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ABSTRACT: Entropy serves as a key parameter in achieving the theoretical limits of performance and
quality in many engineering applications. In this paper, the three-dimensional analysis of entropy generation,
local entropy generation and exergy destruction of turbine stator vane by user defined function code have been
done. The current innovation is to calculate the exergy destruction rate of the turbine three-dimensional vane
with the help of FLUENT software. The k-o (SST) and Spalart-Allmaras models are suitable for prediction
of proper effective viscous and thermal conductivity. Due to the sensitivity to the tip of the vane and the
wake flows, k- (SST) model obtained the mean value of entropy generation by about 85% more than the
Spalart-Allmaras model. Local entropy generation has increased with respect to the scale from the root to
the tip of the vane. The difference between the values of local entropy generation and the second law of
thermodynamic for k- (SST) and Spalart-Allmaras models are 7.4% and 10.2%, respectively. Approximate
turbulence coefficients have been introduced with the aid of a custom field function that increases the local
entropy generation about 130%. The k- (SST) model calculated the exergy destruction value of a turbine
stage of 1098 kW, which is 4 times the size of the two-dimensional mode due to the scale. The values of local
entropy generation calculated in comparison with the stator vane of the turbine of the authentic paper are
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validated, which has acceptable adaptation.

1- Introduction

Entropy, along with exergy, has been able to illuminate
new aspects of various flow processes. Entropy is a useful
property and is used in the analysis of industrial equipment
from the perspective of the second law of thermodynamics
as a valuable tool [1]. Calculating the entropy generation rate
in the turbomachine canals depends directly on temperature
and velocity. The total entropy generation is related to the
cascade efficiency, while it depends on the local entropy
generation of flow field and it is not easily recognized. Local
entropy generation at each point of the turbomachinery
channel represents a useful tool from various important
irreversibilities in the flow [2].

In the present study, a three-dimensional transonic and
compressible laboratory stator turbine vane simulation is
performed to calculate the local entropy generation and
exergy destruction. The selected vane is VKI-LS89, and its
height is equal to the Brite Euram turbine vane and is scaled
from the root to the tip of the vane 0.8. Drawing the viscous
entropy generation, thermal entropy generation and exergy
destruction contours, give the proper design tool to engineers,
with the mention of the temperature and velocity details, and
leads to detailed and proper analysis of the flow behavior
around the vanes.

*Corresponding author’s email: hparhiz@mut.ac.ir

2- Methodology

The selected stator vane in this study is a nozzle guide vane
(combustion outlet) belonging to the Von-Karman Institute,
which is called the VKI-LS89 [3]. The geometry of the vane
is considered three dimensional and untwisted and the span
is proportional to the transonic stator turbine vane of the von
Karman institute [4]. The vane span is 0.05 m, and the tip
chord is 0.8 scale of the root chord [5]. The three-dimensional
schematic of the vane is shown in Fig. 1.

Fig. 1. Vane profile schematic
The unstructured grid has been created by the Gambit
software of 2250000 cells. The boundary conditions of the
flow and reference conditions are the same as the 235MUR
test in transonic state.
Using the Reynolds-Averaged Navier—Stokes (RANS), the
transport equation of entropy is converted into Eq. (1) [6].
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The values calculated in this paper are reliable for $;;,¢4y,- In local
entropy generation, the amount of entropy generation is divided
into two sections: thermal entropy generation and viscous entropy
generation, which Egs. (2) and (3) depend on the local gradients
of temperature and velocity. Viscous dissipation represents the
mechanical energy degradation of internal energy through viscous
effects. The thermal dissipation term represents entropy generation
due to heat transfer across temperature gradients in the fluid. The
3D thermal and viscous entropy generations are introduced in Egs.
(2) and (3) which are per volume of fluid [7]. The variables of u
and k . of Egs. (2) and (3) are effective dynamic viscosity and
effective dynamic conductivity. The last term of Eq. (3) is due to
the compressibility that is considered in this solution [8].
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The unit of local entropy generation is W/m*K. If it multiplied

by volume, the unit becomes W/K and by integrating it, the
total entropy generation is calculated.

