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ABSTRACT

Jet impingement heat transfer is an interesting flow configuration to study because of its industrial
as well as fundamental significance. This configuration has received significant attention of
researchers. Impinging jets are used wherever high-performance cooling, heating or drying of a
surface is required. Impinging jets offer an effective and flexible approach to transfer energy or
mass in many industrial applications by changing the flow and geometric parameters. Although jet
impingement on a plate is geometrically simple, it involves a number of interesting complex
physical flow configurations, namely, free-shear, stagnation and wall jet regions. These complex
flow behaviours make this configuration an ideal choice to test performance of computational
models. Several arrangements are possible to represent a physical situation, such as, jet
impingement on a solid flat surface or a surface fitted with different kinds of turbulators, inclined
plane surface, etc.

In the present thesis a detailed computational study of turbulent slot jet impingement heat
transfer using RANS modelling, LES and hydrid modelling was undertaken. The simulations were
performed using ANSYS Fluent 15.0 and OpenFOAM 4.1. OpenFOAM 4.1 is an open source
CFD software based on the finite-volume method (FVM) using a co-located methodology and is
written in C++ programming language. Two flow configurations were considered for jet
impingement, i.e., jet impingement on a solid flat surface and a surface fitted with ribs at large and
small jet to plate spacings (H/B). For a small jet to plate spacing a distinct secondary peak in local
Nusselt number (Nu) profile has been reported in the literature. These two cases represent
fundamental as well as practical situations. Effects of various parameters on flow and heat transfer
characteristics have also been studied for flat and ribbed surfaces to obtain a good understanding

and to investigate differences in features of the two flow configurations.



A computational study is carried out for slot jet impingements on flat and ribbed surfaces for
different values jet to plate spacing and (Re). Various RANS based turbulence models were
considered for computations. It was observed that none of the turbulence models considered
predicts flow and heat transfer characteristics precisely, but a good qualitative trend may be
obtained. The standard k-« and SST k-w models compute flow and heat transfer characteristics
more accurately than those by other turbulence models considered for a small spacing and the
standard k-¢ shows a good performance for a high spacing. A significant effect of the placement
of ribs on the impingement surface was observed. An increase in the rib clearance, position of the
first rib in the streamwise direction, Re, slot width and jet to plate spacing had favorable effects on
heat transfer. The detached rib configuration offered an augmentation in heat transfer compared to
the attached rib arrangement.

Large eddy simulation was performed for a jet impingement on a heated surface for a small jet
to plate spacing and Re = 20000 using four sub-grid stress (SGS) models. An open source code
OpenFOAM 4.1 was used for computations. The computed results are compared with the reported
experimental results especially in the vicinity of stagnation, impingement plate and wall jet
regions. Further, mean and r.m.s. values of velocity, temperature, Nu, turbulence structures and
iso-surfaces of various flow properties are presented and analyzed in detail in order to develop a
good understanding of flow and heat transfer features. A secondary peak in Nu profile was
observed using the four SGS models. The present results using the WALE and dynamic k-equation
models matched well with the reported experimental results. It is shown that the present LES is
capable of capturing small scale dynamics. The existence of large coherent structures, flow
acceleration and augmentation in turbulence properties are correlated with the existence of a

secondary peak in Nusselt number profile.
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URANS and SAS simulations were performed using the SST k-w, standard k-¢ and SST SAS
k-co models for turbulent slot jet impingement heat transfer for a small nozzle to plate spacing.
Flow and heat transfer characteristics were obtained and compared with the reported experimental
and the present LES results. Mean streamwise velocity profiles using the SST k-w and SST SAS
k-« models were identical at the same grid size. Mean streamwise velocity computations using the
SST k-w and SST SAS k-w models showed a good agreement with the experimental results
especially in the regions close to the stagnation point. However, the standard k-¢ model performed
better in the outer wall jet regions compared to the SST k-w model. The profiles of streamwise
turbulence were underpredicted at all the streamwise locations considered using the SST k-w and
SST SAS k-w models. The assumption of isotropic turbulence in RANS based models is the main
reason for underpredictions of turbulence profiles. Streamwise turbulence levels increased with
streamwise distance while the mean streamwise velocity decreased with it. Profiles of Nu using
the SST k-w and SST-SAS k-w turbulence models were nearly the same and showed a good
agreement with the experimental results. However, the standard k-¢ model did not accurately
predict the profiles of Nu. No advantage with the SST SAS k-w model compared to the SST k-w
model in computations of mean streamwise velocity, turbulence profile and heat transfer data was

