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Abstract

This study uses Direct Numerical Simulations (DNS) to investigate numerically the flow phenomena
in the intrusion region of a thermal storage water tank during discharge. The early times of the
discharging process have significant effect on the thermal mixing and the associated energy losses. A
detailed time-evolution of the flow and temperature fields inside the tank was obtained for a range of
relevant Froude (Fr) numbers. Parameters such as the thermocline thickness (57) and the entropy
generation rate (S’y) were calculated to quantify the mixing mechanism in the tank. Authors chose
several alternative discharging scenarios where the Froude number (Fr) varied between 0.05 and 2.00,
a range which corresponds to typical discharging conditions in real applications involving water
storage tanks. The gravity currents (GCs) developing as the incoming cold fluid flows along the floor
of the tank, their subsequent reflection on the opposite vertical wall and the interaction between the
reverse flow and the incoming flow were analyzed and correlated to & and S*g.

Key-words: DNS, buoyancy driven flows, thermal storage, gravity currents, mixing

1. INTRODUCTION

Thermal energy storage tanks permit excess solar energy to be stored until energy demand exceeds the
immediately available solar energy supply. The dynamic process of retrieving the stored energy is
called discharging. In order to achieve the best performance (low mixing) during the discharging
process, the thickness of the intermediate region separating the hot and cold water layers (thermocline)
should be kept as small as possible (Dincer & Rosen, 2010). The initial moments of the discharging
process have a significant role in thermal mixing in storage tanks (Kaloudis et al., 2014). In particular,
the mixing-rate (in terms of thermocline thickness) is 67% higher in the initial period, in contrast to
the later times of the process where diffusion is the dominating mixing mechanism. Yoo et al. (1986)
pointed out the importance of designing inlet diffusers in such a way that the water flows along the
floor of the tank in the form of a density (gravity) current, which leads to a thinner thermocline and
thus less mixing. Ji and Homan (2006) reported that the maximum entropy production occurs early in
the discharging process when the cold fluid, entering the tank and moving along the bottom in the
form of a GC is reflected on the opposite wall (Fig. 1). For the aforementioned reasons, the aim of the
present study is to identify and analyze the main mixing mechanisms that occur during this particular
time period through high-resolution numerical simulations.

For this purpose, elements from the analysis of GCs and the relevant literature had to be sought and
employed in the present study. GCs have been studied over the past two or three decades mainly due
to their occurrence in the fields of geophysics, oceanography, meteorology etc. In the relevant
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investigations the density rather than temperature was used as the transport variable, in problems such
as lock-exchange flows (Hartel et al., 2000), (Ghasemi et al., 2013), entrainment of two-dimensional
gravity currents (Hallworth et al., 2010), and propagation of a gravity current into a two-layer
stratified ambient fluid (White & Helfrich, 2012). In the majority of cases, the domain of interest is
characterized by an unlimited extent in the direction of the GC propagation. Few studies have
considered confined flow configurations, such as storage tanks which is the subject of interest here.
Among the few relevant studies that can be cited are those by Nakos (1994) and Ji and Homan (2006),
mentioned earlier. The present work aims at further advancing the study of GCs by considering their
interactions with solid boundaries in storage tanks, using Direct Numerical Simulations.
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Figure 1: A schematic depiction of the investigated flow-configuration and the main flow patterns.

2. MATHEMATICAL FORMULATION

2.1 Direct numerical simulation

For mixed convection problems, the equations of motion and energy under Boussinesq’s assumption
(the density varies with temperature as a function of p = p, —pO,B(T -T, )) lead to the following
non-dimensional Navier-Stokes and energy equations:
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where “*” denotes dimensionless variables and Jj, is the Kronecker’s delta. These equations have been
non-dimensionalised using the height of the inlet diffuser H;, as the characteristic length scale, the
inlet velocity u;, as the characteristic velocity and the ratio H;./u;, as the characteristic time scale. The
initial temperature of the tank T, and the inlet water temperature T;, are used to define the
dimensionless temperature as 0*= (T — Ti,)/(To — Tj,). The Reynolds and Grashoff dimensionless

numbers are calculated according to Re =u, H, /v and Gr=gg(T, - T, )L*/v?, where v is the
kinematic viscosity, and LXHXW are the tank’s dimensions.

2.2 Methods to assess mixing

The mixing-characterization criteria that have been selected, applied and evaluated as the most
appropriate ones for the problem are described below.
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2.2.1 Thermocline thickness

Entrainment is one of the most important features of gravity currents, increasing the total volume of
incoming fluid and simultaneously increasing its temperature (Cheong, 1997). The net entrained
volume is defined as Ve = Vi — Vo, where V: is the total volume of cold fluid and Vo =/uin Hin W dt is
the volume flux through the entrance (Cheong, 1997). This index quantifies the volume of water that
has been subjected to thermal mixing and is closely related to the thermocline thickness index.
Thermocline thickness is one of the widely used indices to measure thermal mixing in storage tanks
(Haller et al., 2009) and equals to the distance the locus (or volume) where 8 = 90% 6, and 6= 10%
6y, with 6, the highest temperature encountered in the hot volume of water. In the present study, the
thermocline thickness will be used to quantify mixing in order to compare with corresponding "
values from relevant studies in the literature.

2.2.1 Volumetric entropy generation rate
Entropy production characterizes the energy conversion of thermofluid processes, particularly
regarding the irreversible degradation of thermal and mechanical energy into internal energy. For the
present study this undesirable energy conversion corresponds to thermal losses which can be
determined with the help of the second law of thermodynamics (Bejan, 1996). The volumetric entropy
generation rate in its dimensionless form is given by the following equation:
. 6 Ve E. @
Sy=— >+ — 4)
RePr(1+6,0) Rel+6,0

Where @ is the dissipation function, E, =u? /CT, is the Eckert number and 6, = AT /T_is the

temperature difference ratio. The first term in Eq. (4) represents the entropy generation due to thermal
diffusion, whereas the second term is the entropy generation due to viscous effects. It will be useful
for the purposes of the present study to calculate the dimensionless cumulative entropy generation,
which represents the total entropy produced within a given volume Q and up to a specific time:

Sy cant) = jté fff s;doat 5)

3. NUMERICAL METHODS

3.1 Computational code

The numerical code used in the present study was based on a fully-explicit, fractional-step approach
and finite-differences on staggered, Cartesian grids. The solid boundaries are not described via
boundary conforming grids but using the immersed boundary method. Hence at the vicinity of solid
boundaries, the solution is locally reconstructed, since the surfaces of the tank do not coincide with the
grid lines. A forcing procedure is followed to dynamically mimic the existence of solid boundaries as
proposed by Balaras (2004). Using orthogonal Cartesian grids and a staggered variable arrangement,
this code uses a fast, direct solver for pressure solution. Time advancement was performed using a
fully explicit second order Adams-Bashforth scheme, and momentum equation was discretized with a
central, finite difference scheme. The temperature equation was discretized using the higher order
HLPA scheme (Zhu, 1991). The resulting solver has excellent parallel efficiency, requires 120Mb of
physical memory per million nodes, and reaches performances of 0.04 sec/time-step per million nodes,
on low-cost personal computers (e.g. on six-core CPU’s such as an AMD processor clocked at
3.2GHz). A detailed description of this numerical code can be found in Grigoriadis et al. (2003, 2009).

3.2 Simulation cases
In this study, the authors chose six different discharging scenarios where the inlet Froude number

(Fr:um/\/ng(po—pm)/po) varied between 0.05 and 2.00, corresponding to typical

discharging conditions of water storage tanks. Keeping the inlet temperature in the tank constant for
all simulation cases (T;,=15 °C or 0;,=0) the resulting sets of simulation parameters can be found in
Table 1.
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3.3 Computational parameters

The length of the domain (L") was chosen equal to 10, so that for all values of Fr the gravity current is
allowed to fully develop and travel for a fair amount of time before reaching the opposite wall of the
cavity. A series of preliminary test-simulations for all Fr numbers yielded that the minimum domain
height (H") which leaves the solution independent is 10. For the 3-D simulations performed, the width
(W) of the cavity was set to 6, which was considered sufficient to capture all the major 3-D turbulent
effects expected, such as lobes and clefts (Simpson, 1986).

A large number of different grid resolutions were tested to guarantee a grid-independent solution. For
the 2-D domains, grids of 128x128, 256x256, 384x384, 512x512 were tested, employing grid
clustering near the walls. In the spanwise direction (for the 3-D domain), several uniform grids were
also tested 64, 96, 192. The grid choice was made in terms of the variation of 5" and Sy and dimensions
of 384x384 were selected for the (L",H")=(10,10) domain and 512x288x192 for a domain with
dimension (L",H",W"=(10, 10, 6).

For the flow variables, non-slip conditions were imposed along the tank walls and periodic boundary
conditions in the z-direction. At the inlet slot the velocity profile was considered uniform. Along the
outlet boundary, a convective boundary condition was imposed, namely: O¢/dt+u,0¢/oy =0
where the variable ¢ stands for any of the u, v, w components of velocity and u, is the convection
speed velocity computed by the flow rate at outlet. Adiabatic temperature boundary conditions were
considered along all solid boundaries of the computational domain, whereas at the outlet the normal
derivative was set to zero.

Table 1: Simulation parameters for all cases

Parameter Case 1l Case 2 Case 3 Case 4 Case 5 Case 6
Fr 0.05 0.10 0.20 0.50 1.00 2.00
Pr 4.26 4.96 5.59 6.29 6.70 7.03
Re 133 184 263 442 675 1056
Gr 7.15x10°  3.39x10°  1.73x10°  7.81x10°  4.56x10°  2.79x10°
Ec 1.00x10  2.49x10™M  6.28x10*  2.18x107° 5.71x10%°  1.52x10°
Tin [°C] 15.00 15.00 15.00 15.00 15.00 15.00
T, [°C] 66.38 52.25 42.00 32.65 27.80 24.28
T, 0.1783 0.1293 0.0937 0.0613 0.0444 0.0322
4. RESULTS

In the present section results from 3-D and 2-D simulations will be presented. Only one 3-D case will
be thoroughly analyzed (Fr=1.0) since it has been observed that the 3-D mixing mechanisms are
similar for the entire range of Fr numbers considered. Subsequently, the 2-D results will be shown and
a parametric analysis (time evolution of mixing based on Fr) will be conducted.

4.1 Three-dimensional simulations — Fr=1.00

Fig. 2 shows 3-D DNS results for temperature for the Fr=1.00 case. At the beginning of the
discharging process, cold fluid enters through the inlet and a gravity current starts to form. In Fig. 2a
all the characteristics of a GC can be distinguished, such as the head, main body and nose (Simpson,
1986). As long as the GC travels along the floor of the cavity, there are two main mixing processes
which are also shown in Fig. 2a. They consist of (a) billows, typically present in Kelvin-Helmoltz
instability, which roll up in the region of velocity shear above the front of the cold current, and (b) a
complex shifting pattern of lobes and clefts which form near the floor at the lower part of the leading
edge (Simpson, 1986). As Cantero et al. (2007) reported, the horizontal flow tends to diverge from the
center of the lobes and to concentrate in the clefts. Also the near-bed flow moves upward in the clefts
and downward in the lobes. When the overrunning of less dense fluid is suppressed, the complicated
lobe and cleft structure disappears and billows can be seen forming on the leading-edge slope, rolling
back above the head, and finally breaking down into a more random velocity and concentration field
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(Britter, 1978) enhancing mixing. At Fig. 2b, the breakdown of the GC on the opposite wall, reaching
a maximum height (Hmax) could be distinguished. When the GC reaches the opposite wall and starts its
vertical movement, billows, lobes and lefts are destroyed. Nevertheless, the temperature instabilities
created at the back of the GC’s head continue to exist. Afterwards (Fig. 2c), the reflected GC is shown,
propagating towards the inlet wall. Before it reaches the inlet wall, instabilities and mixing are created
due to opposite flow directions of the reflected GC and incoming cold fluid. At all times, the flow and
temperature fields show 3-D characteristics. Nevertheless, the main mixing mechanisms could be
identified from 2-D temperature fields as will be presented in the following section.

inlet wall
Figure 2: Temperature iso-surfaces (8 =0.9) and contours for 4 characteristic time instants of the GC
movement for Fr=1.0.

