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AhstracC-The heat transfer and pressure drop characteristics of an array of plates, aligned at various angles 
of 0 = 2&35” to the direction of air flow in a rectangular, straight duct, have been investigated 
experimentally in the range of Reynolds numbers between 350 and 5000. The heat transfer coefficients of the 
forward and back sides of the plates have been separately determined, and the average coefficient between 
the two closely approximates the laminar short duct theory at low Reynolds numbers (N,Q,~~ < 1200) and is 
nearly independent of the angle of alignment with respect to the air flow direction. However, at higher 
Reynolds number (NRe,Dh , Z 1500) the average coefficient deviates significantly from the theory. The pressure 
drop measurements through the plate array showed that the streamwise, per-row coefficient K, is a function 

of only the plate angle and independent of the Reynolds number NRe,Dh. 

INTRODUCTION 

FLOW INTERRUPTION created in flow passages at 
periodic intervals is a popular means for heat transfer 
enhancement in compact heat exchangers. Slit tins 
used for various industrial compact heat exchangers 
and louvered fins for automotive radiators are 
examples. The slit fin provides a means of boundary- 
layer control. Namely, new velocity and thermal 
boundary layers develop over each fin segment created 
by the slit; since the developing boundary-layer flow is 
characterized by higher heat transfer coefficients than 
a fully developed flow, performance enhancement is 
obtained. The louvered tin attempts further 
enhancement by inclining the segments against the 
fluid flow to create turbulence and vorticity. Since, 
however, any thermal improvement is normally 
accompanied by a pressure drop increase, an optimum 
balance between the two must be sought. 

There are numerous publications in which the 
effectiveness of the aforementioned augmentation was 
investigated. In most cases measurements were made 
of the average heat transfer coefficient through wind- 
tunnel tests of actual heat exchangers [l-6]. Although 
useful, this approach does not provide detailed 
information on the fundamental processes occurring 
within the heat exchanger. However, a fundamental 
investigation of slit fin augmentation recently 
appeared in the literature [7-91. In the latter study, the 
heat transfer and pressure drop characteristics of an 
array of colinear and staggered plates aligned parallel 
to the flow direction were investigated. The present 
work encompasses studies of an array of plates aligned 
at angles to the fluid flow. The heat transfer and 
pressure drop characteristics of an array of three lanes 
(see Fig. 2), each lane consisting of eight plates, in a 

straight duct (W = 196.6 mm x H = 91.5 mm), were 
experimentally determined. The plates were aligned at 
angles of 20”, 25”, 30” and 35” to the flow direction. 

In contrast to plates aligned parallel to the air flow 
[7-93, the heat transfer coefficients of the two sides of a 
plate in the present study (the forward side and the 
back side) are expected to be different. To determine 
separately the two heat transfer coefficients is, 
however, very difficult using conventional heat 
transfer measurement techniques. Therefore, a 
technique based on the analogy between mass and 
heat transfer processes [lo] has been utilized. From 
the analogy, the convective mass transfer coefficient 
can be converted into the convective heat transfer 
coefficient. A total of three plate lanes were used for the 
experiments, among which the test plate lane was 
located in the middle between the two other so-called 
‘dummy lanes’. The dummy lanes were there simply to 
satisfy the fluid dynamic boundary conditions. The 
test plates were all identical and each plate was made 
of metal substrate (stainless-steel, 0.400 mm thick), 
one side of which was coated with a layer of 
naphthalene 0.5 14 mm thick; the overall thickness, t, 
of the test plate (metal substrate and naphthalene 
coating) was 0.914 mm. The dummy plates were made 
of stainless-steel 0.9 14 mm thick. The flow length of all 
plates was fixed at L, = 21.5 mm; thus the thickness to 
flow length ratio was fixed at t/L* = 0.0425. The lane 
pitch was fixed at H, = 30.5 mm; thus the lane pitch to 
flow length ratio was H,/L, = 1.419, which resulted in 
the aspect ratio a [ = W/(H, - t)] being fixed at 6.64. 
The forward-side heat transfer coefficient of the plates 
was determined separately from the back-side 
coefficient, and an average value of the flow was taken 
as the average heat transfer coefficient. In addition to 
the heat transfer studies, pressure drop through the 

