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Abstract-Both qualitative flow visualization as well as laser holographic interferometry and quantitative 
temperature measurement are presented for natural convection of air layers in vertical channels (channels 
A and B) with asymmetrically discrete heated ribs wherein the opposing flow is in channel A and the 
assisting flow is in channel B. Based on the analyses of the photographs and interferograms, it is suggested 
that the turbulent flow should be expected when the local modified Rayleigh number is in the range of 
1.29 x lo’-9.43 x lo9 for both channels. The heat transfer data and flow visualization photographs indicate 
that the present rib geometry and the stratification are two major reasons influencing the temperature of 
the heated ribs. Average Nusselt number correlations are established in the form 

z,,, = 0.12(R~“w)~-“‘, 

Nu, = 0.58(Ra’lYp0’, 
1.43x10s<Ra~<1.40x106 

for channels A and B, respectively. The power dependence strongly indicates that the flow in channel A is 
turbulent while the flow channel B is laminar. 

1. INTRODUCTION 

EFFECTIVE cooling of electronic components has 
become increasingly important as power dissipation 
and component density continue to increase sub- 
stantially with the fast growth of electronic 
technology. In many electronic cooling situations, 
arrays of heat-dissipating components are mounted 
on flat-parallel plates forming a series of passages, 
each having either one very rough wall and the other 
relatively smooth or both walls rough. The simplest 
method of cooling these arrays is air circulated by 
naturally generated buoyant forces. Natural con- 
vection provides low-cost, reliable, maintenance-free, 
and electromagnetic interference-free cooling. 

Studies on free convection from a discrete heat 
source on a vertical plate have been reported by 
Zinnes [1], and Carey and Mollendorf [2]. Park and 
Bergles [3] experimentally studied free convection 
from in-line and staggered arrays of heaters with vary- 
ing distances between heaters. Moffat and Ortega [4] 
experimentally investigated the buoyant-induced con- 
vective heat transfer from an array ofcubical elements 
that are deployed in an array on one wall of a vertical, 
open-ended parallel-plane channel. They reported 
that the heat transfer rate is significantly affected by 
the variation in the ratio of the gap width to the 
protrusion height of up to 4. 

Kelleher et al. [5], Lee et al. [6], and Liu et al. 

i Author to whom correspondence should be addressed. 

[7] studied natural convection heat transfer in a 
rectangular enclosure with a heated protrusion on one 
vertical wall. The first two papers reported exper- 
imental (Part I) and numerical (Part II) studies of the 
geometric effects of a single two-dimensional heated 
protrusion mounted on one adiabatic wall of an 
enclosure. The opposing vertical wall is insulated 
while the top and bottom surfaces are isothermal. The 
experiments were conducted with water and the heat 
transfer and flow visualization results confirmed their 
numerical work. In the third paper, Liu et al. pre- 
sented the results of a numerical study of three-dimen- 
sional convection cooling of an array of heated pro- 
trusions in an enclosure filled with a dielectric fluid. 
Recently, Keyhani er af. [S] reported an experimental 
study of natural convection in a vertical cavity with a 
discrete heat source. It was found that discrete flush- 
mounted heating in the enclosure results in local Nus- 
selt numbers that are nearly the same as those reported 
for a wide flush-mounted heater on a vertical wall. 

Although each pair of these vertical electronic card 
arrays have been investigated and modelled exten- 
sively as a buoyancy-driven flow in a differentially 
heated vertical cavity or channel depending on the end 
conditions extensively, most of these studies consider 
only one single channel (one passage). The buoyant 
fluid in the channel is either in an opposing or an 
assisting system. In view of the foregoing discussion 
and a detailed review of the literature, it indicates 
that, indeed, no effort has been made to study natural 
convection from double channels having two different 
flow directions with a flush-mounted heated pro- 
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NOMENCLATURE 

Ah surface area of the rib [m’] T temperature [“Cl 
C isobaric specific heat [J kg- ’ K- ‘1 Tr reference fluid temperature, OS( r, + To) 
D depth of channel in the z-direction [m] [“Cl 
9 acceleration due to gravity [m s-2] T, inlet temperature of air [“Cl 
h local heat transfer coefficient, T.8 local temperature of the heated rib [‘Cl 

Q,IA,Vx. - ToI W width of the channel [m] 
H height of the channel [m] x7 Y, z Cartesian coordinates [ml. 
k thermal conductivity [w m- ’ 
L 

length of the channel, 2H [ml K_ ,] 

L, surface length of the heated rib [m] Greek symbols 

L length of the gap between a pair of heated thermal diffusivity, k/pC [m2 s- ‘1 

ribs [m] ; volume coefficient of expansion [K- ‘1 

Nu Nusselt number, h[length scale]/k V kinematic viscosity 

Pr Prandtl number, v/r P density [kg m- ‘1 

Q power input per heated rib w] cr standard deviation. 

:: 

convective heat transfer rate (w] 
conduction heat loss [Wj 

;: 

radiation heat loss [wl 
Subscripts 

W channel width 
substrate conduction heat transfer rate [WI 

Q, total power input to each test rib [W] 
) local height, measured from top of 

Ra Rayleigh number, gp( T, - T,,) [length 
channel A/bottom of channel B to mid- 

scale] ‘jvr 
height of heated rib. 

