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ABSTRACT fundamental parametean the impigement heat transfer of

In this paper, heat transfer characteristics of the jet theleading edgélLiu and Feng, 2010; Liu and Feng, 2011,
impingement in a concave channel with the initial cross flow Andreiet al,2013; Jordan 2032
are investigated using both transient liquid crystalTLC™ Due to the multi jets in the impingement cooling of the
technique and computational fluid dynamics (CFR)delta turbine blades, the downstream jets are deflected by the spent
winglet vortex generator (VGplaced in the jet channel and  jets. As thémpinging jet is deflected away, the jet penetration
upstream of the jet exit, is used to enhance the heat transfer onis reducedand he impingement heat transfer characteristics
the target surface. The jet Reynolds number is specified at are degrade(Metzger and Korstad, 19¥2t is found that
15000 and theange of thecrossflow Reynolds numbers the jet impingement arrangement has a significant influence
from 15000 to 30000. A single delta winglét (SVG) and a on the local heat trafes. Metzger et a(Metzger et al197§
pair of delta winglets VG (VGP) with different angles of reported that the iine jet array can have higher heat transfer
attack are employedheflow structures anthe mechanisms than the staggered arrangement because the adverse effect of

of the heat transfere further discusse@he resulshowsthat crossflow is suppressed.
the significant augmentation of impingement heat trarisfer In order to increase the impingement heat transfer, some
mainly attributedto the decreaseof the crosglow velocity researchers have studied other passive or active methods to

before the jetlue to the effect of the V.Glowever, the angle obtain better heat transfer characteristics. The heat transfer can
of the VGP has little effect on the heat trangfethe target be augmented by modifying the target wall, such as dimpled
surface. It is surprising that the SVG not ongads to surfaces (Ekkad and Kontrovitz, 2002; Xing and
relatively low pressure drop, but also obtains the high Weigand, 201)) pinnedsurfaceQuanet a, 2005; Ndao

stagnation heat transfer. et al 2014, ribbed surfacegliaet al 2001; Taslinet al
Keywords: jet impingement, concave channel, cross flow, 2003; Hoefleret al, 2012; Tom 2014), or film holes
vortex generator, heat transfer enhancement (Ekkadet al 1999. Another way to reduce the adverse effect
of crossflow is to improve the jet penetratio This can be
INTRODUCTION achieved by modifying the jet issuing behavior, such as using
Thermal efficiencyof the modern gas turbines increases swirling trips (Wen and Jang, 20Q3pulsations Eroglu
with the increasing inlet temperatuie the turbine But the and Breidenthal, 2001 and acoustic excitations

increasing temperatures far above the permissible metal (M&loskey et a| 2003, or by changing the jet nozzle
temperatur¢Han et al, 2012 Thus, the blade is exposed to  configurations angeometrie§Danoet al 2005.

severe operating conditions. Various cooling techniques are It is well known that vortex generators are used in flow
usedto guarantee safe ofion.Jet impingement coolingis  control (Lin et al 2003 and heat transfer enhancement
widely used to cool the turbine blades, especially in the (Jacobiand Shah, 1995; Nakaich, 200§. However, they
leading edge of those , as it can greatly enhance the local heatareralely used in the jet impingement improvement, and they
transfer Many researchers have studied the effectsadbus are typically placed on the tagsurface. Wang et gWang
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et al, 2015¥ound thatthe impingement heat transfer could Fig.1 Experimental apparatus schematic
be increased by controlling the cralswy using a VGP placed ‘

on the top wall ofthe jet channel. They also investigated

(Wang et al, 2016the effects ofdifferent parameters of

VGP on the heat transfef impingemenunder variougross

flow Reynolds numbers. However, all of their studies are

concentrated on a flat target surfaceaedatively high cross
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enhance the impingement heat transfer. In addition, the flow Le i- L r

flow Reynolds number, andnly considered the effect of -
- . . —) ) "
utilizing VGP. It is unclear whether a single VG (SVG) can
pattern in the jet cavitilasnotbeendiscussed in detail | J
In this paper, the impingement channel with a circular Fig.2 Geometry of the experimental model

of the turbine blade leading edge. A VG is installed on the top iy the channel upstream of the jet exit on the top wall, as
of channelin order to strengthenthe impingement heat  shown in Fig. 2An SVG that placed right ahead of the jet exit

transfer. The mia objective of this research is &iudythe and the VGP with a certain angle of attack are studied and
heat transfer at different crefiew Reynolds numbersvith compared with each other. The configurations of the VGs and
SVG or VGR In addition, thenhancemerdf theheat transfer its position are described in Fig.3. The heighis 1.0, the

by the VGs is alsanalysedn detail. chord lengthL is 2.0d, thedistance between the VG and the

jet nozzleS is 2d. When using the VGP, the spacing between
the two VGs isS; 1.2d, which proves that better impingement
heat transfer can be obtainedhe researchesf Wang et al