1553 



1554 

I 

Y. N. LEE 

NOMENCLATURE 

A 

4 

Dh 

D 
9 
H 

Ho 
h 

hm 
k 

KC 

(K,) mm 

K, 

L 

L, 
L, 

M 

n 

N 
N Nu.Dh 

NP, 

N Re,Dh 

NS, 

N Sh.Dh 

total surface area for flow [m2] 
minimum cross-sectional flow area 

Em’1 
total active mass (heat) transfer 
area [m’] 
hydraulic diameter of plate array 
defined by equation (4) [mm] 
hydraulic diameter of duct [mm] 
diffusion coefficient [m2 h - ‘1 
duct height [mm] 
plate lane pitch [mm] 
heat transfer coefficient 
[kcal h-l m-l “C-i] 
mass transfer coefficient [m h-l] 
thermal conductivity 
[kcal h-’ mm’ “C-‘1 
pressure loss coefficient defined by 
equation (11) [-I 
maximum K, [-I 
pressure coefficient per row defined by 
equation (10) [-I 
total length of array, NL, [m] 
plate length in flow direction [mm] 
duct length corresponding to one 
plate length [m] 
total mass sublimated during a time 
period [kg] 
power to Prandtl number and 
Schmidt number [-I 
number of plates per lane [-] 
Nusselt number based on Dh defined 
by equation (3)’ [-I 
Nusselt number of continuous 
duct [-I 
Prandtl number of air [-I 
Reynolds number based on Dh 
defined by equation (5) [-I 
Schmidt number [-I 
Sherwood number based on Dh 
defined by equation (3) [-I 

array was measured to determine the net and the 
overall pressure drop with the identical values of t/Lp 
and H,/L, to those of the heat transfer array but in a 
scaled-down duct (3.6:1). 

Preliminary tests were conducted to examine the 
variation of the mass transfer coefficient of individual 
plates. It was found that the coefficients were identical 
except that the first plate had a slightly higher 
coefficient. Therefore, all experiments were conducted 
with eight plates except that a limited number of tests 
were conducted with the entire array to confirm the 
accuracy of the data. 

The net pressure drop is the net internal pressure 
drop through the plate array. The total pressure drop, 
on the other hand, is the sum of the net pressure drop 

N S1,Dh Stanton number for heat transfer 
defined by equation (6)’ [-I 

(N,,,Dh),Stanton number for mass transfer 

P 
P Ear0 
AP, 
APT 
AP, 

AP, 

APe 
PP 
St 

t 
V max 

V 
W 
X 

defined by equation (6) [-I 
pressure [mmHg] 
barometric pressure [mmHg] 
net pressure drop of array m m - ‘1 
total pressure drop m mW2] 
pressure drop due to friction mm - ‘1 
pressure drop due to plate array 

CN me21 
entrance/exit losses [N m - 2] 
pumping power [m2] 
Stanton number, NSh.Dh JN,,,,h N,,. or 

N,vu,~#Re.DhNtv c-1 

plate thickness [mm] 
average flow velocity through A, 
[m h-‘1 
average approaching velocity [m h-l] 
duct width [mm] 
distance from duct inlet [cm]. 

Greek symbols 
u aspect ratio = W/(H, - t) for plate 

array or continuous duct [-I 
e plate (or louver) angle with respect to 

flow [deg] 

p viscosity of air kg h - ’ m- ‘1 

P density of air [kg m- ‘1 

AP, log mean concentration difference 
defined by equation (2) [kg me31 

P ne naphthalene vapor concentration at 
exit of test section kg m - 3] 

P nw naphthalene vapor concentration at 
the plate surface Fg m-“1 

V kinematic viscosity of air [m’ h ‘1 
7 time [h] 

Pno naphthalene concentration at entrance 
of test section pg m - “1. 

and the pressure drop which manifests in the external 
vicinity of the last plate. This external pressure drop is 
recoverable as the flow progresses downstream along 
the duct. 

EXPERIMENTAL APPARATUS 
AND PROCEDURES 

The main features of the test rig are shown 
schematically in Fig. 1. 

The test system has two air flow systems, one for test 
air and one for controlling test air temperature. The 
part of the system designated as the test air system is 
outlined with heavy lines in Fig. 1. 