Ra* modified Rayleigh number, Nu Ra 
Ra” modified channel Rayleigh number, Superscript 

Ra*( W/H) 
- 

average value. 

trusion on each channel wall. It is believed that a 
substantial body of experimental data is needed in 
order to have a complete description of heat transfer, 
flow field, and flow regime in this important area of 
electronic packaging problems. 

The purpose of the present work is to extend the 
previous studies of the buoyancy-driven flow and heat 
transfer in a single vertical cavity or channel with 
discrete heated protrusions on one vertical wall to 
double vertical channels with two different flow sys- 
tems (opposing/assisting). 

2. EXPERIMENTAL APPARATUS AND 

PROCEDURE 

The experimental apparatus consists of double 
channels with eight alternately unheated and flush- 
mounted rows of isoflux heated ribs on each channel 
wall with H/W=l6, D/W=20, LJW=O.51, 
L,/ W = 1.47. and W = 50 mm. The geometry, coor- 
dinate system, boundary conditions, and the details 
of the experimental apparatus are given in Fig. I. The 
data that will be presented are for air (Pr _ 0.7) with 
an approximate power input Q = 5, 10, 20, 35, and 
48 W per rib. The heated rib wall of the test cell, 
800 x 1000 mm, was constructed out of 10 mm thick 
aluminium sheet (k = 177 W m- ’ K- ‘). Sixteen two- 
dimensional aluminum (k = 186 W m- ’ K- ‘) ribs, 
25.4 mm wide, 25.4 mm deep, and 1000 mm long, 

were adhered to the plate. Sixteen slots, 22.2 mm wide, 
22.2 mm deep, and 1000 mm long were cut in these 
ribs in order to place 0.4 mm cartridge heaters with 
an outer diameter of 7.4 mm into a 1.3 mm quartz- 
made shield. The experiments reported in this paper 
were conducted with 16 heated ribs, eight on each 
channel. Each heater was covered with 1.6 mm thick 
aluminum plate with a heat sink compound (MgO) 
filled between the heater and the aluminum strip to 
reduce contact resistance. Thermocouples were then 
placed in grooves that were milled into each of the 
heated ribs and unheated sections of the wall. These 
thermocouples were located at their respective sec- 
tions shown in Fig. 2. All the thermocouples used in 
the instrumentation were 28 gauge copper-constantan 

type. 
Thermocouples were also placed at different depths 

in the plexiglass or aluminum plate to estimate the 
conduction loss. Heater leads and thermocouple wires 
were taken out through the holes made in plexi- 
glass/aluminum plate, and were connected to a power 
panel and a digital data acquisition system, respec- 
tively. The power panel consisted of a voltage stabil- 
izer; and a step-down transformer. Voltage infor- 
mation for each heated rib was fed to the data 
acquisition system coupled with a persona1 computer 
for data reduction and analysis. 

All the other sides of the channels were made out 
of plexiglass, 10 mm thick and of length L = 1600 
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FIG. I. Schematic of experimental apparatus : I, hot wire anemometer; 2, plexiglass channel ; 3, aluminum 
duct; 4, data acquisition system; 5, power input controller; 6, test section; 7, quartz tube; 8, MgO 

compound; 9, cartridge heater; 10, aluminum rib. 

mm. To form the channel, holes were drilled at all 
four corners of each plate and then bolted together. 
Channel spacing was maintained and resulted in an 
aspect ratio of 20 for the cross sectional area in which 
the flow is perpendicular to it. The power in each 
heater could be up to approximately 48 W, i.e. 486.1 
W mm2 for the heated sections. The conduction losses 
through various walls of the channels were also cal- 
culated to obtain net energy transported by the con- 
vective fluid. In general, the conduction loss was 
within 4.87% of the total input for the present exper- 
iments. 

To examine the flow structure, flow visualization 
experiments were conducted for several power inputs. 
The smoke generation method was applied with a 
CCI,+TiCI, mixture (mixing ratio 1 : 10) and air as 
the convection medium to visualize the flow. The 
illumination of the smoke was done by using a slide 
projector as a light source shining through a narrow 
slit so as to produce a plane of light. All photographs 
were taken with a Cannon-T90 camera on Konica 
SR-V 3200 film with exposure times of 1/8-l / 15 s. 

In addition to temperature measurement using ther- 
mocouples, both channels were placed in the test beam 
of a laser holographic interferometer for further 

understanding of the thermal characteristics of the 
study. The laser holographic interferometry used in 
this study is essentially the same as that described by 
Aung and O’Regan [9] and is shown schematically in 
Fig. 3. Coherent light (0.6328 pm), from a 35 mW 
Spectra-Physics model 124-B He-Ne laser is split into 
an object beam and a reference beam by a variable 
silvered mirror and each beam is expanded to a 90 
mm planar wave via a 20 x microscopic objective and 
a 60 xmicroscopic objective and two collimating 
lens (diameter 12.7 cm). Pinholes of 20 pm diameter 
are located at the focal points of the microscopic 
objectives in order to eliminate intensity variations in 
the wave fronts. The two wave fronts intersect at the 
photographic plate (here at an angle of 30 deg) and 
produce a hologram when the photographic emulsion 
is exposed simultaneously to the two beams and then 
developed in sifu. The interferometer components and 
test section are mounted securely to a 1.4 x 2.0 m 
vibration-free optical table. 

