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ABSTRACT

The cooling efficiency of blade is growing demand with increasing turbine inlet temperature tirlgae
development. Ribs used in cooling channels is a common cooling structure, thereforesomiggyrations
were studied by previous literatures, imtihg angle, spacing, shape etc. However, therdess research about
the dislocation ribs structure. In this paper, thedd§ parallel ribs, crossed ritzd dislocation ribs were
investigated by numerical simulation, in order to reveal the heatférgmerformance and flow mechanism.
Refer to the experiment, SSTsk model was aspnplationeat Reifrom 20G0@ta 50§00. Due to
the angled ribs can induce the secondary flowgaemkrate small helical vortices at front corner, heatfgans
performance was elevated. The large rotatingices influenced by the ribs arrangement occupy the center
channel, thence the dislocation caudéterent flow and heat transfer results. The results shown that parallel
rib has higher heat transfenhancement than crossed ribs, but pressure loss possess considerable level. At
Re=21587, the averagéatbulent kinetic energy of Case2.2 with dislocation ribs is 22.4% lower than parallel
ribs. The all 45deg crossed ribs present higher level of oviettaérmal performance, and Case2.2 is optimal
for the range oReinvestigated

Keywords: Internal coolingNumerical simulationRibs Gas turbineHeat transfer

NOMENCLATURE

—

Co specific heat at constant pressure time

Dn inlet hydraulic diameter Ti the initial temperature

d thickness of plate Tin  the temperature of inlet

e Height of ribs Tm the temperature of fluid

f friction factor Tw  the temperature of wall

fo friction factor in smooth channel TPF thermalperformance factor

H height of pin fin W width of channel

h heat transfer coefficient

k turbulence kinetic energy X x direction of air flow

ki kinetic energy of laminar y y direction of air flow

L streamwise length of the channel z z direction of air flow

Nu  Nusselt number U  Thermal diffusivity

Nuo  Nusselt number in smooth channel &  fluid thermal conductivity

Re  Reynolds number ¥ specific rate of dissipation
RNG Re normalization group 3 kinematic viscosity coefficient
SST Shear Stress Transfer } fluid density

T the temperature P pressure drop between inlet and outlet
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1. INTRODUCTION The determining factors for the thermal performance
of the ribbed passages are rib shape, configuration,

Gas turbine is a kind of higénergy density engine angle of.attack,' pitch and blockage ratio, and t.he
and improving thermodynamic efficiency has been aParametric studies have to be done for conducting
major topic in industry for decades. Increasing Ia_lyout deS|_gn of rlbs_. in cooling channel. Moreqver _
turbine inlet temperature and pressure is the mos€nce the increase in heat transfer enhancement is
direct way to achieve the goal, however, it puts inevitably accompanied by the pressure loss, an
forward higher requirements for blade heat optimal _balance between them is widely researc_hed.
resistance and strength. Compared with developing’"€  ribroughened  surfaces ~were  studied
high-performance turbine blade matrix materials, the €xperimentally byHanet al (197§ 1985 1988ab) in
research period of designing and adopting advancedarly years. According to the conclusions, both heat
cooling measures is shorter and the investment isransfer and pressure loss increase with rib height. The
less. For exanip, the impingement cooling, flow field measurements indicated that ribs can
convective cooling and pifin cooling are capable of destroy the viscous sublayer, generate secondary flow

maintaining the blade temperature at a relatively low and incur large length scale reversed flow. In addition,
level through increasing the heat transfer rate When the rib pitch to height ratio is close to G
between internal walls and coolant. In mass of 1989, the air flow reattaches to the floor behind the

studies, a welknown mehod to increase heat Tecircuationzone and near the next iiee and Webb
transfer is to employ the rib turbulators in the chord (1980) provided the data about heat transfer and
region of blade. As shown iRig. 1(a), the ribbed  friction characteristics with respect to rib helix angle.