In operation, air from the supply box (9) is induced 
through test section (1) by the blower (2). or by the 
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Air 

Temperature 
recorder Air + naphthalene vapor 

to outside building 

Test air- 

@ 
Supply air box 

Temperature sensor 

FIG. 1. Schematic diagram of experimental setup. 

auxiliary blower. From the test section, this air (plus 
naphthalene vapor) flows successively through the 
flow meter (3) containing a series of ASME flow 
nozzles, the blower (2), and exit piping to the exterior 
of the laboratory. 

The pressure drops across the flow nozzles are 
monitored by a manometer or a pressure transducer 
(11) (range, CL1 mmHg). Temperatures of the test air 
and the naphthalene test model are measured with 
copper-constantan thermocouples connected to a 
temperature recorder (12). 

The naphthalene concentration at the surface of the 
model enters into the computation of the mass transfer 
coefficient and this concentration depends on the 
surface temperature of the model. Since a given model 
must be tested for a considerable time interval 
(- 15-90min) to obtain an accurately measurable 
weight loss, it follows that both the air and model 
temperature must be closely controlled. 

The portion of the system bounded by fine lines in 
Fig. 1 is designed to hold the test section, the model 
and the test air at a constant temperature, independent 
of laboratory temperature excursions. In operation, 
the blower (4) draws air from the laboratory and forces 
it through a water-cooled coil (5). This cooled air is 
then reheated to the desired test section temperature 
by an electrical heater (6) which is powered by a 
temperature controller (7) whose thermistor sensor (8) 
is located at the inlet to the supply air box (9). The bulk 
of this conditioned air flows through the thermally 
insulated supply air box and dumps back into the 
laboratory through opening (10). Supply box (9) is 
specifically designed to keep the through-flow velocity 
low while insuring good mixing within the box. Only a 
small fraction of the box air is drawn through the test 
section. Temperatures within the supply box are 

readily held within +O.l”C of setpoint temperature, 
usually 25°C. 

Test section for mass transfer tests 
The test section and its dimensions are shown in 

Fig. 2. It consists of three parts: the upper, the middle 
and the lower. The upper part is made of two sides and 
a top plate, all Plexiglas. The two sides have slots to 
receive ‘dummy’ plates. The lower part is similar to the 
upper, except that it has the bottom plate instead of 
the top plate. The middle part has only two sides, 
which have slots for receiving the test plates. 

Naphtha 
coatin 

c” 

View A-A 

-_, 

Air -+ 

--+ 

Units of measure are in mm. 

FIG. 2. Sketch of mass transfer test section. 
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As indicated earlier, only the plates in the middle 
lane need naphthalene coating in the main part of the 
present work. The coating is machined so that the 
total thickness of the naphthalene and the metal 
substrate is equal to the thickness of the metal plates in 
the upper and the lower lanes. 

Test section for pressure drop tests 
The test section built for pressure drop is shown in 

Fig. 3. It consists of three segments: the inlet, the test 
section and the exit. The segment for the test section is 
similar to that of the mass transfer test section, except 
that the size is now 3.6 times smaller than the mass 
transfer test section. The inlet duct is 38.1 cm long and 
the exit duct is 20.5 cm long. Extension of the duct is 
made to measure pressure drop at the entrance and 
near the exit of the test section. 

Test plate preparation for mass transfer tests and 
experimental procedure 

In order to coat naphthalene on the metal substrate 
(0.4OOmm thick) and machine the naphthalene 
coating to a 0.514mm thickness (total thickness 
0.914 mm), special equipment is necessary. The main 
component of this equipment is a hollow, rectangular, 
shallow box [Fig. 4(a)]. Its top and bottom faces are 
machined and the top has numerous holes. The box 
has a connection to the vacuum pump. When the 

Pressure tam 

~le:“,;‘tS~~~“~~~“~i:~~~~i~1 

FIG. 3. Test section for pressure drop tests. 

Holes 

FIG. 4. Vacuum system for test plate making. 

metal plates are placed side by side on the top face so 
as to cover all the holes, the box is connected to the 
vacuum pump and the metal plates adhere to the 
platform (top face) under vacuum action through the 
holes. 

The vacuum system described above has two 
functions. One is to correct any possible warping of the 
plates on the platform before application of the 
coating naphthalene. The other is to hold the plates 
tight when the coating is machined. 