3. UNCERTAINTY ANALYSIS 

A Solartron 3530 Orion automatic data acquisition 
system was used for data collection. The thermo- 
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FIG. 2. Detailed thermocouple position for temperature measurement. 

couple outputs were measured to f I pV, which 
results in f 0.0 1 C sensitivity. A conservative estimate 
of the accuracy of the temperature measurement is 
+ 0.1 ‘C. The voltage input to each heater circuit was 
measured with a sensitivity of + 1 mV and an accuracy 
of fO.l%. Several runs were conducted where the 
voltage and the current for the circuit were measured, 
and the calculated resistance was highly stable. These 
data indicated a maximum uncertainty of + 1% in the 
resistance of the circuit. The power input to the circuit 
was then calculated by using the measured voltage 
drop across the circuit and its respective resistance. 
This procedure resulted in a maximum uncertainty of 
f2% in the calculated power inputs. The uncertainty 
associated with the length scale used in the data 
reduction was + 1 mm. The thermophysical prop- 
erties of the air were assigned an uncertainty of + 3%. 
Their judgement was based on the observed variations 
in the reported values in the literature. 

The overall uncertainty in the Nusselt and Rayleigh 
numbers varied with the power input. Smaller power 
input results in a larger uncertainty primarily because 
of a lower temperature difference across the channel 
and a higher fraction of energy lost by conduction. 
As the power input is increased, the uncertainty in the 
experimental data decreases. The estimated uncer- 
tainties in Nu and Ra are 1.6-5.8, and l&5.4%, 
respectively. It should be noted that the uncertainty 
in these parameters is reduced when they are con- 
sidered in terms of local values since the percentage 
error in the length measurement is decreased. 

4. DATA REDUCTION 

The local values of the thermophysical properties 
of air were obtained at a reference fluid temperature 
of 
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FIG. 3. Schematic of holographic interferometer for thermal field: 1, helium-neon laser; 2, shutter; 3, 
mirror; 4, beam splitter; 5, objective lens ; 6, pinhole ; 7, collimating lens ; 8, test section ; 9, duct ; 10, fan ; 

1 I, holographic plate ; 12, camera ; 13, vibration-free optical table. 

Tr = OS(T,+T,) 

where T, is the local temperature of the heated 
segment, and To the inlet temperature of air. The net 
convective heat flow rate, Q,, from the test surface to 
the air in the test channel, was calculated based on the 
following energy balance equation : 

Qc = Qt-QL-Qr-Qr (1) 

where Qt is the total power input to each test rib, Q,_ 
the conduction heat loss from the ends of the heater 
to the laboratory environment, Q, the substrate con- 
duction heat transfer, and Ql the radiative heat loss 
from the rib surface to its surroundings. The substrate 
conduction heat transfer, of which it eventually is 
convected to the working fluid in the unheated section, 
was calculated using a two-dimensional unit cell finite- 
difference conduction model. The value of Qr was 
evaluated using a diffuse gray-surface network [IO]. 
The radiant heat exchanges among all the side walls. 
The maximum radiative heat loss is less than 4.3 1% 
of the total power input for all the cases investigated. 

After QL, Q,, and Qr were estimated, the net con- 
vective heat flow rate, QC, from the rib surface can be 
obtained. Therefore, the local heat transfer 
coefficients, Nusselt, Rayleigh, and modified Rayleigh 
numbers used in the presentation of the data were 
calculated from 

h = QcIA,Vw - To) (2) 

where Ah is the surface area of the rib and (Tw - T,) 

the temperature difference between the rib and the 
inlet air temperature 

Nti = h[length scale]/k (3) 

Rg = g/7( T’ - T,)[length scale13/vr (4) 

Ra* = NM Ra (5) 

Ra” = Ra*( W/H). (6) 

Two length scales of local height y (Nu,.. Ray, Ra,*), 
and channel width W (Nu, Ra, Ra$, Ra”), are used, 
where appropriate, in the presentation and discussion 
of the results. 
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Table I. Average Rayleigh and Nusselt numbers for experiments of air layers (L2!‘L, = 2.90. 
f.,, U’ = 1.47. 0.69 < Pr < 0.71) 

Run No. Q (W) RQ*, RU;, 
.VLI ,, 

Channel A Channel B 

I 5 1.14x IO6 1.43 x IO5 1.80 x IO’ 6.28 6.25 
2 IO 2.52 x IO” 3.16x IO’ 3.09 x lOi 8.26 7.62 
3 20 4.69 x IOh 5.86 x loS 4.77 x IO’ 10.45 8.50 
4 35 8.10 x IO’ I.01 x IO0 7.12 x IO’ 12.04 9.39 
5 48 I.12 x 10; 1.40 x IO0 8.88 x 10’ 13.50 9.96 

5. RESULTS AND DISCUSSION 

The present study was approximately conducted for 
Q = 5. 10, 20, 35, and 48 W per heating element with 
atmospheric air as the convective medium. This 
covered a Rayleigh number range of Ra, = 

1.80 x IO”-8.88 x lo5 while the local Prandtl number 
varied between 0.69 and 0.71. The range of average 
modified Rayleigh number Ru*, studied in these 
experiments was 1.14 x IO’-1.12 x 10’ which can be 
seen from Table I. 