structure occupies most of core area inside theThe results highlighted that the -d@gree
practical bladetfan and Rallabandi 20).and Fig.  configuration had the best overgtrformance. Rib
1(b) shows the mostly mentioned rib typepapers:  js a turbulator which can enhance the turbulent
parallel, angled, crissross and chevron. intensity, it not only can produce secondary flow (or
annular flow), and if is not orthogonal, it can also
induce the mainstream to frequently change its
cooling direction. In studies byHan et al (1988) the
secondary flows induced by different rib
configurations and their interaction had a significant
effect on the heat transfer coefficient distribution
inside the rectangular channel. It was concluded that
the Nusselt nurrdr (Nu) on upstream area should be
higher than downstream area of the channel and the
Nu for channels with angled ribs are generally higher
than that for channels with orthogonal ribs. The
friction factor ) increases as rib angid-attack
] decreasing, ahthe maximum occurs when the angle
Pin-fin cooling is 60°. The range of rib angle owning the highest TPF
- falls between 30° to 40°.

Hanet al (1988b)found that in the 18@deg turned
channel, the ribs can enhance the flow separation and
secondary flow induced by innerall, which can
improve the heat transfer. In further studieyl

N Irailling edge
€ g .
Hot gas ejection

(@) et al (2001) flow visualization revealedhat the
secondary flow firstly moves to and hits sidewall and
Angle then sharply turns 18@eg and flows back towards
90 the opposite sidewall, which can enhance rotational
Ribs momentum of the secondary flow and achieve higher

averaged heat transfer. In studies \tigwanathan

Asgle and Tafti (2004)the secondary flow in front of and
45 behind ribs was clearly shown through applying the
Ribs DES method.
) The crossed ribs can improve the heat transfer
Kaos performance by inducing secondary flow, they are
Ribs alo capable of making the flow return to the

opposite direction. In studies about cooling channel
with 45-deg crossed ribs byanget al (2001) in

V-
secondary backflow region, the corner vortices
shaped markedly enhance the heat transfee, flow moves
Ribs back along the crosstream plane and then impinges
(b)

on the opposite surface. Therefore, the region near
) ) ) ) corner vortices has higher Nusselt number. In the
Fig. 1. The cooling details of turbine blade (a) a  experimental study carried ooy Chang(2002) the
common arrangement of blade cooling structure averaged Nusselt number of duct witts-deg
(b) different rib geometries. crossed ribs could be elevatn2.6~3.2 times that
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of smooth duct. The study bybdel et al (2004) The length of test section forheat transfer
developed the correlations of heat transfer and flowmeasurementss 400mm and coolant inlet duct
friction in the duct with unparallel ribs. The strong lengthandextra exit lengttare 175mmand155mm
mean secoraty flow set up in the crossection the  respectivehas illustrated by Fig2 (a).There were 7
duce and a strong helical vortex behind the rib. ribs mounted on each primary surfaaad none on
Generally, the LES method can capture the flow the sidewalls, which ishown in Fig. 2 (b). In this
physics more precisely. Compared to thed@g ribs, study, the heighte) and width(w) of theribs areset
the friction loss of 4&leg ribs is 60% lower under to5mm, and the rib spacinmis 50mm. The first row
rotating opertion condition in the examination of ribs is 30mm away from the inlef the test
carried out byLiou et al (2004) The systematic  section

experiments carried out byallabandiet al (2009)
indicated that the overall thermal performance of
duct with 45degribs falls as the Reynolds number
increasing. On account of large blockage ratio, the ' La=17s L=100 T Lwmin
taller rib height gives rise to higher pressure loss, but
the overall thermal performance will decline.
Multipass serpentine cooling channel with-dg
ribs (Singhet al. 2019 and rotating twepass channel
with staggered 48leg ribs Denget al. 2017 have
been investigated, for increasing application of ribs
or 45deg ribs in cooling structure. Based on bottom-wall
previous study, Wshaped ribs, as a special-dég
ribs, was proposed and shown the higher overall
thermal performance in the cooling structure. V Fig. 2. Geometry definition of the cooling
shaped rib was introduced and investigated using Structure (a) dimensions of the computational
Taguchi experimental design method by Sinan domain (b) the parameters of the rib turbulator.
Caliskaret al (2016) And miniature V ribs arranged
upstream the dimples elevate the heat transfer.l.
performance of the dimples and ob&d more