4.2 Two-dimensional simulations— Fr=0.05-2.00

In Fig. 3 temperature contours for all simulation cases are presented. The form and size of gravity
currents are clear for the time instant before their impact to the opposite wall. It is obvious that for
increasing Fr numbers the size of the GC (body and head height) grows accordingly. This is due to
smaller buoyancy effects, since the temperature difference for higher Fr becomes smaller. Also, as
seen in Fig. 3, the dimensionless time at which the GC reaches the opposite wall differs significantly
between cases. This is a result of the different front velocities for each GC (Ugc). In Table 2, Ugc is
reported for each case and as seen in Fig. 4a the Fr variation of Ugc could be approximated by a

power-law curve (U . = 0.923Fr °°*%) making possible to estimate t",, for various domain lengths.
Again, higher values of Ugc for lower Fr are a result of higher buoyancy forces who suppress the cold
fluid, forcing it to move sideways, minimizing any vertical movements. As already mentioned in

section 4.1, the GC after the impact reaches a maximum penetration height (H.x) which varies with
Fr (2-D contours not shown here). In Table 2, H,. is reported with its corresponding dimensionless
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time (t*(Hmax)). Fig. 4b shows that the variation of H,,,, in respect to Fr could be also approximated by
a power-law curve (H, = 5.031Fr %),

%

1.0
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0.4
0.2
0.0

0 2 4 X 6 8 10

Figure 3: Temperature contours for all 2D simulation cases. The form and size of gravity currents for
all values of Fr is presented at the moment immediately before its impact onto the opposite wall.
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Figure 4: (left) Gravity current velocity and (right) maximum penetration height after the first impact
on the opposite wall.

Table 2: Results for the gravity current velocity (Ugc), time of impact onto the opposite wall (t',,),
power-law coefficient (b), maximum penetration height (Hnax), and time for reaching the maximum
penetration height (t*(Hmax)) computed by 2D simulations for all Fr numbers

Fr Usc ty b0 ~t*)  Hum t* (Hmax)
0.05 5.055 1.7 1.19 1.65 2.0
0.10 3.634 2.7 1.15 2.06 3.1
0.20 2.441 4.1 1.21 2.66 51
0.50 1.389 7.2 1.28 3.65 95
1.00 0.928 11.3 1.27 5.08 16.7
2.00 0.601 16.9 1.24 6.80 29.2

In order to quantify mixing, the dimensionless thermocline thickness (6°) and the dimensionless
volumetric entropy generation rate (S°;) were calculated. Fig. 5 shows the time evolution of the
aforementioned parameters for each simulation case. Also, for each case the time at which the GC
reaches the opposite wall (t,,), defining a first characteristic period (first pass), has been marked with
a vertical dashed line.

For the first-pass period (t'=0-t",,), calculation for the “b” coefficient is performed, following Homan’s
(2003) suggestion of a relationship of the form ¢"~ t™. Results are shown in Table 2. An average of
b=1.22 is obtained, which is significantly higher compared to later times of a discharging process
(b=0.33-0.43) (Homan, 2003) (Kaloudis et al. 2014) where diffusion is the main mixing mechanism.
This enhanced mixing caused by the GC movement compared to later times is also illustrated by the
behavior of S™, in Fig. 5a (blue lines). S*g values show an ascending behavior until maximum value is
attained near t,,. For smaller Fr, the time of maximum S, coincides with t", but as Fr takes greater
values the first S”y maximum is shifted to later times. This leads to the conclusion that the GC impact
on the opposite wall affects mixing strongly for smaller Fr, since at larger Fr, the wall can not inhibit
the further increase of S’y values.

Another pattern that characterizes the time evolution of Sy in Fig.5 is the appearance of a secondary
maximum marked also with a dashed line at a dimensionless time t',.. In order to explain this
behavior, the 2-D temperature contours for all simulation cases are presented in Fig. 6 at time t . For
all cases, flow fields share common characteristics. More specifically, the reflected GC is travelling
backwards, towards the inlet diffuser (second pass) having already covered the first half of the
distance and a group of vortices are created ahead of the GC and above the inlet. This is the result of
shear stress between the two flow streams (GC and incoming water) and the influence of the opposite
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wall. The influence of Fr is also apparent in Fig. 6, as for the lower values of Fr, a greater number of
vortices appear in the aforementioned region and a more distinct secondary maximum appears (Fig. 5).

Another characteristic of the S”, values at all times is that they become smaller as Fr increases (Fig.
5). In Fig. 7 the maximum Sy m(at t*= t »,q) Values are plotted against Fr numbers and the decrease of

the total S”y produced could be approached by a power law curve (S, . (tq) =1.3x107° Fr %),

Since smaller values of Fr indicate bigger temperature differences, the buoyancy forces (first term of
Eq. 4) affect entropy production more than the viscous effects (second term of Eq. 4).
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Figure 5: Time evolution of dimensionless thermocline thickness (J°) and dimensionless volumetric
entropy generation rate (Sq )

5. CONCLUSIONS

The creation and development of gravity currents during the discharging process of rectangular
storage tanks and the associated thermal mixing were studied numerically with the use of the DNS
method. The interest lies in the interaction of GCs with solid boundaries in a water storage tank and its
effect on the efficiency of storage. During the first pass of the GC, the highest mixing rate (in terms of
5") was observed. For that time period, the characteristic flow structures such as billows, lobes and
clefts, in compliance with the relative literature for density driven GCs were observed and identified as
the main mixing mechanisms. The impact on the opposite wall was observed to have a less
pronounced effect on mixing, since the GC mixing mechanisms have already died out on impact. After
the impact on the opposite wall, a reflected GC is created propagating towards the inlet diffuser
(second pass). A secondary maximum of S*g values is produced before the reflected GC reaches the
side wall on the inlet side due to the creation of group of vortices.
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Six different cases (different respective Fr numbers) were studied and it was shown that a parametric
analysis is possible since the main parameters that characterize the flow and mixing (Usc, Hmax, Sg,cum)
could be well approximated by using Fr-depended power-law equations. The maximum penetration
height (Hmax) increases as Fr increases. On the other hand, Ugc and Sy c.m are inversely proportional to
Fr due to smaller buoyancy forces associated with higher Fr numbers.

4 X 6 8

Figure 6: Temperature contours during the second pass of the GC for all simulation cases. The time
instant for all cases coincides with a secondary maximum of Sg.
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Figure 7: Sycum(t 2n) for all Froude numbers.
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INEPIAHYH

Y10%0¢ TG Tapovooc epyoaciog eivar M amevBeiag aplBuntiky mpocopoimon (Direct Numerical
Simulation) c@oipiknig S1Gd00NG TOV HETOTOVL EAOYOG Tpoavauéng upiypatog ogpiov ovvBeong
(syngas) kot aépo o€ TupPddec mePPaiiov, G€ GUVONKEC OLOIEC LE GVTEG TOL GLVOVIOVIOL GE
KWnmpeg ecteptkng kavonc. [paypatomoleitor mopapnetpikn avdivon e apytknig eEEMENG Tov
TPV TG PAOYOC ¥PNOILOTODVTOS d1odidotateg Kal Tplodidotateg yewpetpies. To evdiapépov
eotialetal otn HEAETN NG AAANAETIOpOoNC UETAED TOL UETMOTOL TNG QAOYOS Kol TOV TLUPPMOIOVE
poikov mediov. E&etaletor n e&dptnon tov pubuod ékivong Beppomrag (HRR) Kot g TupPddovg
tayvtTog AGYoC (S7) amd To TOmKE YopakTNPIoTIKG TS TOPPNG (OAOKANpOTIKY KAlpake pikovg Ly
Kat évtaon u'). AvodlveTat 1 xpovikn e£EMEN oNUaVTIK®V peyedmv mov yopaktnpilovv 1 61ddoon tov
HETOTOV NG QAOYOG OM®G M KOUTLAOTNTA, O pvBpdg O1dtaong Kot 1 ToyOLTNTO JLAd0oNG Kot
e€etdletarl n TOMKY SOKOUOVGT TOVG GTO UETOTO TNG PAOYAG. AlNTUIMOVETAL U0 EKPPACT] Yio, TNV
TUPPOON TOYOTNTA KOG COUPIKE HETASOOUEVNG PAOYAS TTpoavauéng 1 onoia Paciletal oto pvOud
OAAOYNG TNG EVEPYNG EMPAVELOC.

AgEarg Kherdd: topPoong eAdya mpoavauéng, Tupfmong tayhtnta eAOYAS, COOPIKN
duadoomn eAOYaG, puOudg dbTaong, aéplo cvvleong

1. EIZATQI'H

To peyoaAdbtepo UEPOG TNG EVEPYEWNG MOV OMALTEITOL GNUEPO VIO TIC WETAPOPES KOL TNV TOPAYDYN
NAEKTPIKNG EVEPYELNG TPOEPYETAL OO TNV Kovon vopoyovavBpdkmv pe Paon 1o metpéroto. H
avapevopevn EAleyn TETPEANiOL, GE CLUVOLOCUO e TNV av&avopevn {RTnom evépyelag Kot Tnv
avAayKN Y10 EAEYYO TOV EKTOUTDOV POT®V, EYEIPOLY GOPAPES AVIIOLYIES TTOV TPETEL VO AVTILETOTICTOVV
apeca. AgdopUEVOL OTL M YPNOT OVOVEDCLUOV TNYDV EVEPYELNG OV £YEL WPLUACEL GE GNLEI0 TOV VO
umopel vo, KOAOWEL TANPMG TIG EVEPYELNKEG AVAYKEG, 1| AOENOT TG ATOS00NG UE TALTOYPOV Leimon
TOV EKTOUTMV OO TO, VAGAPYOVTO GUCTNLOTE KOOGS ATOTEAOVV GUeGo 6T10)0. H yprion evarllakTIK®V
Kavoipmy (my. vdpoyovo, aéplo ovvBeonc, piypato Plokavcipmy) omoitel AETTOpEP] HEAETN TOV
YOPOKTNPLOTIKOV HETAS00NG TNG PAOYAG Kot PeATioTOoTOiNON/EMOVOcYESIOOUO TV BaAdp®V Kavong,
KaBmGg avTd TaPoVSIALoVY SLUPOPETIKES PLGIKOYNUIKES 1010TNTEC. H avanTuén kot o oyedlacudc vémv
ocvoTNudTeV kavong Paciletal kvpiog otn 6100ec1UOTNTO VTOAOYIGTIKOV HOVIEA®V Kol GTNV
KAvOTNTA TOVG Vo, TPOPAETOVV TIG dLAPOPEG aepo-0eppo-ynUkég aAANAETOPAcES OV AopPdvovy
yopo og évo Bdiapo kavong. H edpaimorn vmoloyiotikdv cvotnpdtov vymiodv emidocenv (high
performance computing) £€dmoe TN dvvatdtnTo SEEAYWOYNEG TPOCOUOUDCEMY VYNANG akpifelog mwov
SVALOUPAVOLY TETOL QOVOLEVE GE YMPIKT KOl XPOVIKT avdAvor mov dev pmopel vo emitevydel pe
A0 pEGO.
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e pooeatn Piproypaeikn avackonnon (Driscoll 2008) avagépetar peydiog dykog dedopévmv mov
TpoEkvyay omd TN HEAETN NG UeTddoong TupPddovg pAOYAG o€ HeyYdAo g0pog cuvinkdv pong. Ta
OmOTEAEGLLOTO OUMOC TOPOVOIALoVY UEYAAN dloomopd Kal €£0PTOVIOL OO TN YEMUETPIO TOL TPOG
HEAETN GVOTAHOTOC o€ TETO Pabud, wov N e&aywyn 0&lOTIOTOV CUCYETIGEMY €lval TOAD SVGKOAN.
EmimAéov, vmdpyet o acdeelo oG TPOG TO 0V 0 GOGTOC 0ploidg TG TupPfddovg taydtntag kavong Ba
npénel va Paciletor o€ Evav oAKO/TOTIKO pLOUO KATAVAA®ONG TOV TPoidvTmv (consumption speed) 1
0€ W10 TOTIKN TOYVTNTO LETATOMIONG TOL HETOTOV TG eAOYag (displacement speed). Tavtdypova, o
OYNUATIGHOC Kot M apylkh] €EEMEN Tov mVpNva NG EAOYNG amoTelel onuavtikh afefatdotnTa oe
nwpocopownoelg LES (Large Eddy Simulation) kot RANS (Reynolds-averaged Navier Stokes), 6mov ta
QOVOUEVO, OVTO  LOVTEAOTOOUVTAL HE YPNON eUmElplkdV oyxéoemv. H amevbeiag oapOuntikn
npocopoimon (Direct Numerical Simulation - DNS), ce cuvdvacpd pe Tn YpNon AETTOUEPDOV
UNYOVIGUAOV Y10 TV TEPLYPAPT TOV YNUKOV OVTIOPACE®MY KOl TOV WO10THTOV HETAPOPUC, Bonbd otn
OepeldON KATAVONOT TOV QOIVOUEVOV CVTOV KOl TOPEXEL OUAVTIKG GTOLXEI Yio TNV ovATTLEN Kal
EMOANOELON TOV VTOAOYIGTIKAOV LOVTEL®V.

