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Vortex flow pattern selection and temporal-spatial structures of transverse
and mixed vortex rolls in mixed convection of air in a horizontal flat duct
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(Received 18 March 1996

Combined flow visualization and temperature measurement were carried out to explore the processes for
selecting the buoyancy-induced vortex flow patterns and the temporal-spatial structures of the transverse and
mixed longitudinal and transverse vortex rolls in air flow through a bottom-heated horizontal flat duct. The
results for X=Reynolds number Re50 and 180&:Rayleigh number Ra30 000 showed that the vortex flow
patterns were determined from the competition between the buoyancy-induced thermal plume, which tends to
generate transverse rolls and the onset of longitudinal vortices in the entry region of the duct. At
70<Ra/Ré<200 and 6<Re<20, the mixed longitudinal and transverse rolls prevail, while the moving trans-
verse rolls dominate for 260Ra/Ré<1900 and :Re<7.5. Moreover, the measured spanwise distributions
of the time-averaged air temperatuig indicated that wherd,, at the midheight of the duct rises to a value
very close to zero, the transverse rolls appear. This simple condition provides a convenient method with which
to detect the existence of the transverse rolls. The measured time samples of the instantaneous air temperature
showed that in the duct filled with the pure and regular transverse rolls the entire flow oscillates at the same
frequency and amplitude. At higher buoyancy, the downstream transverse rolls deform and can even break into
irregular cells when Ra is high enough. The corresponding temperature oscillation becomes nonperiodic and its
amplitude increases with the downstream distance. In the mixed-roll structure, the axial growth of the longi-
tudinal rolls tends to bend the transverse rolls and causes them to become knotted. Finally, correlation equa-
tions for the oscillation frequency of the air temperature and the wave speed in the transverse and the mixed
longitudinal and transverse vortex flows were provid&il063-651X96)14311-7

PACS numbds): 47.27—i

[. INTRODUCTION imposed at the channel inlet, the onset of convection in the
form of longitudinal rolls occurs around a critical Rayleigh
Mixed convection in a horizontal plane channel heatechumber of Rg=1708[9-14]. The Rayleigh number Ra is
from below plays an important role in the understanding ofdefined agsd*(T,—T.)/va, whereg, B, v, anda denote,
the transition process of vortex flow resulting from the inter-respectively, the gravitational acceleration, air thermal-
action between the inertia and buoyancy forces and in th&xpansion coefficient, kinematic viscosity, and thermal dif-
technological applications in growing thin crystal films from fusivity; T, and T, are the uniform bottom and top wall
chemical-vapor depositiofL,2], energy transfer in heat ex- temperatures, respectively. It is well known that:Ra un-
changerg3], and thermal control in compact electronic de- &ffected by the Reynolds number Re W,d/v, whereWr,
vices[4,5]. In each case it is important to know the detaile

dis the mean speed of the channel fljplut the critical Ray-
temporal and spatial structures of the buoyancy-induced v0|J-e igh number Ra for transverse rolls increases with the Rey-
tex flow and the associated heat-transfer characteristic

%olsls numbef15,1€. Beyond the critical Rayleigh number
. , different vortex flow patterns may compete dependin
Various vort_ex TIOW structures, such as the regu_lar and qeér?c the Reynolds number.pSteady andyunstepady Ionpgitudin?':xl
formed longitudinal rolls, transverse rolls, and mixed long"}r:olls, time-periodic moving transverse rolls, and irregular
“haotic snaking rolls were report¢d]. At high buoyancy-
ous flow visualizatiorﬁB,?J. Although thellongitudinal vortex i inertia ratio,gthe flow pattefns gr; highl)? time a)\/nd sypace
flow has been extensively studied in the p#8i, the  gependent and multiple vortex flow patterns can coexist in
transverse- and mixed-roll structures are not well underihe channel.
stood. The present study is intended to unravel the flow and The dependence of the vortex structures on the Reynolds
thermal conditions and the processes for the initiation of theind Rayleigh numbers was delineated by a flow regime map
transverse- and mixed-roll structures and the temporal anghcluding the flow with no rolls, steady and unsteady longi-
spatial characteristics of these structures by conducting udinal rolls, transverse rolls, and unsteady intermittent rolls
combined experimental flow visualization and temperaturg17—2(Q. Kamotani, Ostrach, and Miadl4] indicated that
measurement. In what follows, the literature relevant to thehe heat-transfer rate was affected not only by the Rayleigh
present study is briefly reviewed. number but also by the buoyancy-to-inertia force ratio. Be-
For a horizontal plane channel specified by two large assides, the insulated duct sides were found to have some ef-
pect ratiosR, 1=b/d, whereb andd are the duct width and fect of stabilizing the flow, suggesting that the smaller the
height, respectively, anld, ,=1/d, wherel is the duct length aspect ratidR, 4, the stabler the vortex flow. Moreover, the
(Ra1>1 andR,,>1) and bounded by two horizontal dif- steady vortex flow was seen to become unsteady once the
ferentially heated conducting plates with a Poiseuille flowfully developed vortex rolls occupied the entire test section
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FIG. 1. Schematics of the test apparatus and the chosen coordinate system.