In preparing the test plates, molten naphthalene is 
poured over the metal plates. The molten naphthalene 
spreads over them to form a free surface of 
naphthalene coating. When solidified, the thickness of 
the coating depends on the temperature of the molten 
naphthalene and the surface temperature of the metal 
strips. 

The naphthalene coated on the metal plates is then 
machined to the required thickness, as shown in Fig. 
4(b). The test plates prepared as per the above are 
stored in the supply air box [see (9) in Fig. l] until they 
reach a thermal equilibrium. The test plates are then 
weighed with an analytical balance to determine the 
total mass, and installed in the test section. After a test 
run, the plates are removed and their mass is measured 
so as to determine the mass loss during the test run. 
Any extraneous mass transfer, which might occur 
during the installation and removal of the test plates, is 
determined to correct the mass loss. The run times are 
adjusted so that the mass loss is sufficient for the 
required accuracy of data; however, the change in the 
thickness of the naphthalene coating during a data run 
is small (less than 1.4x 10e4cm) for a lane of eight 
plates. 

DATA REDUCTION OF HEAT 
TRANSFER RESULTS 

The heat transfer coefficient is derived from the mass 
transfer coefficient as indicated earlier. The mass 
transfer coefficient h, is evaluated from the corrected 
mass loss M and the duration time t of the test run by 
the definition 

h, = ~M,,~AP,) (1) 

where A, is the transfer area of naphthalene 
sublimation and Ap, is the log mean concentration 
difference : 

Pne -Pm 
Apm = Mhw -p,,)/h, -p,Jl ’ 

(2) 

The quantity p,, is the concentration of naphthalene 
vapor at the plate surface and was determined from the 
Sogin vapor pressure-temperature relationship [ 111; 
pne is the concentration at the exit of the test section; 
pno is the concentration at the entrance and is zero in 
the present work. 

Since, however, the mass transfer surface area in the 
present model test section is much less than the total 
surface area for the flow, questions arise as to whether 
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the normal definition of the mass transfer coefficient h, (NSt,Dh)mN;C = NSr.DhN;r (7) 
based on the log mean concentration defined above is 
valid, and whether the average mass transfer 

where the power n is assumed to be 0.6. 

coefficient obtained from the forward-side and back- 
side coefficients represents the true average coefficient HEAT TRANSFER RESULTS 

when the entire array participates in mass transfer. 
In order to examine this, the mass transfer 

coefficient was calculated based on three concen- 
tration differences separately: the log mean, the 
average and the inlet. The coefficients obtained using 
the three methods were, however, identical in the 
present range of experiments. 

Therefore, the heat transfer coefficient derived from 
the mass transfer coefficient obtained in the present 
work is considered to be identical to the heat transfer 
coefficient based on the log mean temperature. Also, a 
selected number of tests, as will be shown in the next 
section, confirm that the average heat transfer 
coefficient is identical even if both sides of the plates in 
the entire array participate in heat transfer. 

The Sherwood number N,,,,, was evaluated from 

Figures 5-8 show plots of N,.++ vs N,,,,, at plate 
angles of 20”, 25”, 30” and 35”, respectively. 

Data shown by 0 are for the forward-side results, 
while those by l are for the back side. Superimposed is 
the result (dotted line) obtained from the laminar flow 
theory for an ideal short duct corresponding to one 
plate pair [12,13]. As expected, Nusselt numbers of 
the forward side are higher than those of the back side. 

Figures 9-11 are the results of the cross plotting of 
the above results in NNuzDh vs 0 with N,,,,, as a 
parameter, on the forward side, the back side and the 
average of the two, respectively. 

N Sh,Dh = hnP@ (3) 

Dh is the hydraulic diameter defined as per [l] 
a = 6.64 
LdDh = 0.407 
tl = 20” 

where A, = minimum cross-sectional flow area, 
A = total surface area for flow, and L = total array 
length in flow direction (NL,). 

The diffusion coefficient 9 is obtained from 
N, = v/s where N, = 2.5 [l l] and v is the kinetic 
viscosity of pure air. 

The Reynolds number NReBDh is defined by 

N 
P K/,,J’h 

Re,Dh 
=p 

(5) 

P 
* x 102 3 4 567 lo= 2 3 4 567 104 

Reynolds number, Nn,,Dh 

where V,,, = average flow velocity through A,, 

p = viscosity of air, and p = density of air. 
FIG. 5. Local heat transfer results at 0 = 20”: NNu,Dh vs 

N Re.Dh. 