1.1 Experimental setup , . (Wang et al, 2015; Wang et al, 2016he angle of attack
The experimental apparatus are illustratedrignl. The of the VGP with respect to the crebd ow direct i o
air flow are generated by a centrifugal faimen, the air flow from Ofo 45°

is heated to theequired temperature by a heatBassing
through the heater, the heated air is diverted byple valve
in orderto achievethe abrupt temperature increase of the flow Beta winges | |

in the channel Downstream thetriple valve, the flow is

1. EXPERIMENTAL SETUP AND PROCEDURES

L

separatedOneflow passes through the jet pipe and gensrate s: s
thejet impingement, whileghe othefflow is introduced tahe — = — \L—.|
channel directly as the creflew. The two flows are adjusted =~ “"™ — — @“ o —— js' @
by two control valves. In theexperiment the constant Jet o
Reynolds number is set as follotie Reynolds number of the @ sele v
jet is Rg=1500Q based on the jet nozzle diameterThe Fig.3 Configurations of the delta-winglet VGs and
Reynolds numbeof the crosslow is Re=15000, based on its position
the channel hydraulic diametBr.

The tested modekia 9 times scalmodel of the blade 1.2 Measurement Techniques

jet

(b) Delta winglet VGP

leading channekonsist of circularsurface, two tapered side In this study, the heat transfer is measured by the
walls and a flat wall. The details of the test model dreven technique of thetransient thermochromic liquid crystals
in Fig.2. The crossection is an |sos_celes _trlangkﬁh thrge (TLC). Narrow bandwidth liquid crystalstype: R35CIW
round corners. Thparameter of thelimensionlessengh is from LCR-Hallcrest) are usedThe onedimensional semi
specified as followthe distance between the target surface infinite wall assumption is used to measured the heat transfer
andthe nozzle exitS/d= 5; Theradius of the targedurface coefficients by the transient method. Theah condition
curvature D/d = 3.6; Thelength of the jet nozzld.,/d = 15, equation is represented as:
The distance between the crdksv inlet and the jet nozzie
Lo/d = 15; The distance between the outlet and the jet nozzle wT 1@ (1)
Ls/d = 20. w2 a u
’ vt With the constraints of the boundary condition:
i W t=07F =
/ \ Vortex Generator T
= z=0, & HT, . @
Uz
z- o, T =T

Value Flow Meter



where, z representiedistance from the target surface to the
solid. Based on the assumpution of tihreedimensional semi
infinte wall, the solution of the heat transfer is obtained as:

erfc (hf ).

_ 2
T,-T _1 -exp(h at
Tf--ﬁ KZ

Considering that the flow temperature cannot be

®3)

time resolutionof the CCD camera is approxima@04s.
Then,the overalluncertainty of the measurement the heat
transfer coefficierd is about5.7%.

2. NUMERICAL SETUP

2.1 Computational methods
The numerical simulation is carried out by tAd&SYS

increased to the required temperature abruptly, the change of CFX. The steady Reynolesveraged NavieBtokes equations

the flow temperature is adlly an unsteady process. the
Duhanmel theorem should be usedrtadify the formula (3):

hfa(t- t) f,hJal(t- 1)

Al e erto )
4)

The temperature of the target surfatg is measureds
the transition temperature of the TLThe initial temperature
of the experiment apparatudi, is measuredby K-type
thermocouples. The tinaf the experiment, isrecorded by
3CCD cameravhich is above the target surface to observe the
transition of the TLCsThe temperaturef the impingement
jet, Tr is alsomeasured b¥K-type thermocouplesTherefore,
thechange ofth¢ et t e mpecanadé abtairedher

T,-T

w i

3T

f(F1-1)

the heat transfer coefficient of the target surface can be
calculated with these measured parameters by the iterative

solution of the formula (4)The heat transferesultsin the
form of Nusselt numbeaire nordimensionalizeds:

Nu:m.