in a long duct. Thus, the larger the aspect r&jo,, the more  vortex rolls was predicted by Mler and co-worker$23—25
irregular the flow. Hence the flow regime map is somewhathrough solving the modal-amplitude equations for an ex-
different for different aspect ratid?, ; andR, ,. Moffat and  tremely low Reynolds number flow.
Jenseri21,22 suggested that the buoyancy-driven secondary In our recent studief5,7], the detailed spatial structures
flow structure is very sensitive to the aspect rd&Q, and  of the longitudinal, transverse, and mixed vortex rolls in air
needs to be investigated in detail. Very regular transverséiow through a horizontal flat duct were investigated through
rolls can be easily obtained with a high-Prandtl-number sili-the flow visualization and temperature measurement. But the
cone oil. It was noted that the higher the Prandtl number Pdetailed temporal structures of the transverse and mixed rolls
of the working fluid, the lower the Reynolds number for theand the condition and processes for the selection of these
existence of the transverse rojls6]. structures remain unexplored. These will be examined in this
A series of experiments was conducf{€d-12] to investi-  study.
gate the spanwise temperature distribution of the flow con-
taining steady longitudinal rolls. The spanwise temperature
distribution has a very regular sinusoidal shape for the lon- Il. EXPERIMENTAL APPARATUS AND PROCEDURES
gitudinal vortex rolls with a pitchh=2d. The experimental
results of Kamotani and Ostra¢th2] showed that the sinu-
soidal spanwise temperature distribution was destroyed at A sketch of the established test apparatus for the mixed
high Rayleigh number due to the unsteadiness of the flowconvection of air in a bottom-heated horizontal plane chan-
The simultaneous presence of the longitudinal and transversel and the adopted coordinate system are shown in Fig. 1.

A. Experimental apparatus
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The nondimensional, y, andz coordinates respectively de- test section and outlet section, is thermally insulated with a
note the spanwise, vertical, and axial distances from the du&uperlon insulator 20-mm thick and is mounted on a rigid
side, bottom, and inlet measured in the unit of duct heightsupporting frame.

The test section is a rectangular duct 240 mm wide and 300 The volume flow rate of air is controlled and measured by
mm long with a gap width of 20 mm between the hot anda Hasting HFC flow controller with an accuracy better than
cold walls. Thus the aspect rat®, of the duct is 12. The 1%. The flow-measuring system is calibrated periodically by
lower plate of the test section is made of a 15-mm-thick,a Brooks bell prover with an accuracy of 0.2%. The operat-
high-purity copper plate and is electrically heated by dcing condition of the flow meter in actual measurement is
power supplies. The heaters glued onto the outside surface afljusted to a condition similar to that of the calibration stand.
the bottom wall were divided into 10 segments in the flowThe mean air speed in the test section is calculated from the
direction and each heater was controlled independently by total flow rate.

GW GPC 3030D laboratory power supply. The high thermal To measure the velocity and temperature of the air flow in
conductivity, density, and large thickness of the copper platehe test section, probes are inserted from the downstream end
can minimize the nonuniformity and unsteadiness in the botof the test section. The probes are supported by a three-way
tom wall temperature. The width of the lower plate is 40 mmtraversing device. Velocity is measured by a hot-wire probe.
greater than that of the test section in order to reduce thgqy calibrating the hot wire, the pipe flow method whereby
edge effect in the spanwise direction of the test section. Thg,e probe is placed in the center of a fully developed laminar
upper plate is qooleq by'distilled water flowing above it. Thepipe flow is used. The total flow rate is measured and the
distilled water is maintained at a constant temperature by gine center velocity is calculated from the parabolic distribu-
heat exchanger. The heat exchanger can control the tempe 5n. Temperature is measured by a thermocouple probe, an

ture of the distilled water to within=0.1°C. The volume ~§y,=~a (model HY P—0, an extremely smalT-type ther-

ﬂo"\t'hrattthf tthe d'St't"ed (é(.)f?lmg wa.tertr|]s adju|§,ted ca}refully mocouple(33-gauggimplanted in a 1-in.-long stainless steel
so that the temperature difference in the cooling water ovef, ,ormic needle.