nlet Ribl Rib2 Ribi Rib4 RibS Rib6 Rib7 outlet

here are two ribbed configurations compared in this
. ST : study, named as parallel (Casel) and crossed
uFrauforT r;ezal(gransfer distribution in TLC experiment (Case?). The relative dimice was analyzed for rib
(Raoet al p dislocation through only changing rib position on the
To sum up, the cooling channel with ribs is superior bottomwall. For case 1, the 45° ribs are placed on
to smooth channel in thermal performance, andthe opposing walls ointernal cooling channel in
angled ribs precede the perpendicular ribs. Theparallel, as shown in Fig(a). Figure3(b) shows
sepaation and reattachment of the shear layer arecrossed 45° ribs arraad in different patterns in the
generated by riurbulator and secondary flow and cooling channel. And for Case2, the 4dps are
helix flow are induced by angled ribs.-8ieg ribs  fixed, three different relative distances between top
donoét produce the seconandbgitont ribg wre johtainedefipm enpving the d u ct .
For this reason, that angle ribs induce air flow, & th bottomribs downstream, corresponding to Cask
crossed ribs, the flow is interfered by different Case2.2, Case&.3. The ib spacing p is also 50mm.
direction ribs. The interaction will be more different. The first row of bottom rib is 30mm far away from
Generally, the ribs on opposite walls are placed ininlet in Case2.1, while the distance between first
parallel along the flow direction. The manufacture bottom rib and inlet section of Ca2& and Casg.3
tolerances of blades cooling structure ischam  is 45 and 60mm respectively.

satisfy requirement of high precision design on

account of technology restrictionBgrket al 2016.

If the opposite ribs have staggered distance, the flow W e b

pattern will be changed along the flow direction. The

objective of tiis paper is to study the flow and heat = S /S S S S S e
transfer in channels with parallel ribs and crossed @
ribs with different staggered distances.

Case2.1

Case2.2

SAALLLL S

2. DESCRIPTION OF THE PROBLEM

Case2 3

2.1 Geometry ‘ \ o

The investigations were performed in straight
cooling channethatequippedwith 45-degribs. The
different position arrangement and dislocation of

crossed ribsvereproposed in this paper. The inletor 2 2 validation of Numerical Method and

Fig. 3. Rib arrangement of (a) parallelribs (b)
crossed ribs

outlet section is squargWxH=30x30mm). The Experiment
characteristic lengtbf the channeis defined as the
inlet hydraulic diameter¥), calaulated from Transient liquid crystaltechnology (TLCT) was

appliedfor the heat transfer measurementtaf test
AWH (1) section The liquid crystal changs color with

DI’\ =
2W + H) temperatureand the process is capturlbyg camera
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In the experiment,hie uncertainty of narrowband
liquid crystal was +0.2. The technology possesses
merits of full coverage goodrepeatability andittle
interfeene Camci (1992)

Calculation of the heat transfer coefficienth)(
distribution was carried out by employingsemi
infinite plateunsteady heat conductiamodel Figure
4 shows the schematic of the model, anldet control
Eqg. (2)and boundary condition E3) were listed
Tm
Fluid

> 1 f,l:h(Tm -T)

l A,\
N
t

x [

-7

d
T

T;
Fig. 4. Semktinfinite plate unsteady heat
conduction model Bonhoff et al. 1999.

WT_1@
we  a
S X &G, T (3

Where & and U are material conductivity and
expansion coefficient respectivelim represents the
local mainstream temperatuti@ cooling channel
andTw is the temperature of heat transfer plates
the heat transfer coefficient of the local surface.

2
=1 -exp(% erfc ﬁ )

Ti is the initial wall temperaturewhich is equal to
environmeral temperaturen this study The whole
surface temperatur&y) was obtained by processing
photo data in TLCT, the locdlw corresponding to
local pixel color will be applied in the program
solving heat transfer coefficient.

@

Tw'Ti
Tm'Ti

4

The analytical solution of Eq. (4) wasrked outto
obtainh by means of computer prograifiskkad and

Han 2007. The parameters measured in experiment,

including Tw, Ti, Tm, and other essential condition
values were input in software program.

