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Abstract--The thermal field and the heat transfer characteristics of a system consisting of two staggered 
vertical plates cooled by air in free convection were experimentally studied. The parameters investigated 
included the interplate spacing, the magnitude of the vertical stagger, and the Rayleigh number based on 
the overal] convective heat flux from each plate. The experiments were performed in air. The schlieren 
optical technique was employed to obtain the thermal field around the plates and the local heat transfer 
coefficients along the vertical sides of plates. Staggering was found to markedly affect the local heat transfer 
characteristics of the facing sides of the plates when the interplate distance was relatively small. In general, 
the Nusseh: number averaged on the inner face of the lower plate was enhanced (up to over 40%) compared 
with that for the case of the unstaggered plate channel. Conversely the mean Nusselt number on the facing 

side of the upper plate was reduced (up to 15%). 

INTRODUCTION 

Natural convection in vertical channels is encountered 
in several technological applications, such as elec- 
tronic equipment, cooling and passive solar heating 
systems. Since the pioneering works of Elenbaas [1, 2] 
in the 1940s, this topic has been studied extensively 
by many authors. Theoretical, numerical and exper- 
imental works dealing with the effects of the heating 
mode (symmetrical or asymmetrical, at uniform heat 
flux or at unifo~aa wall temperature), the air inlet 
conditions and tile radiant exchange can be found 
in the literature (:see refs. [3-7] for instance). Useful 
relationships givir g the Nusselt numbers and the opti- 
mum plate spacings for the various boundary con- 
ditions are presemed in ref. [8]. 

The use of staggered, discrete, vertical plates, as an 
alternative to continuous, parallel, vertical plates has 
been proposed, irl recent years, in order to achieve 
heat transfer enhancement in systems (such as finned 
surfaces and printed circuit boards) cooled in free 
convection. The first study on natural convection from 
staggered vertical plates involved the experiments 
reported in ref. [9]. Some years later, the heat transfer 
performance of a staggered array of discrete vertical 
plates was numerically evaluated and compared with 
that of an array of continuous parallel vertical plates 
[10] and of an array of in-line discrete vertical plates 
[11], under given constraints. Computations per- 
formed in wide fields of variation of parameters 
revealed that the u:se of discrete plates (both staggered 
and in-line) in liett of continuous plates gives rise to 
heat transfer enhancement (up to a factor of two). 
While in refs. [10, 1 l] a two-dimensional problem with 
zero plate thickness and no fluid recirculation was 

tackled, a more practical situation, involving an 
assembly of vertical staggered segments of finite length 
and thickness (connected to an isothermal baseplate) 
was experimentally investigated in ref. [12], in which 
a general correlation for natural convection heat 
transfer is presented. Convective interactions between 
two staggered plates were numerically evaluated in 
refs. [13, 14], while experiments on a four-staggered- 
plate array were recently presented in ref. [15]. 

The present work is seemingly the first to exper- 
imentally investigate natural convection from two 
staggered vertical plates. This configuration can be 
encountered in the packaging of electronic devices 
such as printed circuit boards and thus may be of 
practical interest for designers. In addition, infor- 
mation concerning the thermal field and local heat 
transfer characteristics, even though limited to a two- 
plate array, contributes to the fundamental under- 
standing of convective interactions in staggered plate 
configurations. 

The study was performed in air. The parameters 
investigated consisted of the interplate spacing, the 
magnitude of the staggering, and the overall con- 
vective heat flux exchanged by each plate. Emphasis 
is placed on the influence exerted by the vertical stag- 
gering on heat transfer from the facing sides of the two 
plates. An apparatus based on the schlieren optical 
technique was used to perform a non-intrusive analy- 
sis of the thermal field as well as the local heat transfer 
characteristics. 

EXPERIMENTS 

Apparatus 
The experimental apparatus consists of two stag- 

gered vertical plates, a power supply system, a 
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NOMENCLATURE 

A vertical stagger magnitude 
Cp specific heat at constant pressure of the 

fluid 
D plate thickness 
g acceleration of gravity 
H plate height 
h local natural convection heat transfer 

coefficient 
k thermal conductivity of the fluid 
L plate length 
Nu local Nusselt number 
Nu average Nusselt number 
Q~ per-plate convective heat transfer rate 
Ra Rayleigh number 
S interplate spacing 
T absolute temperature 
x , y , z  spatial coordinates. 