the glass plate is within=0.1 °C. The water head is also
suitably adjusted to minimize any possible deformation of
the glass plate. The side walls of the test section are made of
5-mm-thick plexiglass. The data acquisition and control system and various in-
The temperature of the lower plate is measured by 13truments including a PC 486-66, multiplexdSomputer
calibrated and electrically insulateB-type thermocouples Product RTP 743 serigsa digital barometefSetra System
embedded in the plate. The upper-plate temperature is me&61B), reference junctiongCelesco Transducer Products
sured by @ -type thermocouples stuck to the inside surfaceBRJ 19, laboratory power supplie§GW GPC 3030D, a
of the plates. The temperatures of both plates could be mairstripe chart recorde(GOULD Recorder 28005 OMEGA
tained at a nearly uniform and constant value with the deviatype-T thermocouples, a Hasting HFC flow controller, and
tions ranging from+0.05 °C to+0.12 °C, depending on the reduction software were calibrated and adjusted end to end
Rayleigh number tested. For each experiment the top plat@n site by Instrument Calibration Section, Q.A. Center,
temperature is kept at the same value as that of the inlet aChung Shan Institute of Science and Technol¢GgIST),
flow for the purpose of eliminating the formation of a ther- Taiwan with the transfer standards that the calibration hier-
mal boundary layer on the top wall. archy can trace back to the standards of National Institute of
The open-loop mixed-convection apparatus begins wittStandard and Technology, U.S.A. Before performing the
the air regulated from a 600-psi and 50 000 cubic-foot-highend-to-end calibration, all the sensors and transducers used
pressure air tank which is passed through a settling chambemnere transported to CSIST for calibration or adjustment with
a contraction nozzle, and a developing channel before entethe interlab standards based on the test point that will be
ing the test section. In the settling chamber, turbulence igncountered in the present test to get best calibration curve-
suppressed by passing the air first through two fine mesfit data. The main purpose of this calibration is to reduce any
screens, then a honeycomb section, and finally four fingossible bias between the true physical values and the read-
mesh screens. The nozzle, with a contraction ratio of 20:19uts of the sensors or transducers. The data reduction error is
has been designed to eliminate flow separation, minimizeeduced further by using the best nonlinear least-square cali-
turbulence, and provide a nearly uniform velocity at the inletbration curve fits and by selecting a suitable gain code of the
of the developing section. The developing section is 1600nultiplexers. The system is well grounded and the electric
mm in length, approximately 83 times that of the channelnoises are suitably filtered out. Fixed physical or simulated
height. This insures that the flow is fully developed at thesignals are then applied in the data uncertainty test. Samples
inlet of the test section for Re50.0. A 160-mm outlet sec- higher than 32 are measured at each test point during the
tion is added to the exit end of the test section to reduce thancertainty test. Uncertainties in the Rayleigh number, Rey-
disturbance resulting from discharging the flow to the ambi-nolds number, and other independent parameters were calcu-
ent atmosphere. The settling chamber and the contractioated according to the standard procedures established by
nozzle are made of stainless steel, whereas the developiridine and McClintock[26] and Abernethy and Thompson
channel and the outlet section are made of 5-mm-thick plexif27]. The uncertainties due to the control unsteadiness and
glass. The whole test apparatus is placed in a quiescent housamperature nonuniformity are also accounted for in the data
to eliminate any possible disturbance from the ambient atmoudncertainty evaluation. The thermophysical properties of the
sphere surrounding the house. The entire loop, including theorking fluid (air) are «=0.220 cnd/s, 8=0.00335 °C?, Pr
settling chamber, contraction nozzle, developing channel=0.737, and»=0.162 cni/s at 30 °C and 0.997 bar. The

B. Data uncertainty
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W/W,,ox at the inlet with the analytical solution from Shah and
London (Ref. [28]). Circles: experimental data. Solid curves: ana-
lytic solution.
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properties are real-time corrected based on the temperatul
and pressure detected in the test section inlet. The detaile
uncertainty analysis indicated that the uncertainties of tem- Flow
perature, volume flow rate, dimension, Reynolds number,
and Rayleigh number measurements are estimated to be le
than =0.15 °C+5%, +0.05 mm+6%, and =6%, respec-
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C. Analysis of temperature oscillation — —
Flow Flow

The measured time-averaged temperatures of the air flov
were obtained by averaging 1000—-3000 sampled data point
depending on the amplitude and frequency of the oscillatior
at that detection point. The sampling rate of the data channe
was set at 0.1 s per scan, which was sufficiently high for the
low-frequency oscillation in the low-Reynolds-number
mixed convective flow considered here. In the tests, the de-
tection points are distributed at 120 equally spaced spanwis : ,
positionps in the horizontal planes at ;andyz=p2.52 5.%9 65,(3) 26 5,(4) 44 5, and®) 73 s;(b) increasing Re from 5 o 20
9.26, and 12.62. In addition, a Gould Recorder 2800S analoat Ra=4000 and=(1) 05,(2) 6 5,(3) 10 5,(4) 14 s, and®) 22 s.

recording system was utilized to record the instantaneous aE'ouId be achieved between the duct walls and the smoke.

(®)

FIG. 3. Flow-pattern transformation effected by changing Re in
s (a) decreasing Re from 20 to 5 at R4000 andt=(1) 0 s,(2)

temperature at the selected detection points. In the experiment, we first imposed a fully developed flow
o . o . in the entire test section and then turned on the power supply
D. Preliminary investigation of flow field to the bottom plate and in the meantime circulated the chilled

At first, the main forced flow was investigated to check itsWater over the top plate. It took abo8 h for the Rayleigh
fully developed condition at the entrance to the test sectiofUmber Ra to rise to the test point and required about another
with no heat input to the bottom plate. Figure 2 shows the2 h for Ra to s_tab|I|ze. For the transient tests to examine the
sampled data from the hot-wire measurement for a typicaPattern formathn, the Reynol_ds numbers cou_ld be changed
case with Re-50. The results clearly indicate that at the testl0 @ new value in 6 s. After this, we began various measure-
section inlet the velocity profile is fully developed and is in Ments and flow visualization. The ranges of the parameters
good agreement with the analytical results given by Shah antp be covered in the experiment are Re from 1.0 to 50 and Ra
London[28]. Additionally, the turbulence intensity is found from 1800 to 30 000.
to be less than 0.7%.