The present results mainly focus on the local steady- 
state behavior. To assist in explaining the local flow 
structure, flow visualization was made through a 
smoke generator under the steady-state condition. 
The steady-state condition was determined when the 
variation of temperature of the rib was less than 1% 
of that of its previous value. It usually takes 4-5 h 
to reach a steady state. In order to bring a better 
understanding of the results and discussion, a sche- 
matic of the physical system with major flow structure 
of the present study is shown in Fig. 4. We designate 
the channels as channel A (the left channel) and chan- 
nel B (the right channel). The optical lens used in the 
present laser-interferometry system is small so that it 
only consists of eight ribs. The typical flow patterns 
visualized in the central portion of both channels are 
demonstrated in Figs. S(a)-(c), for three different 
Rayleigh numbers, respectively. At Ra$= 1.90 x 105, 
Fig. 5(a) basically shows a cell within two consecutive 
ribs for channel A, which indicates a buoyancy driven 
fluid flow within two consecutive ribs. However, the 
main flow adjacent to the cold wall moves downward 
which causes the major part of the fluid motion to 
take place at the cell and that accounts for the majority 
of the convective heat transfer. 

For a definite rib position, in channel A, the 
location of the cell separation shear layer is dependent 
on the Rayleigh number. As the Rayleigh number 
increases, the location of the separation layer changes 
dramatically which can be seen from Figs. 5(b) and 
(c). This separation layer is located very near the 
upstream front corner of the rib shown in Figs. 5(a) 
and (b). However, in Fig. 5(c), it is found that this 
separation layer does not touch the rib wall. The flow 

of the buoyancy driven cell follows the present 

geometry. The fluid rises from the vertical face of the 
rib, over the upstream front face of the rib and then 
up the vertical wall of the valley of the two consecutive 
ribs to which the next rib is attached. Inertia then 
carries the fluid across the cold surface of the main 
flow and then down the vertical wall opposite the rib. 
This phenomenon becomes more distinct as Rayleigh 
number increases until the cell may not have enough 
energy to maintain its recirculating motion. This is 
because the velocity of the downward main flow is so 
fast that the initial slow motion in the cell at low 
Rayleigh number has unable to keep its original path, 

i.e. the cell was eventually broken down and it no 
longer exists at a Rayleigh number of 2.09 x 106. 

Channel B has a totally different flow structure due 
to the different boundary conditions. The cold wall 
was at a lovver temperature for channel A while the 
temperature of the cold wall for channel B starts sim- 
ultaneously to rise up through substrate conduction 
because of the heating element of channel A. More- 
over, the main flow moves upward which has the same 
direction as the flow due to the buoyancy effect. Based 
on these two different conditions, it is not possible to 
expect that there exists the same flow structure in these 
two channels. Actually, one is opposing flow, one is 
assisting flovv. The thermal boundary layer becomes 
thicker as the upward main flow moves further down- 
stream in channel B and the wall plume-like behavior 
near the channel wall develops. Figures 5(a)-(c) show 
that the plume almost occupies the entire channel 
width and interacts with the fluid trapped in the valley 
of two consecutive ribs as the Rayleigh number 
increased to Raf,.= 2.09 x 106. It is interesting to note 
that it is possible to have laminar and turbulent flow 
coexist across both channels (Fig. 5(b)). The flow 
pattern above the midheight region of the channels at 
Ra*,,= 2.09 x IO6 shows that the flow along the ‘hot’ 
walls goes through a transition from laminar to tur- 
bulent flow for both channel ‘hot’ walls, while the 
downward flow in channel A along the cold wall is 
clearly laminar even at Ra*,.= 2.09 x 10”. 

In order to determine the value of the critical local 
Rayleigh number for the onset of turbulent flow, Figs. 
5(a)-(c) show-ing the details of the flow above the 
midheight of the channel, have been analyzed. The 
results of the analysis of the photographs are tabu- 
lated in Table 2. In that table, the lowest Ra, and Ra.: 
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FIG. 4. Domain of Row thermal fields by optical visualization 

at ivhich unsteady or turbulent flow was first observed. 
as knell as the maximum Ra, and Ra_: at which the 
tlow \vas laminar are given. The data in Table 2 clearly 
indicate that the modified Rayleigh number is the 
appropriate parameter for specifying the critical value 
for onset of turbulence. Based on these data, and 
allotting for one 15, error in specifying the local height, 
it is suggested that turbulent flow would be expected 
when 1.29 x IO’ < R&+ < 9.43 x 10’. 

In general, the present flow patterns are similar 
to those observed by Kelleher et al. [S] and other 
investigators studying forced convection in horizontal 
channels/ducts with asymmetrically heated ribs. How- 
ever. no statement can be made with respect to differ- 
ences in the velocities, or for that matter. the sequence 
of change in flow pattern with respect to a common 
flow parameter. 

5.2. Qditatire description of the temperaturejeld 
Figures 6 and 7 show interferograms of the tem- 

perature field in both channels in the infinite fringe 
mode for two different cases. The resulting fringes 
are then isotherms. Figure 6 shows the temperature 
contours near the ribs while Fig. 7 shows the isotherms 
for the valley between two consecutive ribs. 