Greek symbols 
c~ light ray angular deflection 
fl coefficient of thermal expansion of the 

fluid 
A light ray deviation 
# dynamic viscosity of the 

fluid 
p density of the fluid 
0 dimensionless temperature 
fl constant in equations (1), (2), (4). 

Subscripts 
1, 2 lower and upper plate, respectively 
i inner side of plate 
w wall conditions 
oo ambient conditions. 

schlieren optical system, and instruments for mea- 
suring temperature, electrical power and pressure. The 
two vertical plates, suspended by nylon lines, were 
located at different levels (with a vertical stagger A) 
and separated by a space S, as shown in Fig. 1. The 
dimensions of each plate are as follows: thickness 
D = 8 mm, height H = 6.5 cm, and length (in the 
third dimension) L = 30 cm. The length was chosen 
as much greater than the other dimensions in order 
to favor a two-dimensional thermal field around the 
heated plates. Each plate consists of two aluminum 
sheets and a plane electrical resistance sandwiched 
between them to dissipate the power input by the Joule 
effect (Fig. 2). Both the plates and the surroundings 
were instrumented with fine-gage, chromel-alumel 
thermocouples, calibrated to _+ 0.1 K. Six to 10 ther- 
mocouples were embedded in the wall of each plate at 
different locations through 0.5-mm dia. holes drilled 

! 
O 

J 
A 

Fig. 1. Schematic layout of the two staggered vertical plates. 

into the rear surfaces of the two coupled aluminum 
sheets (see details in Fig. 2). Care was taken to drill 
the hole as close to the exposed surfaces as possible. 
The ambient air temperature was measured by five 
shielded thermocouples situated just below the plate 
array. 

The power input supplied to each plate was trans- 
ferred to the surroundings by natural convection and 
radiation. Since the thermal resistance of the plate 
material was very small, owing to the high thermal 
conductivity of aluminum, each plate was expected to 
be virtually isothermal. Surface temperature uni- 
formity was checked by means of an infrared ther- 
mographic system in a preliminary experiment. The 
wall temperature field on a single heated plate (pre- 
viously black-anodized to increase thermography sen- 
sitivity) was analyzed. The maximum temperature 
nonuniformities, based on the mean plate-to-ambient 
temperature difference, turned out to be 1% in the 
vertical direction and 4% in the transverse direction. 
In particular, a 2% temperature drop was found in 
proximity to the transverse ends of the plate (within 
approx. 2 cm of the edges), due to limited three-dimen- 
sional effects. The same wall temperature behavior 
was expected in the experiments on the two-plate 
system, for which the maximum variations over each 
plate (recorded by the deployed thermocouples) were 
generally less than 2% of the plate-to-ambient tem- 
perature difference. Hence, each plate was assumed to 
attain a different uniform surface temperature, 
depending on the characteristics of the buoyancy- 
induced flow and on the amount of  heat power to be 
transferred to the surroundings. 

As previously noted, all of the heating power sup- 
plied to a given plate was dissipated at its exposed 
surfaces by natural convection and radiation. The 
radiation heat transfer was reduced to a small value 
(less than 10% of the total power input), because of 
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Fig. 2. Detail of the housing of electrical heater and thermocouples (X) in the plate. 

the low thermal emittance of aluminum surfaces, 
which was measured by a radiometric apparatus as 
0.1 +0.02 in the temperature range of interest. The 
radiation heat transfer from each plate was accurately 
determined by calculation, using the net-radiation 
method for enclosures of diffuse-gray surfaces, and 
subtracted from the total power input, thereby yield- 
ing the per-plate natural convection heat transfer rate 
Qc. 

The plate assembly was confined on four sides by 
glass walls with open grids at the bottom. Runs con- 
ducted without the side walls revealed negligible 
effects on heat transfer performance, but the walls 
were deemed necessary to minimize extraneous air- 
current effects that might disturb the optical measure- 
ments. 

