, = WWc W W41 hw -h,J (33) 

in which all of the symbols have been previously 
defined, except for A which denotes the fluid-flow 
cross section of the duct. Furthermore, from equation 

(4) 
i- I 

(34) 

If n;r,ot,rl is used to represent the overall rate of 
mass transfer for the Linact/Lactive = 0 case, then for a 
common Reynolds number (i.e. common volumetric 

how e,, 

~*0t/~Wl = (~~0JQ)/(n;l,0,,0/Q). (35) 

This equation will be used to compare the fit,, values 
corresponding to the presence and the absence of the 
zero mass transfer zones. 

The use of equations (32)-(35) will now be 
described. As noted earlier, pnw was prescribed as the 
value corresponding to 25°C. Furthermore, SC = 2.5, 
and A is fixed by the cross-sectional dimensions of the 
duct. For all cases, Ai (per unit width) = Lactive. For a 
given Reynolds number, the Shi values needed for 
equation (33) are directly available in Figs. 24 for 
Linact/Lactive = 0. However, for Llnact/Lactive = 0.25 and 
0.50, interpolation and crossplotting were used in con- 
junction with Figs. 24 to obtain the S/z,. In view of 
the regularity of the data, the resulting Sh, should be 
of high accuracy. 

In light of the foregoing, all terms on the RHS of 
equation (33) can be regarded as known except for 
&b,,. By using equations (33) and (34) iteratively, both 
MJe and pnb,i can be found. To begin the iteration, 
pnb,; is set equal to zero in equation (33) and tii/e is 
calculated at all of the mass transfer elements. Then, 
with these values as input, all of the pnb., are evaluated 

from equation (34). Next, equation (33) is revisited 
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FIG. 9. Effect of no mass transfer zones on the overall rate 
of mass transfer from a duct of fixed length. 

using the updated values of pnb,i, and new values of 
tit/e are computed. This procedure is continued to 
convergence. The converged values of tit/e are used 
in conjunction with equations (32) and (35) to com- 
pare the tit,,, values. 

The results of such calculations for Re = 4000,800O 

and 24,000 are presented in Fig. 9, where &Jn;i,,,,, 
is plotted against Linact/Lacti,, for parametric values of 
the Reynolds number. As seen in the figure, the overall 
rate of mass transfer for the fixed-length duct 
decreases as the length of the zero mass transfer zones 
increases. The highest transfer rate occurs when there 
are no zones of zero mass transfer. Thus, in the conflict 
between higher transfer coefficients at the mass trans- 
fer elements and loss of transfer area, both due to 
the presence of the no mass transfer zones, the latter 
appears to be the dominant effect. 

CONCLUDING REMARKS 

This paper has described a combined experimental 

and analytical/numerical study of turbulent mass (or 
heat) transfer in a flat, rectangular duct with stream- 
wise-periodic, nonuniform mass (heat) transfer at one 
of the principal walls. In heat transfer terms, the heat- 
ing pattern at the wall consisted of adiabatic zones of 

length &act periodically inserted between isothermal 

zones of length Lactive. The other walls of the duct were 
adiabatic. Air was delivered to the heated test section 
by a hydrodynamic development length. In both the 
experimental and numerical work, heat transfer 
coefficients were determined at each of the heated 
elements, extending through the entire thermal 
entrance region into the thermally developed regime. 

The two parameters of the investigation were LinacJ 
Lactive and the Reynolds number Re. The former was 
varied between 0 and 0.762 in five steps. For the experi- 
ments, the Reynolds number ranged between 4000 
and 24,000 in six steps, while the numerical work was 
confined to Re > 8000, where established turbulence 
is believed to prevail. 

The results of both the experimental and numerical 
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work indicate that the presence of the periodically 
positioned adiabatic zones can give rise to substantial 
enhancement of the heat transfer coefficients at the 
heated elements, with the greatest relative enhance- 
ments occurring at the lower Reynolds numbers. Such 
localized enhancements may be of sufficient practical 
value to justify the use of the adiabatic zones regard- 
less of their effect on the overall rate of heat transfer. 

With regard to the overall rate of heat transfer, the 
net effect of the adiabatic zones depends on the overall 
length of the duct. When the overall fength of the 
duct is fixed, then the presence of the adiabatic zones 
represents a loss in transfer surface. The conflict 
between this loss of transfer surface and the enhanced 
coefficients at the heated elements was examined 
quantitatively, and it was found that the former wins 
out. Thus, for a duct of fixed length, the overall rate 
of heat transfer decreased when the adiabatic zones 
were present. 

