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ABSTRACT

Natural convection heat transfer from a heated wvallater with near-wall injection of millimeterzsid
bubbles is studied experimentally. Velocity andderature measurements are conducted in the neaegiai.
In the range of the heated wall angles from 0 tdréf the vertical, the heat transfer coefficianteases by up
to an order of magnitude with bubble injection. Té#® of the heat transfer coefficient with bubibjection to
that without injection increases with the wall ination angle. Based upon measured liquid temperatu
distributions and liquid flow velocity profiles, leancement of heat transfer by bubble injectiorpta@ed by two
mechanisms. First, wall-parallel transport of digigid into the thermal boundary layer is enharimethe bubble-
driven flow. Second, wall-normal mixing of warmuid and cold liquid occurs, as a result of wallmakvelocity
fluctuations of the liquid phase activated by a lemation of bubble rising motion, vortex sheddingn the
bubbles, and unsteady vortices formed within then@ary layer. The unsteady vortices travel aloegwhll
together with the bubbles, primarily contributingthe enhancement of heat transfer at higher ndihation
angles.
Keywords: Bubble injection, Natural convection, Partickeking velocimetry, Flow visualization

1. Introduction

Natural convection caused by a heated plate [JppHaas in various types of heat exchangers. Wthith of
developing high performance heat exchangers, aemunflipromising approaches [5-7] have been proposed
enhance natural convection heat transfer. Theioeaf bubbles is an effective technique, theceti@which on
heat transfer depends strongly on the size oftégdaubbles. For example, when millimeter-sizecolasbare
injected into a convection cell, a significant emteanent of heat transfer is observed along a agotate [8-10].
However, as the size of injected bubbles and theajametric flow rate increase, their influenceheat transport
tends to decrease because large bubbles move savaroutside of the thin thermal boundary layeabse of
the wall-repulsive lift [11,12] and bubble-bubbépulsive forces. Smaller bubbles, such as subwettir-sized
bubbles and microbubbles [13-15], are relativeby ¢éainject into the thermal boundary layer [16;-8&ulting



in lower energy consumption for bubble injectiod,as a consequence, higher efficiency of bubjaletion for
heat transfer enhancement. Another advantage dftarobles is their shape-retention force relativihe shear
stress induced inside the boundary layer, i.eblbslat small capillary numbers. This feature piesieffective
mixing of the liquid beyond the thermal boundagetaenhancing gross heat transfer. Neverthelessannot
use even smaller bubbles to enhance heat trapstarde a different phenomenon involving wettaltilitkgs place
in the proximity of the wall. As we reported in geyious paper [19], we found that small bubbleseaally
microbubbles, readily adhere to a vertical walhwgibor wettability (Fig. 1). This forms a thermagiilation layer
between the wall and the liquid, resulting in hisaisfer deterioration [20]. Even when there isdgwettability,
bubble-wall attachment tends to occur when theamglle deviates from the vertical. Summarizingtiwve, the
optimal bubble size should be intermediate, Leh $ubbles are not separated from the heatecdmehliio not
form a thermal insulation layer along the wall. verefore conclude that it is important to study éfffect of
millimeter-sized bubbles on heat transfer enhancgnwhich is dependent on the inclination anglhefheated
wall. Compared with smaller bubbles, millimeteesibubbles are not affected by wall wettabilitgtber electro-
chemical properties of the solid wall surface atrifiblecular scale, so that a certain thermo-fimulasity is
expected to be found, regardless of the mateniatitating the wall or chemical modification of twall surface.
In the case of forced convection, which is notsthigiect of this paper, the effects of millimeteedi bubbles or
microbubbles on heat transfer can be found in Rdfs24].