observed.
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IR

S 3RS gie T 30 SNEfTe 3R Hifdid Hed & HRUT EI & fo1g U foae™y
UaTe fa=am g1 39 fa=um 3 eyaratsl &1 Ayl eaH Sy fasar g1 ol i 381 &,
TH FHRA 1 qdg B! YO & o IF-USRH B =A%l 8T, d81 oic 3o &1
ST 3501 ST 8 | s SN YA §, STeT R Sl a1 GoqdH &1 RIMTART 6 Bt
R BIdil § 981 WR oI Ao T YT 3R gfausHe @i uaH #d § | gTdiid
S Ao Th We IR ST €0 3 WA €, T 390 B fqaaed aul Sfed Hifded varg
=T =M § O o Gad-dHeaRe1, 38%1d 3R SIaR oI ard &4 | I Sifed UdTg SdgR 39
=T ) FIERIAS HiSd & U= BT UH&0 A F U T 3M1esf faded s 81 T
Hifde fRUfT &1 g2 e w8 SIawITE ¥Ha €, O & Ue 319 JuTe Idg W Sic &1 YaTg a1
faf¥e ThR & THcicy o §U A, YebTd dTdd Jdg, 3G |

gaa SR (Ree) 3§ 39 (RANS) TSN, TISTd (LES) 3R YR UfaReuuT o1 IUTNT
HRd gU 3T Wil Sic S foRTH ST &1 SRl 81 36T 8, BT [agd HrgeeHd
3iegg forar AT ® | 3w e & fTT ANSYS Fluent15.0 3R OpenFOAM 4.1 &1 IJUTRT faa
TAT ] | OpenFOAM 4.1 T Jal id It T &} (CFD) ATtedwR g Sl J8-fRud Hriyuret &1
JURT Hd gU uRfd Am fafdr (Fvm) TR 3emid § SR C++ TRTERT Tem # forar man g |
Sie gaTg & o &t varg fa=amt R faarR fvar ma § srufq, ue 31 quTe Jag W Sl &
3ffersrHor 3R gIRT fafid TR & cafdier T §U Idg WR oI H1 SifashHur auT aH1 gt fama
Sic 3R SR wds & o1 &1 3R [rel gl & fog f foaR fear g | @ s gl (Sie
J Sfioi< 9dg & ol 1 gll) & AU Nusselt T=AT (Nu) MBI B T 3T § H1eafHdh
RraR &1 Uga ¥ UelRid Wit & @ iR Jfed fovar T g1 3 gFf Amd Jifdd 3R
aeiRe fufaat &1 ufafAfia R 31 T 33t U U = 3R &l Yare fa=mat
faRwaraef & ofar @ g A & ol 31 JuTe 3R eafder @ gU de! & o e iR
ST AR Bt faRiwarsit IR fafia Arucs! SR 3 uumal &1 i sreqg= fovan g

31 e Ydg 3R fafid TeR & e’ @ g Udg IR S &1 ol iR gl &
=TT SIenT SrerT ¥ATeed AR (Re) 3R ST 3R Tdg & &9 B gt & ford HIGLRS U]




o1 T 7 | fafld I (RANS) Sneid eddq Afsal &I 0T & fort four fear manr § | 78
a1 T o @uft el Aredl O @ ®is o e U I UaTg 3R SSAT gXaRUT faRNaraft
R Iél® TR T8 a1 §, A T 3rST OIS UG U Pt o Fabel! g1 oI 3R
SIS a8 o §d HH g1 & fATE Standard k- 3R SST k- THT AISd, 3T o Aled
&1 g § UaTg 3R SSAT SRl &1 fARIwdTefl &1 3w Tid U § 0T & g | T
Ve 3R gfisi< Tde & i W1eT o8 & R Standard k-¢ 33T UG fe@rdr 81 esfaer
() T U IAE HT UATE fa- R U Hegd ol THTd ST T | | RS (eeiex @l T ¥cE)
3R SRS Idg & o &1 g3 A gfs, SIS Idg IR UdTe & fe=n ¥ uge e o1 fRufq,
YFleEd R, Wiie Bt AIgls 3R oic I SRS g & g B gl BT ST TXATTRU TR
3% UHTE US| SRivi ag orad Re 781 98T 5, 7 9ay ke a=y1 &1 ga & St
SRl H e 1 U Dl |

TS 31 3R 7TH g ol &1 S I H9 g8 R fRyd 8, & ol arof vt Rgawe (Les) 9
Taftd IR 99 fre Wha Ared sfiidad & ol TRINT T § 3R ¥legy &R 0,000 g
OpenFOAM 4.1 (T gl Hld CFD JtedtR) &1 IUanT Hfiewha- & fod forar i g1
3ffime ford 7T uiRomdl &1 gaT faRiy U ¥ 3gxa, Sfiiodc wie 3R aid oic &3 &
S{TIUT Ugd ¥ Ve fRid YA URUMHI o W1 &1 715 § | SHP S1aTdT, HTed 3R avia 3ivid
&1 G (r.m.s) UATE T, ATOHH, Nu, 3=1Td TSl 3R U &t Jed &1 da! ! ydlg 3R
M §IARUI &1 33t THF faahRId a3 & forw 39 1a Tui &1 faaR ¥ v iR fazason
BT TR 8 1 Nu IThTsd & U ATeafies IR IR1 U9 Sft U Aled &1 YA &b ¢l T[T
AT 9o, WALE 3R SIS k-THIBRUl Aied &I SUUNT &, Ugd UeRid g MY
TS TR0 & 1Y 33t aRg A Hd WA § | aaHH Ud 5 T 3ifidad sic e o
3T T B! G T el § 1 a1 s GATd f=1id IRa181 61 31, UdTg @RuT 3R
31=Tifa ot & gfg T Nu TIhTa & U Areafiies RRaR & Sifia & 91y vgdds o’ . § |