5
” Q)

The formula (4) is based on the heat conduction equation

in the Cartesian coordinat€el herefore, the solution is the heat
transfer coeffient over a flat surface. The heat transfer
coefficients for the concave surface should be modbeskd
onthe Butt swor t h oButtswarth ang cJories n
199%:
hi=h 45 (6)
D

It should be noted that the correction result obtained by
the formula (6) is less 1% of the heat transfer result by the
formula (4) as the low thermal conductivity material is used .

Based onthe investigations byJordan et al(Jordan
2012;Jordan 2012 Jordan 2013, thetransition time of the
TLCs changes little with the observing angléerefore one
3CCD camerdtype: Sony XCB390P)is locatedabove the
testsection to record thieansitionof the TLCs.

1.3 Measurement Uncertainties
In this paperthe error analyse of the measurement is
based on the referen@offat, 1988. Theerror of the whole

(RANS) are solved on the computation gridshe used
algorithm is fully implicit. In addition, the high resolution
scheme of thepatial discretizatiors chosen in the software

2.2 Computational model and mesh generation

Fig.4 showsthe numerial model, which is the same as
the experimentmodel The settings of the iat and outlet
ensure that the effect of the inletdaihe outlet flow will not
affect the core region where the impingement jet interacts with
the crosdlow. The coordinate system is illustrated as Fig.4,
the origin of the coordinates is at the centrehef jet nozzle
on the top wall.

Inlet

Outlet

Cross Flow

Target Surface

Fig.4 Physical geometry and the settings of the
boundaries
The computation grids is generated by the ICEM. The
hexahedral gridsare constructed for the boundary layer,
shown ag-ig.5.

Fig.5 Grids for the model in detail
The independence of thgrid is studied.Heat transfer
results are obtained with 5 different mesh sizes for three VG
configurations (without VG, SVG wittl=0°and VGP with

experiment depends on the measured error of the U=45). It canseen from Fig that the total grids of three VG
thermocouples, the transition of the TLCs and the experiment configuratiors are about 2.7 million, 4.9 million and 5.5

time.

For TLGCs used in the experimenthe uncertaintywall
temperaturel,, is about 0.1K(Yan and Owen, 2002The
uncertainty of the KRype thermocouples is less than 0.5Ke

million, respectively, which can be adequate to provide
solutions with appropriate accuracy and minimal cost.
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Fig.6 Mesh independence test plot of three VG
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2.3 Boundary condition

Based on the experiment parameter, theunllary
conditions areset as follow Theinlet of the jet and the cross
flow areimposedby the constanhass flow ratel-or the outlet
condition, he average static pressurethe constant 1 atm is
specified. he walls areall defined as nelip wallswith the
constant temperature 884.3K. The turbulence modek-¥
SST modelis used forthe numerical simulationwhich is
valid to obtain good prediction for the heat transfer on the
surface with the impingment jet (Liu and Feng, 2011; Liu
and Song, 2010; Liu et al, 2017; Kumar and Prasad,
2008; Yang et al, 2034 All the cases presentedre
converged to residual levels of the 1410

2.4 Numerical validation

In this section, the numerical results is compared with the
experiment results in order to valid the numerical simulation.
The local Nusselt numbeaind spanwis@averaged Nusselt
number distributions on the target surfare shown on Fig.7
and Fig.8 The results are obtained froexperiment and
numericalsimulation for two cases at the crdkswv Reynolds
number Rg=1500Q respectivly Two cases demonstrate that
the predicted Nusdt number distributions are essentially
consistent with the experimental distributions, except that the

calculated values are higher than the measured values.

Although the predicted Nu appears to be consistently higher
than measured data in the downstraagion, the predicted
values match the measured values quite well in the
impingement region. Thus, the CFD method costitl be
used to investigate the impingement heat transfer in the jet
channel with and without the VGs. The follioyg study of this
pager is mainlybased onthe CFD results. In addition, the
measurement error is larger at locations close to the
boundaries of the c¢amAdisanlys |
selected fronX/d=-1.5 toX/d=1.5 in this paper.