The following three studies on the influence ofiméter-sized bubbles on natural convection haaster from
an inclined heated plate are particularly relet@atite current work. Qiu and Dhir [25] carried walocity and
temperature measurements in the liquid aroundykesiapor bubble and a series of vapor bubblesgliong a
downward-facing inclined heater surface. They duced particle image velocimetry (PIV) and holobiap
interferometry to the target volume, and quantidtivisualized the heat transfer enhancement £tesit were
formation and shedding of vortices behind the adBhyazit et al. [26] investigated natural corigacheat
transfer from a heated surface in FC-87 coolaatiritich a single, wall-sliding, deformable vapobble was
injected. When they set the angle of the heatddcsuat 12° from the horizontal, they found thatomdy the
bubble’s wake but also the micro-layer surrounttiegoubble contributed to the local heat transfier. Delaure
et al. [27] investigated the interaction of a ®naising, ellipsoidal air bubble with natural cention from an
inclined heated flat surface in water. They uséd fermocouples, and a hot film sensor to proat tie
zigzagging motion of the bubble affects the lamadgerature and heat flux at the surface. From thesestudies,
we can understand that the inclination angle oféaed wall has a strong impact on the thermaidaoy layer
thickness, the bubble shape [28], the bubble upmatibn, and the wake structure behind the bu8IE0]. In
addition, when bubbles are intensively injected thesinclined heated wall, we must consider tfeesdf upward
liquid flow. Because bubble-driven upward flow aeffebubble number density and size distributioms anset of
a two-way interaction between the gas and liquibes, it is possible that flow plays a signifiqale in heat
transfer over a wide range of wall inclination ang!

The purpose of this study is to experimentallyifgi#tne effect of the inclination angle of a hegtiate on non-
boiling natural convection heat transfer in watith imjection of millimeter-sized bubbles. This \kds expected
to provide insights into phenomenological contintmdbm the case of a vertical wall to the incliggbmetry. In
our experiments, bubbles are intensively injectegecto the heated plate so that a bubble-indueledity
boundary layer is formed in addition to the therbagaindary layer along the heated wall. Hence,migtioe quasi-
static thermal properties, but also two-way intergalynamics in heat transfer are the targetsiioéxploration.
To this end, the particle tracking velocimetry (BT&¢hnique and micro-thermocouples are used focityeand
temperature measurements, respectively. Finallylisess in detail the mechanism behind changesan
transfer by bubble injection.



2. Experimental sgtup

A schematic of the experimental apparatus is giveiy. 2. The apparatus consists of a transpaceyltc tank
(2000 mm high, 200 mm wide, and 150 mm deep), thgdate, a DC power supply (Takasago, ZX-400L), a
bubble generator, a peristaltic pump (Azone, DSBSA), a water-cooled heat exchanger, and a loweratyve
thermostatic bath (Azone, LTB-250). The heatedptabligned parallel to the inside wall of thekfeand the
bubble generator is located below the tank XTiieandz axes are defined along the streamwise, wall-nanail
spanwise directions, ady, andz are, respectively, zero at the starting poinhefiteated section, at the surface
of the heated plate, and at the center of the plageinclination angle of the heated plaiés defined as the angle
between the axis and the vertical direction, and is set bgatly inclining the tank such that the heated sarfa
faces downward. The liquid temperature at a laeaidgficiently far from the heated plate is comglusing the
water-cooled heat exchanger installed in the ypgoeof the tank and the low-temperature therniogtath.

A schematic of the heated plate is given in Fifo3aeat the surface of the acrylic plate, progdirconstant
wall heat flux, 204m-thick strips of stainless-steel foils are attadiosts surface at 0.5 mm intervals. Taking into
account the accuracy and reliability of temperatueasurements with and without bubble injectiaawill heat
flux is set to 1480 W/RmThe heated section ranges from 0 to 825 mm parstarting point of the section is 100
mm above the bubble injection position (i.e., thigdon of the tank). The plate is entirely coverg@Bum-thick
Kapton tape to prevent electrical leakage. In gl 5-mm-thick air layer is placed inside thetgoto suppress
heat leakage behind the plate. The heat loss tintbadack of the heated plate is estimated tedsdthan 3% of
the total wall heat flux.

A schematic of the bubble generator is given in4Figir bubbles are injected through five nee@36 mm
inner diameter and 0.5 mm outer diameter) intstastection using the peristaltic pump. The neediebcated at
¥=—100 mmy=10 mm, and=-50, —25, 0, 25, 50 mm. The bubble flow rate ti$c&00 ml/min to suppress the
occurrence of bubble coalescence. In this casbuthide injection frequency is estimated at 254dzording to
our analysis through image processing, the medldodiameter, calculated from the circle-equivalettie for
the area of each bubble image, ranges from 2.8 tor2.

The experimental procedure in our experiments fisllasvs: (1) The container is filled with water22 °C to
50 mm from the top of the tank. (2) After the wagethoroughly mixed, it is left for 10 min to remtuliquid
disturbance. (3) The heating system is run for itDtonstabilize the heated plate sufficiently befamperature
and velocity measurements begin.