Then, the Stanton number for mass transfer 

(Nst.Dh)m is 
/ / I I,,,, , I I~llll 

(Nst.mh,, = & (6) 
Re.Dh SC 

a=6.64 
LdDh = 0.407 

A, is assumed to be unchanged with respect to the 
plate angle. The hydraulic diameter is fixed at 
Dh = 52.81 mm and the plate length to hydraulic < 
diameter at L,/Dh = 0.407 in the present work. 

0 

The Stanton number for heat transfer NSt,Dh is 

0 = 25” 

N 
N Nu,Dh 

Sr.Dh = 
N N,,’ 

(6)’ 

Rr,Dh 

The Nusselt number NNu.Dh is 
Laminar flow theory 
short duct L12.131 

N /’ 
Nu,Dh = h Wk (3)’ 

where k is the thermal conductivity of air and h is the 10 1 I llllll I I I I/III_ 

heat transfer coefficient. 
2XlOZ 4 567 10' 2 3 4 567 10” 

The heat and mass transfer analogy implies the 
Reynolds number, NRs,o,, 

F 
equality [lo] 

IG. 6. Local heat transfer results at t7 = 25”: NNu,Dh vs 
N Re.Dh. 
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FIG. 7. Local heat transfer results at 0 = 30”: NNu,Dh vs 
N Re,Dh . 
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Forward side 

a = 6.64 
LdDh = 0.407 
tl = 35 

0’ 

101 
2x 10' 4567 103 2 3 4567 10' 

Reynolds number, N,,,, 

FIG. 8. Local heat transfer results at 0 = 35”: Np,,,Dh vs 
N&oh. 

Figure 9 shows that the Nusselt number for the 
forward side continues to increase as 0 increases 
(0 < 35”) except at low N,,,,,. For NRI,Dh Q 1500, the 
Nusselt number tends to decrease at 0 = 35” (a peak 
value at 0 z 32.5”). It is noted, however, that the 
variation in NNu,Dh is small between 6 = 30” and 35”. 

Figure 10 shows a similar plot for the back side. It 
shows that the Nusselt number for the back side is 
insensitive to change in 0 and fluctuates. At high 
N RePh, however, it increases as f3 increases (0 < 35”). 

Since we are more interested in the average Nusselt 
number, Figs. 9 and 10 are combined to generate Fig. 
11. It is seen that N,,,,, continues to increase as e 
increases in the range of the experiments conducted. 

At NRqDh = 1732, however, the gain in NNu,Dh is only 
moderate; at N,,,,, = 866, the gain is minute. 

To confirm the accuracy of the data, a separate set of 
data at 0 = 35” have been obtained with the entire 

15 20 25 30 35 40 

Plate angle, 0 (degt 

FIG. 9. Forward-side heat transfer results: NNu,Dh vs 0. 
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FIG. 10. Back-side heat transfer results: NNu,Dh vs 8. 

array of plates, each having naphthalene coating on 
both sides and compared with the data of Fig. 11. The 
results shown in Fig. 12 confirm the accuracy of the 
data. 

Comparison with the literature and data of louvered 
jn heat exchanger 

An objective of the present work is to characterize 
the heat transfer performance of a plate array-a 
variation of a continuous surface segmented 
transversely to the flow direction. Therefore, it is now 
in order that the results of the present work be 
compared with those of the unsegmented continuous 
surface in the literature. To this end, the prior work on 
laminar flow [12, 131 and Latzko’s work [14] on 
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FIG. 11. Average heat transfer results: NNu,Dh vs 0. 
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FIG. 12. Average heat transfer results (both sides ofall plates 
participating in mass transfer). 

developing turbulent flow of a rectangular duct having 

an aspect ratio of a = 6.65 and a duct length-to- 
hydraulic diameter ratio of L/D/t = 3.256 (eight times 
L,/Dh) are presented in Fig. 13 along with the present 
results of 0 = 30”. It is seen that the N,, Dh of the plane 
array exceeds that of the continuous long duct by a 
factor of 2.75-4. The heat exchanger, which is most 
relevant to the present results, is an automotive 
radiator equipped with louvered tins. For that reason, 
data from tests of a radiator having geometrical 
features (a = 7.4, L,/Dh = 0.4, 0 = 29”) similar to 
those of the plate array are superimposed in Fig. 13. 