Ov meplocoTepeg amevbeiag aplOUNTIKEG TPOCOUOIDGELS WEYPL ONUEPO  YPTOCLLOTOOVV  &€iTE
TETPOYMVIKA VITOAOYIOTIKA TAEYpHOTa (2D) Le AemTopepn TEPLYPOUPT] TOV YNLUKDV aVTIOPUCEWDY, €lTE
kuBikd (3D) pe amhomompévn wePLypapn TV YNUK®OV avidpdcemv (aniov-puatoc). O Thevénin
kat ot ovvepydteg (Thevénin 2005, Thevénin et al. 2002) ypnoylonoincoyv amAomotnuévn TEPLYpapn
TOV YMIKOV avTIOPAcEDY € O160100TOTA KOl TPLOSIACTOTO TAEYUATO Yol TN UEAETN GQOAPIKA
LEeTAOOOUEVNG PAOYOG HeBaviov 6g OLOYEVES Kot 10OTPOTO TUPPMOEG POTKO TEDT0. LTI GLUVONKEG TOL
gpegvviOnKay, TapatnpNONKe 6TL G€ Uid TPIOIACTATN PAOYA, 1| HECT) AKTIVA TG OVEAVEL LE OTLOVTIKE
YounAdtepo puBUd oe oyéon pe TV avtictolyn diodidotarn. Exiong, n péon koumvAdtnto 6Ty onoia
vroKelTol 1 EAOYA KAvel Tpog BeTiKéC TIHEG. Zvykpivovtag TIG OIOTNTES TOV HETMOTOV TNG PAOYAG
petald aplOunTIKOV TPOCOUOIDGEMY LE GMAOTOUEVT TEPLYPOUPT] TNG YNUEIOC Kol TEPOUATIKOV
petprioemv, ot Gashi et al. (2005) xor Hult et al. (2007) onpeiwoav Swgopéc petad tov
S160140TUTOV Kol TPIGOECTUTOV UMOTEAEGUATOV KOl TOVICOV TNV OVAYKT OVATTUENG TPLEO1AcTATOV
teyvikov pétpnong. Ot Jenkins and Cant (2002) ypnoylomoincav TpiodldioToTEG YEMUETPIES LE
amAoTotpéVN ynueio Kot €6e1&ov OTL Yo pkp1| €vtacT TUpPng EVVOEITaL O GYNUATIGUOC CRUIPIKMDY
SOU®V TNG PAOYOS EVOVTL TMV KUAVOPIKDV, EVED GE PLEYAAEG TILEG TNG EVTOONC 1] YEOUETPIA TNG PAOYOG
kaBopileTor TANPOC amd TO YAPUKTNPNOTIKA TNG TOPPNC. XPNOLUOTOIDOVTOAG TOPOLOLES YEMUETPIES KOl
pebodoroyia, ot Dunstan & Jenkins (2009) napotipnoav 6Tt TapOAO TOV 1| EXIPAVELD, TOV LETMTOV
™mg QAOYag ov&avel pe avéavopevn €viaon TopPng, 0 GUVOAIKOC pvBudg avtidpaong eivot
YOUNAOTEPOG O GUYKPLON HE WO OTPOTN QAOYQ TpoovauENe, e€attiog tg avEnuUévng PETAPOPAG
Oeppodtroc. H enidpaon tg tOpPng omnv £vavon evog cQapkov Tupfiva TG PAOYAG LEAETHONKE amd
toug Klein et al. (2008), 6mov mapartnpndnkov @owvopeva oféong oe cuvONKeG VYNANG €vtaomg
TOPPNG KOt PIKPNS aPYIKNG SIOUUETPOV TOL GPALPLKOD TVUPTVAL.

Mo pdcata 1 €5paimon HEYOA®DV VTOAOYIGTIKOV GUGTIUATOV DVYNADV ETOOCEWDV EXETPEYE TNV
TPAYLOTOTO O amevbeiog aplOUNnTIKOV TPOGOUOIDCEMY HE AETTOUEPT) TEPLYPAPT TOV YNUIKOV
puOuodv avtidpaonc. Ot Fru et al. (2011) ypnoipomoincay ynuikods punyoavicpovg 16 otowyeiov/25
avTOPAcE®V o€ TPLodldoTaTeG KUPIKEC yemuetpieg pe mhevpd 11 mhyn otpotig eAdyoc (laminar
flame thickness — d,). Bpénke 611 0 puOuUdg KATOVAA®OONG TOV OVTIOPOVTIOV aVEAVEL apyIKE UE
avgavopevn évtacn TOpPng kot otn ocvvéxela otabeponoteital. Emiong, mopatnprinkoav eoawopeva
oféong g eAdYag o pTtyd piypota. Ot Pera et al. (2013), Tpoylotonoincoy TopapieTpikn avaivon
™G HETAd00NG TUPPMOOVE PAOYAG 100-0KTOVIOL Kol HEAETNGOV TNV ERIOPACT TOL TOPAUUEVOVTOG
kavooepiov (residual gas) otmv apywn &&EMEn tov mupnva . H  avopoloyévein tov
Beppokpaciakod mediov Tov piypotog Bpédnke va éxel 1oyvpoTEPN EMIdpAON 0Td GLTH TNG GVOTAONG,.

Ye OAeg TIG TOPOUTMAV®O TMEPUTTAOGCELS, KLPLO UEOVEKTNUHO €ival M eMPOAN TEPLOSIKOV OPLOKOV
ocvvOnkov (periodic b.c.) ota dpia Tov (TETPOY®VIKOL 1| KLPIKOV) LTOAOYIGTIKOD TAEYLOTOG, TO
péyeboc tov omoiov dev Eemepvd to 50 mayn otpwtig eAOYs. Emiong, Adyw Tov ovénpévov
VTOAOYIGTIKOD KOGTOVG, N mpocopoimon Oe dapkel mavew and 4 ynukés KApaKeg xpOVov (fiume,
opiletor ot cvvéyeln). XNV Tapovoo epyocio, SEVEPYOVVTOL TPOGOUOIDCEL COUIPIKNG S1dd00Mg
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TopPddovg PAOYOG Tpoavapéng aepiov cOvBeong (syngas) ypnolLoTo®VTING KukAkd (2D) kot
ocpapikd (3D) vmoloyiotikd mAEyuato. Me avtd tov TPOMO AmOQEVYETAL T AvVAYKN EMPOANG
TEPLOJIKAOV  OPlOKAOV GVVONKGDV, Ol 0moieg OavTIKOOIoTOVIOL HE TIG PEOMOTIKOTEPEG MUNOEVIKEG
Neumann (outflow b.c.). To péyebog t@v LVIOAOYIGTIKOV TAEYUAT®V €lvol GNUOVTIKA HEYUADTEPO,
vYeYovog T0 0moi0 0€ GLUVOLOGHO LE TNV 0modoTIKY HEB0dO emilvong emTpémel T HeAETN TNG SLAG00NG
TOL TVPNVA TNG PAOYAS Yo CNUAVTIKO YXPpoviKd SdoTnuel (~15¢54me). IIpaypatonoteitar mopapeTpin
avéivon yo ) peAétn g emidpacng tov TupPddovg poikod mEdiov 6T0 GUVOAIKS PLOUO EKAvong
OepprdTNTOC KOl GTNV TOYVTNTO TOV LETMOTOL TNG PAOYOC.

2. PYOMOZX AIATAXHYX KAI TAXYTHTA ®AOT'AX

Qg TayvNTO EMIMEONG OTPOTHG EAOYAS (S1) ovopdletal 1 ToHTNTO S1AG0GNC TOV LETMTOV TNG PAOYOG
o€ oY€0M UE TO EICEPYOUEVO AKOVOTO Hiypo mov Ppioketal o€ npepio, OTOV VT 0EV VTOKELTAL GE
KapmuAdTNTa (curvature) Kot Tapopopeon (strain). Xe ovtiben mepintoon, 1 taydTnTo S1ddoong
petafaileton ko e€aptaral omd o puOud didtacng (stretch rate K), péyebog to omoio cuvovalel v
enidpoon Tov mapandve eatvopévev (Matalon & Matkowsky 1982, Matalon et al. 2003). H oyéon
peta&d g ToyTNTAG S1Ad00NG Kol TOL PLOOY S1dTOOoNC Eivol YPOUUKT Kol EKPPALETOL HECH HLOG
TAPAUETPOL YVOSTNG oG URKog Markstein (Markstein 1964). H mapduetpog avth €xet Lovadeg UKovg
Kal eivar 101G taéng peyébovg pe 1o mhyog g eAdYOC, ekppdlel TV mpoavapepbeica ypappukn
oyxéon, EVO TOLTOYXPOVA TEPILAUPAVEL TIG EMOPACELS TNG CVOTOONG KOl TNG OTOLXEOUETPIOG TOV
utypotoc.

2T TEPLOGOTEPEG OVOADGEIS TOV OTOTEAECUATOV, 1 TayvTnTa o1ddoong (displacement speed S,)
XPNOLOTOLEITAL Yl VO TEPLYPAWYEL TNV Kiviion Tov HETOTOV NG eAdYas. Opileton og 1 dapopd
peta&d g amdAvTng TovLTNTOG TG PAOYaG (absolute flame speed S,) kot g TaydTNTOC TG PONS
AV otV 100-eMPAveLd. [0 To YopoaKTNPIGHd TOV HETOTOV NG PAOYOC XPNOUYLOTOLEITAL 1 160-
empdveln Kamolov Pabpmtod peyébovg Omwg m OBepuoxpacia, 1n CLYKEVIP®OTN TOV KOLGIHOL 1
KATOOL GAAOL YNUIKOV oTolyelov. ZTny mopovod HEAETY, EMAEYETOL LU0 LGO-EMPAVELD TNG
Beppokpaciag. 'Etot, to kdBeT0o dtdvocpa 6g avth TNV EMLpAveln gival

-vT (N
VT

pe to apvntikd Tpoéconuo va opilel ™ Betikn popd mpog Ta avidpdvta. H taydnta diddoong tovtat
pe

2:

S¢=w'n—u-n ()
OOV W 1 amOALTN TaYVTINTO TNG EMPAVELNG Kot U 1) Tayonta g ponc. H kdbetn ocvvietdoa g
amolvTng ToyvTNTOG NG QAGYag opiletar og S, = w - n. Xpnowonowwvtag T Oepuokpocio ¢
petafAn mpoddov, N ToydTNTA S1Ad00MG EVOG ONUEIOD TAV® GTNV EXIPAVELD TNG PAOYOS LITOPEL va
VIOAOYLoTEL 0o TNV €&lo®OT EVEPYELOG GOUQMVA LLE TNV TUPAKAT® GYEON:

1

N N
S, =——zh-'-+V' AVT) — z YV, -VT 3
d pCp|VT| Ly iWi ( ) pi=1 CpYiVi ] (3)

O 7mpdTOC 6pog TOL OeEOV PEAOVG OvOQEEPETUL TNV EKALON BepuodTNTOG AOY® TOV YNLUKOV
AVTIOPAGE®V, EVD Ol AAAOL dVO Opot Aapdvouv v’ dyn TN petddoon BeproTNTAG LE AY®OYN Kot AOY®
didyvong (Poinsot and Veynante 2001).

H kapmodldmmra k evog onpeiov g 160-emeavelng sivor ion pe v amdkion 1ov kdabetov
S1ovOoUATOC

k=V-'n “
eV® 0 pLOUOG dLiTaoNG UIToPEL VO VTOAOYICTEL AVAAVTIKG (G

K=-n-Yx(u-n)+w-n)(V-n (5)
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Ye pa kokhkd (2D) 1 opoapikd (3D) petadidopevn topPddn eAdya givar ypnollo va oplotovV
emmpdobeta Kamoleg otiyplaieg péceg THEG TV Topamave peyebadv. Etol, n péon kapmvldotmra
umopei vo 0p1otel ¢ Ky, = 1/Ryy, 100 KOKMKG KOt Ky, = 2/ Ry, 7100 5QOPIKE peTOS1801EVES GAOYES,
o0mov R, ival n péon akTiva TG EAOYOG KOl IGOVTOL [E TN HEST TIUN TOV UETPOV TOV SLOVUCUATOV
0éonc Olmv tev onueiov g wo-emeavelng. O pécog pvbude didtaong Ky, omotelel n ¥poviky
TAPAY®YO TOV AOYOUPIOLOV LG GTOLXELMIOVE EMPAVELNG A TOV LETOTOV TN PAOYAG
1dA

Km = 2ac ©)
Ko TPOKOTTEL 160G pE Ky = KyRm Y100 KUKAKG Kot Ky = 2K, Ry Y100 0QO1pIke peTod180peveg
PAOYEG, OOV TO GOUPOAD « ' » INADVEL TAPAYDYION MG TPOG TO YPOVO.