3. Measurement techniques
3.1. Temperature measurement

The temperature measurement system consists @eKt§0pm-thermocouples, a reference junction, a data
acquisition unit, and a personal computer. To medke surface temperature of the heated Plat€4 micro-
thermocouples are attached to the stainless-stiselhrough 1.5-mm-diameter holes on the backeheated
plate. The holes are completely filled with siliesealant to prevent water from flowing into th&ie position
of each thermocouple is given in Table 1. In apldlita single micro-thermocouple is se&&70 mmy=175 mm
andz=0 mm, to measure the liquid temperature at aitwcatfficiently far from the platel.... The micro-
thermocouples are accurate to within +0.125 °C sHnapling frequency is set at 5 Hz. Data acquisiicarried
out for 540 s after the bubble injection beging, thie data is averaged from 510 to 540 s. The tazdltransfer



coefficient is estimated using Eq. (1).
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whereqw is the wall heat flux. The local liquid temperat(i, near the heated wall, is measured using a single
micro-thermocouple (Fig. 3). This thermocoupledsérsed with an accuracy of +0.06 mm intd&ection using
anx-y stage installed at the top of the tank. The effetite presence of the traversing micro-thermdeooip

natural convection heat transfer is negligible @mpx A.1).
3.2. Two-phase velocity measurement

In this study, the PTV and shadow image technigrgessed for two-phase velocity measurements.ehsaiic
of the velocity measurement system is given ing-ighis system consists of a color charge-coufdeite (CCD)
camera (IMPERX, ICL-B0620C-KC000) with a resolutioh640x480 pixels, a diode-pumped solid-state
(DPSS) laser (Laser QUANTUM, excel mpc 6000), dyleal lenses, a neutral density (ND) filter, a light-
emitting diode (LED) source (CCS, TH-63X60RD), angersonal computer. Two-phase images are takien wit
the color CCD camera. Porous patrticles of dianagigispecific gravity 6Am and 1.02, respectively, are used as
tracer particles. The particle concentration istsg® ppm, so that the effect of particles oviaephase flow field
can be neglected. Particles are illuminated byrarthick laser sheet, produced by the cylindrieakés. In
contrast, bubbles are illuminated using the red IdaDrce to capture bubble images as shadow imEges.
measurements are taken inxhg plane. The experimental conditions for the vefatieasurements are given in
Table 2.

In the image processing, RGB components of the tolges taken with the color CCD camera are wused t
obtain the two-phase velocities. Green and redeémage used to measure the liquid and bubble tietoci
respectively. Only bubbles in the plane of therlalseet are used for the bubble velocity measuterftenimage
processing procedure is described in detail in[BEE. In the case of bubble injection, the undetyan the liquid
velocity associated with particle centroid detectis estimated to be 3.0 mm/s, which corresponds to
approximately 4.2% of the maximum value of the \pallallel mean velocity of the liquid phase (71t2/8). The
uncertainty in bubble velocity associated with belbdentroid detection is estimated to be 1.8 mwifich
corresponds to approximately 0.5% of the maximuluevef the wall-parallel mean velocity of bubbl83¢.8
mm/s). To obtain reliable data, 6,000 images aé usder each experimental condition.

4. Resultsand discussion
4.1. Single-phase natural convection

Fig. 6 shows the relationship between the modiiageigh numbeRay, , and the local Nusselt numbisity,
for single-phase natural convection [32-35], defiag follows:

4
Ra" = BdwX’gcose
XQ kVC( (2)

Nu, =-—>=, 3)

where S is the volumetric thermal expansion coefficigntis the gravitational acceleratidk,is the thermal



conductivity, vis the kinematic viscosity, arlis the thermal diffusivity. For comparison, thiidkwing empirical
equations for laminar and turbulent natural corvectre used [36].

0.2

(Laminar natural convection)  Nu, =C; [(Raxmq,) : @)
022

(Turbulent natural convection) Nu, =C, E(Raf(p) : (5)

where the constant values in these equations famealasC;=0.6 andC,=0.568, based on the paper of Vliet and
Liu [37]. In the range 1.0x28Ray, <2.4x10? there is less than a 5% difference between e@ehimental result

at ¢=0° and the solid line representing Eq. (4). Thisans that laminar flows exist in the range
1.0x10<Ra,, <2.4x16? (i.e., 0%<470 mm) while transition from laminar flow taketage in the range
2.4x10%<Ra,, <1.6x133 (i.e., 470%<770 mm). In the case ¢£20 and 40°, in contrast, there is less than a 5%
difference between each experimental result argbiftkline representing Eq. (4), and thereforbo#t values of

@ laminar flow exits over the heated section.