Although a deviation between the radiator results 
and the present data is expected, since the two systems 
have differences in details of geometrical features, the 
magnitude of the difference in N,,,,, (2 : 1) requires an 

I I III,,, / ,,,I,, 

- q Data from louvered fin tests 
(I = 7.43 

- B = 29” 
- LdDh 0.40 = 

4 3 a Present = 6.64 work 

i 0 = 30 
0) LdDh = 0.407 

10 1 IllI I I,,,,, 
2x 10’ 4567 103 2 3 4 56789 

Reynolds number, Nn.,oh 

FIG. 13. Comparison with louvered fin test data: NNu,Dh vs 
N Re.Dh. 

analysis of the radiator fin geometry and the test 
section. The following features are the main 
differences : 

(1) While the louvers do not span the entire space 
between the two flat tubes in the radiator as shown 
in Fig. 14, the model simulates the louvered fins 
spanning the entire span. 

(2) The radiator has two louver orientations in the 
louver array. Over the forward portion of the fin, 
the louvers subtend an angle 8 with respect to the 
air flow; and over the rear portion of the fin, this 
angle becomes z-0. Such a change in the 
orientation requires a transition section. On the 
other hand, all plates (eight in number) used for 
the experiments are in forward orientation against 
the air flow. 

The significantly large difference between the radiator 
test results and the present data is an incentive for 
further investigation of the contribution of the 
individual parameters discussed above. 

A+- 
Tube 
/ 

FIG. 14. Fin configuration of louvered tin radiator. 
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PRESSURE DROP RESULTS 

The total pressure drop AP, through the duct with 
the plate array can be broken down into three 
components which are the pressure drop due to 
friction API and that due to inertia losses through the 
plate array AP, and the entrance/exit losses AP,, 
respectively 

AP, = AP, + AP, (8) 

where AP, = AP, + AP,. 
Figure 15 is a typical pressure drop pattern along 

the duct (the plate angle = 20”, the average velocity 
= 4531 m h-‘) when the plates are aligned at a 

positive angle to the air flow. It is seen that the 
pressure drop data fall on a straight line in the 
upstream section, and that near the trailing edge there 
is substantial pressure depression. However, the 
pressure depression is recovered along the 

downstream duct and data fall on a straight line again. 
Without the plate array, the two straight lines would 
be colinear. Thus, a net pressure drop AP, of the array 
is the difference offset by the two lines [between (A) 
and (B)]. 

However, the total pressure drop AP, varies 
depending on where the duct exit ends in Fig. 15. For 
instance, if the duct terminates at the end of the array 
AP,, and hence AP,, becomes its maximum. 

The pressure drop has also been measured with the 
plates aligned at a negative angle to the air flow. An 
example of the test results is shown in Fig. 16 when the 
plate angle is 25” and the average velocity is 
4572 m h-l. A small pressure increase, rather than the 
pressure depression, is observed near the trailing edges 
of the plate array. The increase in pressure, however, is 
not pressure recovery but due in part to stagnation 
pressure. Note that the net pressure drop AP, is 

Pressure drop along test duct 
at 6 = 20’against airflow 

I I I I I 1 I I I b 
@f , , / / , , , 

12.7 25.4 38.0 50.8 
(5”) (lo”) (15”) (20”) : 

.5 
I”) 

Distance from tap No. 1, x (cm) 

FIG. 15. Pressure variation in duct with plate array (a). 

.02 - 

Array 

.03- 
Louver angle 13 = 25 

Average approach velocity V = 4572 mh ’ 
.06 - test duct at fl = 25” for air flow 

llllilll/ll”“/“l”lll 
12.7 25.4 38 50.8 63.5 

(5”) (lo”) (15”) (20”) (25”) 

Distance from pressure tap No. 1. x (cm) 

FIG. 16. Pressure variation in duct with plate array (b). 
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identical regardless of whether the plates are oriented 
for the air flow or against it. 

Each of the above pressure drop components can be 
expressed by 

N (9) 

Hence 

BP, = $pV&,K,N 

AP, = +p V,‘,, K, . 

(10) 

(11) 

AP, = ~PK&NCf(~,/~~) +&I. (12) 

The pressure coefficients K, (and also K,) are due to 
inertia losses and independent of Reynolds number 
N Re,Dh for a given B; however, f(L,/Dh) is a function of 

both NW, and L,/Dh. 