A closeup view of the air-filled channels at 
R(7:- = 1.14x lOh is shown in the interferograms in 
Figs. 6 and 7 for t\vo locations. respectively. The mea- 
sured isotherm patterns in Fig. 6 indicate that the 

surface heat flux is reduced along the wall just belo\\ 
and just above the element compared with what it 
would be on a smooth wall. The temperature gradient 
at the outer surface of the element appears to be high. 
especially near the upper (for channel B)!lower (for 
channel A). outside corner. This characteristic is simi- 
iar to that reported by Shakerin et al. [l l] investigating 
natural convection in an enclosure with discrete 
roughness elements on a vertical heated \vall. Fur- 
thermore, the present isotherm patterns along the 
‘cold’ wall for both channels coincided with the pre- 
vious findings of the flow patterns because they sho\b 
that the thermal boundary layers do interact as evi- 
denced by the thermal stratification along the cold 
wall in channel A and the wall plume development of 
the cold wail in channel B. In Fig. 7, the measured 
isotherm patterns for both channels in the valley of 
two consecutive ribs have the same trend at 
R&= 1.14x lo6 except outside the cavity which is 
due to the different flow types (one for opposing flow: 
one for assisting flow). The temperature gradient 
along the vertical wall of the channel appears to be 
higher for channel A than that for channel B. 

Further qualitative information about the nature of 
the temperature distribution was obtained. In general. 
provided there is no change in the direction of fluid 
motion, the width of a fringe will remain constant 
along its path. \i’hen fringes become thinner and get 
closer to each other. this implies a region of high heat 
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Table 2. Lowest local Rayleigh numhers (Ku,. /&I:) at uhich uns~zady or rurbulsn~ flow was 
observed 

Observed flow condition 

Unsteady or Unsteady or 
Laminar turbulent Laminar turbulent 

Rib 
Q W Channel NO. Ru. RLI? 

A 

I 

B 

A 

IO 

B 

A 

30 

B 

2 
2 
3 
6 
1 

7 
8 
I 
2 
2 
3 
6 
7 
7 
8 

9.34x IO’ 1.57 x IO’ 
I .03 x IO” 1.05 x IO7 
1.75 x IO” 1.07 x IO_ 
5.33 X IOh 9.35 x 10’ 
1.73 x IO” 2.07 x lo- 
5.40 x IO” 9.35 x IO’ 
7.10x IO” I.11 x IO” 
I.56 x IO’ 3.52 x IO’ 
3.88 x IO’ 4.52 x IO6 
4.52 x IO” 1.02 x IO3 

7.73 x IO” 
2.34 x 10: 

8.80 x IO” 1.96 x IO’ 
2.73 x IO’ 8.88 x IO1 

3.59 x 10: 
7.61 x IO’ 
8.80 x IO5 
9.96 x IOh 
1.68 x IO’ 
5.1: i IO’ 
2.07 r lo- 
6.37 x lo- 
8.30 x IO’ 
1.71 x IOX 

2.OL x 10’ 
9. I3 x IO‘ 

1.31x IO“ 
3.65 x IO 
1.29 x lo- 
2.86 x IO” 
5.59 x IO’ 
2.55 x IO“ 
1.92 * IO‘ 
2.23 x IO” 
3.11 x IO” 
9.43 x IO” 

Channel A Channel B 

FIG. 6. lnterferograms for the flow near the vicinity of the rib at Raf, = I.14 x lob (ribs 2 and 7) 



transfer which can be seen from Fig. 6 for the flou 

along the vertical rib wail in channel B or A. The 
fringe closest to the wall in the naturai convection 
region remains unchanged in direction but increases 
in thickness as it approaches the side walls. The higher 
order fringes possess high curvature due to How separ- 
ation,recirculation. There is. however, an instability 

present which can be noticed in Fig. 6 bq’ the thicker 
arc-shaped isotherms for the flow near the upper/or 

lower portion of the ribs. These two characteristics 
can also be applied to Fig. 7 to depict the present 
observations. Along the vertical walls of the cavity, 
the fringes are thinner and followed the contour of 
the cavity. However, away from the wall. due to the 
recirculation-like flow, arc-shaped isotherms happen 
elsebvhere near the center of the recirculation. The 
fringe was thickened the most. Incidentally. wall 
plume-like behavior near the core flow in channel B 
for Fig. 6 is clearly noted. This also verifies the pre- 
vious findings based on the flow visualization. Since 
the image processing system is not available to the 
authors at this stage. it is not possible to get quan- 
titative information from the present interferograms. 

The temperature distribution. r, - T,. along the 
streamwise direction at each rib for both channels for 
I.14 x IOh < RUT, < I.12 x IO- is given in Fig. 8. Each 
rib has three thermocouple measurement positions. 
The! arc located at the top floor. front and xx face 
of the rib. respecti\-cly. 