Nu - | | | | I
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Fig.7 Contours of Nusselt number on impinged
surface for experiment and simulation
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Fig.8 Distributions of Nusp along the streamwise
direction for experiment and simulation
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3. RESULTS AND DISCUSSION

3.1 Effects of the angle of attack of the VGP

Fig.9 shows tle local Nusselt number contours with
different angles of attack of the VGP. Tearies from 0°%o
452 The case without the VG is also presented as a baseline

for comparison. Because of the presence of the cross flow, the

impinging jet is deflected andhé position of the stagnation
point moves downstream with degraded heat transfer
performance. This is in accordance with the results of other
researcheréMetzger and Korstad, 1972; Wang et al, 2015
The impingement heat transfersisengthened greatlyy
the VG The high heat transfer region (impingement region) is
also shifted to the upstream and expathth size, which
indicates that the jet momentum is improvids surprising
that this effect is more obvious with the decrease of the angle
of attadk. When theJ=0£ ~ the high stagnationdat transfer
is obtained. Thigan beexplained by the fact that the smaller
the angle of attack, the less fluid flows into the tvaytex
generators, and theetterjet penetration is promoted. Thus,
the stagnation la transfer will still incease, while the
strength of the counteptating vortices decreases due to the
effect of the VGP This is different from the results of Wang
et al. which obtained on the plate walWVang et al, 2015;
Wang et al, 2016

NU 1. —
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110 x-o:%
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01 545 6 7 8 9
100 Z/d
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1 90 < 0.
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— 80 -1.5 T T T T T 1
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Fig.9 Nusselt number contours of jet impingement
in cross-flow with and without a VGP
Fig.10 presents the distributions of the {along the

streamwise direction for differen) at Re=15000. The
baseline case is also plotted for comparison. It is seen that all
the VGP can augment the Nwn the target surface, but the
difference between different) is very small. The high
stagnation heat transfer (N=99.71) obtained atk0°is

enhanced 55.6%ompared witlthe baseline case (Ng64.1).
However, in the downstream region, the casétof5°can
obtain the highest Nusp due to the strongest couatating
vortices is generated.

120 T T T

+ +Without VG
-+ -VGPwitha =°0
- = VGPwitha =30
——VGPwitha =45

100

12

Fig.l0Ef f ect s osf distribwiion alng the
streamwise direction (CFD)
Therefore, due to the decrease of the cflussg velocity,
VGs enhances the stagnation heat transfer mainly by
improving the jet momentunHowever, the strength of the
vortices could affect the heat transfer in the downstream
region.

3.2 Local impingement heat transfer for SVG

In order to further verifhatthe stagnation heat transfer
enhancemerndf the VG is mainly because the reduction of the
momentum of crosiow approaching the jet nozzle increases
the jet penetration, an SVG witkrOplaced right enead of the
jet exit is used. It should be noted that only the VGP with
U=45°that produces the strongest countetating vortices is
used for comparison in this section.

Fig.11 shows the N distributions along the streamwise
direction for the SVG withU=0and VGP with U=45°at
Re:=15000. The baseline case is also plotted for comparison.
It can be found that the SVG produces the best heat transfer in
the vicinity region of impingement, and the peak value a§,Nu
has been raised to 114.9, which is enlean£9.3%compared
with the baseline case (§g64.1). But in the downstream
region, the VGP withJ=45° produce higher Ny than the
SVG. This shows that the countetating vortices can
strengtherthe heat transfer in the downstream region, but the
enhanement of the stagnation heat transfees not depend
mainly on it.In order to better understand the reasons for the
impingement heat transfer enhancement by the VGs, the flow
in the jet cavity is needed beanalyzel in detail.



boundary layer caused by thelverse pressure gradients on

140 - - the approaching flow when the creffsw approaches the jet.
120 - +Baseline In the Fig.B (b), complete brseshoe vortex system can be
B —— SVG with 05 CFD 7 . . .
— — VGP with 45° CFD clearly found, whichis composedof a counteirotating

Vortex, a primary Horseshoe Vortex and a Separation
Vortex. Thus, the best heat transfer in the impinged region will
be obtained by the SVG.

The distributions of the ¥omponent velocity along the
black curve in Fig.3 (a) are also presentedh. Fig.14, the jet
velocity increases significantly when the VG is placed in the
jet cavity, especially the SVG wit=0°is used. In the range
. of Y/d=-4.5 to Y/d=-5 (near targetsurface), the velocity
0 3 I 6 9 magnitude is only about 2m/s for the baseline case, while it

increases to 8m/s for the SVG and 4m/s for the VGP,

Fig.11 The Nusp along the streamwise direction at respectively. This indicates that the best stagnation heat
P Rec=15000 (CFD) transfer will be obtained by using the SVG.