Sumin = [[[ S uttidydz )

The exergy destruction rate due to irreversibilities is
proportional to the total entropy generation. The total exergy
rate is given in Eq. (5) and its unit is in W [7].

EX 4oy =TS o (5)

Various turbulence models have been used to obtain the p
and k . values in the wake of the stator vane. The k-kl-w and
Reynolds Stress Model (RSM) leads to non-physical results
in the wake of vane. The (Spalart—Allmaras Simulation (SAS)
and Large Eddy Simulation (LES) models need too fine grid
which leads to too much computational cost. The Spalart-
Allmaras and k-o (SST) models estimate accurate results for
compressible transonic vane problem.

3- 3. Discussion and Results

The viscous and thermal entropy contours in the k-o (SST)
model in 10, 50 and 90% of the vane span are shown in Fig.
2. At the 90% vane height, due to the severe drop in pressure
at the leading edge, due to the high curvature of the flow,
the flow pattern has changed and the entropy generation has
increased significantly.

I Pyt

Fig. 2. Viscous (right) and thermal (left) entropy generation in
k-0 (SST) model
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The local entropy generation in the k-o (SST) and SA models
is shown in Fig. 3. The exergy destruction in the hub is greater
than the tip of the vane, but the maximum amount of exergy
destruction occurs at the tip of the vane resulting from the
curvature of the vane at the tip. The maximum exergy value
at the tip of the vane is shown in Fig. 4 with an oval shape.

2
I :

Fig. 3. Local entropy generation in K- (SST) (right) and SA
(left) turbulence models
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Fig. 4. Exergy destruction on the walls of the hub and tip

The amount of exergy destruction to the Brite Euram turbine
vane, which uses the same airfoil of the present vane and has
a scalability of 0.8 from root to tip, is calculated to be 3.625
kW. According to the advantages of the entropy generation
rate, the compatibility of this parameter allows that one can
calculate the exergy destruction rate in a total turbine stage.

The values of the viscous entropy generation, thermal entropy
generation, local entropy generation, total entropy generation
and exergy destruction for the two turbulence models of the
SST-ko and Spalart-Allmaras models are shown in Table 1.

4- Conclusions

The thermal and viscous entropy generations contain 28%
and 72% of total entropy generation respectively, which
represents the high velocity gradients in the turbine. The
k- (SST) model predicts better the vane wake and is more
sensitive to the leading edge curvature. From the point of
view of improving the design of the vane, due to the 0.8 scale
from the tip to root, the leading edge curvature at the vane
tip is very high and this causes high destruction of exergy
compared to the non-scale state. From the point of view of
improving the design of the vane, due to the 0.8 scale from
the tip to root and high leading edge curvature at the tip,
exergy destruction is high compared to the non-scale state.
Therefore it is better than not to use scale in chord from root
to tip in turbine vane.

Table 1. Entropy generation value of 3D-vane

Model  Ex, (W) Sen ((W/K) Sen S, S,
k-o (SST) 3625 8.703 27623 19679 7944
S-A 1441 3.407 22639 16406 6233




M. Soroushan et al., Amirkabir J. Mech. Eng., 52(11) (2021) 771-774, DOI: 10.22060/mej.2019.15901.6224

5- References
[1] Y. A. Cengel, M. A. Boles, Thermodynamics an engineering

approach, 3rd Edition, Tehran: Motefakeran Publication, 2006.
(in Persian)

[2] G. Natalini, E. Sciubba, Choice of the pseudo-optimal

3

[4

[

—

configuration of a cooled gas turbine blade based on a
constrained minimization of the global entropy production
rate, In Proceedings of international gas turbine and aeroengine
congress and exhibition, Birmingham, UK, 1996.

T. Arts, M. L. D. Rouvorit, Aero-thermal performance of a two
dimensional highly loaded transonic turbine nozzle guide vane,
Presented at the Gas Turbine and Aeroengine Congress and
Exposistion, Brussels, Belgium, 1990.

G. Paniagua, R. Denos, T. Arts, Steady-unsteady measurement
of the flow field downstream of a transonic high-pressure

773

turbine stage, Presented at the 4th European Conference on
Turbomachinary, Italy, 2001.