The temperature 01‘ the heated uni;<;r?d sections 
shows a stead? increase from heatsd r.3 I to heat& 
rib 16. Hoi\e\cr. a near constant rez::erature dis- 

tribution was found for lorvcr Ra>lsigh numbers 
(Rnf < 1.14 x IO”). A slight temperature inversion at 
0.4 < y/H < 0.5 for channel B is observed. This 
phenomenon persists for larger Raytsigh numbers. 
for instance, Ra;C,-= I. 12 x IO-. This behavior has al,o 

been reported in the boundary layer regime in the 
vertical cavity with isothermal heated smooth \~dll 
without protrusion by Choi and Korpsla [I?] ar;d 
other investigators. The variation of ivaIl (both heated 

unheated) temperature depends on changes in ths 
flow pattern (e.g. flow separation recirculation). flo\l 
type (opposing/assisting How). How regime (e.g. lami- 
nar. transitional, unsteady, and turbuisnt) and ths 
stratification parameter (e.g. channel height H and 
slope of the temperature variation xx the wail). 
Therefore, no single explanation can bs drawn at r5is 
stage for the measured profiles. The convection h<at 
transfer is dependent on the temperatur? gradient nc.ir 
the surface. which in turn is strongI> influenced b! 
the stratification parameter and the t?sw structcx 
(presence of separation recirculation). in order 13 
illustrate the effect ofstratification on the surface ten:- 
perature distribution, for both channsls. T,< - T :5 
nearly constant for all heated ribs (except ribs I. b. 9. 
and 16). for Rtr; < 2.52 x 10” as sta:eC <arlicr. Tbf 
t\vo casts correspond to thou con&xx nherc tl-,; 
I,lminar tlou regime co\crs a large \zr:.:.il e\tenl of 
the channels. As mentioned before. as RA>leiph num- 
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FIG. 8. Streamwise temperature distribution along the rib wall. 

I’ 0 

ber increases, the portion of the channel which covers 
the laminar regime decreases. The disappearance of 
the laminar flow regime was observed at 
Ra*,= 7.36 x lo6 for both channels. The data in Fig. 
8 indicate that T,- T,, for ribs 2-7 and 9-15 can be 
approximated with an average value of 13.9% for 
Ra*,< 8.10 x 106. The temperature differences for 
Ra+,= 2.09 x 106-1.12 x 10’ correspond to flow 
regimes where the transitional, unsteady or turbulent 
flow prevails. Indeed, for Ra*,= 4.69 x 106, TW- T,, of 
ribs 1 (turbulent-like flow) and 16 (laminar-like flow) 
are 11.7”C (33.3%) and 6.3”C (14.3%) less than that 
of ribs 8 (turbulent-like flow) and 9 (laminar-like 
flow), respectively, for the corresponding channels. 
Furthermore, it is expected that, due to the present 
rib geometry, separation, with reverse flow at the wall 
or at the surface of the rib was observed in the exper- 
iments. In fact, unsteady flow reversal and shedding 
from the rib were noticed for Ra*,> 2.09 x 106. This 
highly unstable, separated shear layer created in the 

flow over repeated ribs undergoes rapid transition to 
turbulence when compared with the wall without ribs, 
and may augment heat transfer. This will be verified 
later in the upcoming discussion. 

5.4. Heat transfer results 
Figure 9 presents the local Nusseh number Nu, 

plotted against streamwise downstream distance. Fig- 
ure 9 shows that for a fixed power input (or Rag). the 
heat transfer coefficient generally decreases with an 
increase in distance in the downstream direction in 
channel A while the heat transfer coefficient in channel 
B increases with an increase in distance. The variation 
in Nu, is minimal between the pairs of ribs 2 and 3, 
4 and 5, 10 and 11, and 14 and 15, whereas it is largest 
between ribs 1 and 2, 6 and 7,9 and 10, and 15 and 
16. It is possible that the heat transfer coefficient for 
rib 4 exceeds that of rib 3. It should be pointed out that 
those heat transfer coefficients are calculated based on 
the temperature difference of T,- T,. Therefore, the 
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FIG. 9. Local Nusselt number vs downstream distance. 

difference among the NM,. of the ribs are partially due 
to stratification. Nevertheless, the change in the flow 
pattern and flow regime can be of sufficient impact to 
override the stratification effect, this resulting in a 
slightly higher Nu for rib 4 than for rib 3. Park and 
Bergles [3] have reported that the ratio of the heat 
transfer coefficient of the top heater to that of the 
bottom one for the case of two flush in-line heaters at 
a fixed modified Rayleigh number reduces from an 
asymptotic value of 0.9 to 0.78 as LJL, decreases 
from 9.94 to 1.42. For the present study 
(L,/L, = 2.94), the ratios of the heat transfer 
coefficient of rib 2 to that of rib 1 for channel A and 
of rib 10 to that of rib 9 for channel B, at a fixed R& 
are 0.85 and 0.90, respectively. The Nu, of each 
heated rib is correlated in terms of Ra in the form 

Nu, = C(Ra+,)“. (7) 

Constants C, exponents m, and the standard deviation 
u, are tabulated in Table 3. These correlations rep- 
resent the experimental data with a maximum error 
of 3.7%. 