4.2. Local temperature in liquid phase

The distributions of the liquid temperature differe, T.—T..., are shown in Fig. 7. In this figuréTPF’
and”SPF represent two-phase and single-phase flows, tagedResults for the 2-D simulation of singleagk
natural convection, performed by our group [38}, @so shown in Fig. 7. Considering the notablegian
thermal boundary layer thickness caused by nedinjattion of bubbles, this study defines two tyju
thicknesses. One is the thickness of the effettterenal boundary layedre, and is estimated using Eq. (6).
5TE ~ k(TW TLOO)_ (6)
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The other is the thickness of the actual thermah@ary layerdr, and is estimated as the distance from the heated
wall to they location wherd—T..=0.05 °C (i.e., the minimum value of the verticasausing exponential fits to
experimental data in Fig. 7. Table 3 ligis and Jr for the cases with and without bubble injectiorasth wall
inclination angle, estimated from Fig. 7. At allues of@ bubble injection leads to a significant decreasee
liquid temperature close to the heated wall, asstoFig. 7. Moreover, at all values@idre becomes very short,
while Jr becomes quite long, as a result of bubble inje¢fiable 3). In particular, the casegatt0° exhibits a
notable change in these thicknesses.

4.3. Heat transfer coefficient and efficiency dbble injection

The relationship between the measurement posiiand the heat transfer coefficidmt,is shown in Fig. 8. At
all values ofg hy is significantly higher under bubble injectionrihaithout injection over the heated section. The
ratio ofhy with bubble injection to that without injectiorefleafter calledheat transfer coefficient ratioranges
from 2.4 to 5.5. In addition, in the case of buldbjection,h, increases with increasirgg However, the rate of
increase irhy decreases agincreases. This implies that there would exisbtimal ¢ for enhancing natural
convection heat transfer. Similar trends weresdsn at a bubble flow rate of 50 ml/min (Appendik)B

Fig. 9 shows the relationship between the incinatingle of the heated plate and the efficiendyubble
injection, /7. Given the constant wall heat flux condition usetthis study, and from the general definitionhaf t
coefficient of performance (COR),is defined based on the heat transfer coefficitiotas follows:



h TPF
y = qWPAH [( thPFJ - 1], (7)

whereAy is the total area of the heated sectionRaadhe power required for the bubble injectiohigh accuracy
power meter (NTT-AT, SHW3A) was used to measurgtiveer consumption of the peristaltic pump. At all
values ofg r7is higher than 13. In particular,@#40°, /7 reaches up to approximately 27. In additipimcreases
with increasingpand this trend does not change qualitatively éwaemother pump is used. It is concluded from
Figs. 8 and 9 that in the rangeg®40°, the injection of bubbles is a highly effectarad efficient technique for
enhancing natural convection heat transfer in veatgthat its effectiveness and efficiency incredateg

In the following, we discuss in detail the changbeéat transfer mechanism caused by bubble injagting
mainly two-phase velocity measurements=a70 mm, which corresponds to the laminar regi@ingle-phase
natural convection.

4.4. Bubble concentration and wall-parallel medocity of bubbles

The profiles of the bubble concentration in the-wwaimal directiong, are shown in Fig. 1@.is estimated as
the ratio of the local bubble to liquid projectiareas in each red image. The vertical axis is Hizedaby &um
which is the sum of. Bubbles are located in the rangg<®0 mm aig=0°, 0<8 mm atg=20", and 0y<4 mm
at ¢=40°. In other words, the accumulation of bubbkesr the heated wall becomes more notabjgiraseases.
As expected, the wall-normal component of buoyaating on bubbles, which forces them to move tosvirel
wall, increases with increasiggConsequently, the diffusion of bubbles in thd-wwatmal direction is suppressed
at higherg Moreover, according to our visualization inxkhg andx-z planes, both the bubble-wall attachment as
seen for smaller bubbles (Fig. 1) and the bubblge as seen in a vertical channel bubbly flowddot occur
at anyg even though rising bubbles are located closeetwall, especially ai=40°. We speculate that the former
relates to the buoyancy/surface tension ratiojettied bubbles, while the latter relates mainlinér interface
shape and local bubble number density.