Y-velocity (m/s)

3.3 Flow characteristics of impinging jets
The flow pattern of the jet channelobtained by the B

|

numerical simulatiors used to analyze the mechanism of the
heat transfer enhancement lwihe VG. The cases without

VG, VGP with 45°and SVG with 0 °are chosen for (a) Without VG
comparison. 24
Fig.12 shows the contours of-2omponent velocity on »
the X-Y plane atZ/d=-1 for Re of 15000. The Zomponent
velocity represents the velocity in the crdlesv direction. 20
When the VG is placed in the channel upstream of the jet, the 8 (Bave Wil

crossflow velocity before the jefecreasesThis indicates the

jet penetration will increase due to the reduction of the adverse
effect of the cross flowAnd the impingement heat trarmesf

will be augmented-or the case of the SVG with Obié lowest
cross flow velocity can be found in the middle of the section,

so the highest jet momentum will be obtained by the SVG. Fig.13 Streamlines and contours of Y-component
velocity on the Y-Z plane at X/d=0 (Re.=15000)

(¢) VGP with 45°

O T T T T T T T
' T e - Without VG
Zevelocity: 2 -1 o0 1 2 3 4 5 6 7 8 - - - - SVG with 0° %0
1 —— VGP with 45° S
o @' ® 9 S
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(a) Without VG (b) SVG with 0° (€) VGP with 45° al e .
Fig.12 Contours of Z-component velocity on the X- sl , ) ) ) )

Y plane at Z/d=-1 (Rec=15000) 0 4 8 12 16 20 24 28 32
Fig.13 shows the streamlines and contours of Y Y-component velocitym/s)
component velocity on the-¥Y plane atX/d=0 with a fixed Fig.14 Distributions of Y-component velocity along
Re. of 15000. It is seen that both the jet momentum and the a special curve (Rec=15000)
high-velocity area increase compared with the baseline case. Fig.15 presents the turbulent kinetic energy contours on a
In addition, the psition of the jet impingement is also moved series of ¥Z planes at differenx/d for Re: of 15000. Only
to the upstream. the contours within the given range are shown. The primary

When the jet penetration is promoted, the jet is more HorseShoe Vortex (HV) near the target surface is also shown.
l'ikely to impinge on t he -t arThe dtrongen thd jat penetratidm the stronger thed horgeshoe
shoe Vortexo woul d be p r o d uvorexd After tha horsebhbeevortéxdsrmixedtwiteset, it it a ¢ e
This will enhance t& local heat transfer on the impinged wall.  lifted off the wall and dissipates gradually.

The horseshoe vortex is generated due teéiparation of the



The high turbulent kinetic energy indicates the strong
mixing, which will result in the higher heat transfer. When the

VG is placed into the jet channel, the turbulent kinetic energy

in the cawty is significantly enhanced. In the middle of the Y

Z planes, the highest turbulent kinetic energy is obtained by component.

the VGP due to the mixing of the countetating vortices pair

velocity and tupbulent kinetic energy on the-X plane near
the impinged wall {/d=-4.8) in the condition oRe.=15000

In the Fig.B, the direction of the velocity from the jet
nozzle to the target surface is definedths positive ¥
Compared with the baseline case,
impingement region(high Y-component velocity areais

the

with the jet. However, the highest turbulent kinetic energy can shifted to the upstream direction by the VG due to the decrease
be obtainedy the SVG at the near target surface due to the of the crosslow velocity before the jet. The velocity
presence of the strongest horseshoe vortex. Thus, the SVGmagnitude and thkigh-velocity region are also significantly

will achieve the highest heat transfer in the impinged region.

Turbulent Kinetic Energy (J/Kg)

(c) VGP with 45°

Fig.15 Contours of turbulent kinetic energy on a
series of Y-Z planes at different X/d (Re.=15000)
As the heat transfer has close relationship to the
turbulence intensificatioandthe boundary layerd herefore
Fig.16 and Fig.17 showhe contours of the Xomponent

increased, which will result inthe enhancementof
impingement heat transfelt should be noted that the peak
value of the Ycomponent velocity is up to 4m/s when the
SVG is used.

In addition, the negativ¥-component velocity contours
(blue area) can be found in the upstream due to upwash flow
from the collision between crofl®w and wall jet. These will
also produce higher heat transfer on the target surface.
Especially, when the SVG is placed into thamhel, as shown
in Fig.16 (b), bigger negative ¥omponent velocity region
can be observed in the vicinity Bfd=0.