A schlieren optical system was employed to recon- 
struct the thermal field and to perform measurements 
of local heat transfer coefficients. The schlieren system 
is schematically shown in Fig. 3a. A non-coherent 
light beam from It vertical slit source, collimated by 
the concave mirro:r M1, passes through the test section. 
A second concaw: mirror M2 is then used to form a 
real image of the slit source in the focal plane and a 
real image of the test section onto a screen or camera. 
Owing to the inhomogeneities of  the fluid refractive 
index around plates, the light rays undergo angular 
deflections. Regions of the optical field that have the 
same light deflection ct (or the same light deviation A) 
can be identified by shifting an opaque vertical fila- 
ment in the focal l:,lane of  mirror M~, as shown in Fig. 

3b. When a disturbed light ray is stopped by the focal 
filament, the image of the corresponding region of 
fluid will appear dark on the screen, while the remain- 
ing field will be bright. The deviation A of a disturbed 
ray in the focal plane of mirror M2 can be recorded 
by measuring the distance between the middle of the 
undisturbed image of the slit source and the centerline 
of the filament, i.e. the distance between the filament 
positions 1 and 2 displayed in Fig. 3b. If  the thermal 
field is assumed to be two-dimensional (i.e. tem- 
perature is independent of z-coordinate), the shift A 
of each light ray (due to the deflection in the y - z  
plane) can be related to the local temperature gradient 
by the relationship, 

A = Q.  (~T /ay ) /T  2 (1) 

where T = T(x, y) is the absolute temperature, y is the 
direction in which the light deflection is recorded and 
Q is a constant depending on the fluid, the pressure, 
the plate length and geometric parameters of the 
optical components. In the present experiment, Q was 
equal to -0.0456 m 2 K. The temperature recon- 
struction procedure is based on a set of photographs 
(for each experimental run) obtained with the focal 
filament placed at different distances A from the undis- 
turbed slit-source image. A typical example of a 
photograph taken by the schlieren apparatus is 
reported in Fig. 4. By identifying for each photograph 
the coordinates of  the centerline of the filament 
shadow, it is possible to obtain the profile of  lines of 
constant light-deviation values A and thus, taking into 
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Fig. 3. (a) Schlieren apparatus (top view) : M l  and M2 are 0.38-m dia. concave mirrors (with focal lengths 
]; and f2, respectively), c¢ is the angular deflection of the light ray (in the y-z plane) and A is the corresponding 
light deviation at the focal plane of mirror M2 (fL = f2 = 1.9 m, 7 -- 9°, distance between mirrors about 8 
m). (b) Measurement of light deviation A at the focal plane of mirror M2: the focal filament is shifted from 

position 1 to position 2. 

account equation (1), reconstruct the temperature dis- 
tribution in the entire optical field. 

The local heat transfer coefficient can be directly 
obtained from schlieren images without having to 
reconstruct the whole thermal field. Indeed, if the focal 
filament is moved until its shadow intersects (in the 
image projected on the camera) the vertical surface 
profile, the displacement of the filament corresponds 
to the deviation Aw of the light ray passing in the 
vicinity of the wall at the desired location. The relation 
between light deviation Aw and the local heat transfer 
coefficient can be easily shown as follows. By applying 
equation (1) at the heated walls, one obtains 

Aw = f~" (OT/~n)w/T 2 (2) 

where (~3T/On)w is the temperature gradient in the 
direction normal to the plate surface, evaluated at the 

Fig. 4. Schlieren image recorded for S/H = 0.23, A/H = 0.38, 
Ra = 3.0 x 10 7, A = 0.7 ram. 

wall, and Tw is the wall temperature. By introducing 
the definition of local heat transfer coefficient 

-kw(~T/On)w 
h = (3) 

(Tw-  T~) 

where kw is the thermal conductivity of the fluid at the 
wall temperature and T~ is the ambient air tempera- 
ture, it follows that 

h = -kwAwT2w/(~ (Tw-  T~)). (4) 

Further details on the derivation of fundamental 
schlieren formulae (1, 2), as well as on the thermal field 
reconstruction procedure, are given in refs. [15, 16]. 