Flow visualization was conducted to observe the second- Ill. EXPERIMENTAL RESULTS AND DISCUSSION
ary flow patterns from the top, side, and end views by inject-
ing smoke at some distance ahead of the settling chamber. In the following, results are presented to show the effects
They were carried out by using a 1.5-2.5-mm plane lightof the Reynolds and Rayleigh numbers on the various char-
beam to shine through the flow field containing tiny incenseacteristics of the transverse and mixed longitudinal and
particles as the light scattering centers and a sharp contrasansverse vortex flows. Moreover, the conditions and
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FIG. 4. Effect of the Rayleigh number on the time-averaged spanwise temperature distributier’s%2 and the flow patterns from the
side view atx=6 for (a) Re=30 and(b) Re=20.

mechanisms for selecting the vortex flow patterns will belongitudinal and transverse rolls determines the pattern that

examined. will eventually dominate in the flow.
To elucidate the competition between the two different
A. Selection mechanism of vortex flow patterns types of vortex rolls, the temporal evolution of the vortex

The physical mechanisms determining the patterns of thgow_ following a cr_lange n the Reynolds num_ber is examined
vortex flow structures in the channel are examined first™ Fig: 3 by checking the instantaneous top view flow photos.
Upon imposing a supercritical temperature difference acrosg'9ure 3@ shows the transformation from a steady longitu-
the horizontal plates, our previous flow visualization indi- dinal vortex flow with Re=20 and Ra4000 to a time-
cated that the vertical upward buoyancy tends to induce thBeriodic moving transverse vortex flow caused by a reduc-
longitudinal rolls in the downstream portion of the test sec-tion of Re from 20 to 5 with the Rayleigh number fixed at
tion especially near the duct sidgg]. Meanwhile, the buoy- 4000. The instant at which the Reynolds number is changed
ancy can also induce a spanwisely uniform thermal plume ins designated as time=0. Note that shortly after the Rey-
the upstream portion. Since the plume is strong enough toolds number is reduced &t 16 s, the onset point of the
overcome the main forced flow at high buoyancy and risesongitudinal rolls has moved to the rather upstream region
from the bottom wall to the top wall, a pair of transverse close to the duct inlet. Later, & 26 s, the longitudinal rolls
rolls form [7]. More specifically, raising the buoyancy-to- merge with their symmetric counterparts in the upstream re-
inertia ratio by increasing the Rayleigh number or decreasingion to form sixU rolls. In the meantime, a pair of trans-
the Reynolds number causes the longitudinal rolls to movererse rolls are generated in the duct entry region. Then the
upstream and become stronger. At the same time, the trangansverse rolls are slowly pushed downstream by the main
verse rolls also become stronger and are generated in farced flow, and thé&J rolls are also pushed downstream and
slightly upstream region. The subsequent competition of thgradually leave the test section. In the duct entry region, new
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FIG. 5. Effect of the Reynolds number on the time-averaged spanwise temperature distributioe@s5& and the flow patterns from the
side view atx=6 for (a) Ra=30 000 andb) Ra=6000.

transverse rolls are generated periodically in time. Finally, atesulting vortex flow consists of moving transverse rolls in
t=73 s, all theU rolls are pushed out of the duct and pure the duct core and stationary longitudinal rolls near the duct
and regular traveling transverse rolls dominate the flowsides. The pattern transformation from traveling transverse
When the Reynolds number is not reduced to that low valuerolls at Re=5 and Ra4000 to stationary longitudinal rolls

the resulting buoyancy-to-inertia ratio is lower and the transachieved by raising the Reynolds number to 20 with the
verse rolls generated are shorter in the spanwise dimensidRayleigh number fixed at 4000 is shown in FighB The

and are weaker. Only the longitudinal rolls in the duct coreresults clearly indicate that when the main forced flow is
are pushed out of the duct by the transverse rolls. Thus thepeeded up, the transverse rolls are convected downstream at
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a higher velocity. Moreover, at Re20 the thermal plume is FIG. 7. Variations of the time-averaged temperaturecats,

not strong enough to form the transverse rolls. Hence, afj—q.5 andz=2.52 with the(a) Rayleigh andb) Reynolds num-
t=6 s, no roll appears in the upstream portion of the duct. Apers.

close inspection of the photos, however, reveals that weak
longitudinal rolls start to form in the upstream side wall re-tifying the existence of the transverse rolls without visualiz-
gions. As time proceeds, the longitudinal rolls strengthen anghg the flow.
grow in size and the transverse rolls move further down- To substantiate the above discussion, Fig. 4 presents the
stream. Meanwhile, more longitudinal rolls are induced neameasured data fof,, at y=3 near the duct inlet and instan-
the existing ones. At=14 s, the transverse rolls almost taneous flow photos from the side view»at 6 for various
move out of the test section and there are three longitudindRa at Re=30 and 20. Figure (& shows that at Re30 the
rolls near each side wall. Finally, 822 s, a steady longi- transverse rolls do not form for Ra up to 30 000, afg
tudinal vortex flow prevails in the duct. away from the side walls is all well below zero. At R&6000