The profiles of the mean velocity of bubbles inwa-parallel directionys, are shown in Fig. 11. It is clear
from this figure that at all values @f us is above 200 mm/s. Considering that the maximuoeaf the wall-
parallel mean velocity of the liquid phase for Erghase natural convection is approximately 10svanéach
wall inclination angle (Fig. 12), even near thelwalbbles rise at a speed of at least 20 timégehithan single-
phase natural convection. This means that eadiigdjbubble has the potential to entrain surrogridjoid. It is
also clear from this figure that the caseze20" exhibits the highest; near the wall. This trend differs from the
bubble concentration distribution. As shown in Hi§, the bubble concentration near the wall ineseagth
increasingg Usually, an increase in bubble concentratiorsléadn increase in the local buoyancy sourcewhic
can induce an upward liquid flow at high speed,asd resultjs tends to increase. However, when bubbles rise
along the inclined wall, the wall-parallel companehbuoyancy acting on them decreases with incggsin
the case of=40°, the geometric factor becomes dominant. Cerisglthat the wall-parallel velocity of a single
bubble near the wall decreases monotonically witteasingg[40], the non-monotonous dependence of the wall-
parallel mean velocity of bubbles on the wall imafion is recognized as a unique feature obsambe icase of
near-wall injection of bubbles.

4.5. Wall-parallel mean velocity and root-mean-sgjahwall-normal fluctuation velocity of liquid pke

The profiles of the mean velocity of liquid phasd¢he wall-parallel directiony_, are shown in Fig. 12. At all



values ofg u_ is significantly increased by bubble injection oaavide range of. In particular, the ratio of the
maximumu with bubble injection to that without injection3s3 atg=0°, 6.4 atg=20°", and 6.4 ag=40°. This
arises from liquid entrainment by rising bubblesduse under our experimental conditions, butibkeaear the
wall at much higher velocity than under single-phaatural convection, as mentioned in Fig. 11. lyswen
increase in wall-parallel liquid velocity near tieated wall enhances transport of cold liquid ftbenunheated
section into the thermal boundary layer, hencarmmgiagat transfer enhancement. In addition, idise of bubble
injection, in the vicinity of the heated wall {84 mm), the case g20° exhibits the highesi.

The profiles of the root-mean-square (RMS) of thetdiation velocity of the liquid phase in the wadirmal
direction, </.v:>%°, are shown in Fig. 13. The vertical axis is noized by the maximum value of the mean
velocity of the liquid phase in the wall-parallebdtion without bubble injection, ,, at each wall inclination angle.
At all values ofg <v v >*Jum is markedly increased by the injection of bubblesr a wide range of As is
well-known, an increase in the RMS of wall-nornmalid fluctuation velocity near a heated wall erdegmixing
of warm liquid close to the heated wall and cajditl at the edge of the thermal boundary layeameing heat
transfer. In addition, in the case of bubble iflgeginear the heated wall (B4 mm), <V >>Ju.m increases with
increasingp

To evaluate the influence of bubble injection cat kransfer, we consider the ratio of the actesihtial boundary
layer thicknessgr, to the velocity boundary layer thickneds,the wall-parallel velocity of liquid phase avezeg
over the thermal boundary layer thickness,and the eddy diffusivity in the boundary lay&gqy Table 4 lists
orl &y for the cases with and without bubble injectioeath wall inclination angle. Heré; is defined as the
distance from the heated wall to thiecation wherey_ is equal to zero, and is estimated from Fig. tli2.dlear
from Table 4 that ap=20 and 40°3/&; for the case with bubble injection tends to apgrda0, compared with
that for the case without injection. This means tha interaction between the velocity and tempesdields
becomes stronger because of bubble injectiontiEnid can be more clearly seepat0° than atp=20°". Table 5
lists u s andKeqayat each wall inclination angléeqqyis given by