[5] D. Joshi, Aerodynamic shape optimization of 3D gas turbine
blade using differential evolution method, University of Texas,
USA, 2010.

[6] T. Takakura, Entropy generationin the tip region of a high-
pressure turbine, University of Notre Dame, Indiana, 2016.

[7] H. Z. Hassan, Evaluation of the local exergy destruction in the
intake and fan of a turbofan engine, Energy, 63(2013) 245-251.

[8] A. Bejan, Convection heat transfer, 4th Edition, New Yourk:
Wiley & Sons, 2013.

[9] S. Yoon, T. Vandeputte, H. Mistry, J. Ong, A. Stein, Loss audit
of a turbine stage, Turbomachinery, 138 (2016) 051004.1-
051004.9






75 ool SlSo (owkigee g pul

FAFY B YIYO Clio TR Jlo ) o)lad @ 0,93 S yual SlSo owvdiges 4 il
DOI: 10.22060/mej.2019.15901.6224

S yeiliwl o 30 (m B (655551 9 (Ao (95T Adgi (gumdw g3ue i g (55 Lwdnds
dgos I pu 5o

S y celal> FH e des Ly o

Sl ol sl o s oBidls Ladlgn  2Kuils xoize

1Ga9ls Az,
IFAY-VY-VY bl o
WWAA-- YY1 5550
WAA-Y-YE bl
YWAA- F-o 0 10T il

(gols olls

PELle] g pgilisl 0y
e s2955] g
Seebusge s pgs o3l

=255 85,5

G 4w (go0e (gileand

1) (omiigen (5180 )5 31 ()l iS5 0 Slhos (6,95 Cudgaome (oS jal)ly SO plgie 4 09,5 NS
s5tsl oy o5 (55,557 5 sl (9,5 9 gl Os (Gmes Jelod (gl cnl 0 el 035 a8
o3 s S5S1 5 Gamlre p3le 5 sl b S Djgo sl mls i SaS @ (5
I S Sl ale s e (St el i sl el S50 80 5SS 4 s (g
Uk S Sl > 50y S'gi gliel 4y Cepmsla e 4y ensbons oslizad ol jlall & Wlol 5 K-0(SST) o
295 elos 1T s 4yl LedT Yol Jae 5l piin 0o jo AD 0505 1) 59,51 0dgs lawgie k-@(SST)
e 3,5 el e ST onleiily 0,0 S e, 4085 500 oliin ;55 lons sy
il il 0oy VoIV 5 BV a5 4y olledl Yl s K- (SST) sla Je (sl Senolisaga s pgd cy5il5 b
s (sl i Gralidl el 4 a3 Csgld J138le 5 50 ool ()8 @l S 4y gy B Y5255
(YogiwhleS avad b)) yuygh dids S (0,595 (65,557 oo k-0(SST) Jow .l 00l dun )3 VY 390>
s adgi pyolie o gamgs Sl s F oasad S a5 5 elide Clle 4y 45 03,5 Al g 5LS ) - AA

Syl (Jou8 BB Gillas a5 coloads mmiw Liel piins allie s yei Heilinl (g0 5 b duslin 10 00l ailors loxo

st 3l QRIS e antens BB S ol )0 5 005 oz Sme
&l 5l sanie il lairtlogs ;8 JUI 5l abail 2 55 (oo oy
I¥] ams oo las o] p jo 1) ndbeiS il e cilisee

8 2l e 5T ol a5 Sy s sl ]
plxl ool 926 @y 1) s (55, 2 p3Y DlMol b e 0
abaizes jgm oS Joldh e slaidu IS 631 e yes oo
95 om0y Wle (rdlegygi Slaciend o5 Sl Gy 5 Gl
S 8kes g 033l il Bl atas B )e5 ol gatan jgm oS
2 slabsde BB b e sates lee 4 bpilegs
2518 y9ige S0 Shee