It is important to note from the above results that duringand 15 000, the flow is respectively dominated by the steady
the intermediate stage of the pattern transformation the vorand unsteady longitudinal rolls. At Ré80 000, irregular cel-
tex flow experiences significant hysteresis. But as far as thkular flow occupies the duct. At the lower Reynolds number
end states are concerned, no hysteresis is detected. An overith Re=20, 6,, is closer to zerdFig. 4(b)] and there is a
all inspection of the results from the present flow visualiza-higher possibility of the transverse rolls existing. At Ra
tion suggests that at low Re and high R&/fee inlet ther- =6000, the vortex flow is still in the form of longitudinal
mal plume is strong and can form the transverse rolls, and eolls, but at Ra=15 000 the transverse rolls are clearly seen
pure transverse vortex flow prevails in the duct, while at highfrom the side view. The wrinkles in thg,, distribution, how-
Re and low Ra/Rethe thermal plume is too weak to form ever, indicate that the transverse rolls are rather unstable and
transverse rolls and the duct is filled with the longitudinalirregular, which is considered to result from the significant
rolls. In between, at intermediate Re and R&/Rlee mixed- flow perturbation by the unsteady longitudinal rolls in the
roll structure dominates the flow. It is interesting to furtherdownstream end. At the very strong buoyancy of Ra
note from the combined flow observation and measurement30 000, the thermal plume and longitudinal rolls are
of the spanwise distributions of the dimensionless time-quickly destroyed by the strong irregular cells. Thus, for
averaged temperaturg,=(T,,—T,,)/AT at the mid-height Re=20 no regular transverse rolls can be induced even when
of the duct {=1%) that when the transverse rolls dominate Ra/Ré is relatively high.
the mixed convective flowd,, can rise to a value close to Next, the results for reducing the Reynolds number for
zero by the strong thermal plume. Hefle,, is the time av- Ra=30000 and 6000 are inspected in Fig. 5. For Ra
erage of the local air temperatur@&,,=(T,+T.)/2, and =30 000, unsteady longitudinal rolls prevail at R0 [6]
AT=T,—T.. This provides a convenient condition for jus- and#,, is well below zerdFig. 5a)]. As Re is lowered to 40



54 VORTEX FLOW PATTERN SELECTION AND TEMPORAL. .. 5153

15000 A Steady longitudinal rolis o o o o
& Unsteay longitudinal rolls
o intermittent flow pattern 74
© Mixed longitudinal and transverse rolis 0 — Pum— o o o o
e Transverse rolls 0 Re
10000 | B Benard cells o o o ° o o a
o Chaotic flow n b o ° o o a
. o o o ° ° c & a . FIG. 8. Flow-regime map for different types
o ° ° o 2 s of flow patterns observed by flow visualization
o . . ° s 4 (102 cases
5000 — el * L] [+ [»] A A
e s . . o a a a
. . -
LY . . a a A &
.L——-:* 2 Y N in a
) 1 1 1 L 1
0 3 6 9 12 15 18

Re

and 30,4, is raised but is still somewhat below zero. For flow changes from steady to unsteady longitudinal rolls at
Re=40, the unsteady longitudinal rolls are in a large-increasing Rayleigh numbers a#g, is well below zero. For
amplitude oscillation and become sinudd. At Re=30, Re=25 and 30, an increase in Ra can cause the unsteady
the rolls are rather irregular and terminate in a short distancéongitudinal rolls to change to the intermittent flow pattern,
Lowering Re further to 20 cause, to rise nearly to zero. which is characterized by the time-periodic presence of the
But the buoyancy-to-inertia ratio is high enough to result in alongitudinal and transverse rolls in the upstream core region.
chaotic cellular flow. At the lower buoyancy of R&000, The simultaneous presence of the longitudinal and transverse
the flow is again dominated by the longitudinal rolls for rolls appears in a certain range of Ra for=Rid, 15, and 20,
Re=20 andé,, is below zero. Note that at Rel0, regular  which is designated as the mixed-roll structure. At the very
transverse rolls are clearly seen in the duct from the sidelow Re of 2.5 and 5.0, pure transverse rolls can exist Wjth
view photo except near the duct sides and the assoctg{ed being very close to but slightly below zero due to the cold
is slightly above zero. flow entrained by the returning flow ahead of the test section.
To further illustrate the formation of the transverse rollsFinally, it is noted that at a very high buoyancy-to-inertia
from the inlet thermal plume, snapshots of the float5.5  ratio the chaotic cellular flow is prevalent. It is worth point-
from the side view at various Reynolds numbers for Raing out thaté,, does not always rise for the same flow pattern
=8000 and 4000 are given in Fig. 6. The results in Fig) 6 as the Rayleigh number is increased. Complicate variations
for Ra=8000 indicate that at Re40 the tip of the longitu- in 6,, are observed if the Rayleigh number increase is ac-
dinal roll at the onset point lies at the mid-height of the ductcompanied by the flow pattern changes. Inspecting the re-
between the top and bottom plates. Reducing Re to 22 caussslts in Fig. Tb) reveals that at Ra30 000, the vortex flow
the tip to move upstream and shift toward the cold uppercchanges from unsteady longitudinal rolls to a chaotic cellular
plate. This liftup of the roll tip is driven by the weak thermal flow at decreasing Reynolds numbers. At a much lower Ra
plume induced near the hot bottom plate, as is evident fronof 8000, before the flow becomes chaotic we can also see the
the side-view photo. A small reduction of Re to 20 strength-intermittent flow and mixed-roll structures. The pure trans-
ens the thermal plume to a certain degree and the thermakrse rolls dominate the flow at R.5 and 5.0 for Ra
plume sometimes can rise up to the top plate producing weak 4000. It is important to note the drops #, with a reduc-
transverse rolls. The resulting vortex flow is rather unsteadyion in the Reynolds number for R& at all Rayleigh
and irregular. The transverse-roll structure clearly formsnumbers due to the appearance of the returning flow near the
when Re is further reduced to 15 and 10. Note that strongeduct inlet. A flow regime map of Ra versus Re based on the
and bigger transverse rolls result for a decreasing Reynoldsresent data is demonstrated in Fig. 8 foRR6. For engi-
number. Due to the large Ra/Réor Re=15 and 10, the neering applications, the ranges of the parameters for the
transverse rolls become irregular in the downstream regiorappearance of the transverse and mixed-roll patterns are pro-
A similar but clearer vortex flow pattern transition can beposed as
seen for R&4000 in Fig. b). Note also that at Re7.5, the
transverse rolls are relatively regular and there is a returning 70<Ra/Ré<200 and 6<Re<20
flow ahead of the test section inlet &t 0.