Baowm mpoéxinon ot perétn g kovong oe topPmdeg mepPdiiov amotedel 0 TPOosdlopIordg TG
TUPPOOOVG TOYVTNTOG TOL HETOTOV TNG PAOYG (S7). Xe avtifeon pe T oTtpoOT TayvTNTO AGYOC, N
omoio. amOTEAEL PLGIKO-YMKT 131OTNTA TOL KOVGUOL UIYHATOS, 1 TUPPMOING ToydInTa QAOYOS
eCaptarol emiong omd TIG TOMIKEC oLVONKEG pong Kol ennpedletar TOGO amd v avénon g
EMPAVELNG TOV UETOMOV NG PAOYaG e&attiag TG aAAnAemidopaong pe v topPn, 660 kAl amd TNV
TOTIKY StaKOpovon g Adym Ttov puBpod didtaonc. Q¢ amotélecpa, avalnteitor M KATEAANAN
SloTOTO®GN Yo TV TEPLYPAPT TNE TVPPMOIOVE TaXHTNTOC KOl TN CLGYETION TNG LE T YAPOUKTINPLIOTIKY
0V TVPPMOOVE poikoy mediov (OAoKANP®TIKN KAlpoko uRkovg Lr xor €viacn topPng u’). O
Damkdhler (1961) diatdnmaoe Ty mopakdtom EKepact Yia Ty TupPddn taydtnta

Sy Ar

= ™)

S, AL
omov A; ol Ar m E€MQEAVEW NG OTPOTAG Kot TupPddovg eAOYNG aviiotoyo. XZOUEOVO UE TNV
TAPOUTAV® oYECT, 0 AOYOC TG TVPPMIOVE TPOG TN GTPMOTN TAXVTNTA PAOYAS 1G0VTAL [LE TO AOYO TOV
empavelov. 'Etot, n avénon g toyvmtog e eAoYag Bewpeitatl ion pe v avénon g enpavelig
mg. H avénon g empdvelag emttuyydvetol pEcw ¢ aAnAenidpacng pe Tig dopég Tov TupPddovg
poikov mediov (flame wrinkling) kot ) dnpovpyia TTvy®Ge®Y o avth. [lapdro Tov 1 oyéon vty
&xel ypnowomombei pe emtvyio oe eninedeg TVPPOOEIC PAOYEC, dev gival EeKABAPO TO TOG UTopel va
xpnowomomBel yio vo mepypdyel v Kivinon ceoipikd petaddopevav petonmv. H dvokoiia
€oTlaleTol 6TOV KOTAAANAO OpIoUd NG EMPAVELNG TNG OTPMTNG QAOYOS Ar. LTV TapovGH EPYACia
TPUYLOTOTOLEITAL U0, TPOOTAOELD TPOGAPUOYNG TNG TAPOUTAVED GYEONS G PAOYEG TOL HETAdIdOVTOL
COULPIKEL.

3. APIOGMHTIKH INPOXEITIXH

O eg&iohoelg dwtipnong g Malog, TG OpUNG, TNG EVEPYEWS KOL TV YNUK®OV oTolyeimv
olokAnpdvovtal 6to plo Tov yaunAiov apBpod Mach (Rehm & Baum 1978). Yio0etdvrtag avtiy v
Tapadoyn, Qowvoueva mov oyetilovior pe TN O1A000M OKOVOTIKGOV KUUAT®V OTOKOTTOVIOL -
S1eVKOADVOVTOG TNV OplOUNTIKY OAOKANP®ON-, e€vd Aoufdvovtar vw’ Ooym ot UeTOPOAEG TNg
TLUKVOTNTOG AOY® EKAvoNG Bepprotntag Kot avénong g Beppokpaciog. To kovoo piypo Bewpeitot
WBOVIKO KOl Ol TayOLTNTES dldyvong TV otoyeiov divovtal and 1o vopo tov Fick. Ou ggiomoelg
S10KPLTOTOLOVVTAL GTO YDPO YPNCLULOTOIOVTOG TN HEOOSO TOV PACLATIKOV TEMEPACUEVOY GTOLYEIDV
(Patera 1984 ka1 Deville et al. 2002), o€ éva VTOAOYIGTIKO TAEYLOL TOV OTOTEAEITOL OO KOUTVAOUEVA
tetpacdpa (2D) 1 e&aedpa (3D) paopatikd otorygion ToAvovLpKod Babpov N (molvdvoua Gauss—
Lobatto—Legendre). Ot dwakpironompéveg €E10MGEIC OAOKANPOVOVTOL GTO YPOVO YPTCLUOTOIDVTOG
tov nek5000 (Fischer et al. 2008), évav e£atpetikd omodoTikd TapdAANAO KdOWKO, 0€ GUVOLAGUO e
TNV EQOPROYN EVOC aAYOPLOOV ETIAVGNG POV LE YNIKEG OVTIOPACELS KOl YOUNAovg aptBpovg Mach
(Tomboulides et al. 1997). Ot elomoelg TG GVVEXELNG KOL TNG SLATNPNONG TNG OPUNG OAOKATPMDVOVTAL
XPNOOTOIMVTAG ot Mu-pnt (semi-explicit) péBodo, evd ot €£IGMCEIS TNG EVEPYELNG KOL TV
IMHKGV otoyeimv sivor Temdeypéveg Kot vroloyilovrtal pe tn fonbeia tov CVODE (Byrne 1999).
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[IpaypatoromOnke peydiog aplBpdc TAPUUETPIKOV TPOGSOUOIDCED®V G€ OVO Kal TPELS SUCTACELS Kot
peretnOnke M opyikn €EEMEN TOL GEAPWKOD TLPAVE TNG PAOYAG MiypoTtog agpiov ovvbeong o€
OLOYEVEG KOl 10OTPOTO TUPPMIEG poikd medio. MeTafarlOlEVEG TAPAUETPOL NTOV 1| GVOTOCT TOV
kavoipov (Adyog CO/H,), o Adyog 1oodvvapiog ¢, n khipako pikovg Ly kot 1 évtacn u' g toppmng.
Ymv mapoboo epyacio, 1 omoio givol pia TPOTN TPOSTADEIN AVAAVONG TOV ATOTEAEGUATOV,
dlepevvatal n ETIOPOCN TOV YOPUKTNPLOTIKOV TG TOPPNC ot dddoon tov mupnva e eAdyas. O
Adyoc CO/H, sivan otaBepdc kot icog pe 3:1 kot 10 kadoo piypo €ivol oTOlXEOUETPIKO, EVAD M
Beppokpacia kot 1 wieon tov givar T,=750K kot p=8atm avtictotya. I'lo TV TEPLYPOPT| TOV YNLUKOV
aVTIOPACEDV YPNOHOTOIEITOL £voc pNnyovicpog 12 otoyeiov/35 avidpdceswv (Metcalfe 2013). Ot
BiBAoOnKec CHEMKIN (Kee et al. 1996) ypno1plomo1ovvat Yo ToV VTOAOYIoUO TV OEpLOSVVALUK®Y
WBOTATOV, TOV WBITATOV HETAQOPAS Kal TV puBudv aviidpaonc. To mayog ¢ oTpwtg eminedng
eLoyag (mov opiletar wg 6y, = (Tp — Tp) /(AT /dX) max ), N oTpOTY TayVTNTA £ninedng eAdyog (Sr)
Kal 1 ovotaon Kal Oepuokpacia Tov kavcagpiov vroAoyilovror pe T Pondeia tov PREMIX (Kee et
al 1985). To unkog dyu, N ToyvTNTA S7, 1 Oppokpacio T, KAl 1) CLYKEVIPOGOT TOV YNUIKOV GTOLXEIMV
07O GKOVOTO UYL, OTOTEAODV TIC TOGOTNTEC AVAPOPAS KOL YPTCLLOTOIOVVTAL GTNV 0OL0GTATOTOINO
TV EICDGEDV.

Zynpa 1: Aneikovion Tov S10odtdoToTo (0p1oTEPH) KOl TOU TOL TPLEOAGTATOV TAEYLOTOS (SEEIE),
OTOTELOVUEVO ATTO PAUCLATIKA GTOLElR TOAVOVLIKOD Babpod N=4 (01 TPOGOUOIDCELS TPUYHATOTOONKOY
XPNOOTOLDVTAG TOAVOVVHA 9% Baduov).

Mio aneikdvion TOV VTOAOYIGTIKOV TAEYUAT®V TOV KOTACKEVAGTNKAY Yl0. TNV TPUYHOTOTOINGN TOV
TPOGOUOIDCEDY TTapovctaletor oto Zynua 1. To mAeovékTnUo TG YPMNOLLOTOINGNG KUKAMK®OV Kot
CQUPIKAOV YEMUETPLOV €IVl TO YeYovog OTL LE OVTO TOV TPOTO Ol UOVEG OPlokéG CLVONKEC Tov
emParrovrar givar ot undevikég Neumann (zero Neumann — outflow b.c.) yio 6iec 1 petapintéc.
"E101, TPOCOUOIOVETAL £VAG KOVOIKTOG» OYKOC EAEYXOV KOl ayvoohvTal pavopeve mov oyetilovtal pe
v avénon g mieong Adym EkAvong Beppotnrog (confinement effects). H didperpog tov mieypdtov
elvar ion pe 2006, Kot 0 GVVOAIKOS OPlOOC TOV PUCUATIKOV TETEPACUEVMDY oTolyeimv givar 33600
(2D) xat 1,5%x10° (3D), pe molvovopcd Bodud N=9. O cuvokdc apduds onpeiov avépyetor oe
3,36x10° xan 1,5%10° avtictorya kat emtuyydvetol po péon avéivon tov mAgypotog fon pe 10
onueia ova Tayoc AOYaG.

Tyqpa 2: Apyiko TopPddec medio ToyvTNTOV (IG0VYEIC TOV HETPOL TNG TAXHTNTAG) Yo S166146TATOVS
(aprotepd) kot TpLodidotatovs (de€16) VITOAOYIGUOVG.
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Mo v mopaymyn tov apytkod TpPddovg poikoD TEGIOV YPMCLLOTOLEITAL Lo YEVVATPLL GLVOETIKNG
TOpPng (Smirnov et al. 2001). H teyvikn Bociletar otn cvvBeon €vOg S10VUGLOTIKOD TTEdiOV Ywpig
amoxkhon (divergent-free) and £va cvvoro appovikedv Fourier yia tn dnpovpyio evoc opoyevois kat
160TPOTOL TVPPDSOVG TEGIOV TAYVTNTOV HE TPOKABOPIoUEVA XOPUKTNPIOTIKG (KAlpaKo URKovg L1 Kot
évtaon topPng v’). Lto Zynuo 2 Topovctdaletol EVOEIKTIKG Eva apykd Tedio TAYLTHTOV GE VO Kal
TPELG OO TACELS.

Y1 ovvéyeln, agov eEaxpiPwbel 1 cwot Asttovpyio TN yevViTPLOG TOPPNG Kot emainbevtel O6TL TO
TupPiddec medio dwabétel ta emBountd yapokmmpiotikd (BA. [Hopdypaeo 4.1), yiveton vrépbeon og
avTd €VOG KLUKAMKOD 1 GQaipikod mupive e AOYag. Xpnowlomolgitar dnAadn €vo TPoeii
VIEPPOAIKNG EPATTOUEVNC Y10 VO SO ®PIGEL TIG TIWEG TNG Beppokpaciog KAl TG GLYKEVIPOONG TOV
IMHKOV oTotyelov PETOED GKOVOTOL PIYHOTOG Kol

Kavoaepiov. Mg avtd tov 1poOmo, Evag apyIKa 10°F
oTPOTOG TLUPNVAG OAANAETOPE pe v TOPPN KOt g
TOAD ypinyopa M O1ddoon Tov yivetar TupPddNg.
AVAAOYO HE TO YOPOKTNPIOTIKG TNG TOPPNG mov
ouVaVTO O TWLPNVOC TNG QAOYOS, dlakpivoviol
dlpopeg  TEPLOYES (regimes) ue opowr 2 10'k
YOPAKTNPIOTIKA d1ddoone g QAOYAG, Ol omoieg g
napovcstdlovior 610 Xynfuo 3 oe éva  TLTIKO of

Suaypappa Tvppddovg kavong (Peters 1999). Onwg 0 _ e \

2D - COM, =3 broken
2D - COM, =033 reaction
3D - COM, =3 zones
3D - COH, = 0.33

4 0p»0

thin reaction zones

corrugated flamelets

» \BaEa

wrinkled flamelets

QaiveTal T0 cUVOLO TOV TPOCOUOIDGEMY PpioKeTon
otV mepoyn eroywiov (corrugated flamelets) ko 107 e Nl
Kupimwg oty mepoyn ¢ Aentg {dvng avtidpaong L/§
(t}’nn reactlorrl Zone),, Omov o1 §1V8g EXOLV TETO0 w0 3 Tumicd Siéypage TopPddovg KaboTc
néyebog Kat £vaon, GGTE PTOPOVV VoL E1GYOPTGOVY katd Peters. Znpeidvovtat ot cuvOnKes Tov

om Lovn mpobépuavong (preheat zone) odrd Oy UELETHONKAV TNV TOPOVGO, EPYAGIA.
ot Aent {dvn g avtidpaong (reaction zone).