Sy Jelos 4 Mo Yoo Jlo o Y] 555 5 K550
2Tyl G B b Va5 (b bz 50 (e (29,5

35, b gam 90 Sy 4 o)lped (A Ao VU slajalsn

2 Design map
3 Wall function

doddio —)
O%g) S a4 sl alS el SO pleie 4 g9 ]
e a5l (ks 55 (69,8es saiiSdgaze Jalge
51z blyly aly 63,551 olpen 4 5,5l ojls 08
Ao Cools Sy 09,51 IS s, 1) Gl alise slaan
@ Seelasge s pgs o9l W I e hleg el )0 g 00
Slr ilme plaie 1y (09109, 00 5 @ (23,1 )Rl lgse
8y 28,5 s Gl (s¥ge (S,81) Jose (selii
ot BB S b iSge Cundg sl oo il o (gotmns
w9550 g 5 sl DVl oo Gl 95T 5 00
Sl Sy g g Lod &y Lagiians Byailogs s la JULS 4o
50 Sl (058) ooy iy 003l b Lo o S sadsi (3,51

G5 29,5] polie a4 IS sady 9yl Sy &5 Jl>

1 Cascade
hparhiz@mut.ac.ir :olsls Jlsoage oawsss ™

(Creative Commons License) ss,s  Soisy 31 juilud cod allie ol .ol 0ais 00ls 108 ol olSls il jLicil 4 150 358 g B oian g5 4 (uilpe oh>
BY NC

Auley® oo hittps://www.creativecommons.org/licenses/by-nc/4.0/legalcode ol 5l uilacd cpl Slssa sly ol a8 5 18 ety o i 5o

¥ivo


https://www.creativecommons.org/licenses/by-nc/4.0/legalcode

eop a6 Vo8 Lo o (Al goss pllak 5 b3S
oz e s a0 S50 sl ol eail 5 (09,5t Wy
Uil aS ols las ey b oSl cbeld 138le i L Lespen
2 aS bl g ol sl 09,580 ol aoli8l cels g0 Y
S 055 S 0 Jgl 58 033l el diin 9,51 0y ]
Silwars 4 @M YoV Jlo jo (8] o) Ken g e ol 8l
Rl g gan a Sl 55 (55550 j5m peS (5 pdliceiS
o5 Lot il (53, 2 o i gy 3B g Ao podigsl
op wua agly iali8l aS ols olis gyl s ol 13 laiae
asly Oridinte 9 Al Gl sl Wy ke e S
9 Sy Sl 4,0 ¥ aggly 0 Sos 390 Sl sgmpeS 0 coa
BU sl sl oy & 3¥ee YOA Jlo o D] (S
oBays 5l e slaabos agly b gom 93 23 Gl ,o - oY
sl lay piiege alsles B )b 5l asloy (95T Wy
238 Silwand 3 Jo wm Sl CBo 5 oad b je 951 Wy
Jisdnl b sloalos aysly o jolsn, o Fpo s jlad cuyd
L 2ol odgs 75 ol las o] zuls ool oo vwcons
ol as il lagse s OYolee Ojgo 4 Wlgi g0 S0 o
Sl (So5d slepsslle @b 5l (5 by Sl (LA ggge
el inly 09751 55 4 (635
$5551 9 e 298l W gileaned 4 Sl gy o
@Eialesl (36 slotaly o) ormygi ypilial oy S )5
Sl 0y sl oals Bl pdaSTE g Sdgudl i (g0 dw
s on b ply o gyl 5 ol VKILS Aoy, Jughpl o
on S b ady) 5l g ead as Sl 0 Telygy Calpy Sogudls
G 90 4 e osyul ol el ot Tsan aliie +/A
00 el ) S35 (98] 5 (Shmz G 9]
Lb el jo g 4gl ilaainns cBo b Va8 Joe g0 by
ol 5 Jolod pol (ighy gl el ouds Jolod et
bgi otee (] 45 009 udgld I3l 3 SeS e (o0 55 (65,515
ot 50 5 ol el il o plmil I3l 5 s cmsgiaS i3
398 o)l ( Sxez 551 3l 6la sl s oS el