As shownin Fig. 5. an experimental facilitywas
constructed to obtaiheat transfer and friction loss
data The centrifugal fan provided steady aiass

flow condition and wire mesh heater generated

60~83 hot air to heat the test section.

Hot Al gl A Flow ey

e Mesh Heater

Fig. 5. Experimental facility .

Light Sourse

Tm was measured by Tyg€ thermocoupls with
+0.23 uncertaintyplaced atheinlet and outlet ofhe

test section. Meanwhile, data was gathered by
temperature data collectorPressure measuring
equipment obtained thetal pressure drop dghetest
section and mass flowate in the entrance. The
uncertainty of the TSI was *1 Pa. Based on the
method proposed biloffat (1988) the maximum
uncertainty of Re and h were calculated at
approximately 4% and 9%.

A darkroom was built for dting off ambientlight
and redumng interference. The heat transfer surface
color change was caught by camera. All data
including thermal imagestemperature and pressure
were conveyed tthe computerand transformed to
desired quantities.

For validation of numerical methotgst sectiorin
the experimentenly includel 90-degparallel rithbed
channeland 45deg parallel ribed channel The
geometric parametersof rib and channelwere
consistenexceptrib angle.

The steady method was performed in this papee.
RANS (ReynoldsAveraged NaviefStokes)
approachis primarily used tosolve turbulent flow.
And it is significant to choosea reasonable
turbulence model fomssuringhumerical accuracy.

In this paper, enhanced heat transfer coefficient
(Nu/Nw) andnormalizedresistance coefficienf/{o)
were respectively introduced into heat transfer and
friction loss assessment.

The Nusselt numbem{) reveas the heat transfer
performance ofhe cooling channel, and isdefined
as follow:

hoy
/

Nu = (5)

Whereh is heat transfer coefficienBn is hydraulic
diameterads air themal conductivity.

Nw is the averaged Nusselt number of the smooth
channel,whose correlatiorproposed byGnielinski
(1976)is selecteas

Nup =0.0214RE® - 100)PF4
(05¢Pr 516 Re % 16 (6)

Where,Reis defined as follow:

Re=VinDn
n

@)

Wheres is the kinematic viscosityin is the velocity

of the inlet.lt is easier to describe the friction Idss

introducing a nonrdimensioml quantity, Fanning

friction factor(f) (Liu et al.2015, calculated from
DP D

T S ®)

=ru

2

Wh e r B is tptal pressure dropcross the test
section

Similarly, fo is the friction coefficient of a smooth
channel defined bPetukhowet al.(1970:
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fo =2(2.236INRe - 4.639
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Fig. 6. (a)Nu/Nuo (b)f/fo of 90-degrib bede
channelsolved bydifferent turbulence models
and obtained from experiment atRe=30529

The NU/Nw and f/fo of the cooling channelwith
90-degribs areshownin Fig. 6. The SSTk-¥ model
is closest to experimeaitresultsand was selected
for CFD.

In existing resear@s it is common to obtain the
same conclusion thaSTk-¥ model has higher
precision to predict the turbulent flow in the channel
with ribs (Lu andJiang2006. SSTk-¥ model was
proposed byMenter (19921994, the equations of
Reynolds stress an#t used in thek-¥ model
proposed byWilcox (19931994, are Egs. (10) and
(11) respectively. But beyond that, Eq. (12) was
added, using equatidth = , kn order to transforry
equation intor equation.

Qo

(10)

MUK | divirkn) =
" (10

oo

(11

In the investigation hte resultof experimentalvith
error barandresults ofnumerical predictions using
SSTk-¥ modelarecomparedn Fig. 7. The SSTk-¥
model slightly overpredicted the heat transfeut
underpredicted the friction loss NUWNw is
descenihg andfffo is increasingvith Reincreasing

in the 45-degribbedcooling channelAs for the 90-
deg ritbed channelNWNuw is 34.68%less than and
flfois 38.44%less than that of 48eg ribbed channel
andNWNuw mostly keeps constamiith the increase
of Re In Fig.7(c),it was more obvious that the
largestNu values appeared in the front of each rib in
the experimentresult The level of leat transfer
enhancement was the biggest jugstream the Rib2
as the result of the impingement effegt . On
account of the reverse flow in the back end of rib, the
Nu value was relatively smaller. The small
symmetrical vortexes gave rise to local heat transfer
enhancementY(). The most centralraa among the
ribs presented a higher heat transfer level cabged
the reattachment of separated air