4. AIIOTEAEXMATA
4.1 IIpocopoinen yopic Kaven

To mp®dTO GTAd0 TG UEAETNG 0Popd oty emaAnBevon 1 pueBOSOVL TOL YpMoLULOTOLEiTAL YLOL TN
dnovpyia Tov TVpPmdIoVE TEdiov TayLTHT®Y. [ TNV e£0PAAIOT TNG OLOYEVELNG KOl TG IGOTPOTIOG
Tov mediov amarteitor n dlevépyela TPpoocopolmce®V ympig kovor (cold flow) kot o vToloylopog TV
YOPIKOV GCLOYETICE®V KOl TOV OOKLVUAVOEDV TNG ToYVINTAG o€ OAeg TIC katevBuvoelg. Me
0LOKANP®OT TOV SIOUNKOV CUGYETIGEMV TNG TOYVTNTOG TPOKLATEL 1) OAOKAN POTIKY KAILAKO UAKOLG
™mg tOopPng Lr (EyMua 4-apiotepd). Emiong, oe éva opoyevéc topPddeg medio, T0 oAoKANpOUL TOV
EYKAPOIOV GLCYETICE®V TTPETEL VO €ival {60 e TO PGO TNG TG TNG KAILaKag pnKovg Lr. 1o Zynua
4 (0e&16) mapovotdletar n xpovikn eEEMEN TV SOKVUAVCE®MVY TNG TOYDTNTAG OTIG TPELS KATEVOVVGELG,
omov e&aocpariletal n wotpomion Tov TVPPDOOVG TESIOV. TNUEIDVETOL OTL, GTOVG VITOAOYICHOVE UE
KaHoN, OC OPYIKN CLVONKN Yo TNV TOYVTNTO PN CLLOTOMONKE TO TEdI0 HETA TO TEPOC LG YNIUIKNAG
XPOVIKNG povadag o€ kKabe mepinton (¢pume =04/Sr). 'Etot, divetan ypoévog dote v e&edydel To poikod
nedio o€ €va medio ywpic amdxkion (dniadn va aroteiel Avon tov eéichoewv Navier-Stokes) kat vao
eEacpalotel 0TL M TVPPOING KIVNTIKY evépyelo o€ @Bivel oe peydro Pabud péypt 1o té€hog g
TPOGOUOIMONC.
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Tyqpa 4: Eykdpoteg Kot SIOUNKES YOPIKES GVOYETIOELS TG TaVTNTOG (0PLoTEPA) KO XPOVIKN EEMEN TV
SLIKVUAVOEMY TNG TaYXDTNTOG OTIC TPELS Katevhivoelg (8e€1d) yio mpocopoinon pe kKApoka pqkovg Ly =1,50,.

4.2 Emidopoon g TopPNns 610 6vvoriko pvOpo ékivong Osppotnrog

21 cvvéyeln EETACTNKE 1) ENXIOPOOT TOV YOPUKTNPLOTIKOV TNG TOPPNS ot e&EMEN TOV TVLPAVA TNG
oAOoYag. To gawvopevo tng d1ddoong g eAdyoc oe TupPadec mepiBdirov yapaktnpiletar and dHo
Slakpitég ypovikég KApakeg (time scales), Tov yopaKTNPLOTIKOV ¥pdvov ¢ TupPfddove pong (eddy
turnover time - fg,,= L7 /u') ka1 tov ynukov avidpdcewv (chemical time scale - fg=04/S). O
adidotatog op@udc Damkdohler anotedel 1o Adyo tov 800 avtav ueyebmv Da= tgew/tiame. Etot,
avalvdnke mn emidpoaon tov apBpov Da oto pvbud Exivong Bepudtnrog Yoo po cepd 2D
TPOGOUOLDCEMV LE OLOPOPETIKA YAPOKTINPLOTIKA TOPPNC, Ta omoia cvuvoyilovtal otov ITivaka 1.

MMivakag 1: [Topdpetpot Tov apykov TupPddovg poikod tediov Twv 2D TpocopoIdee®y.

Cl C2 C3 C4 C5 C6 C7 C8 C9 C10
u'/Sp 0,8 1,3 0,8 1,3 1,9 1,3 2,0 3,5 2,0 3,6
Li/5,, 1,6 1,6 2,5 2,6 2,7 4,0 4,0 42 6,7 6,4
Da 2.0 1,2 3,1 2,0 1,4 3,1 2,0 1,2 3,4 1,8
Sy 2,789 m/s
O 63,5 um

>10 Zynua S (apiotepd) mapovotdletal n ypovikn eEEMEN TOL GLVOALKOD PLOLOV EkAvong BepproTnTag
Y TIG TOPATAVD TepmT®oels. Onmg mapatnpeital, peyadlvtepn Eviacn TOpPng ocvvendyetol avénon
TOV GLVOAKOV pvBpoL €kAvong Beppotntag. o yapnin €viaon topPne, N e&éMén tov pvbrov
gkAvong Beppotnrog ivol oyedov YPapLUKY, EVA YLoL VYNAOTEPES TILES 1 ADENCT TOV £xel EKOETIKN
popen. Xto £vBeto S1dypapLia Tov 13100 GYNUOTOG LEYEBVVETOL 1) TEPLOYN TOV APYIKOV GTASI®V

7x10° - ~ 1500 : : ; ; ; 4x10°
L --- Ztpot ¢roya F /
— CIP ) --- iHRR C6
6x10°F — C2 . --- iHRR C7
L 2 12001 iHRR C8
B < {310’
5x10° [~ g
L &
< L
& 4x10° s 900 , g
T L 8 ~2x10° &
3
3x10° & sl
=
37 g
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, g 3001
110° [~ =
= | L L L L L | L | L 1 L 0
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Xpovog tS /3, Xp(’)vloog tS, /8,
Typa 5: Xpovikn e£EMEN Tov GuvoAkoh puOpod Ekivong Bepuodtntog (IHRR) yio mpocopoidoelg pe
SLOPOPETIKA YAPOKTNPLOTIKA TOPPNGS (ap1oTepd) Kot OYKPIon HeTAED TNG EMPAVELNG TOV LETMTOV TNG PAOYOS

KoL Tov pLOUOD Ekhvong BepUATNTAG Y10 TPEIS EMAEYUEVEG TEPITTAOGELS (0E1A).
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MG mPocopoiwong (tgame=1,5-2,5), 6mov o apykd otpwtds Moprveg ™S eAOYag opyiler va
OAANAETOPA e TO TUPPddeg poikd medio. Omwc sival @avepod, 1o OMOTEAECUATO OUAOOTOLOVVTAL
avéloya pe tov aplOpud Da (PA. emiong Ilivaxe 1). 'Etol, mepumtdoelg pe 6o apbud Da
CUUTEPLPEPOVTOL OLOL0, TAPOAO TOV TO EMUEPOVS YOPUKTNPLOTIKA TG TOPPNG ivar S10popETIKG o€
Kk@Be mepintwon. AvEoavopevov tov aplBpov Da, peidvetol 1 exidpacn g Toppng oty avénon tov
pvOuoY éklvong BeppotnToc.

O pnyovicpdc PEC® TOL OTOIOL EMTLYYAVETOL ALTA M avénon tov pvBuod Ekhvong BepuodtTnTog
napovctdletor oto Zynua S (6e&d). Yroloyiletar n ypovikn e£€Mén g empdvelag (UqKog og dHo
OIOTAGEL) TOV UETMTOL TNG QAOYOG KOl GLYKPIVETOL HE TNV aviiotoyn Tov puvopod EKAvong
Beppodtroc. Onwg sivar eavepd, vrapyel o gvBémc avaloyn oyxéorn petald Tov dvo peyebav, N
omoio. VTOOMAGDVEL OTL KaBOPIoTIKOG Topdyovtag Yo TV &v A0y® avénon eivar n avénon g
EMPAVELNG TOV UETMTOL TNG PAGYOC HEC® TNG OMUIOVPYING TTVYDGEMY TOL dNUOVPYOVVTAL OO TNV
topPn. Eilvor emopévog ypriowo vo avalntmboldv cvcyetioelg yia T JSEPEVVNOT TOV TOTIKOV
YOPOKTNPIOTIKAV OV 031 YOOV GE AVT TI GLUTEPLPOPAL.

4.3 Emidopaon g TOpPNS 670 TOTIKA YOPUKTPLGTIKA TOV HETAOTOV TS PAOYAG

Y10 Xynuo 6 amewovifeTor M oTiypoic EMUPAVEIN TOV HETOTOL TNG PAOYOG Yol OLOPOPETIK
YOPOAKTNPLOTIKA TOL TVPpPddovg poikod mediov. ITapatnpel kaveic 6tL oty mepintwon avEnuévng
évtoonc topPng (Zynpa 6-0e€1d) epeavifovial TEPICCOTEPES MTLYMOEL;, EVM 1M UECT OKTIVO TOL
HETOTOV TNG QAOYaG &ivor onpovtikd oavénuévn (R,~800,) ot oxéon pe v mepintmon g
pikpoTeEPNS Evraong TopPng (R,~400,,) (Zynpo 6-0p1otepd).

L=45

u'=38S,

th?
Zyna 6: Zuyoio aneuwcdvion (ume=100,/Sr) Tov Tp16d146TaTOL HETOTOV TNG PAOYAS (1G0-ETLPAVELX
Oeppokpoaciog 7=3T,) yio dSopopeTiKES apykég cuvOnkeg TOpPNG (aprotepd: Ly =40, u'=Sy, de&16: Ly =40,
u'=3S;). H emoedveia givorl ypopoaticpévn pe to HETPo ¢ TayhTnTag e pong.

IMa to Adyo avtd, Yo cvykplBohv HETAED TOVG SLUPOPETIKES TEPUTTAOGELS, £XEL VONUO VA 0vaALOODY
OTOTIOTIKO OPICUEVO TOTIKA YOPOKTINPIOTIKG TOV HETOTOV TNG GAGYOS, 6Tav avtd Ppickovtal otnv
0o péon axtiva (] 10odOvVope Exovv TV 1010 HEST KOUTLAOTNTA) Kol Oyl KOTE TNV id1o ypovikn
oTLYUN, OTTMOG GLYVA cuvavtdtol otn PifAtoypaeia. Xto Zyqua 7 mapovstaletol  xpovikn eEEAMEN TG
HEONG KAUTVAOTNTAG Y10 OTPMTNH Kol TUPPMON d14d00T HETOTOV VIO JLUPOPETIKN Evtact TopPNS (BA.
[Mivaka 1). H oplévtior dtakekoppévn ypouun avtiotowyel oe péon kaumvidtmro x,=0,025, mov
ooduvapel pe pia péon axtiva R, =400,
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Typa 7: Xpovikn e£EMEN ™ HEoNG KAUTLAOTNTOGS Y10 S1dpopeg TIHES Eviaons TopPng (BA. TTivaxa 1).

To Zynua 8 mepthapPfavel To ATOTEAEGLLOTO TG OTATIOTIKNG AVAALGTG TV GEG0UEVOV COLPOVO LLE TO
Tapondve. YToAOYioTNKOV Ol CUVOPTNOELS TLKVOTNTOG MBavotnTag (probability density functions)
OV PLOUOD JATACONC, TNG OTOAVTIG TOYVTNTOAG KOL TNG TOYVTNTAG S1A00TG TOV LETMOTOV TNG PAOYOG
v dtapopetTikn évtaocn topPns. ‘Etol, kataypdeovial oyt povo ot PHECEG TIHEG TOV TOGOTHTMOV OV
EVOLIQEPOVY, OAAA Kol 1 OLOKVUOVGY] TOVE TAV® OTNV EMAEYUEVT 160-€mpdvela. Evkolo mapatnpel
kavelg OtL pe oav&avopevn évtacn topPng, 1 ovvaptnon mukvotTnTag TOOVOTNTAG TOL pLOLOD
didtaong petotomiletal mpog peyaAvtepec TéEG (1 mBavotTnTo. £0peoNC APVNTIKNG TIWUAG Eival
pikpotepn). To yeyovdg avtd cuvdéetor AUESH e TN ONULIOVPYIN TEPIGGOTEPDV TTVYMCEMY KO TEAMKE
o€ aHENON TG EMPAVELNG TOV PETOTOV NG PAOYAG (PA. emiong Zyfua 5).
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5, K/S, S, /S, S!S,
Tynpa 8: Zuvoaptioelg Tukvotntag mbavotntag Tov pubuov didtaong (aptotepd), TG omdAvTNg TaHTNTOG
(k€vTpo) Kar NG oxeTIKNG TayvTNTag dtddoong (8e&id), yio tnv idta péon KapmvAdtnta (BA. Zynuoe 7) Kot
S1apopeTiKés TIEG Evtaong TG TOPPNG.