Los Slis 53 b (qwdie 330 a8 (o5 65,51 9 ol

2 BRITE EURAM
3 Scale

sls ylis oyl ol 5 ol pllk-g Jow b 5,1, dlgd G o YL
la. aS Cowl ool C) °)‘5?.‘> L g_g.nbf (5'5)""] J.Jy Alion )L.\.u
s Yoo ¥ Jlo jo [F] libls casls Slgsna oys gl
sgmynS oy 6l oo s lady Bas ) olal Llos 4,
ws yy cglh 38l 5 Lasgs goms 90 Sl 4o £ L g 90
gy o 3l 5 Cep s pSesll p allay ol 35505 e
Sdle s Slasle a5 ols lis (g5 Sladss ojls [ og,00
olKisls oulls e g2y C;L.: L ‘f[iu.JLQJT JJA » 05)19 M.S?J.s
9 GYT .o)lo LS"”’L'A d,aUaS c PO Sy 5L SOy 6‘;} J)Lo.o.]
JORERVI SRPSCH] Iy WEL PV VR ST G0 VI ) QRENSY
2 s dw gy e g gy S e VIV Glogln JU s o s,
@ 29,00 adg aS s olis gy s laisls 5 glég ol 138l 5
S (S hmez $355 19,5 3 9 Sl 0l V55 abasls
S paite yob & izren ol fdy Gl sadE g5T @
oy Sl Llen Jb s oy sl (b ssleange b bLs)|
Ll 0als Cow @5)""1
G A g G 90 b a4 DL YooY Lo o [F] KL
e layll 4 Gaios (nl 0 ESbn 597 Hgm S
o oy Clis oy clil alaz | geyeeS 5l akb Sy 4o
05y ST 6 Hl oS g peS o)l 5 0 ' lre
sloals )5 5l (26 oy sl a5 ol lis gy sl
c\.....u}v s_g.n))) L5))"° AJY u...m 9 asly Lsél") )LMLA 0y 559.»
Sod SSean SIS @ 58 )59, L8 ad Sep g oS
GoJs 29,0l bl cely Al opl 45 55l sl als 5 g
Jedoss 4 eodlee Yoo A Jloo 5o [V] ol Kan 5 Jgasly .l oot
35985 0 (ST b gam 59 jlinl oy (e sy 5]
oy s‘_g)lSA_ib DR SO 4w )9.5[.‘.»:‘ oy ‘6)15&5 Lw G g0
255 speyeS $U S 5s;y 0n g SIS L o aw 50,
gy aS ol ol eyl s sl cuseld 58l 5 L3S e
OTl% ad 33 5 (b ala) 0y alos ad )3 (S (59,51
Sl ol A rizmen g ails (LI (slals S ol

sl 009 A (5500 Y (0

1 Tolerance

i



FIFY B YAV Glao TR Jlo ) o)l @Y 0593 « S yual Silo owigen & il

035C

085C

085C
0.05 Meter

03 89 o dw Sle ) JSh
Fig. 1. 3D-Blade profile schematic

P bewl o g (wusd Glasin: ) Jgos

Table 1. Geometric characteristics of stator vane
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Entropy Generation Rate (W/m°K)
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Fig. 7. Present work (left hand) and references (right hand) viscous entropy generation [28-29]
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Fig. 8. Present work (left hand) and references (right hand) thermal entropy generation [28-29]
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Fig. 9. Present work (left hand) and references (right hand) local entropy generation [28-29]
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Fig. 11. The measured and simulated local entropy gen-
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Fig. 12. The measured and experiment isentropic Mach
number in 3D-vane suction and pressure side at 10 per-

cent height plane of vane [30]
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Fig. 13. Viscous entropy generation contour in k-o(SST)
model
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Fig. 14. Thermal entropy generation contour in
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Fig. 15. Static pressure contour in k-o(SST) model
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model

1.40e-02
1.33e-02
1 25802
1.19e-02
112602
1.05e-02
250e-03
210e-03
240e-03
7.70e-03

4.90e-03
4.20e-03
350e-03

K-0(SST)Joro 35 (sl y cuomw) (iSn 3 (i Conw) (5 )Lid an b (o 15057 (63,551 5965 VY S
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