Keddy = Ie |IVI’_V,L >051 (8)

wherel is the typical eddy size. In Table 5, the thickrafthe effective thermal boundary layer (idgs) for the
case without bubble injection is used to simpliicalations. Based on this, we assumelhadte. The value of
<v1vi>"?in Eq. (8) is calculated from Fig. 13 as the RM$he wall-normal fluctuation velocity of the ligli
phase averaged ovék. It is clear from Table 5 that at all valuesgofi s increases more than four times in the
bubble-driven flow an#eqqyis one or two orders of magnitude higher thamrtblkecular thermal diffusivity. Note
that this trend becomes more significant if thekitngss of the actual thermal boundary layer &@s used instead
of Jre. The estimation indicates that the bubble-drivaftparallel flow significantly enhances the wadirallel
transport of cold liquid from the unheated sectin the effective thermal boundary layer, while #ddy
diffusivity created by bubble injection facilitatiee wall-normal mixing of warm and cold liquidglire boundary
layer. Therefore, both effects make a major cariidb to the heat transfer enhancement shown in8kitn
particular, they result in the thinning of the efifee thermal boundary layer, especiallym#0° when bubbles
accumulate close to the heated wall.

4.6. Bubble behavior near heated wall

To understand the bubble behavior near the heatitdypical time-series images of bubbles neahéated
wall are shown in Fig. 14, and the bubble ReynalaisberRes, and the RMS of the bubble fluctuation velocity



in the wall-normal direction,\éev'c>%, are shown in Fig. 15 as a functiongoSimilar to Fig. 13, the right-hand
vertical axis is normalized hym at each wall inclination anglees is based on the slip velocity between the bubble
and the surrounding liquid. We can observe wobblimyincing, and sliding motions [40-42], exhibitad
encircled bubbles in Fig. 14. These motion pat&rosagly depend upan ltis clear from Fig. 15 that at all values
of ¢ Res is higher than 550. Considering other researdi@isigs that vortex shedding from the bubblerfate
can be observed Rez>410 [30], it is quite possible that at all valuéggorortex shedding from bubbles occurs
even though most of bubbles accumulate close thethied wall, especially @40°. As expected, the bubble
rising motions and vortices shed from bubble iaterfcontribute to the liquid mixing. However, iblso clear
from Fig. 15 that ¥ev'e>"JuLm increases with decreasiggindicating that bubble motion is less statiorag
the intensity of shed vortices (i.e., liquid vetpdiuctuations) is higher at loweg Thus, the randomness of wall-
normal bubble motion does not correlate with theSRiithe wall-normal fluctuation velocity of thguid phase
near the heated wall (Fig. 13). For this reasenetivould exist an additional factor that indugsd mixing near
the heated wall, apart from the bubble rising nagiiod the vortex shedding from the bubbles.

4.7. Correlation between wall-parallel and wallmal-fluctuation velocities of liquid phase

To further investigate the liquid mixing mentiorke&ection 4.6, scatter plots of the liquid flutibravelocities
near the heated wall are shown in Fig. 16. Irfithise, U’ is the fluctuation velocity of the liquid phasdtie wall-
parallel direction, and the horizontal and vertioads are normalized loym at each wall inclination anglec is
the correlation coefficient betwegh andv, defined as follows:

{uve)

(uru) o v v ) ®

cc=

In addition, the time evolution of the distancensein the location of the peak in the Reynolds stezss profile
and the heated wajk, for the case with bubble injection is shown i Ei7. The Reynolds shear stress is defined
as Vv >. Eachyr is averaged over a period of 5 s¢A@°, the distribution aff/u.m andv' /um is expanded by
the injection of bubbles, but its distribution rémsaalmost isotropic (Fig. 16). In contrast¢af0 and 40°, a
significant expansion of the distribution causethtigble injection can be seen in the first and tpiradrants, and
there is a positive correlation betwagnandv,. In particular, the positive correlation betwelkent is more
remarkable agz=40° than atz=20°. Moreoveryr at all values ofpchanges with time, ang becomes shorter at
higherg(Fig. 17). The results obtained from Figs. 16 Bhdnply that in the case of bubble injection, ¢hexist
unsteady vortices with their major axes in the wsEedirection of the flow field, similar to therioes observed
in a turbulent natural convection boundary lay8t,[dnd they tend to approach the heated wallghehiz In
Section 4.8, we describe such vortices inducedibiglb injection using flow visualization.