Oowv apopd otn dakdpaven e omdAvtng tayxvtrag (Zynuo 8-kévipo), yio peyaddtepr €viaon
TOpPNg Tapatnpeitor avénon g S106ToPAg TMV TIHMY TNG GLVAPTNONG TLKVOTNTOS TOAVOTNTAG.
MdaMota, yio peydrec Tinég g évraong (ntepintwon C5) mapatnpodvIol oOKORO KAl 0pVNTIKES TILEG
™G AmOAVTNG ToyVTNTAG. Avtd TOaveOG oyetileTar pe v avénon tov mayovg g eAOYag (flame
brush) ce pia TopPOIN PAGYO TPOOVAUIENS, POIVOLEVO TOL JEV AVOADETOL GTNV TOPOVGO EPYAGIL.
Télog, n oxetikn tayvnto S1ddoong (Zynuo 8-0e€id) pewdvetar pe v adénon g €viaong g
TOPPNG, CLUTEPLPOPE TTOL GLVOVTATAL EMIONG GE GTPMTEG PAOYES (YPUUUIKT GYEoN LETOED TOL pLOLLOD
d1dtaomng Kot tng TayvTnTag dtadoong, PA. Ilapdypago 2).
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4.4 TopPoong TayvTNTO PAOYOS

Ao TO TOPATAVO VoL QAVEPO TMG 1) TOYVTNTO TOV UETMTOVL oG TUPPdOoVE PAOYAG TPpoavAapENng
umopet vo. meptypagei pe didpopovg tpomovg. Onmg dtamotmdnke omv Iapdypago 4.1, o pvbude
gkAvong Oepuodtntog ocvvodetal dueca pe v avénon ¢ empdveing. Eivar Aoywd Aowmdv va
avalntOel évag opiopdg mov vo umopel va AAPeL vT’ GYn TOL TO €V AOY® QUIVOUEVO. XTOYOC OVTNG
g evotnrog gival n dwtdnwon pag Ekepacng N omoia Paciletar otv apyn tov Damkdhler (7),
TPOGUPUOGUEVT] OLMG KATAAANAG OE GQALPIKA LETAIIOOUEVEG TUPPDIELG PAOYEC.

To mpoPAnpa eotidletor oNV KATAAANAN TEPLYpapn NG EMPAvelag A, Tov eppoaviletal otn oyéon
(7). Ze o cQuPtKa LETASIOOUEVT] PAOYQ, 1 EMUPAVELD OVTN UTOPEL VO TEPLYPOUPEL O 1 EMLPAVELL
LL0G OTPOTAG PAOYOS LE aKTiva ion pe Tn péon axtiva e tupPadovg prdyos, Sniadn

AL,ZD = ZﬂRm Ko AL,3D = 4‘7TRm2 (8)

vl 600 Kot TPELS SGTAGELS ovTioTolya. 1o XyNua 9 mapovstaletol n xpovikn e£EMEN TG TaydTNTOG
Sr Yoo KOKAIKG HeTadd0UEVEG PAOYEG OLAPOPETIKNG TIUNG €vtaong ¢ TopPneg. H taydtmra ovty
apykd ov&avetal pe puBpd mov sivar VYNAGTEPOG OGO LEYOADVEL 1 EVTACT] TOV TVPPMOOVE POTKOD
eSOV TOV CLVAVTE TO UETOTO TNG PAOYAC. XTI CUVEXELD, 1| TIUN TNG looppomel Kot PLETAPAAETAL YOP®
amd o T SleopeTIKN Yo kdbe mepintmon. Evowaepépov mpokalel emiong 1o yeyovog OtTL 1
TOXOTNTOA TNG PAOYOG GTOUOTH VO QVEAVEL TEPITOV TN XPOVIKY) CTLYUN| Hame= GE OLEG TIG TEPIMTMOGELS.
To yeyovog avtd Bo amoteAéoel OVTIKEILEVO HEAETNG LEALOVTIKNG EPYACING.
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Xpovog tS /8,
Tynpa 9: Xpovikn e£EMEN ¢ TupPdIOVE TaxdTNTAG PAIYAG Yio S160146TATES TVPPMIELG PAIYEG TPOAVAMENG
SoPOPETIKNG £viaons TOpPNS xpNoLpomolmvTog Tig oxéoels (7) kou (8).

5. XYMIIEPAXMATA

2V Tapoboo EpyNcio TPOYHOTOTOMONKE Lo TOPOUETPIKY LEAETN TNG HETAOOOTG LETMOTOV PAOYOG
aepiov ovvBeong oe tupPddeg mepiPdrrov. Eetdotnike 1 emidpacn TOV YOPUKTINPIOTIKOV TOV
TupPddoLg poikod Tediov oto pvOUd €kAvong Beppdtnroc oe H1601A0TUTEG KOl TPLOOIAOTUTEG
Ye®UETPiEC. ATO TNV AVAAVGT] TOV OTOTEAEGUATOV TPOEKLYE OTL 1] LETAPACT] TOL TVPNVA TG PAOYOG
amd oTpTd o TVPPMIN e&apTdTat dresa amd T oyéon HeTald NG ¥POVIKNG KAILAKOS TOV YN LUKOV
AVTIOPACEDV KOl TNG XPOVIKNG KALOKAG TOV polkoy mediov, 1 omoia ek@paletal HEGH TOV AdACTUTOD
apBpov Damkohler. KoaBopiotikny mopdpetpo yio 1t peténerta €EEMEN Tov puBupod EkAvong
Oeppodtnroc amotelel 1 adENOT TG EVEPYNG EMPAVELNG TOV LETMOMTOL NG GAGYaS. H avénon avtn ival
OTOTEAEGHLO TOV PLOLOD O1ATOONG GTOV OTOi0 VIOKELTAL 1) EAOYQ, PALVOUEVO TOV EKPPALETOL HECH

10
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g Movpyiog TTLYMCE®Y 6TV emEaveld tg. Oco peyaAvtepn givol n €viaon g topPng, 1660
HeyaAbTEPOG Elval 0 puOUOC didtaomng.

AvoAOONKOV OGTOTIOTIKO OPICUEVEG TOGOTNTEG UE TPOTO MOTE v pmopel vo peietnbet m tomikn
S10KVUILOVGT] TOVG TTAV® GE L0 1G0-EMLPAVELD TOV YopakTnpilel To pétmmo g eAdYoc. Bpébnie 6Tt
TAPAUETPOL OM®G 0 PLOUOG d1dTtaong, M ATOALTY TOYVTNTO KOl 1) CYETIKH TOYVTNTA O1Ad00NG TNG
QoAOYag Ogv glval otabepég, aAld petafdiiovior onpoviikd ond onueio oe onueio g idlag
empdavelag. To yeyovog ovtd 0dnynce otnv avalnInon EKQpAcemV Yo TV TEPLYPAPT TNG TVPPMI0VE
tayvtrog g eAoyas. ‘Etol, mpocapuodotnke n apyn tov Damkohler oe xvkhkd petadidopeveg
PAOYEG Kol VITOAOYIoTNKE 1 TaXOTNTA TOvG. Mo oAokAnpwpévn avaivon Ba mpénel va e&etdost
CUUTEPLPOPA ALTNG TNG OYEONG GE TPLOOLAGTAUTES COALPIKEG YEDUETPIEG.

H mapovoa epyoacio amoteAel po TpmdTn TPOSTAOELN KATAVONONG TV TOADTAOK®OV QOIVOUEVOV TOV
Aappavouv yopa Kotd v TopPddn kovon. H TOAL-TApOUETPIKES TPOCOUOUDGEL; TOV £XOVLV
Tpaypotomonfel HITOPOvV VO GUVEICOEPOVY  ONUOVTIKG 7Pog vt TNV Koatevbvvon. AlAeg
TAPAUETPOL, OM®G 1 GVOTOON KOl O AOYOG 1GOdVVAUING TOV HIYHOTOG, €VEPYOTOLOVV (PALVOUEVO
Beppodidyvong, Ta 0moio 6€ GUVILIGHO LE TN GTOYUCTIKOTNTA TOV YapokTnpilel TV TOpPn Kabiotovv
aKoun dvokoAdtepn TV €£AYOYN ACQOADY cvumepacudtov. ['a to Adyo ovtod, eivol amapaitntn
APYIKA M KOTOVONGOT TOV PACIKOV UNYXOVIGHOV TG AAANAETIOpacnS LeTAED TOVL UETMOTOV TG PAOYOS
K0l TOL TVPPMOIOVE POTKOV TESIOV, GTOYOG TOV AMOTEAEL AVTIKEILEVO QLTNG TNG EPYACING.
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INCITE pe titho «DNS of Forced- and Auto-Ignition in Spherical and Engine-Like Geometries». H
Tapovca Epevva £xel cuyypnuHatodotn el and v Evponaiky Evoon (Evponaiké Kowvoviko Tapeio
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Mdabnon» tov EBvikod Ztpatnywov [MAaiciov Avagopdg (EXITA)-Epsvvntikd Xpnuatodotovpevo
‘Epyo: Hpdxieitog I, Exévdvon oty kowwvia g yvoong péow tov Evpomaikov Kowwmvikov
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OEPMOPOIKA XAPAKTHPIEZTIKA KAI EIIITEAA
EKITOMIIQN ATAXTPQRMATQMENQN ®AOI'QN ITPOITANIOY-
AEPA XTAOGEPOITIOIHMENQN XE AZONOXYMMETPIKO XQMA

Hatepaxng, I'., Loverag, K., Adykag, E., Kovtpog, I1.
Epyaompio Teyvikng Oeppodvvapukng, Tunuo Mnyovoldyov kot Agpovavrymy
Mnyavikav, Hovemotwo Hatpov, [dtpa, 26504

Emwowaovio: TTotepdxng, T'., paterakis.gio@gmail.com

INNEPIAHYH. H epyacia mapovsidlel to yapaktpiotikd eroydv CsHg-aépa, otabepomompévmv
KOTAVTL TOADSIOKOL OVaIKTN VIO GUVONKEC SOCTPOUATOONC TOV UiYUATOG EIGOYMYNG KOl VIO TNV
enidpaon ortpofiiicpov. Ta Oeppopoikd media TV QAoydv dlepguvodvtol HECH UETPCEDV
TaYLTTOV, OepUoKpPOCIDY, PUTOV KOl YNUEOQPOTOVYEWS KOl  OVTIGTOL(®V VTOGTNPIKTIKOV
voAoylopu®v pe v pébodo g Ilpocopoimone tov Meydlwv Awov (reactive LES). Ta
OTOTEAECLLATO. GUYKPIVOVTOL LE OVTIGTOL(O TATPMG TPOOVALLYUEVOV GAOYDV KoL TPOLGIALETAL Lol
oelpd amd SLPOPES Kl OUOLOTNTES GTO YOPUKTINPLOTIKA 0TAOEPOTOINONG KOl EKTOUTMV Yol TIG 600
dtotaéelg avaéng.

AéEelg Khedd: dwotpopdtoon piypatog, mpoovaén, oAdyes otabepomomuéveg oe  dioKo,
[Ipocopoimon tov Meydrmv Avav.