Y-velocity (nv/s)
4

Q
R

35

0

L]
L Xd o

Q

3 4 7
Zid
(b) SVG with 0°

-1 2 4

3
Zid
(¢) VGP with 45°

Fig.16 Contours of Y-component velocity on the Z-
X plane at Y/d=-4.8 (Re.=15000)

It can be seen from Figrlthat the turbulent kinetic
energy is obviously enlarged when the VG is inserted into the
channel. The high turbulent kinetic energy region is found to
correspond to the high-¥omponent velocity in Fig.17. The
peak value of theutbulent kinetic energy without the VG is
only 4J/kg, lut the peak value increases to 20J/kg (the SVG
with Of ) and 16J/kg (the VGP with £5)" respectively. The
highest turbulent kinetic energy for the SVG can be explained
as the generation of the stronghkstseshoe vortex due to the
increase of the jet momemtu

In summary, the VG that placed in the channel upstream
of the jet exit enhances the impingement heat transfer mainly
because the decrease of the velocity of eflosg approaching
the jet nozzle improves the jet penetration. Due to the
promotion of thejet penetration, both the -¥omponent



velocity and the turbulent kinetic energy near the target 1 ; ' : !

surface increase, which will lead to the enhancement of the e
heat transfer on the target surface. However, the influence of [——VGPwith45°| ]
the counterrotating vortices which enerated by the VGP is

not significant.

Turbulent Kinetic Energy (1/kg)

2 4 k] 6 ! 0 3 6 9 12 15
Zid zid
(a) Without VG
Fig.18 Distributions of the Nus, along the
streamwise direction at Rec=20000 (CFD)
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Fig.17 Contours of turbulent kinetic energy on the

Z-X plane at Y/d=-4.8 (Re.=15000) b 4 L L = %
Zid

3.4 Effects of cross-flow velocity on the jet Fig.19 Distributions of the Nus, along the
Impingement streamwise direction at Rec=30000 (CFD)

The crosdlow in the turbine blade leading edge is the
generally acaumulation of the upstream spent flow after 3.4.2 Pressure drop in the jet channel
impinging, so each jet will have different crosslow In order to evaluate the flow loss of the jet impingement,
velocity. Thus, it is necessary to investigate the heat transfert h e j et p rR) aral the erosftbw pressure drop
of jet impingement with different crogkow velocity. ( Bo) are deermined by the equations below:

3.4.1 Local heat transfer on the imjinged surface

Figs.18-19 shows the Nusp distributions along the DR =R, B. (7)
streamwise direction for the SVG with 0°and the VGP with
45°at Rec=20000 and 30000, respectively. The baseline case DR =L P, (8)
without the VG is also presented for comparison.

Combined with Fig.1, it is seen that the impingement The pressure drop of the jébr these three cases is

heat transfer for all the cases decreases with the increase of théllustratedin Table 1 wherethe deviations fronthe baseline
crossflow Reynolds number. This is because that the case are also shown.

momentum of the crodtow increases with increasing the
crossflow Reynolds number, which will cause timpinging
jet to move further downstream. Thus, the jet impingement Re

Table 1 Pressure drop of the jet impingement for
these three cases

- Deltawinglet aP;, Pa oPe, Pa
heat transfer is reduced. _ )
It is also found that the peak value of the ¢Nis arrangements  (Difference)  (Difference)
augmented and the stagnation position is shifted to upstream Without VG 171.1 23.4 (baseline)
by the VG at the same cross flow Reynolds nunlberto the (baseline)

suppression of the adverse effect of the cftusg. Especially,

L 0
it can be found that the SVG with 0°provides best stagnation 15000 SVG with 0 1796 (+4.7%) 284 (+21.%%)

Nuspat all Reynolds numbers. VGP with 45° 200.0 30.3 (+29.5%)
(+16.9%)
Without VG 154.5 30.4 (baseline)
(baseline)
20000  SVGwith0°  168.2(+8.9%) 37.7 (+24.0%)
VGP with 45° 186.6 39.8 (+30.9%)
(+20.8%)




Without VG 150.8 46.2 (baseline) stagnation heat transfer, but also produce the lower pressure
(baseline) dr_op than.the VGP at the same criiesv Reynolds number.
30000 SVG with 0° 1521 (+0.9%) 58.9 (+27.5%) With the increase of the groﬂsv_v Reynplds number, the
crossflow pressure drop risesvhile the jet pressure drop
VGP with 45° 169.0 64.6 (+39.8%) decreases.