Friction coeficient, f 
From measurements of the pressure variation in 

deveioping Row through the upstream duct, the 
friction coefficient f has been determined and shown 
in Fig. 1~. As shown in the figure, the results are quite 
close to the Blasius correlation for a fully developed 
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FIG. 17. Friction coefficient $I 

flow in a smooth pipe having a diameter D [14]. 
Assuming that a similar relationship would hold 
through the plate array, the first term in equation (12) 
is estimated to be negligibly small compared with the 
second term as per ref. [8]. 

Pressure coefficient per row K, 
Pressure drop data obtained as per the procedure 

outlined in Figs. 15 or 16 are plotted in terms of the 
bracketed value of equation (12) [f(L,/Dh) +K,J vs 
Reynolds number NRe,Dh, with the plate angle 6 as the 
parameter, in Fig. 18. It is seen that [f(L,/Dh) +K,] is 
constant for all plate angles. This suggests that 
f(L,/Dh) c K, as expected and that the pressure drop 
penalty would be signi~~an~y high. 

Exit loss coe@cient K, 
As indicated earlier, the exit loss varies with the 

degree of pressure recovery in the downstream. It can 
become a signi~cant portion of the total pressure drop. 
To estimate this upper limit of its impact, the 
maximum exit loss coefficient (K,),, is determined at 
each plate angle. The results are shown in Fig. 19; also 
superimposed is the plot of Kp. It is seen that (K,),, 
reaches close to unity at B z 25”, and that the number 
of plate rows must be large for the effect of the exit loss 
to be small. 
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FIG. 18. Pressure coeffkient vs Reynolds number, 
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PERFORMANCE EVALUATION 

The preceding sections of the paper demonstrated 
that an array of short plates aligned at angles to the 
flow direction has an advantage over a long plate duct 
in heat transfer but is accompanied by a pressure drop 
penalty. Now the two systems are evaluated on a 
constraint common to both. One convenient 
constraint is the fixed pumping power PP to operate 
them. The Nusselt number ratio NNu,Dh/(NNu,Dh)oo will 
be used as the criterion for the heat transfer 
performance where (NNu,Dh)oo is the Nusselt number 
for the long continuous plate duct. 

For equal pumping power, it can be shown readily 
that the following condition must be met: 

(13) 

Let us assume that f follow_s the Blasius correlation. 
For given plate angle and Reynolds number NRe,Dh, the 
Reynolds number of the long duct (NRe,Dh)w that 
satisfied equation (13) can be computed. The Nusselt 
number ratio is then obtained from Figs. 11 and 13. 
The computed results are plotted in Fig. 20. It is seen 
that the improvement in the NNu,Dh of the segmented 
plate array is more pronounced at low Reynolds 
numbers than at high Reynolds numbers, ranging 
from factors of 1.2 to 1.72. It is also seen that an 
optimum plate angle appears to exist near 8 = 30”. 

CONCLUDING REMARKS 

The present experiments have demonstrated that 
the heat (mass) transfer from an array of plates aligned 
at angles to the streamwise direction brings about a 
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FIG. 20. Optimum plate angle. 

significant increase in the Nusselt number compared 
with the unsegmented continuous plate. A comparison 
with the developing flow regime showed the Nusselt 
number increase can be as high as a factor of four. 
However, the pressure drop increase is also high due to 
the presence of the segmented plates. Still, the Nusselt 
number increase for the fixed pumping power is shown 
to be a factor of nearly two. 

The present experiments have also revealed that 
there exists an optimum plate angle. 

A significant difference in the Nusselt number 
between the present work and the test data obtained 
from a louvered fin radiator provides an incentive for 
further investigation on other geometric parameters 
which differ from those of the ideal con~guration that 
the present investigation dealt with. 
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CA~CTERISTIQUES DU T~NSFERT ~ERMIQUE ET DE PERTE DE CHARGE 
DUNE RANGEE DE PLAQUES INCLINEES SUR L’ECGULEMENT DANS UN 