1. EIZAT'QI'H

O éAeyyog kol 1 pelwon TV ekTEUTOUEV®OV POTTOV KOTA TNV dlEpyacio ¢ kadong o &va guphd
QAGLO, BLOUNYOVIKOVY KOl ELTOPIKAOV EQAPUOYDV, UE TAVTOYPOVI JLOTHPTOT TG OTOSOTIKOTNTAS TOVC
KOl TNG TOPOYOUEVNG 10YXV0G, OMOTEAEL HEYPL ONUEPO WO OO TIG HEYOADTEPEG TEXVOLOYIKES Kol
EMOTNUOVIKEG TTPOKANGELS Y10, TO PEATIOTO GYEOIOGUO Kol TNV avamTuén T@v cvyypovey Ooidumv
kavong (m.y. Bradley 2009, Cheng & Levinsky 2007). To tedevtaio ypovie, OAo Kol peyaldtepn
éupaon amoddnke oIV MIOYN KOOVON OUOOYEVOLG WIYHOTOG KaLGipov-aépa, kabdg ovtr
avTipeTonilel og éva fabud To TOpATAvVE TPOPANUATE LELOVOVING TNV TAPAY®Y PUTOV, OT®MG Ol
davotol vdpoyovavOpakec, Ta 0&gidia Tov almTov kat 1 kamvabdin (.. Cheng & Levinsky 2007).
Qo1660, WBHTEPEG TPOKANGELS Y10 TNV CLYKEKPUUEVT SIEPYOTIO OTOTEAOLV 1) UEI®UEVT TLUPPDONG
avauén kol to otevd Oplo €VOTADEWG VTV TOV EAOYAV, OTMG KOl Ol ACTAOEEG TOvg m.Y.
avemBountn omoBoydpnon 1 andsPeon g eAdYoC, Talavidoelg (Bradley 2009, Cheng & Levinsky
2007, Chaudhuri et al. 2010, Andrews et al. 2009, Stohr et al. 2011, Kariuki et al. 2012). An6 v
AN pePLd, 01 PAOYEG LEPIKNG TPOUVAIENGS, HE OLOUCTPOUATMGT] TOV UYHOTOS KATA TNV EI0AY®YN TOL
omv (ovn kadong, omotehovv upio teYvoAoyia mov vmoPfonddst v evotadn  Asttovpyia
SLUPAAAOVTOG KO GTOV TEPLOPICUO TOV eKTEUmONEVOVY pOntmv, (m.y. Duwig et al 2011, Sweeney et al.
2011 , Kuenne et al. 2012, Xiouris & Koutmos 2005). EmmAéov 0 amote heopoTIKOG EAEYYOG Ko 1)
dwfadon tov tomkov AOYov kowcipov-aépa (K/A) oto ydpo kavomng, o€ GLVILACUO WE TO
TUPPmOEG Poikd TESIO KOL TNV TOTIKN ¥NIIKY KIVITIKT TPOGPEPOVY GTLOVTIKY AELTOVPYIKT eveMEia
®¢ TPOG TNV devpuven Tav opimv evotdbetog, (.y. Duwig et al 2011, Sweeney et al. 2011, Kuenne et
al. 2012, Xiouris & Koutmos 2005). £t0 mAaicto avtd, 1 KOAVTEPT] YVOGT TOV GTOWEIOV TOV
TUPPOOOY dlEPYUCIOV KAVONC, €ITE G TPOOVOUIYUEVES, €1TE€ O JUCTPOUATOUEVEC GLVONKES TOV
pUlyuatog elooaywyne, sivor dwitepo onuaviiky, ©ote vo kataotel ovvatn 1 afloddynon Ko
BeAticTomoinon TOV YUPAKTNPIOTIKOV TOV OVO OLTOV TEYVOAOYI®V 1waitepa vrd cuvinkeg
Aerrovpyiog pe mtoyo uiyuo, (.. Andrews et al. 2009, Stohr et al. 2011, Kariuki et al. 2012, Duwig
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et al 2011, Sweeney et al. 2011, Muruganandam et al. 2005, Shanbhogue et al 2009, Chaudhuri &
Cetegen 2008,Cheng & Levinsky 2007, Andrews et al. (2009).

210 TOpAmive TAAIGLO, 1| TOPOVGA EPYOGIO TPOYUOTEVETAL TNV YOPTOYPAPNGT UEPIKOV OO TIG
SLPOPES KOL TIG OUOLOTNTEG TV YOPUKTNPIOTIKMOV AEITOVPYIKNG GLUTEPLPOPAS LeTAED TANPMG KoL
UEPIKMG TPOUVOULYHEVOV PAOYDV TPOTOVIOV, Ol 0moieg oTafepomolovvtal og £va dEOVOGUUUETPIKA
OWLOPPOUEVO KOVOTIPA Yo €vol €0POC GTOLYEIOUETPIKMOV KOl TTOY®V ocvvOnkdv. Ot @Adyeg
TPOTAVIOV-0EPE,  AVATTTUGGOVTAL KOl GTUOEPOTOIOVVIOL OTNV TPMTEHOLGO  AVUKLKAOPOPiD, TOV
@Aoyootafepomontikod diokov, Kotdvtl piag Odrtaéng V0  EMAAANA®V  KOWAOTAT®OV, TOL
oynuatioviol Kotd PNMKOg TPLOV CLYKEVIPIKAOV OiocKwv. YO GLVONKEG €1G0Y®MYNG OUOLOYEVOLS
plynoatog (premixed flames), xadoio Kot 0€pog avapryvOoviol TANP®S Kol GTO YMOPO KAHGNG
TOPOYETEVETAL €VOC OTAOEPOC OYETIKOS AOYOG KOvoiplov-0épa. Avtifeto, Ol SUCTPOUATOUEVES
@AGOyeg (stratified flames), yapaxtnpilovtor amd piyuo mov giodyeton pe aktiviky Babuida katavoung
0V @ GTO AVAKLKAOPOPOVY ATOPPEVLA KATAVTL TV SIGKWOV.

Ymv mopovca gpyacio peAethOnke 1 enidPOon TOV SLUPOPETIKOV PLOUIGEDY TOV TPOGOYOLEVOD
UIYHOTOG Y10 Vol €0POG GYETIKOV AGY®V KOLGIHOV-0EPO GALO KOl Yo Uid GEPE 0T SLoPOPETIKEG
EVTOOELS TOV OTPOPIAGHOD, Tov dnpiovpyeitol pécw evog eEmTepikon mediov GLPPEOVTOS aEpd,
(Xiouris & Koutmos 2005). Idiaitepn £pueacn amododnke 6TV eXITTOGN TOVE GE OPLOKEG PAOYEC VIO
ocuvOnkeg amdoPéonc. H mepoapatikn diepedvnon mepleAduPave LETPNGEIC TOV TESIOL TAYVTNT®V UE
Avepopetpio Laser (LDV), tov Ogppokpaciakod mediov pe ypnon Oeppolevydv Kot PETPNOELS
GLUVOMKAV pOTOV PEcm ovdAvong kavcaepiov. Emmiéov, peketinke n tomoloyio Tov HETOTOVL TNG
QAOYOC HECH QOOUATIKNAG omelkoviong tov oeyepuévov pllikov OH* xor CH* pe ovomua
peoemtavyelas. To mepapoatikd amotedéopate TAOGIOONKOY OO VTOAOYIGTIKEG UEAETEG LE
xpron tov Aoyiopcod ANSYS 14° pe v péfodo g Iposopoinong tav Meydhov Aoy (LES),
oV povtédov tupPadovg kavong TFM (Thickened Flame Model), koaw v eicoywyn &vog mut-
GLUVOAMKOV unyoviopoy 14 cuvotatikov yio v zweplypoen ™¢ ofgidwong tov mpomaviov. H
GULVOLOCUEVT] TTEPLYPADT TNG AELTOVPYIKTG GUUTEPLPOPAS TV SLOUPOPETIKAOV PAOYDV GUVETEIVE GTNV
KOADTEPT) EPUNVEIN TOV YOPUKTNPIGTIKOV GUUTEPIPOPAC TOV PAOYDV OVTAOV 6 GLVONKEG AglTovpYiag
OO TNV GTOLEIOUETPIO £00C KOt TO OPLo OmOGPESTG.

2. IEIPAMATIKH AIATAZEH

H mepopatiky dudtaén omotedeiton amd tpiot GuyKeEVIpIKG pevpata. Mio eEwmtepikn agplopon, M
omoilo. TPOCTATEDEL TNV OlAUOPPMCT TNG GAOYaG amd eéwtepikés emdpdoeic. ‘Evav eowmtepukod
daxtologdn coinva (Ds = 85mm, XZy. 1a), mov mapoyetevel évo, oTpoPiAilopevo pedua aépa To
omoio eivan vevbuvo Yo TNV TEPWDIVIOT TOV AVTIOPMVTOG AmoPPeEvUATOS. TEAOG, €va KEVTIPIKO
coMva (D, = 0.052 m), o omoiog mapoyeTeEL TOV TPOTEHOVTO OEPO KODGNG GTNV TEPLOYN TNG
otabepomoinong (Xiouris & Koutmos 2005, Xiouris & Koutmos 2012). H didtaén g npoavaéng
KOl TOV KOVGTHPO €0PAlETOL E€0MTEPIKO TOL KEVIPIKOD OCMOANVO, KOL OTOTEAEITOL OO TPEIC
0EOVOGLUUETPIKOVG BIGKOVS, TOV SUOPPOVOLY dD0 ETAAANAEG KOLOTNTES, ONA. ToV dioko (C), éva
dioko éyyvong xovoipov (B) kot tov @loyootabepomomty (A), Zy.ly. Evtog g mpwtevovcag
avaKVKAOQOPiog Hmopovy va atabfepomoindovy, €ite TANP®S TPOUVAULYUEVES EITE OIOUCTPMUATOUEVEC
eAOyeC. TV Tepintwon g TARpovg mpoavaéng tov kowsipov (fully premixed), o aépag pe 1o
KOOGILO OVOULYVOOVTOL GE vay ovapeikTn (premixer) avavtt g eyKatdoToong Kol GTHV GUVEXELN
€10G,yOVTOL GTO KEVIPIKO COANVA TOPOYETEVONC. ZTNV OEVTEPT TEPINTWOOT|, TO KAVGILO EYYEETOL GTNV
TPOTN KOWOTNTO HECH SOKTLAOEWOVG oyloune 1lmm otov pecaio dioko (B), Xy. 16, xou
OVOULYVOETOL OTOSLOKA UE TO KOPLo pevpa aépa. H dapdppmon tov KOIoTTeV Tpoavaéng Kot o
YPOVOC TOPUUOVIG OE OVTEG GYESIAOTNKE, £T61 MOTE Vo, amo@evyetal 1 omobavagieén (flashback)
€VTOC OVTOV Kol va kabiotatol duvati 1 otabeponoinon Aoy®V o€ éva €DPOG AKTIVIKOV Pabuidwmv
TOV GYETIKOV AOYoL Kawaoipov-aépa, O, Xy. 1d, (Pmin-Pmax, Xiouris and Koutmos, 2012). Avéioya pe
TIG oLVONKeg AerTovpYiog KAl TO OmOITOLUEVO Oepukd @optio, emMALYETOL KOl O GYETIKOG AOYOG
KOLGIOV-0£P0 0TV TEPIMTOON TG TANPOLS TpoavAapENG N avtiotoya 1 pala £yyvone Kovoipov
oTNV TPAOTN KOWOTNTO GTNV TEPImTOoT ¢ dwotpoudtoonc. Méom tov LES éyel eniong dobei pia
TEPLYPOPN TOL POiKOV TEDIOV EVTOG TV KOWOTHTOV, XY 15. Ot poég tov kavsipov puOuiloviot pécm
niextpovikav poopétpov Bronkhorst MV-304/306 High-Tech pe péyisto ogdiua 1.35% 1ng
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péytog kAipokag. O Adyog andogpaéng (BR) oto eninedo e£650v Tov otabepomomntikoy dickov (C)
givar BR = (Dg/D¢)? = 0.23. O apBuoc Reynolds, pe Béon ™ didpetpo tov diokov C (D, = 0.025 m)
Kol TNV ToOtnTa Topoyne tov kevipikod peduatog aépa (Uc), owtnphdnke otovg 8000. Ot
TaPAPETPOL KOl 01 cLVONKES OV dlepevvnOnKav didovtat otov [ivaxa 1.

141 (De)

I s Ue

U
ifs

e Us Uc
Case[d(%)| Le/Dy | @ cropar | P (kW) 00 0 &0 S o,
Swirl [0.00]0.65]0.00 [0.65] 0.00 | 0.65 fL (] A ’
IS| 0 Jo8[o84] - [ -] 0 [ 0 B
Stratified Conditions = 175
SLS| 51 [1.06]1.13]0.285/0.31] 9.28 |10.11 ) | e @ foe U
SUS| 24 [1.32] 14 [0.234/0.25] 7.62 [ 8.31 ﬂ:ﬁ ‘\.‘:T:;J o = T
SBS| 7 [1.56]1.68]0.20[0.22] 6.57 [ 7.17 o ® o
Fully Premixed Conditions ]
PLS| 51 |1.78]2.72|1.04 |1.03|35.48|34.93| [~ airor mixture supply at Uo, ®o
PUS| 24 |1.71(2.28|0.86 |0.84]29.13|28.68 ‘fﬁgg:m! = N
PBS| 7 [1.70] 2.0 10.74 10.73]25.14|24.75| |- fuel pe_lf;pherally 2
) _su]:tply m]ected.f_uf.'lr E

Mivaxag 1: [oapdapetpot kot GuVONKeEC TOV ——l
depguvnOnkay.