2.3 Mesh and Independence Verification

High quality multiblock structured mesh wa
generatedo model the fluidflow for both parallel

and crossed caseas shown in Fig8. Meshwas

refined nearthe endwallsto resolve the turbulent
boundary layer. Y+ valugvas kept at the order of
unity.

Appropriatemesh density is vital to accuratehodel
fluid dynamicsand heat transfevith relatively high
computatimal efficiency, so thenesh independence
verification was carriedut In this studythree mesh
configurations were cuopared for the cooling
channel withparallel ribs,viz. Mesh1(2.21million),
Mesh2(2.88million), Mesh3(3.23million). The
simulation results of normalized Nusselt numaer
Re=21587arelisted in Tablellt can be seen thdte
value of Nu/Nw has smaller distinctionbetween
Mesh2 and Mesh3Moreover, Fig. 9 presentsthe
Nu/Nw distribution between Ribl and Rib2 i
direction.

1539



Z. Wanget al./ JAFM, Vol. 14, No. 5, ppl15351546 221

B 45dey_CFD| | @ 45deg CFD
o —0—9Y0deg_CFD)| s ﬁgjgd'vz,;‘%')
! : .5 i 45deg T3
B d5deg LXP B dey_Lixp
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: ]
sonxel . 7

Fig. 7. Evolution of CFD and experimengl results with
Re (a) Nu/Nuo (b) f/fo (c) distribution of Nu.

Fig. 8. Computational meskes(a) Casel
(b) Case2

The heat transfer characteristics obtained usingcrossed ribs wasooductedy the same methodnd
Mesh2andMesi8 are similarConsequentlyMesh2 thedesirednesh nodeumbenvasat the same level,
was selected ahe computational mesh. The mesh soMesh2was asosuitablefor Case2.
independence validation dhe test sections with
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Table.1 Normalized Nusselt number
calculated using different mesh configurations
number of nodes Nu/Nuo
MesH 2.491
Mesh2 2.419
Mesh3 2.425
7
+  Meshl
¢+ Mesh2
6 *  Mesh3
sr ey, E
. 't'
S s "‘-‘ :
g - ! “n . ¥
= - » *
Z 3 ‘ . .
K .‘ *
L P . @
" AR
1+ ; . L l

9.2

x/D,

Fig. 9. Nu/Nuo distribution between Rib1 and
Rib2 in x direction at Re=21587

2.4 Configuration and Boundary Condition

The numerical steady solution was carried out on the

commercial CFD platform. The velocityand

pressure coupling scheme was SIMPLEC algorithm.

increase ofurbulenceintensity brings more friction
and impact. Compared thecrossed rib cas€€ase
2), the pressure los the parallel ribcase (Casé)
is moreserious with25.4%higher.

As for the threecrossedrib arrangemest with

different staggereddistance in Case 2, their

normalizedresistance coefficieatare very closd/fo

of Case2.2 is the largst and that of Cas23 isthe

smallest.In conclusionthe crossedrrangemenof

ribs canreduce the pressure lomsd hereshould be
an optmal staggeed distance with which the

pressure loss thesmallestAmongthecurrentthree
configuratiors in Case2, Case2.3 isthe best for
controlling the pressure lass

—*— casel
18 |- | % case2.l P
*— case2.2 e
17| | —A&— case2.3 ) o
6 o
o
15
s
Sk
o L]
1B : - 1
A
12 H A
A
11
10 L L L L L

20000 25000 30000
Re
Fig. 10. Normalized resistance coefficientf{fo) of

all casesversusinlet Re.

35000 40000 45000

The second order upwind scheme was adopted for

the spatial discretization afontinuity, momentum

and energy equations. The convergence criteria for
the continuity equation were residual reaches below

10-4 and the inlet total pressure becomes steady.