Operating procedure 
Experimental runs were performed according to the 

following procedure : 

(i) Arrangement of the plate configuration, by set- 
ting proper values of the interplate spacing S and of 
the staggering magnitude A. Dimensionless quantities 
S/H and A/H represent the geometric parameters of 
the configuration, ranging between 0.09 and 0.46 and 
between 0.0 and 1.0, respectively. Obviously, for A/H 
equal to zero, the configuration coincides with the 
unstaggered parallel plate channel. It should be noted 
that values of S/H equal to about 0.09~).10 cor- 
respond to the optimum spacings which maximize the 
heat flux from an array of isothermal unstaggered 
vertical plates [8], and therefore modifications in heat 
transfer characteristics due to staggering at these S/H 
values may have an important practical significance. 

(ii) Heating of the plates by a given input of elec- 
trical power into the heaters. By subtracting the cal- 
culated radiant heat transfer rate from the electrical 
power, each plate dissipates a controlled overall free- 
convection heat transfer rate Qc at its exposed 
surfaces. Experimental runs were conducted by keep- 
ing the overall convective heat transfer rates from 
both plates equal. Values of Qo were 7, 11 and 15 
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W per plate, respectively ; the corresponding wall-to- 
ambient temperature differences ranged from 25 to 51 
K, depending on the selected value of Qc and the 
specific position of the plate. 

(iii) In the steady state, measurements of wall and 
ambient air temperatures and, for a number of exper- 
iments, reconstruction of the thermal field from a set 
of schlieren photographs (from 10 to 20 for each run). 

(iv) Optical measurement of the light deflections 
near the vertical walls in order to obtain the local heat 
transfer coefficients at several locations along the plate 
surfaces. 

In addition, f~.rther experiments were performed 
for a single heated plate, this case corresponding to 
S/H ~ ~ or A/H ~ ~ limiting conditions. 

As previously done for geometric parameters S and 
A, measured data were recast in a dimensionless form 
by introducing Rayleigh and Nusselt numbers and a 
scale temperature function : 

Ra = Cpp2gflH 3 (Qc/L)/(k212) (5) 

Nu = hH/k (6) 

= ( T -  To~)/(T,~.2- T~) (7) 

where k, r,/~, p and cp represent the thermal conduc- 
tivity, the thermal expansion coefficient, the dynamic 
viscosity, the density and the specific heat (at constant 
pressure) of the fluid, respectively, g is the gravi- 
tational acceleration and Tw.2 is the wall temperature 
of the (upper) plate 2. When referred either to plate 1 
or plate 2, the fluid properties appearing in equations 
(5, 6) were evaluated at the local film temperatures 
T~ = (T~.~ + T~)/2 or T~2 = (Tw,2+ Too)~2. Since the 
overall convective heat flux exchanged by each plate 
was the same and T~j and T~2 were very close in the 
steady state, each experimental run was characterized 
by a given value of the Rayleigh number for both 
plates. Conversely, Nusselt numbers were expected 
to strongly differ from plate 1 to plate 2. Therefore, 
subscripts 1 and 2 were introduced. The additional 
subscript i was ad!opted to denote Nusselt numbers 
evaluated on the iinner sides of each plate (see Fig. 
1). The averaged value of local Nusselt numbers was 
indicated by using a bar over the corresponding 
symbol. 

Uncertainty o f  res~rlts 
The uncertainties of the main quantities obtained 

from the experimental investigation were estimated 
according to the procedure outlined in ref. [17]. The 
accuracy of the optical measurements performed is, in 
general, sensitive to the circumstances involved 
(dimensions of  optical components, length of the per- 
turbed optical path, etc.). The uncertainty in the light 
deviation Aw readings was found to be the main source 
of error in the local heat transfer coefficient h measure- 
ments. Since the ~.ccuracy in Aw readings improves 
with increasing Aw, the uncertainty in h values turned 
out to be inversely proportional to the recorded Aw 