4.8. Flow visualization and relationship betweemmatized liquid temperature reduction and normdlize
Reynolds shear stress

Figs. 18 and 19 show flow visualization using fesment dye and the relationship between the naedali
reduction in liquid temperature by bubble injectibn and the normalized Reynolds shear stAgsgespectively.
In Fig. 19,Ar and/r are given by

_ Tospe =T 1er
Y

‘TW_SPF - TW_TPF

(10)
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where €.V > is the maximum of the Reynolds shear stress htwealt inclination angle. In Fig. 19,is the
distance from the heated wall. In the case of laubfgiction, at all values @i the vortex can be clearly seen in the
flow field (Fig. 18). Moreover, the generated \a@$ are significantly larger than the individudstiles, and each
vortex has a clockwise rotation. Considering thevakand thayr is consistently within the negative gradient
region in the profile of the wall-parallel meanogity of the liquid phase (Figs. 12 and 17), weeekhat the
relatively large unsteady vortices in the flowdiglre not shed from the bubble interface but ceduinom
instability of the bubble-driven upward flow. Witlicreasingg the unsteady vortices tend to approach closer to
the heated wall (Figs. 17 and 18), and as a coaesegLthe correlation betweénandAr becomes stronger (Fig.
19). This implies that at=40°, the unsteady vortex makes a significant iborion to the most active mixing of
warm and cold liquids. Because of the heat exchessgeting from this active mixing, both the deseem the
liquid temperature close to the heated wall andettgansion of the thermal boundary layer becomes mor
significant atg=40° than aip=0 and 20°, as shown in Fig. 7. Note that underegperimental conditions, the
increase in the correlation betweagnandv (as seen in Fig. 16) is not affected by transttidiairbulence in the
natural convection boundary layer caused by bubjgletion. This is because a similar trend was alis®erved
under non-heating conditions.

From the above results, the mechanism of heafdrartancement by the near-wall injection of méiter-
sized bubbles is summarized as follows (Fig. 20)the case of bubble injection, in the ranges@0’,
enhancement of natural convection heat transter the heated plate arises from both the activefathof cold
liquid from the unheated section into the thernoaiigary layer and the wall-normal mixing of warquid and
cold liquid. The former arises because of the lmitdblen flow in the wall-parallel direction, whilke latter is
due to the wall-normal velocity fluctuations of tiggiid phase, activated by a combination of thebiiirising
motion, the vortex shedding from the bubbles, arseady vortices. In particular, unsteady vortigkigh can
markedly intensify the wall-normal mixing, exisbsér to the heated wall at highgerAs a result, both the heat
transfer coefficient and the efficiency of bublbiection increase witie

5. Condusions

In this study, we have investigated the effechdination angle of a heated plagepn the natural convection
heat transfer in water with millimeter-sized bubkbleelocity and temperature measurements as wéthas
visualizations have been performed to study tlietstie of the near-wall boundary layer under ateohsvall
heat flux. In the range<@x40°, the ratio of the heat transfer coefficientwiitibble injection to that without
injection (heat transfer coefficient ratio) ranffesn 2.4 to 5.5 and the efficiency of bubble iritivaries from
13 to 27. In addition, both the heat transfer coefit ratio and the efficiency of bubble injectioorease with
increasingg In other words, in the range@40°, the injection of millimeter-sized bubbles iighly effective
and efficient technique for enhancing natural cotime heat transfer in water, and its effectiveraessefficiency
increase withp The enhancement of natural convection heat éandth bubble injection is explained by two
mechanisms. One is the active transport of calitlifjiom the unheated section into the thermal Bagnlayer,
which is caused by the bubble-driven flow in thdl-parallel direction. The other is the mixing oémn liquid
close to the heated wall and cold liquid at theeemfghe thermal boundary layer, which results ftbenwall-
normal velocity fluctuations of liquid phase adiagby a combination of the bubble rising motitse, Yortex
shedding from the bubbles, and unsteady vorticeth Be active transport of cold liquid in the wadkrallel



direction and the mixing of warm liquid and colgliid in the wall-normal direction result in thenthing of the
effective thermal boundary layer and a significietrease in the wall temperature at a fixed wall fiex. The
unsteady vortices induced by the instability oftitibble-driven wall-parallel flow at higher speegist near the
heated wall at higheg primarily contributing to a significant increasdooth the heat transfer coefficient ratio and
the efficiency of bubble injection.