In this study, the coolant air was considered as

compressible ideal gas. The tezngture difference
of the computational domain was small, ranging
from 293K to 323K. Therefore, the specific heat
capacity and the air thermal conductivity coefficient
were set as constant, i.€,=1006.43 J/(kg-K) and
2=0.0242 W/(m-K). And the Sutherland law was

selected to describe viscosity. The cooled walls

including sidewall, top-wall and bottorwall were

isothermal wall whose temperature was 323K and

—*— casel
245 =— case2.1
2a0 L * ®— casel.2
i ' A case2.3
35 - . -~
e
.
2.30 -
K |
= B S
S 225 - ——
§ . *
-
2.20 -
A .
215 | -
i~ *
2.10 |- " 1
2.05
2.00 1 1 L L 1

20000 25000 30000

Re

35000 40000 45000

the extend walls outside the test section were Fig. 11. Normalized Nusselt numbemplotted with

specified as adiattic wall. All the endwalls were
specified as nalip boundary. The inlet mass flow
rate condition was specified according to the

inlet Re

Reynolds number, whose value varied between™S shownin Fig. 11, normalizd Nusseltnumber

21587 andt3174.
3. RESULTS AND DISCUSSION

3.1 Friction and Heat Transfer

The introdudion of ribs not only canenhance heat
transfer,but alsoleads tothe increase inblockage
ratio. The air coolantamefrom compressor will
make flow lossg in the cooling channel, which is
described by Ite normalizedresistance coefficient
(f/fo). The numerical result is shown in Figs0-13,
including f/fo and Nu/Nw. In Fig.10, f/fo increags
with the Reynolds numberthis is becausehe

presentsdecreasing trend for athe cass as the
Reynolds number increasingrhe heat transfer
enhancmentof Casel is slightly higher than Case
2, butits pressure loss imuchlarger. Similarly, the
heat transfer performanad Case2.3 isthe worst
amongall the case, which is alsoclosely matched
with friction characteristicsGenerally with the heat
transfer enhanced, the frictiorould simultaneously
increasgHan, 19781984 1985. The ideal cooling
structure possess high heat transfecapacityand
relativelylow friction penaltyatthe same time.

Theoverallperformance differenceerives from the
promoton of heat transferby specific structual
characteistics, such as the front corner of inclihe
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ribsdepicedin Fig.12. The heat transféistribution
was solvedunderRe=21587 All the strongest heat
transfer regions are located in the front corner,
while the weakestre in theback cornerAnd the
leading edge of ribsalso have higher heat
transfer coefficient, which is not shown kig. 12.

Bottom
+ Top

And part of thesidewall in the back cornerhas -'-.
stronger heat transferesuling from the airflow \' . ]
impingement e NN
y LAY
. :;
’ B ﬁ
Casel-Top N ‘.;;\‘ \X\A \Q\“ 08 09 10
Casel-Bottom L:A: );\‘ i\ﬁ)‘ :* .\W_
N /774
Case2.1-Boltom h \‘)\\ 7\\. QMQ ssb ‘8_ ‘ * ;::,tom

A 7727 BN

Fig. 12. Nu distribution on the top and bottom

wall at Re=21587 CENE T L G E e
I ST AR B M LR
05 F s A TR I
In Casel, since the parallelrib arrangement is 00 Fovaibl Bt bt
symmetricalthe top and bottom wall haveentical /L
heat transferdistribution. The first crossed rib (b)

arrangement Gase 2.1) and its heat transfer
distribution are centreymmetic. Nu becomes
smaller downstreamof the second rib rown x

direction.

However, the phenomenon thathigher heat
transferis concentrated at th&ont corner still
exiss due to the secondary helical flow.
When the ribs are staggered inx direction, heat
transfer distribution of both walls becomes
obviously different in Cas@.2 and Case.3 and
their heat transfer situation is also much
differentfrom each other due to different staggered
distances. Thereforghe crossedib arrangement
has great impact aime heat transfer distributioof
cooling structure and thenthe temperature
distribution of turbine blades. The front
corner is still the strongest heat transfer area.
Overall Casel presentsthe bestheat transfer
performance,followed by Case2.2, Case?.1 and
Case2.3.