values. For  the present experiment, the (20/1) uncer- 
tainty in the local heat transfer coefficient (or local Nu 
number) was estimated to range from 20 to 8°/O, in 
the field of Aw values between 0.8 and 9 mm (in which 
measurements were performed). Since integration 
averages the noise in the local Nusselt number values, 
the average Nusselt number data are likely to be more 
accurate than the local Nusselt number data. The 
reproducibility in the average Nusselt number values, 
assessed by repeating all the experiments over the 
entire parameter ranges, was found to be always less 
than 8°,/0. The uncertainty in Ra values turned out 
to be 5%, while the uncertainty in the reconstructed 
temperature Twas about 2-4% of the maximum wall- 
to-ambient temperature difference [16], giving a 
maximum uncertainty of +0.04 in ,9 values. Com- 
parison of local heat transfer coefficients measured in 
the case of an isothermal single vertical plate with 
prediction of Ostrach [18] revealed a maximum devi- 
ation of only 10%. Comparison of local and average 
heat transfer coefficients obtained for two isothermal 
unstaggered vertical plates showed a maximum devi- 
ation of 9% from the numerical results of Naylor et 
al. (Fig. 5 of ref. [7], spacing-to-height ratio = 1/12), 
and of 13% from the correlation of Elenbaas [2]. 

RESULTS AND DISCUSSION 

As can be noticed from Fig. 1, the position of the 
two plates defines a channel, confined between the two 
facing sides of the plates (denoted as "inner sides"). 
The height of this channel is reduced with increase in 
the magnitude of the vertical staggering. The air flow 
entering the channel is established by a balance 
between the buoyancy and the friction forces. In this 
context, the system adjusts itself in accordance with 
whatever changes have occurred in the interplate 
spacing, staggering magnitude and Rayleigh number. 
Therefore, the heat transfer characteristics of the inner 
sides of plates are expected to be significantly affected 
by the above parameters. Conversely, the outer sides 
of plates are likely to be free of interactions, and the 
corresponding boundary layers are expected to grow 
as in the single-plate limiting case. 

Temperature profiles 
The reconstructed temperature distributions for 

different interplate spacings S/H, staggering mag- 
nitudes A/H and elevations x/H, are reported in Figs. 
5 and 6. All the results are obtained for Ra = 3.0 x 107. 
Figure 5 shows temperature profiles for S/H = 0.23 
and A / H  = 0 and 0.69. In the absence of staggering 
(A/H = 0), the thermal field is clearly symmetrical. 
The airstream flowing up within the channel formed 
by the plates is only slightly heated (9 ~ 0.2 for 
x /H  = 0.92 and y /H  = 0), since the wall thermal 
boundary layers remain separated over most of the 
channel height. As the plates are staggered 
(A/H = 0.69), the thermal plume arising from the 
lower plate 1 leads to local air temperature peaks at 



O
o

 

0
 

1 
- 

0 -0
.4

 

1 
- 

-0.
~4

 

0.
9 7

 
~ 

0.
92

J 
~

0.
92

 

0.
4~

/ 
~

~
~

 
~0

..
46

 

,'-
~¢

0.
08

b-
-P

la
te

 1
 

( 
~'

-,
_1

_.
.-

~0
.0

8 
r 

Pl
ate

l2
--q

O
.(~

8~
,~

%
 

~ 
-0

.2
 

0 
0.

2 
y/

H
 

1 

09
 t 

# 
1 

,.,
 .

..
-,

 
1.

4 
.4

6 

r"
~O

.0
81

 
~q

Sl
at

~l
t 0

.0
8~

'~
0.

92
 

I 
Pl

at
e1

2-
--

~0
.9

2-
- ~ 

-0
.2

 
0 

0.
2 

y/
H

 

-1
 

A
/H

 =
 0

 
1 

2 r"
l 

°1
11

 
0 

y/
H

 
0.

4 
A

/I-
I -

- 0
.6

9 
2 y/
It 

0.
4 

Fi
g. 5

. D
im

en
sio

nle
ss te

m
pe

rat
ur

e 8 
di

st
ri

bu
ti

on
s 

at 
dif

fer
en

t ele
va

tio
ns

 x
/H

 fo
r A

/H
 =

 0 a
nd

 0.
69

. S/
H

 =
 0.

23
, Ra

 =
 3.

0 x
 

10
 7.

 

x/
H

 
0.

92
 

0.
46

 
0.

08
 

x/
H

 
1.

46
 

1.1
5 

0.
92

 

0.
46

 
0.