As discussed above, the presence of the transverse rolls in for the mixed rolls, @
the duct can be conveniently detected by measuring the time-
averaged temperatum®, in the inlet region. To portray the 200<Ra/RE<1900 and ERe<75
vortex flow structural change with the Reynolds and Ray-
leigh numbers, Fig. 7 presents the relationship between the for the transverse rolls. 2

observed flow patterns and the measuéggat location 6,
0.5, and 2.52 for 77 cases investigated in the present study.
The results in Fig. (& suggest that for Re35 the vortex The flow regime map indicates also that at small flow rates
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Ra] increases quadratically with Re and the critical Rayleigh For the purpose of illustrating the detailed picture relating
number for the onset of the transverse rolls can be correlatetthe vortex flow structure to the time-averaged temperature
as distribution at the mid-height of the duct, Fig. 9 shows snap-
shots of the flow from the top and end views of a typical
Ral =1823+26.88R& for 1<Re<15. (3)  mixed-roll pattern and the associatég, distribution for a
representative case with R&0 and Ra6000. The flow is

The equation can also fit the experimental data of OuazzariMe Periodic and its temporal structure will be examined
et al. very well in the parameter range of their stydyg]. In later. The results in Fig. 9 show that in the longitudinal rolls
addition, the quadratic variation of Rawith Re in Eq.(3) near the duct sided),, has a significant spanwise variation
agrees with the theoretical prediction at a low Reynoldsand 6,, is much flatter and closes to zero in the duct core,
number limit[24,25. Besides, the critical thresholds for the which is filled with the moving transverse rolls. In addition,
transverse rolls Raand the longitudinal rolls Raintersect the growth of the longitudinal rolls in the axial direction

at a nonzero R&~2), which is qualitatively analogous to substantially squeezes the transverse rolls, causing them to
the theoretical result5]. become somewhat irregular and shorter. Similar results for
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FIG. 10. Flow visualization and the time-averaged spanwise temperature distributions=féraRe Ra4000 for (a) top-view photo-
graph aty=1, (b) side-view photos at=6, and(c) spanwise temperature distributions on lire 3 (t=0 denotes a certain time instant at
statistical statet,=7.4 9.

the pure and regular transverse-roll pattern are shown in Fidieight. Moreover, slight bending of the rolls toward the
10 for an exemplified case with R& and Ra4000. No downstream direction is observed.

longitudinal roll is induced near the side walls adg, is

rather flat and stays at zero in the entire duct except near the ) ,

side walls, wherd,, drops slightly due to the significant heat B. Temporal-spatial structures of transverse and mixed rolls

loss from the hot bottom plate to the cold top plate through The observed planforms of the flow and the measured
the plexiglass side walls and some heat loss from the flow tinstantaneous temperature variations in space and time are
the ambient atmosphere. The roll size is equal to the dugbresented in the following to delineate the temporal and spa-
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FIG. 11. Temporal structure of vortex flow frofa) top-view FIG. 12. Temporal structure of vortex flow frofa) top-view
photos and(b) time records of air temperature on Iirye:% and photos and(b) time records of air temperature on Iir}e:% and
x=6,5, 4, 3, 2, and 1 for Re5 and Ra4000(t,=7.4 9. x=6,5, 4, 3, 2, and 1 for Re5 and Ra5000(t,=7.4 9.

. i ... ancy is high enough to break certain deformed transverse
tial structures of the transverse and the mixed IongltudlnaflonS in the downstream portion of the duct into a number of

and transverse vortex rolls. Figure 11 shows the planforms gfreqular recirculating cells, as is evident from the results in
two selected time instants in a typical period and the timerjg. 13a). Thus, in the exit half of the duct we observed a
records of the air temperature at 24 selected locations at th@ixture of highly distorted rolls and cells. Moreover, the
mid-height of the duct for a typical pure and regular trans-rolls in the entry region of the duct also become deformed.
verse roll structure with Re5 and Ra4000. The results The degree of roll deformation increases with the down-
clearly indicate that the entire flow is time periodic with a stream distance. This trend is also reflected in the corre-
periodt, of 7.4 s and the amplitude of the sinusoidal tem-sponding time records of the air temperature in Fig(bl3
perature oscillation is the same for all detection points. ThéNear the duct inlet, the temperature oscillation is time peri-
flow oscillation was found to result from the periodic gen- odic. As the flow moves downstream, it becomes more and
eration of the transverse rolls at the duct inlet and the downmore irregular and oscillates in a larger amplitude with a
stream movement of the rolls. It is of interest to note that adower frequency.