Figurel3presentshe variation oNu/Nw along the
centerlineof both primary surfacesFor Casel,
Nu/Nw generally keeps growing behind the inlet
section and theeakappears just dovatream of
Rib3. In the downstream arealNu/Nw declines
graduallyin generalCase2.1 is similar with Casel
in Nu/Nw distribution, but the greatestvalue
appearshetween Rib2 and RibPue tothe ribs
were staggeredhe average Nu/Nw on the top-
wall is 2.46%larger thanon the bottomwall in
Case2.2. And the averageNu/Nw on thetop-wall

is 0.36%ower thanon thebottomwall in Case2.3. Fig. 13 Normali_zed Nusselt number Nu/Nuo)
However, Cas@.2 showsthe highesheat transfer alongthe centerline of the topwall and bottom-
performance in Case, and its heat transfer wall at Re=21587

distribution ismore disorganized.
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3.2 Flow and Heat Transfer Details

All heat transfephenomenare correlated withthe
flow field characteristics In this section, he
relatiorship betweerfluid flow and heat transfer
details will be discussed.Figure 14 shows the

channel The streamlines; Casel canalsoclearly
reflect thatthe airflow is transportedfrom one
sidewall to the opposed sidewall alonghe ribs
continuously It can be found that in Cage the pair
of large scaleountefrotating secondary vortices is
rotating as the flow moving downstream. Moregver

turbulent kinetic energy contours and superimposedit js 3 prominent feature thalte transverse secondary

streamlines at-y planebetween Rib1 and Réb with
half of the ribheight offset from the bottom wall

The airflow approacteand separage at the rib
leading edge, which results in thackflow and the
helical vortex in three dimensions. The helical
vortices mostlyappear just downstream of the tibs
as shown in Fig.14. The streamlines indicate the
transport of airflowfrom thefront cornertowards the
back corner inall cases. The small helical flow
behind the ribs can enhanceheat transferso the
Nusselt numbein the front corner behintheribsis
relatively high

The secondary flow alonthe ribs impinges to the
opposite sidewall and gattseat theback corner
which is comparable to the flow characteristicthe
expand nozzle. In Cask, the backflow vortex is
strongerand he turbulent kinetic energy (TKE$
generally higher than Case, resulting in more
friction loss. Due to the staggerats, lower levels

of TKE and smoother streamlines are observed in
Case2.2 and Casg.3.
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Fig. 14. Streamlinesand TKE distribution of all
cases between Ribl and Rib4 &e=21587

Thetransverse views of turbulent kinetic energy and
streamlinesn themiddle position ofupper ribs have
been depictedn Fig. 15. It can be seenhat the
structureof the longitudinalvortices is frequently

transformed because of the rib turbulators. And the

turbulent kinetic energy gradually increases with the
development of the fluid flow and the maxima are
mostly generated in the centeradrtices

The transverselow distribution is symmetrical in
Casel and Case2Thesecondary flows divided to
upper and lower regien with counterotating
vortices in thenfor Caselln casel, themall helical
vortices form behind the ribs and the large scale
counterrotating vortices occupy the center of the

flow is generallyanticlockwise for Casg.

Fig. 15. TKE distribution and streamlines
plotted at y-z plane

On account ofthe staggeredrib arrangement in
Case2.2 and Case2.3, the flow field present
asymmetric and unevdraturesHowever,Case2.2
and Case2.Bave some common flow features with
Case2l. For example, the pair of large scale counter
rotating vortices still exists and keeps rotating as
moving downstream, but their sizes are different
from each otherThe chaoticflow phenomen lead

to scatteredNu distribution. Case2.3 hathe lowest
levd of TKE, and also hathe lowest heat transfer
enhancement as well &igction loss.

In Fig. 16, the helical voites in the separation
regionbehind theibs andthe formation of the large
scalevortices inthecenter othe channefor Case2.1
have beerschematically illustratedt can be found
that themainstreanflows across and separatieom
the ribson thebottomwall.

Fig. 16. Volume dreamlines of Case2.1 at
Re=21587

1543