08
 

P > 



Experiments on natural convection 539 

O 

-0.3 

0.92. .0.92 
0.46 

0 0.46 , t£ !  J 0 . 0 8  

' " )  " L A ' / 7  ~---Plate 1---1 I t---Plate 2 

0 
y/H 

~ 0 .  "92 

46 0 

I ~ 0 8  

0 
0.3 

1 
A / H = 0  

x/H 
1 2  

t t ~  0.92 
0.46 

x/ 
0.08 

y/H 

0 

- 1 .15  ,,g 
s S 1 0 . 9 2  1 

~1 / ~t /~--0.46 
0.46. Z /  , /  ~\ / -  

7 S S /  %~$ 
o Vo.o  

,- '~'~,, . ." 'k---Plate 1---I ~ t--Plate 2 

-0.3 0 
y/H 

0 

- 1 . 4 6 , , 4  

0.92,# 
0.46 tb~/ , . . . . .  " ~ ? : 9 2  

~ ' /  ,, / ~ \  0.46 /  o:o8 
~-.'7~" ,..-" ~ P l a t e  1----I \ " - ~ - - P l a t e  

0 I 
-0.3 0 

y/H 

~ 1 . 1 5  0 

V, 0.92 
o 

0.3 

1 A/H = 0.38 
2 x/H 

--H- ' - '~  1.15 0.92 

0.46 
x/ 

u ~  0.08 
y/H 

- 1  
~ 1  "46 

.15 

0 
0.3 

M H  = 0.69 
2 x/H 

/ ~  1.46 

1.15 
0.92 

0.46 

0.08 
y/H 

Fig. 6. Dimensionless temperature $ distributions at different elevations x/H for A/H = 0, 0.38 and 0.69. 
S/H = 0.09, Ra = 3.0 x 107. 

the highest elevations (x/H = 1.15 and 1.46), as one 
moves away from 'the inner side of the upper plate 2. 
The transverse coordinate of this temperature peak 
seems to move towards the upper plate as the vertical 
coordinate is incre~Lsed. Temperature distributions for 
S/H = 0.09, with A/Hvarying from 0 to 0.38 to 0.69, 
are plotted in Fig. 6. In this case, when the plates are 
unstaggered (A/H = 0), the thermal boundary layers 
merge near the entrance owing to the reduced inter- 
plate spacing. As a consequence, the air temperature 
at the channel centerline (y/H = 0) reaches very high 
values (O ~ 0.9 at x/H = 0.92). When a nonzero ver- 
tical stagger is present, the plates attain different tem- 
perature values (the lower plate becomes more 
efficient, in terms of the heat transfer performance, 
than the opposite plate as A/H is increased from 0 to 
0.69). At the highest elevations (x/H higher than 
unity), the thermal wake generated by the lower plate 
blends with the thermal boundary layer growing along 
the upper plate and loses its identity with increasing 
x/H. It is worth to notice that the thermal field near 

the outer sides of plates is practically unchanged by 
reducing S/H. 

Local heat transfer characteristics 
The main purpose of this work was to study the 

modifications in the local heat transfer characteristics 
due to a staggered displacement of the two vertical 
plates. This analysis was performed on vertical sides of 
plates. As previously discussed, staggering the plates is 
likely to induce modifications in heat transfer per- 
formance mainly on the inner sides. This expectation 
was confirmed by measurements of local heat transfer 
coefficients along the outer sides of plates, which were 
generally found to be very close to those for the single- 
plate case. Only for the reduced interplate spacing 
S/H = 0.09, and for A/H = 0, did Nusselt numbers in 
the lower regions of outer sides turn out to be slightly 
different (about 10% in excess) from the cor- 
responding values for the single plate. This difference 
was found to vanish with increasing A/H. 

Therefore, attention was mainly devoted to Nusselt 
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numbers Nul .  i and Nu2,i evaluated along the inner 
sides of plates and presented in Figs. 7-9. When the 
interplate spacing is relatively large (S/H = 0.46, Fig. 
7) NuL~ and Nu2.~ profiles are almost insensitive to the 
degree of stagger. This finding suggests that, with an 
interplate spacing of this magnitude, Nusselt numbers 
will not differ significantly from those of the single- 
plate case in any staggering condition. As the spacing 
S/H is reduced (S/H = 0.23, Fig. 8), the staggered 
case reveals downside and upside deviations (in the 
+_ 10 % range) from the results seen in the unstaggered 
case. 