CANAL RECTANGULAIRE 

R&m&-On itudie experimentalement, dans le domaine de nombre de Reynolds entre 300 et 5000, le 
transfert de chaleur et la perte de charge pour une rang& de plaques align&es avec des angles 0 = 2&35” 
sur la direction de l’ecoulement d’air dam un canal rectangulaire droit. Les coefficients de convection 
thermique sur les deux faces des piaques ont id dbtermin&s separement et le coefficient moyen entre les deux 
approche de pms la theorie laminaire de conduite courte, aux faibles nombres de Reynolds (NRL,a,, 5 t 200) et 
il est presque independant de f’angle d’alignement par rapport a la direction de pair. Aux plus grands 
nombres de Reynolds (N,,,, _ 2 1500) le coefficient moyen &carte significativement de la theorie. Les 
mesures de perte de charge a travers la rangee de plaques montre que le coefficient Kp est une fonction 

seulement de l’angle de la plaque et indipendant du nombre N,,,,,. 

WARMEUBERGANG UND DRUCKVERLUST AN EINER ZUR STRGMUNG 
IN EINEM RECHTECKKANAL UNTER VERSCHIEDENEN WINKELN 

ANGESTELLTEN PLATTENREIHE 

Zasarnmenfassung-Warmetib-ergang und Druckverlust an einer Plattenreihe, die mit verschiedenen Win- 
keln van 0 = 2&35” zur Richtung des Luftstroms in einem geraden Rechteckkanal angestellt ist, wurde 
bei Reynolds-Zahlen zwischen 350 und 5000 ex~~mente~ untersucht. Die W~~e~~gangsk~~ienten 
an Vorder- und Riickseite der Platten wurden getrennt bestimmt. Ihr Mittelwert kommt der Theorie 
fur kurze Kanlle und kleine Reynolds-Zahlen (NRe,Dh . < 1200) sehr nahe und ist fast unabhangig vom 
Anstellwinkel gegen die Luftstriimungsrichtung. Jedoch weicht der mittlere Koeflizient bei hijheren 
Reynolds-Zahlen (NR..Dh , > 1500) wesentlich von der Theorie ab. Die Druckverlustmessungen kings der 
Plattenreihe zeigen, da8 der Koeffizient K, (je Reihe in Stromungsrichtung) nur eine Funktion des 

Plattenanstellwinkels ist ; von der Reynolds-Zahl IV#~,~,, ist er unabhangig. 

XAPAKTEPMCTHKH TEIIJIQOBMEHA H fIEPEHA&4 &ABJIEHHx HA PEIIIETKE M3 
HJ’IACTRH, PACl-lOJIOXEHHbIX HOfl YFJ’IAMH K HOTOKY B HPIIMOYrOJIbHOM 

KAHAJIE 

~~~~~~AeHo 3Kc~epHMe~bH~ iiccxerroaamie XapaxTepncTmr Tennoo6~ena a nepenana 
naruremia na pemeTae mr nnacrrin, pacnonoxtemrbrx FIOA yrnahnr f_? = 2&35” K IIOTOK~ so3nyxa % npn- 
MoyronbnoM xanane npn 350 < Re 5 WXk Ko+r@rtmenT~ rermoo6Mena ana 06errx croporr rutacrmi 
onpenenatorca pasnenbao, a rrx cpemiee 3naYenire xopomo armpoKcm.fsrpyeTcn c nohfombio Teopmr 
nahmwapnoro Teuemia B K~POTJC~M rariane npri hsanbrx 3tia9emisx qsicna Pefinonbnca (Na*, uh < 1200) u 
nOYTH He 3aBHCnT OT yrJta pacnOJtOxCeHHa lIJtacTHH OTHOcATeJrbHO tianpaBJte?tml IIOTOKa 803AyXa. 
Gnriaxo, npn 6onee B~ICOKHX 3na~enmrx uncna Pelrionbnca (A’,,, Dk 2 1566) cpe~tinr aenmnina rco+#ur- 
~eHTa3Ha9RT~bHOOTKSIOHReTCaOTTeO~TH’IeCKOr0Wa’ieffHR.~3Me~HHgne~nalll\~aB~e~aaAO~b 
nna~HH~OK~~ 'iTOK0~H~~HT~~,~acc9BTaHHbIiiB~O~~~~TKKBHH3~O~OTOK~HaOmtH~~, 

3aBsicnT TOJ~KO OT yrna narcnona H ne 3aancrrT 0~ qricna Peiinonbnca N,,, ah. 