The agreement between the numerically and experi- 
mentally dete~ined per-element transfer coefficients 
was typically in the 2% range. This level of agreement 
serves to recommend the numerical model as a tool 
for providing results for nonuniform heating patterns 
other than those considered here. 
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ECOULEMENT TURBULENT DANS UN CONDUIT AVEC CHAUFFAGE 
PARIETAL NON UNIFORME DANS LE SENS DU MOUVEMENT 

R&urn&-Une &de expkrimentale et analytiquelnumkrique est conduite pour I’&ulement turbulent dans 
un canal rectangulaire avec chauffage non uniforme d’une des parois principales. Le cas etudit: concerne 
des zones adiabatiques pkriodiquement situ&es entre des zones isothermes chaudes. On fait varier para- 
m~triquement les longueurs relatives des zones alter&es, ainsi que le nombre de Reynolds. Les coeflicients 
de transfert sent d&ermintts & chaque zone chaude, pour la rkgion d’entrtte et la rigion &abiie. On trouve 
que la prbsence des zones adiabatiques peut augmenter sensiblement les coefficients de transfert. Pour un 
canal de longueur donn&, les zones adiabatiques reprksentent une perte de surfaces actives au transfer& 
ce qui m&e i une diminution du transfert thermique global. L’accord entre les r&&tats nnumkriques et 
expirimentaux, de l’ordre de deux pourcent, recommande le tnodele numerique pour &udier d’autres 

configurations de chauffage non uniforme. 

TURBULENTE KANALSTROMUNG MIT UNGLEICHFiiRMIGER BEHEIZUNG AN DER 
KANALWAND 

Zusammenfassung-Eine kombinierte experimentelle und analytisch/numerische Untersuchung der 
turbulenten Str(imung in einem flachen, rechtwinkligen Kanal mit stellenweise ungleichfiirmiger Beheizung 
an einer der Hauptw~nde wurde durchgefiihrt. Die untersuchte MeBstrecke bestand aus adiabaten Zonen 
die periodisch zwischen isotherm beheizten Zonen lagen. Die relative LBnge der beheizten Zonen und 
der adiabaten Zonen wurde, ebenso wie die Reynolds-Zahl, als Parameter gcindert. In jeder Heizzone 
wurden die W~~e~~rgangskoe~enten sowohl im Bereich des therm&hen Einiaufs als such im Bereich der 
vollausgebildeten Striimung bestimmt. Es wurde festgestellt, daR die Anwesenheit adiabater Zonen AnlaB 
zu einer erheblichen Verbesserung der Wgrmeiibergangskoeffizienten in den beheizten Zonen geben kann. 
Fiir Kanlle mit vorgegebener Gesamtlinge stellt der Einsatz adiabater Zonen einen Verlust an Wlr- 
meiibertragungsfliche dar, der eine Verringerung das iibertragenen Nettowiirmestroms bringt. Die 
Abweichung zwischen numerischen und experimentellen Ergebnissen war typisch im Bereich von 2%. 
Dieses Ergebnis empfiehlt das numerische Model1 als Werkzeug fiir Studien anderer ungleichfiirmiger 

Heizmuster. 



Turbulent duct flow with streamwise nonunifo~ heatingat the duct wall 185 

TYPSYJIEHTHOE TEYEHIlE B KAHAJIE C HArPEBOM CTEHKIl B HA~PAB~EH~~ 
TEYEHMII 

~OTaIUnt---npOBeJIeH0 3KcnepuMetiTanbHoe B SHCneHHO-aHannTHYeCKOe uccnenOBaHbie Typ6yJIeHT- 
HOrO Te'ieHWIl B IIJIOCKOM IlpRMOyrOJIbHOM KaHaJIe C HeOnHOpOnHbIM IT0 TeSeHHH) HarpBOM OnHOti A3 

ero 0cHoBHbIx cTeHoK. MccnenyeMan Monenb cocToma H3 aAIia6aTHWXKWX ~OH, nepaonevecre pa3hie- 

,,,eHHblX MeWty 30HaMI4 H30TePMUYeCKOTO HarpeBa. OTHOCHTtVIbHbIe NBHbI W30T‘ZPMH’WCKH H ama6a- 

Tmecm Harpeeaehfblx 30n no Tevemno A3hfeknm5icb napahfeTpeuecKH aHa.nornqHo rucny Peiinonbnca. 
K03f$@iUlleHTbI TeuJIOOTIla'iB OupeneJWlEiCb B KaIKnOfi H3 HaQX%aeMbIX 30H B o6nacTu TeuJIOBOrO 
HaSaJlbHOrOyYaCTKa ups IiOJtHOCTbW pa3BHTOM PfZKHMe Te'feHF0LHaiiAeHO,YTO HaJIHWie ama6aTwiec- 

KiiX 30H MOWST npHBWTB K C~U&ZCTBeHHOMy yBenHqeH8Io KO~BUIleHTOB TeilnOOT~aYH B 30HaX 

HafpeBa.%iCuOJIb30BaHEie amia6aTUYeCKux 30~ ~cnyqae KaHaJIa 3aItaHHOii o6meB mui~binaeT norepro 

B ujIOIUaJIH IlOBepXHOCTEi Hal-peBa, YTO BeneT K ~3y~bTHpy~~eMy yMeHb~eHu~ CYMMaPHOfi HHTeH- 

CWBHoCTR Tennoo6~eHa. COOTBeTCTBEik? Me=fiy qUCneHH~MU iI 3KCuepKMeHT~bHbIMu ~3~nbTaTaM~ 

Ha6xIoiIaJIOCb B Il~,WJIaX nByX IIPOWHTOB; n~~O~eHHb1~ qUCneHH~~ MeTOn ~KOMeHnyeTC~ ,UJlK 