The strongest influence of the staggering on local 
Nusselt numbers is exerted at S/H = 0.09 (Fig. 9). 
In this case, local Nusselt number distributions are 
plotted for three values of the Rayleigh number 
(Ra = 2.1 x 107, Fig. 9a, Ra = 3.0 x 107, Fig. 9b, and 
Ra = 3.7 x 107, Fig. 9c). When the plates are unstag- 
gered (A/H = 0), Nut .  i and Nuz,i profiles coincide and 
both start from values in excess of those for the single- 
plate case (A/H ~ oo), owing to entrance effects. On 
increasing the vertical coordinate, the opposite bound- 
ary layers merge and Nusselt numbers for the unstag- 
gered channel decrease more sharply than those for 
the single plate. 

As the staggering magnitude A/H is increased from 
0 to 1, the local Nusselt numbers near the leading edge 
of both plates drop to below those of the unstaggered 
configuration. For plate 1 this decrease is related to 
the reduced velocity of the cooling air (the staggering 

reduces the air draft), while for plate 2 it is due to the 
preheating of the up-flowing airstream. In all cases, 
NuL~ profiles have a peak at the inlet of the staggered 
channel (x/H = A/H), owing to the flow acceleration 
caused by the blockage effect of the upper plate, and 
then drop sharply as the vertical coordinate increases 
further. Nu2.i values generally decrease with x'/H up 
to the exit of the staggered channel (x'/H = 1 - A / H )  
and then remain practically unchanged up to the top 
of the plate (x'/H = 1). When the vertical stagger is 
equal to the plate height (A/H = 1), the lower plate 
exhibits the same Nusselt distributions as the single 
plate. Conversely, Nusselt number profiles on the 
upper plate show the same trend as the single plate 
with 20-30% reductions due to the preheating of the 
rising air flow. As shown in Fig. 9, Nusselt number 
results exhibit similar behavior for all the Rayleigh 
number values here considered ; the trend of the local 
Nusselt number values to increase with increasing 
Rayleigh number was generally observed. 

Average heat transfer characteristics 
Attention is devoted at first to Nusselt numbers 

numerically averaged either on outer or on inner sides 
of the plates. While Nusselt number values averaged 
on the outer sides are practically equal to the single- 
plate values or slightly higher (5% for S/H = 0.09 and 
A/H = 0), the Nusselt values averaged on the inner 
sides fall into a wide range of variation, according to 
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Fig. 9. Distribution:+ of local Nusselt numbers Nuu and Nu2.~ 
evaluated along the inner sides of plates 1 and 2 for different 
values of A/H and Ra. S/H = 0.09. (a) Ra = 2.1 × 107; (b)  

Ra = 2,.0 x 107; (c) Ra = 3.7 x 107. 

the values assumed by the para__meters of__the study. In 
Fig. 10 the Nusselt numbers Nu u and Nu2,~, averaged 
on the inner sides of plates 1 and 2, respectively, are 
reported as a function of the dimensionless staggering 
A/H, and for three values of S/H and Ra. Data 
obtained for a single isothermal vertical plate are also 
reported, since they are representative of the asymp- 
totic limit A/H =:,. O. For S/H = 0.46, the Nusselt num- 
bers averaged on inner sides of plates are only slightly 
affected by the staggering (within + 6% as compared 
with values for A/H = 0). This result agrees rather 
well with computations performed in ref, [14], for 
S/H = 0.5 and for a similar Rayleigh number, taking 
into account the different definition assumed in this 
paper. For S/t t=0.23,  appreciable differences 
between the heat transfer performance of inner faces 
of plates appear, especially in the range of inter- 
mediate A/H values. These differences markedly 
increase as the interplate spacing is reduced 
(S/H = 0.09). It is worth introducing the Bar Cohen- 
Rohsenow formula [8], 