URANS 3R SAS 3fNHE SST k-0, Standard k-z 3R SST SAS k- HiSd! &1 SUIN TdH
3{id Wi ST BT TAHR Bl Udh DHH Wi Y ST g o g B g3l o &g g
forar a1 B | vaTg SR ST gaiaRul ot fagivarstt o) ugd ¥ wefRid fart U uaiere iR
JH TS U™ URUIMHT 3 T T o 71 ¢ | SfRiSiHe Wag IR UaTg &t fa=n & Ared 3 &t
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MBS SST k- 3R SST SAS k-0 AIST! BT ITANT U T f¥re WR fovam mar ot afoms o
3R g1 U TT| SST k-0 3R SST SAS k-0 AIST! BT SUANT HRdl U YRT YATE & ol Bl
UM H SRS URUITHT o 1Y T SieaT TG U 7147, fa9iy U § UdTg & 68%0d aTd
fAdc ®IM WR| gTeife, Standard k-c Aigd = ST8Y1 dldR I &A1 T SST k-0 Hied & ga-1 &
EaR U= fHaT SST k-0 3R SST SAS k-0 AIST! BT IUTNT HRd g faaroia quft vt
R (SRISET 9dg W a8 & =0 arel) sfism< ddg & Mdbe varg & = ard cqod
NHEd | HH 3T BT A 31 I=T (RANS) STeRd Aled H HSRIG cgad S YR
TqaY UIhIsd § HH! U O &1 I3 HRUT 6 | TaT8 & G- ardl cgay MhTed &1 Wik Uarg
& f=m aTd g8 & WY §¢ T SIais W1 aTe v 39 1Y W 81 71 SST k-0 3R SST-
SAS k- THAT ATST! BT STANT B TR Nu P AT THRTHT T & 3R TIRTeS TROmA
& 1Y T 33T G YT 77| §Iefiih, Standard k-z ATST A Nu b QaTIo &1 96! SdHa
ol fBdT1 SST SAS k-0 ATSE b 1Y SST k-0 ATSTH b1 -1 H I8 TATg o, S1=1ifd aran=ra
3R SSHT GXATARUT & citSil 1 TUMT H i Y -Ta! urdm 77|
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H/B

Nu

Pr

Pr¢

ple

Re

Ui

Vo

NOMENCLATURE

slot jet width, m
rib clearance, m
non-dimensional rib to plate clearance
nozzle exit diameter for round jets, m
rib height, m
distance between nozzle exit to impingement plate, m
normalized nozzle to plate spacing

kg g—§|

=2 W/m?-K

W_TO)

surface heat transfer coefficient, h =

Nusselt number at the wall, Nu = Z—B

a

mean pressure

Prandtl number, Pr = ‘;&

a

turbulent Prandtl number
non-dimensional rib pitch

VoB
Reynolds number , Re = 2=

Strain rate tensor

sub-grid stress tensor
static temperature, K

non dimensional time unit
velocity vector, m/s

wall-normal velocity at the jet inlet, m/s
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x/B(R1)

position of first rib

X,Y,Z coordinate directions
Greek Symbols
o thermal diffusivity m?/s
k turbulence kinetic energy, m?/s?
& turbulent dissipation rate, m?/s®
® specific dissipation rate, 1/s
p density of the working fluid, kg/m?
u dynamic Viscosity, kg/m-s
Lt turbulent viscosity, kg/m-s
v kinematic viscosity, m?/sec (w/p)
Ka thermal Conductivity of air, W/m-K
Q vorticity magnitude
£SGS sub-grid scale dissipation
VsGS sub-grid scale kinematic viscosity
A grid size
Subscript
avg average
a air
f fluid
1, index of coordinate direction
0 guantities at the inlet
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st

eff
r.m.s.

Superscript

Abbreviation

SST
LES
SAS
RANS
PANS
SGS

DES

stagnation point
turbulent
effective

root mean square

fluctuating quantity
time averaged quantity

normalized quantity in wall coordinates

Shear Stress Transport

large Eddy Simulation

Scale Adaptive Simulation
Reynolds Averaged Navier Stokes
Partially Averaged Navier Stokes
Sub-Grid Stress

Detached Eddy Simulation
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