Nomendature
A,  total area of heated sectiorf[m
cc correlation coefficient between wall-parallel araliMaormal fluctuation velocities of liquid phasg [
g gravitational acceleration [nfs
hy heat transfer coefficient [W/A]
k thermal conductivity [W/mK]
Keday eddy diffusivity [nf/s]

le typical eddy size [mm]
Nuc  local Nusselt number [-]
P power required for bubble injection [W]

gv  wall heat flux [W/nd]

Ray,’ modified Rayleigh number [-]

Rez  bubble Reynolds number [-]

T local liquid temperature ['C]

Tw  surface temperature of heated plate ['C]

T liquid temperature far from heated plate ['C]

U wall-parallel mean velocity of bubbles [mm/s]

UL wall-parallel mean velocity of liquid phase [mm/s]
uL  wall-parallel fluctuation velocity of liquid phafgam/s]
Ve wall-normal fluctuation velocity of bubbles [mm/s]
A wall-normal fluctuation velocity of liquid phase fnvs]
YR distance between location of peak in Reynoldssstesile and heated wall [mm]

Greek symbols
a  thermal diffusivity [ni/s]

J¢i volumetric thermal expansion coefficient [1/K]
or thickness of actual thermal boundary layer [mm]
oe thickness of effective thermal boundary layer [mm]
&  thickness of velocity boundary layer [mm]
£ bubble concentration in wall-normal direction [-]
&m Sum ofe[-]
n efficiency of bubble injection [-]
AR normalized Reynolds shear stress [-]
A+ decreasing rate of liquid temperature by bubbéetign [-]
v kinematic viscosity [rfis]

inclination angle of heated plate []
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Appendix A. Effect of exigence of atraver sng micro-thermocoupleon heat transfer

Fig. A.1 shows a comparison between the heat ¢ranekfficients with and without a traversing micro
thermocouple/is the ratio of the heat transfer coefficient wtlith traversing micro-thermocouple to that without
the thermocouple. Fig. A.1 clearly shows thatlicages/ is approximately 1.0.

Appendix B. Heat trander coefficient at a bubbleflow rate of 50 ml/min

Fig. B.1 shows the relationship between the meammepositiorx and the heat transfer coefficidntat a
bubble flow rate of 50 ml/min.
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Tablel
Experimental conditions used for temperature measemts.

Initial liquid temperature T =22°C
Inclination angle of heated plate @ = 0, 20, 40°
Wall heat flux qw = 1480 W/M
Bubble flow rate Q = 100 mi/min
Measurement positioy) X = 70,170, 270, 370, 470, 570, 670, 770 mm;-25, 0, 25 mm
Measurement position () X =370mmy = 175 mm,z= 0 mm
Measurement positiof () X =170 mm,z=0 mm
Table2
Experimental conditions used for velocity measurgse
Initial liquid temperature T =22°C
Inclination angle of heated plate @ = 0, 20, 40°
Wall heat flux gw = 1480 W/m
Bubble flow rate Q = 100 ml/min
Measurement position X = 170 mm,z=—10 mm

Table3
Thickness of effective thermal boundary lagigrand thickness of actual thermal boundary layéar cases with
and without bubble injection at each wall inclioatangle (TPF: two-phase flow, SPF: single-phasé fi

@ e [SPF] e [TPF] o [SPF] o [TPF]
) (mm) (mm) (mm) (mm)
0 2.0 0.7 46 9.4
20 20 0.5 4.9 14.7

40 21 04 5.3 19.0




Table4
Ratio of actual thermal boundary layer thickn@s® velocity boundary layer thickneds for cases with and
without bubble injection at each wall inclinatiamgée (TPF: two-phase flow, SPF: single-phase flow).

@ orld, [SPF] orla, [TPF]
) (=) (=)

0 0.31 0.31
20 0.34 0.55
40 0.36 0.69

Table5
Wall-parallel velocity of liquid phase averaged roeéfective thermal boundary layer thickness and eddy
diffusivity in boundary layeKeqayat each wall inclination angle (TPF: two-phase/fiSsPF: single-phase flow)

7 u.s[SPH us[TPH Keddy v a
(*) (mm/s) (mmy/s) x18(n/s) x10° (nf/s) x10° (n/s)
0 7.3 35.8 8.3 0.96 0.14
20 74 51.1 9.0 0.96 0.14

40 6.7 441 10.7 0.96 0.14
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Fig. 1. Image of bubbles attached to a vertical wall fatr@am of rising microbubbles. The Sauter mean
diameter of injected bubbles is initially 1.
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Fig. 2. Schematic of the experimental apparatus.
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