2S,,pt + 3D-O.OOS(%~g(Tw- T+)p2/#kH)"SSTop, = 0 

(8) 

where S o p  t is the spacing between adjacent plates which 
yields the maximum rate of heat transfer from an 
array of unstaggered isothermal vertical plates. If one 
introduces into equation (8) the thermophysical 
properties and Tw- T~ values obtained in this paper 
for A/H = 0, the relationship is satisfied for Sop~ equal 
to about 6-7 mm, i.e. for S/H values very close to 
0.09. Therefore, when this spacing value between the 
unstaggered plates is set, inspection of Fig. 10 reveals 
that a vertical stagger leads to considerable enhance- 
ments (up to over 40%) in inner-side average heat 
transfer coeffÉcients of the lower plate, and to 
reductions (up to 15%) on the inner side of the 
opposite upper plate. In particular, for A/H = 0.69, 
Nuu u attains a maximum value for every Ra number. 
On the other hand, Nuu2~ reaches a minimum value 
between A/H = 0.38 and'0.69, in the studied range of 
Ra numbers. 

Attention may be now turned to per-plate heat 
transfer performance results. The per-plate convective 
conductance can be easily obtained from the ratio 
between the per-plate convective heat flux Qc and the 
corresponding temperature drop Tw- T~ in the steady 
state, without the aid of optical measurements. The 
above-defined per-plate conductance showed only 
slight variations on varying A/H from 0 to 1 for all 
the S/H and Ra values considered here. As expected 
from previous considerations on local data, the lower 
plate was found to take advantage of the vertical stag- 
ger, with reductions in wall temperatures and thus 
enhancement in heat transfer performance, but the 
extent of this enhancement turned out to be only 10%o 
percent. On the other hand, the heat transfer per- 
formance of the upper plate was generally reduced by 
10% at the most. 

Another indication of the per-plate heat transfer 
performance can be obtained by averaging, for each 
plate, local Nusselt numbers on both vertical sides, 
which constitute 87% of the per-plate heat transfer 
surface area. Averaging local Nusselt numbers 
obtained by optical measurements also led to the same 
results, i.e. only minor differences (within + 10-15%) 
in the per-plate heat transfer performance between the 
staggered and the unstaggered configurations, in spite 
of the strong influence exerted on local heat transfer 
characteristics. Indeed, the large heat transfer 
enhancement recorded, for instance, on the inner side 
of the lower plate is largely suppressed when the aver- 
age between inner and outer side mean heat transfer 
coefficients is performed. 

CONCLUSIONS 

The present experiments provided basic data about 
the thermal field and the heat transfer characteristics 
of two staggered vertical plates cooled by air in free 
convection. The effects of the interplate spacing, the 
staggering magnitude, and the Rayleigh number were 
investigated. 

As expected, the thermal field as well as the local 
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Fig. 10. Nusselt numbers Nu~.i (solid symbols) and Nu2.i (open symbols) averaged along the inner sides of 
plates 1 and 2 as a function of 14/11, for different values of S/H and Ra. 

heat transfer coefficients related to the outer sides of 
the two plates were found to be practically inde- 
pendent of the interplate spacing and the vertical stag- 
gering. Therefore, attention was mainly devoted to 
assessing the influence of  the plate staggering on the 
local Nusselt numbers evaluated along the two inner 
facing sides of the plates. The extent to which local 
heat transfer performance was affected by the vertical 
stagger was found to be negligible or slight for inter- 
mediate and large interplate spacings. 

For  the lowest interplate spacing, appreciable 
differences between the unstaggered and the staggered 
cases were identified. In particular, the lower plate 
was found to take advantage of the vertical stagger of 
the opposite plate, with reductions in wall tem- 
peratures and enhancements of local heat transfer 
coefficients along the side facing the opposite plate. If  
only the facing sides (termed inner sides) of the plates 
are considered, the increase in heat transfer per- 
formance of the lower plate (as compared with the 
unstaggered configuration) can exceed 40%. 
Conversely, the heat transfer performance of the 

upper plate was found to be reduced by about  15% 
in the worst case. 

When the entire per-plate surface area is taken into 
account, the effect of  staggering in per-plate heat 
transfer performance is limited to + 10% at the most, 
even in the case of the smallest interplate distance, in 
spite of the large modifications induced in the local 
heat transfer. 
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