(+12.1%)

- NOMENCLATURE
It is seen from the table that for the same cfluss

Reynolds number, the SVG can not only produce the best d
stagnation heat transfer, but also has a smaller pressure drop. D target surface curvature (m)
For example, at Re15000, the VGP with 45°eads tithe jet h heat transfer coefficient (W&K-1)
pressur B and the grosépl ow pres®ur e drop (ﬂ

increase from 171.1 to 200.0, and 23.4 to 30.3, respectively. heightof the VG (m)

However, for the SVG wphiadd 0Ak t h ethefmalcondpativitysoffluicr(\&WmEtH op o
the crosd | ow pr e sPsoaly iecreabes orgm 1@i.1 to ks thermalconductivity of test section material
179.6, ad from 23.4 to 28.4, respectively. Both the two o

pressure drops are lower than that for the VGP with 45? (WmrK™)

jet nozzle diameter (m)

With increasing the crostow Reynolds number, the jet L chord lengttof the VG (m)
pressure drop decreases, but the efless pressure drop L, spacingbetween the crostow inlet and the
increases. For example, for the SV@ha0; the jet pressure L
dr o P is geduced from 179.6 (+4.7%) to 152.1 (+0.9%) jet pipe (m)
when the Revaries from 15000 to 30000. However, the cross Ls spacingbetween the outlet and the jet
fl ow pr e sPsincreasesdrono2f.4 (g21.4%) to 58.9 pipe (m)
(+27.5%). In addition, it is noted that the incremehthe

Nu Nusselt numberhd/k)

crossflow pressure drop rises with the increase of the Rec.
This is explained by the fact that the strength of the vortices Nu(z=0) Nusselt number of the stagnation point

generated by the VG has been found to be proportional to the spanwise averageusselt number

velocity of the cros$low near the tip of the VGJacobi and , i

Shah, 1995; Wang et al, 2016) Pc massweightaverage static pressure at the

crossflow inlet (Pa)

CONCLUSION . ) Piet massweightaverage static pressure at the jet
The flow and heat transfer characteristics of the jet ,

impingement in a concave channel with the initial cross flow inlet (Pa)

areinvestigated by experiment and CEF®DVG with the shape Pout massweightaverage static pressure at the

of the deltawinglet is installed at thapstream of the jet exit outlet (Pa)

to reduce the crodtow and enhance the impingement heat
transfer. The mechanism of heat transfer enhancement by the oPe
VG is elucidated in detail. In addition, the effects of the angle  qP jet pressure drop (Pa)
of attack of the VGP and the creffsw velocity are also

crossflow pressure drop (Pa)

. , X Re crossflow Reynolds numben{.Dy/g)
investigatedSeveral conclusions are drawn as foklow

(1) It is found that the crosiow can reduce the jet Rg jet Reynolds numbetJd/g)
impingement heat transfer. With the increase of the dtoas S Spacing between the two VGs (m)
Reynolds number, more impingement heat transfer is reduced. . S
When the VGis inserted in the crodtow, the impingement % distancebetween the VGP and the jet pipe (m)
heat transfer on the target surface will be significantly t time (s)
enhanced. T temperature ()

(2) When the VG is used, the jet penetration has been
improved due to the decrease of the momentum of Glmss T inlet temperature of the jet pipe ()
approaching the jet nozzlés the jet penetration is promoted, T, initial temperature of the test section J

both the Y¥component velocity and the turbulent kinetic

energy near the target surface increase, which will resultinthe 1% wall temperature of the
heat transfer enhancement in the impinged region. However, Uc crossflow velocity (ms?)
the effect of the_coqnterotating vatices whiqh generated _by U, jet velocity (ms)
the VGP on the impingement heat transfer is not as dominated ) o
as that X spanwise direction
(3) The SVG can obtain better stagnation heat transfer vy wall-normal direction

compared to the VGP at the same citesw Reynolds

I~ ; streamwise direction
number. In addition, the SVG can not only obtain tiest



Greek symbols

V] angleof attack of the VG (J
g kinematicviscosity of fluid (nfs?)
U] time step change of bulk fluid temperature (s)
Subscripts
c cross flow
] jet
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