increase of Ra from 4000 to 5000 with Re still fixed at 5 The temporal and spatial structure of the mixed longitu-
causes the moving transverse rolls to become deformedlinal and transverse vortex flow are examined next. Again
since they are close to the exit end of the diiy. 12. The  the vortex flow pattern revealed from the top-view photos at
rolls in the upstream remain rather regular and still oscillateéwo time instants in a periodic cyclé,=2.9 9 and the as-

at the same frequency and amplitude as those fer4R00. sociated time histories of the air temperature are presented in
The cause of the roll deformation in the downstream regioriig. 14 for a typical mixed-roll structure for Rel3.2 and

is attributed to the larger heat transfer to the rolls from theRa=8000. The results in Fig. 1d) clearly show that the
bottom plate at a higher Ra and this heat cannot be conregular transverse rolls in the entry region become bent and
pletely dissipated at the top plate. This excessive heat is theseformed as they travel downstream. This obviously results
consumed in the roll deformation processes. Checking th&om the growth of the longitudinal rolls in the flow direc-
time samples of the air temperature in Fig. 12 discloses thaton, as mentioned above. The rolls bend toward the duct
the roll deformation caused by the stronger buoyancy resultmlet and contain knots. Examining the time histories in Fig.
in some irregularity and increasing amplitude in the temperad4(b) discloses that in the region dominated by the regular
ture oscillation atz=12.62. Additionally, the temperature transverse rolls, the air temperature oscillates periodically at
oscillation shows some dependence on the spanwise loca-single frequency and in the same amplitude. Slight irregu-
tion. Near the duct side at=1, the oscillation is nearly larity in the temperature oscillation exists for the deformed
regular. At a still higher Rayleigh number of 6000, the buoy-transverse rolls. In the side wall regions dominated by the
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FIG. 13. Temporal structure of vortex flow frofa) topl-view FIG. 14. Temporal structure of vortex flow frofa) top-view
photos and(b) time records of air temperature on lie=35 and photos and(b) time records of air temperature on Iir}e=% and
x=6, 5, 4, 3, 2, and 1 for Re5 and Ra&6000(t,=7.4 9. x=6, 5, 4, 3, 2, and 1 for Re13.2 and R&8000(t,=2.9 9.

longitudinal rolls, the air temperature is rather stable exceptate that the flow is time periodic in the core region. A sub-
near the duct exit, where the longitudinal rolls becomestantial increase in the oscillation amplitude is noted in the
slightly unstable. Lowering the Reynolds number from 13.2entry region, where the roll deformation is so large that two
to 11.0 with Ra still fixed at 8000 results in a higher adjacent rolls contact each other, resulting in the merging of
buoyancy-to-inertia ratio, and the resulting flow patternsthese rolls and causing the rolls to move at a slower pace and
shown in Fig. 15 are more irregular. Specifically, the defor-to oscillate in a higher amplitude but at a lower frequency. In
mation of the transverse rolls begins immediately after thehe downstream region, the longitudinal rolls near the side
rolls are generated at the duct inlet. The rolls quickly becomavalls exhibit large-amplitude irregular oscillation. Now, as
highly distorted and near the duct exit they transform intothe Reynolds number is lowered from 15.4 to 13.2, the vor-
longitudinal rolls. It is noted that the longitudinal rolls near tex flow shown in Fig. 17 becomes relatively irregular and
the side walls also become increasingly irregular in the flonthe amplitude of the temperature oscillation is much larger
direction, similar to that for the transverse rolls. Furthermoreand more irregular.
significant change in the vortex flow pattern with time is To manifest the effects of the Reynolds and Rayleigh
observed in Fig. 1&). Finally, the increasing flow irregular- numbers on the temporal structure of the moving transverse
ity with the downstream distance can be clearly seen frontolls, the time histories of the temperature at locatien6.0,
the data for the time histories of the air temperature in Figy=0.5, andz=2.52 for various Re and Ra are given in Fig.
15(b). It is necessary to point out that the sawtooth wavel8. These results indicate that a reduction in the Reynolds
form detected in the exit regidirig. 15b)] is caused by the number causes the air temperature to oscillate in a larger
cyclic flow deceleration and acceleration during the transamplitude but at a lower frequeng¥ig. 18a)]. Note also
verse roll to the longitudinal-roll transformation there. In ad-that the mean air temperature maintains a constant value for
dition, a small decrease of the Reynolds number from 11.0 tall Reynolds numbers. Besides, the increase in the Rayleigh
10.0 was found to result in a noticeable increase in the disnumber results in a higher oscillation amplitude but minor
order of the temperature oscillation. change in the oscillation frequency except near the onset
Somewhat different temporal characteristics of the mixedpoint of the transverse rolls at R8000, where the oscilla-
roll pattern are noted in Fig. 16 for the case with a higher Raion frequency is a little higheliFig. 18b)]. The increase in
of 12 000 and a higher Re of 15.4. The results show thathe oscillation amplitude is due to the higher buoyancy-to-
except near the test section inlet the flow is dominated by theertia ratio for a lower Re when Ra is fixed or for a higher
highly deformed transverse rolls and irregular cells, but theRa when Re is fixed. The decrease in the oscillation fre-
corresponding time samples of the air temperature still indiquency with a reduction in Re obviously results from the
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FIG. 15. Temporal structure of vortex flow frofa) top-view FIG. 16. Temporal structure of vortex flow frofa) top-view
photos and(b) time records of air temperature on liye=35 and photos and(b) time records of air temperature on |if}9=% and
x=6,5,4,3,2, and 1 for Re11.0 and Ra8000(t,=3.5 3. x=6,5, 4, 3,2, and 1 for Rel5.4 and Ra12 000(t,=2.5 3.