The relationships between Nu,, and Ru; for the cases 
under study are shown in Fig. 10. The correlations 
for all the ribs in both channels A and B have been 
correlated in terms of Ru: as 

N% = O.~~(RU,*)~~‘~, 

3.21 x lo5 < Ra; < 3.46x 10” (8) 

Nu, = 0.17(R~,t)~~*~‘, 

3.16 x 10’ < Ru,+ < 3.69 x 10”. (9) 

The present values of Nu, are compared with the 
predicted/measured Nusselt number for a smooth ver- 
tical plate for constant heat flux reported by Vliet [13] 
also shown in Fig. 10. The data was correlated as 

Nu, = O.~(RU;)‘.~ (10) 

Table 3. Coefficients C, exponents m, and deviation 0, for 
heat transfer correlation (equation (7)) 

Rib No. c m d 

1 0.065 0.340 0.034 
2 0.069 0.326 0.029 
3 0.062 0.333 0.037 
4 0.056 0.340 0.012 
5 0.058 0.338 0.018 
6 0.067 0.327 0.025 
7 0.089 0.301 0.017 
8 0.125 0.276 0.026 
9 0.385 0.201 0.036 

IO 0.356 0.201 0.026 
II 0.464 0.186 0.029 
12 0.365 0.204 0.022 
13 0.380 0.200 0.020 
14 0.440 0.189 0.026 
15 0.520 0.180 0.022 
16 0.532 0.192 0.007 
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FIG. 10. The relationship between Nu., and I?@. 

predicted Nusselt numbers from 0.3 to 20.3% higher 
than the present results for both channels for 
R$!’ < 6.3 x 10’. However, for Rujf > 6.3 x IO’, the 
present result for channel A predicted Nusselt num- 
bers from 1.0 to 35.2% higher than that obtained by 
Vliet [13]. 

At this stage, it may be interesting to compare the 
present heat transfer results with those for a vertical 
channel fully heated on one side wall. Figure 11 pre- 
sents the results that the heat transfer characteristics in 
the upstream region of channel A are of the turbulent- 
flow type while those in the downstream region of 
channel B are of a laminar-flow type. It can be verified 
that the slope of the curve in Fig. 11 in each region 
equals about l/3 in the upstream region and l/5 in 
the downstream region. This confirms the previous 
findings (see Section 5.1) to a great degree. The cor- 
relation predicts the experimental data with an aver- 
age error of 1.6%. The minimum and maximum errors 
are 0.1 and 3.1%, respectively. The experimental data 
of Wirtz and Stutzman [14], presented in Fig. 11 were 
conducted for natural convection between vertical 
plates with symmetric heating. The comparison made 
for is;, plotted against Ru”, indicates that the present 
data for channel B coincides with that of Wirtz and - 
Stutzman. While, for channel A, the values of Nuw 
are compared with measured Nusselt numbers 
obtained by Bar-Cohen and Rohsenow [15]. It is 
found that the present study predicted Nusselt num- 
bers from 4.9 to 28.2% higher than that of Bar-Cohen 
and Rohsenow for Ra> > 2.2 x 10’. 

6. CONCLUSION 

The nature of recirculation convection over asym- 
metrical definite discrete heated ribs (L,/W= 0.51, 
L2/ W = 1.47) in channels with the existence of both 
opposing/assisting flows, respectively, is investigated 
in the range 1.43 x lo5 < Ra> < 1.40 x lo6 to broaden 
our basic understanding of this type of convective 
heat transfer. The most significant contributions of 
the present study are as follows. 

(1) Systematic experimental data for the local 
steady state natural convection heat transfer in such 
geometric configurations were obtained and a quan- 
titative heat transfer correlation was established. 

(2) Through flow visualization, the photographs, 
qualitatively, indicate that the existence of protruding 
ribs changes the flow characteristics and originates 
the recirculation zone as well as the turbulence zone 
in the vicinity of the rib. 

(3) The heat transfer data (using laser holographic 
interferometry and thermocouple temperature 
measurement) and the flow visualization photographs 
suggest that the stratification and flow separation/ 
recirculation are the major two factors influencing 
the temperature of the heated ribs. 

(4) Based on the analyses of the photographs 
and interferograms, it is found that the turbulent 
flow should be expected in channel A when 
1.29 x 10’ c Ru,* c 2.55 x 109; while, in channel B, 
turbulent flow should also be expected in the range of 
4.92 x lOa < Ra,* < 9.43 x 109. 
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FIG. Il. Plot of average Nusselt number against modified channel Rayleigh number 

(5) Following remark (4), the average heat transfer 
data in channel A were correlated with a nearly I;‘3 
power dependence indicating a turbulent type flow 
whereas in channel B the data approximately exhibits 
a l/5 power dependence instead. 

(6) The results indicate that the Nusselt number 
NuY for the discrete heating with protrusion for both 
opposing/assisting flows is higher than that of a fully 
heated vertical channel under certain values of I&$ 
(&J! > 3.21 x 10’). For the present range of Ra& 
Nu, is almost the same as that reported by Wirtz and 
Stutzman [14] for channel B (assisting flow) and is 
from 4.9 to 28.2% higher than that reported by Bar- 
Cohen and Rohsenow [IS] for channel A (opposing 
flow) when Ra’Ey > 2.2 x IO’. 
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CONVECTION NATURELLE AVEC ECOULEMENT EN OPPOSITION OU EN AIDE 
DANS DES CANAUX VERTICAUX AVEC DES NERVURES CHAUFFEES ASYMETRIQUES 

Rkum&Une visualisation qualitative, une interferometrie holographique laser et une mesure quantitative 
de temperature sont p&e&es pour la convection naturelle de couches d’air dans des canaux verticaux 
(canaux A et B) avec des nervures chauffees asymetriques, un 6coulement en opposition dans le canal A 
ou en aide dans B. A partir des analyses des photographies et des interferogrammes, on suggere que 
I’ecoulement turbulent peut btre atteint quand le nombre de Rayleigh local modifie est dans le domaine 
1.29 x lo’-9.43 x lo9 pour les deux canaux. Les donnees thermiques et les visualisations montrent que la 
geomettie consider&e et la stratification sont deux raisons majeures qui influencent la temperature des 
nervures chaudes. Le nombre de Nusselt global est 

Nu, = 0,12(RU~)~~J’5 

x, = 0,58(R&)0.20’ 
, 1.43 x IO’ < Ra> < I,40 x 10’ 

respectivement pour les canaux A et B. Les puissances indiquent que I’&coulement est du type turbulent 
dans A et du type laminaire dans B. 

NATURLICHE KONVEKTION BE1 ABWARTS- UND AUFWARTSGERICHTETER 
STROMUNG IN SENKRECHTEN KANALEN MIT ASYMMETRISCH BEHEIZTEN RIPPEN 

Zusammenfassung-Die natiirliche Konvektion von Luftschichten in senkrechten Kanllen (A und B) mit 
asymmetrisch beheizten Rippen wird einerseits qualitativ durch Sichtbatmachung der Stromung wie such 
durch holografische Interferometrie mit Laser untersucht, andererseits quantitativ durch Tem- 
peraturmessungen. Die abwiirtsgerichtete Strcimung befindet sich im Kanal A, die aufwlrtsgerichtete im 
Kanal B. Aufgrund der Analyse der Fotografien und Interferogramme wird vorgeschlagen, daB in beiden 
Kanalen turbulente Striimung erwartet werden darf, wenn die ortliche modifizierte Rayleigh-Zahl im 
Bereich von 1.29 x IO’ bis 9,43 x lo9 liegt. Die MeBergebnisse fiir den Warmelbergang sowie die Foto- 
grafien von der Sichtbarmachung der Striimung zeigen, da8 die vorgestellte Rippengeometrie und die 
Schichtung ganz wesentlichen EinAuD auf die Temperatur der beheizten Rippen haben. Fur die KanHle A 
bzw. B ergeben sich folgende Korrelationen fiir die mittlere Nusselt-Zahl : 

iii ,,, = 0,12(R~‘#‘~~~~ 

Nu, = 0,58(Ra’;y)0J0’ 
I,43 x 10’ < Ra’;, < I,40 x 106. 

Die Exponenten in diesen Gleichungen zeigen, dag die Stromung in Kanal A turbulent ist, diejenige in 
Kanal B laminar. 

ECTECTBEHHAJI KOHBEKI.@iII IIPM TEgEHWM BC’TPEYHbIX M Cl-IYTHbIX nOTOKOB 
B BEPTHKAJIbHbIX KAHAIIAX C ACHMMETPIl~HO PACIlOJIO’XEHHbIMM 

HAI-PEBAEMbIMH PEBPAMM 

Afmo~~pm3oaaTcn ~awcreemibre pe3ynbTaTbl skuyamt3aumi no-roxa H na3epeol ronorpa@rwc- 
roii mrrep@powrpiw, a rarre BommecTBeHHbIe Hobeepmma TeMnepaTypbr npH ~CXXXB~HHO~ trormex- 
ttHE BO3AyUtHba CBOeB B m~~tx BaHanax (BaHBnbI A H B) c acH&fhfeTp~Ho pacnononeHgnnur 
Har-peBaeBeBrBm p&pahar, rtpweM ~po~~sononoBnme rtonBer.mbIM cHnaM TeBeHHe npo~cxomr~ B 
BaHane A, a cnyr~oc~ BaHane B. Ha oc~o~e aHamfaa t$OTOrPa@lHH H HHTep&O~aMM MOXHO tlO.la- 
raTr+ BTO rtpeHHe 6yner ryp6ynetrrnu~ npa noBanbHbu I~OHH@~~~~~BBHHB~ 98cnax P3nen B nHana- 
3oHe 129 x lo’-9‘43 x lo9 B 06oax ~arraax. ,ZJaHHbre no Tenaonepmiocy H t#roororp~~$Hn, nanysermbre 
IIpH BHay~HBBHHH ~OTOK& yW_WBWJT Ha TO, BTO reot+ferpHa pe6ep H crpaTH@xamrn BBIISHOTCR 
neyhfa ~~HOBHB~B~ t$arropakr~, OT rmop~x ~~BHCHT Tehfnepaqpa rfarpenae- pe6ep. 06oBmemxan 
3aBwiwtocrb nnn cpeqmero BHcna HycceJtbTa npencrasneHa B mme: 

%& = 0,12(R~‘;y)~~“~ 
Nu, = 0,58(Ra”,)@‘O” 

I,43 x 10’ < Ra; < I,40 x lo6 

COOTBeTcTBeHHO BJm KKHKJIOB A A B. XapaKTep CTeneHHOH 3aBHCHMWTH CBHJleTeJtBCTByeT 0 TOM, ‘tT0 B 
BaHane A reqerine ntmsrercn ryp6ynermtbrht, a B naHane R-BahnmapHbIM. 