lower convective velocity of the transverse rolls at a lowerof the duct, which fluctuates at all times in that region. For
Reynolds number. It is noted from the present experimentahese time-dependent flows, the Rayleigh number is well

data that for the transverse rolls the oscillation frequency ohbove the critical Ra for the absolute instabili§4]. Thus
the air temperature due to the periodic passage of the movinge flows are absolutely unstable.

transverse rolls over the detection points for the transverse
and mixed-roll patterns are mdependent of f[he Rayleigh IV. CONCLUDING REMARKS
number and can be correlated in a nondimensional form as
In the present study, the mechanism for the vortex pattern
E— %20.47Re%8.864>< 1075Ré, 4) selection, the temperature condition for the existence of the
ald transverse rolls, and the temporal-spatial structures of the
regular and deformed transverse and mixed-roll patterns in
wheref is the frequency of the temperature oscillation. Noteair flow through a bottom-heated horizontal flat duct were
thatF is an odd function of the Reynolds number, which isinvestigated. Major results obtained can be summarized as
analogous to the theoretical predicti24,25. Besides, the follows.
oscillation frequency is weakly dependent on Ra but strongly (1) The pattern selection of the vortex flow is determined
dependent on Re, like that found by Ouazzeinal.[19] for by the competition between the longitudinal and transverse
water. The velocity, at which the transverse rolls are con- roll generation in the entrance region of the duct.
vected by the Poiselille flow in the present study can be (2) At Re<7.5, the buoyancy-induced thermal plume is
correlated as rather strong and dominates over the onset of the longitudi-
nal rolls when the Rayleigh number is in a certain range.
W, =1.30V,,, (5)  Thus, the moving transverse rolls prevail. At=Rg5, the
inlet thermal plume is much weaker and the longitudinal
whereW,, is the mean speed of the forced flow. This result isrolls dominate the flow. At an intermediate Reynolds number
close to the experimental results of other investigators, witly.5<Re<35, the thermal plume predominates in the core
W,=1.38N,, from Luijkx and Platten[16] for silicone oil  region and the longitudinal rolls prevail in the side wall re-
andW,=1.39<W,, from OQuazzankt al.[19] for water. gion, resulting in the mixed-roll structure.
Finally, it should be mentioned that in the present inves- (3) The ranges of Ra/Reand Re based on the present
tigation of the time-dependent transverse and mixed vortedata are proposed as 2Ra/Ré<200 and 6<Re<20 for
rolls, the flow is considered to be unsteady in a certain regiomixed  longitudinal and transverse rolls and
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FIG. 18. Effects of the Reynolds and Rayleigh numbers on the
temporal structure at=6.0,y=0.5, andz=2.52 for(a) Ra=4000
5 and Re=(1) 10.0,(2) 7.5, (3) 5.0, (4) 2.5, and(5) 1.25, and(b)
Re=5.0 and R&(1) 2000, (2) 3000, (3) 4000, (4) 5000, (5) 6000,
and(6) 7000.

x=4

the downstream rolls become deformed and even break up
<=3 into irregular cells when the Rayleigh number is sufficiently
high. The corresponding temperature oscillation is nonperi-
odic and in a larger amplitude.

(6) In the mixed-roll structure, the effects of the Rayleigh
number on the deformation of the transverse rolls in the duct
=i core are similar to that for the pure transverse vortex flow.

But the growth of the longitudinal rolls tends to bend the
transverse rolls and causes them to become knotted.
(b) (7) The oscillation frequency of the air temperature in the
transverse rolls can be correlated as

2=2.52 2=5.89 2=9.26 | z=12.62 |1(sec)

FIG. 17. Temporal structure of vortex flow frofa) top-view
photos and(b) time records of air temperature on Iirye:% and f
x=6,5, 4, 3, 2, and 1 for Re13.2 and R&12 000(t,=2.9 9. F= W:()A?Rejr 8.864X 10 °R&3.

o
200<Ra/Ré<1900 and ¥Re<7.5 for transverse rolls.

(4) The existence of the transverse rolls can be conve-
niently detected by measuring the spanwise distribution of
the time-averaged temperature. The financial support of this study by the engineering di-

(5) The flow characterized by the regular transverse rollssision of the National Science Council of Taiwan, R.O.C.
oscillates periodically in time at the same frequency and irthrough Contract No. NSC83-0404-E-009-054 is greatly ap-
the same amplitude in the entire duct. At higher buoyancypreciated.
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