(5)

Yyqpo 1: Hepapoatikn ddragn (o),
gloaymyn otpofilicpov (B), kavotipag (y), Tomoroyio
£€yYvomng Kowcipov (9)

3. HEIPAMATIKEX ME®OAOI

O1 péoeg Tpég tov TupPmddv ToxvtnTev Kataypdenkav pe avepopstpio LASER wog Sidotaong e
ovompo g Dantec®. To chompo amoteheiton and éva laser 30 mW He-Ne, and ontikd petddoong
ko Ajymg ¢ Dantec® (PDA 57X10) kot ta @idtpopiopévo opate Doppler enelepydotnkoy amd
évav avaivt cvyvotitev (PDA 58N50). O péoeg tipég mpoékvyav amd 20000 dedopéva kot Eyvay
dopbmcelc eni T Pdacel Tov YPOVOL HETAED TOV OVIYVEVOUEVOV COUOTIOMV TPOKEWEVOL V.
dopbmbel 1o avrtiotoryo AdBog otnv tayvtnto. To Ogpupokpociokd 7edio GTO OTOPPELUN TOL
Kovotipo arotvrddnke pe ™ Pondewa Beppolevydv tomov S (Pt/10%Rh), dwpétpov 50-75 pm,
VYMAAG amdkplong ko kotaypdenke o H/Y pe ) Bondewa kaptag dsrypatodnyiag (DAQ, Omega®).
Ta deyepuéva, pillikd OH*/CH* amotuom@Onkoyv pe OTTIKO GOUGTNUO OTEIKOVIONG YNUELOPOTAVYELNS
(LaVision®), to omoio mepihapfdver ynowoky CCD wduepa FlameMaster Elite 2M, éva
potomorlomiaciaot IRO, eokd vrepiddovg axtvoPoriog (UV) kor €dwkd oiltpo yuoo tnv
amekovion tov pilikaov CH*/OH* ue gupog {dvng 433-438nm ko 307-320nm avtictoyo. TéAhog,
cLAAEYONKOY  aéplo  delypoto TOL  UIYUOTOC OTO  OOKTLUMOEWDES  OlAKEVO, OKTWVIKA TOL
otabeporomntikod dickov (C), wate va petpndei péow aviyventn ovicpot eroyog (FID), n katavoun
TOV OYETIKOV AdYoL Kawaoipov-aépa (Xiouris & Koutmos 2005, Koutmos & Souflas 2012).

O emideypéveg puOUIcELS, Yo TIG dUCTPOUATOUEVEG PAOYES, OTO EMimEdO €600V KupAiVOVTAL LETAED
DOnin~0.2 ka1 P = 0.90, Zy. 18, avdroya pe v pvOuon g éyyvone. o kdbe mepimtmon
otabepomoinong n eAGYa TPoPodoTHONKE Le GTUIOKA TTOYOTEPA UIYUOTO KOVGIHOV-0EPA, DGTE VO
a&lohoynfel n ocvpmepipopd TG TANGIoV Tov opiov amodcPeong. MeletnOnkav V0 SlUPOPETIKA
enineda évioaong otpofiliopod (S=0 ko S=0.65, 6mov o apBpdg otpofirhicuod «S» opiletal mg o
TNAIKO TNG EQOMTOUEVIKNG OLVIOTOOAS TOV oTPoPfillopevoy mediov oépa. mpog Tnv aEOoVIKY
oVVIGTMOG0, TOV, 6Ad. S=W/U;). H ovopatoloyio mov 866nke otig pAdYeS yapaxtnpilet Tig cuvOnKeg
oTPOPIAMGHOD KOl TOV TPOTO TPOETOLLAGING Tov piypotoc. Mo avaivtikd, To Tp®dTo Ypdupa «S» M
«Py» vmodAmVEL [0, LEPIKMG N TANP®G TPOUVOULYHEVT) PAOYX, VD TO «I» TV 1060epun KoTdoTao.
To devtepo ypapupa, «Ly», «U» kol «B», vrodnidvel avtictoryo pic @AOYH GTOLXEWOUETPIKT £OC
TTOYN, TOAD TTeYN N TANciov Tov opiov amdcPeons. To tpito ypaupa «S» VITOSNADVEL TNV €viaon
00 oTpofiopod (my. n eAoya «PBS065», sivar mAfpo¢ mpooavauryuév, Kovid oto Oplo Tng
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andoPeong, pe pecaiog éviaons otpofiiicpd S=0.65). O pAdyes mopovoldlovial Kot GuyKpivovToL
eni ™ Pdomn ¢ 0mOGTUCNG TOV GYETIKOV AGYOV Kowaipov-aépa, @, amd T oplokn T andofeonc,
UEC® TNG TOPAUETPOV «O» (OTTOV, & = (MEyel — Meyer, LBo) Miel, Leo (%0)).

Ot petpioelg tov poumov Kataypaenkay pe avolvt) kovcaepiov Kane-May KM9106 Quintox. H
ovokevn amotereitonr amd avolvtég, O, (0%-25% edpog, 0.1% axpifein), CO (0%—10% evdpog,
axpifeia 5% g Tung), NOx (0-5000 ppm, 5 ppm akpifeia), CxHy kot CO,. Ot deikteg ekmopummv
TV akavotov vopoyovavipdkwv, CO, CO, kor ot avtioTolyeg amoddcels Kavons mapatifeviol 6To
Kepdrato tov amoteAecldTmVv Kot vToAloyioTnKoy amd 11§ Kot eElomoelc:

_ [z] o 10°MW,
EIZ_([CO]+[COZ]+[CXHY] M. +a*M, @
El,, . +0.232*El,
e :1_( 1000 j (2)

01OV T0 0 EKQPALEL TO AOYO TOV VIPOYOVOL TPOG TOV AVOPOKO, TTOV EUTEPIEXETAL OTO KADGIUO.

4. YIIOAOTI'IETIKH MEGOAOAOI'TA

4.1 Agpodvvapko povtéro

INo v mpocopoimon tov wediov pong ypnoiporombnke 1o poviého tov peydlov dwvav (LES) ota
maicta tov mokétov Ansys Fluent 14.0° (ANSYS® Academic Research, Release 14.0). Ot poikég
napapetpol F ekppdlovral ®¢ cuvOVAGUOC TOV TAEYUATIKOV 1] AVOAVOUEVOV LITO TOL TAEYUOTOC
nocoTHTOY F KOl TOV  LIOMAEYHOTIKGV TocoTHTOV F' péc® ARYNG Tov  pécov  Kotd
Favre, F :E/ £ . O1 e£lomoelc mov TEPLYPAPOLY TIG TAEYUATIKEC-OVAAVOUEVES TOCOTNTESG Elval,
(Xiouris & Koutmos, 2012):

dp opu o ophd; d 0. 0

Eer%i:O, %+(8X—jj)=—gpi+ax—joij+§jrij+(5—pw)gi (1)
(p, 1, T kot u givon | wokvoTTO, T0 1EDOES, 1| OgppoKpacio Kot 1 ToydTNTO TOL BEpiov Kot i=1, 2 Yo
éva Kopteolovd cOGTNHO GUVIETAYHEVAOV (X, V)). ﬁzﬁRu'l:ZiYi/ M., 6mov Y;, M; R, eivar 10
KAdouo palng tov Kabe GueTATIKOV, TO MOPLOKd PAPOC TOV GLGTATIKOL KOl 1 TayKOGUe oTadEpd
OV agpinv. &, = ,u(S~ij -2/3 §kk5ij ) » Tjj €lVOL OL VITOTAEYLOTIKEG SLOTHUNTIKEG TAGELS Kot S ij elvaro

TAEYHOTIKOG  TavvoTg TV thoswv  Reynolds. Ot vmomheypotikés Swtpntikés Thoels 7

HOVTELOTOODVTOL OC: T;; = —p ui’u; = My (§ij —(2/ 3)S~kk5ij) —(2/3)pk 6. . To vromheypatiKo 1E®OES

s ij
VToAOYI(ETOL UEC® TOV TOVLOTH TOV JATACEMYV, S~ij e Zﬁ(CSA)Z(ZSijSU—)UZ , ue v tUpPddn

KMpoxa prkovg va extdton og: L =A= ﬂ}AXiAyiAZi , 0oV A &ivol T0 UNMKOG TOV TAEYUOTIKOD

¢@irtpov. Or vroioyiouoi Eywvav pe 1o Cs va povtelomoteiton pe tnv dvvapkn pébodo twv Germano et
al. (1991), mepropiCovrag tig Tuég tov petald 0 xor 0.23. Xpnowomombnke eniong évag ypodvo-
eEaptopevog aryopBpog SIMPLE yia v o0levén tov nediov toayvtntog kot mieonc. To petafintd
YPOVIKO o Tov vioBeTnOnKe dracpdiioe Eva péyioto apBud Courant, peta&d 0.3 ko 0.45.

4.2 Movtého Kavong

INo va weprypaeBei  TupPdoNG Koo 6TIC CLVONKEG TOV SPOPETIKOV LYHATOV TOL PeAETHONKAY
ypnowonomOnke to Thickened Flame Model (TFM) (Colin et al. 2000, Wang et al, 2011) to omoio
Bempeitar KatdAAnAo yio cuvBeta media kavong. Avty n pebodoroyio cuvdvdodnke pe Eva ynuKo-
KIvnTiKod oynua 14 cuotatik®v yio v reptypaen tng o&eidmong tov apomaviov ([Mivaxog 2). Avtdg
0 UNYOVIGHOG OTTOTEAEL EMEKTACT TOV UNYXOVIGHOD TToV Tapovaidotnke amd tovg (Karagiannaki et al
2014) ocvumeproufavovtac topa to piiikd OH yia va digvkolvvOovv mo GUeses GUYKPIOCELS UE Ta
petpnuéva OH*. Oha ta ynuukd €idn emAdovion amevdeiag, dpmg sivar mhovo 6t evdldueca priika
Ue yopyéc KAipakeg ypdvov dev umopodv va emilvboldv pe opketn okpifeln ota mAaiclo Tov
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YPNOUYLOTOLOVUEVOD TAEYUOTOS KOl TOL TEMEPACUEVOL YPpOVOL emilvomng. [ TG cvyKeEKPUEVES
EPYOOTNPLOKES QAOYESG, YaumAiov apBpod Reynolds, n a&lonoinon tov mopondved cuvovacuod Tov
HOVTEL®V TUPPOOOVE WIENG KOl ¥NKAG KIVNTIKAG, €ivol EAKLOTIKN Yl TNV TO AETTOUEPT Kot
EKTETAUEVT] TEPLYPOPT] TOV OVOTTUGGOUEVOV 1OI0THTOV TOL UETMTOL TNG QPAOYOS, EVA EMIoNG,
EMUTPEMEL 10 IO AUECT] GUYKPLON LE T OTTIKA TEPANOTIKG amoteréopata. O ypovikd pécog puOpoc
YNUKTG avTidpaong vtoAoyiotnke e tov adyopbuo ISAT (Duwig et al. 2011, Kuenne et al. 2012).
ITponyodueveg petpnoets, (Xiouris & Koutmos 2005) éxovv dgifel 0T1 o1 Ttoyég EAGYES Ppiokovtar
o010 medio kavong avidpdoewv Aentov otpodpatoc. Ot mopovoes oplokéG (EAGYEG KvovvTol
TANGIECTEPO OTO OPlo TNg Kavorng vmd dlaveunuéveg {oveg avtidpaong pe oapiBuovg Karlovitz
(Bradley 2009), (Ka=T./tx, OOV T¢h KoL T €ivon o1 KApakeg xpdvov g ynueiog kot tov Kolmogorov)
nepimov 80 Kot mEPLGGHTEPO.

ApOnog Avtiopoon ApOnog Avtidpaon
1 C3H8+2H=>C3H6+2H2 14  H2+OH<=>H20+H
2 C3H8+0=>C3H6+OH+H 15 H+02<=>0H+O
3 C3H8+OH=>C3H6+H20+H 16  O+H2<=>OH+H
4 C3H8(+M)=>CH3+H+C2H4(+M) 17 H+OH<=>H20
5 C2H4+0H+02=>CH3+CO+H20+0 18  O+H20<=>20H
6 C2H4+0=>CH3+CO+H 19 2H+M<=>H2+M
7 C2H4+2H=>C2H2+2H2 20 20+M<=>02+M
8 CH3+0=>CO+H2+H 21  C3H6+OH=>CH3+C2H2+H20
9 CH3+02=>CO+H+H20 22  C3H6+H=>CH3+C2H2+H2
10  2CH3(+M)=>C2H4+2H(+M) 23  C2H4+0+02=>CH3+CO2+0OH
11  C2H2+OH<=>CH3+CO 24 C3H8+H=>CH3+C2H4+H2
12 C2H2+20<=>2CO+2H 25  C3H8+0=>CH3+C2H4+0OH
13 CO+OH<=>CO2+H 26  C3H8+OH=>CH3+C2H4+H20

Hivaxag 2: Mnyoviopdg 14 cuotatikdv yio v Teptypapn g 0&eldwong Tov Tpomoviov

4.3 YToAOYIGTIKES TOPATNPIOELG

‘Eppoon d60nke otn mOKv@oN Tov TAEYHOTOS TANGIOV TOL 010KOL WEKOGHOV, KOl GTNV TEPLOYN
otabepomoinomng e eAOYNC. 210 A0 TG S1bEcUNG VITOAOYIGTIKNG 10YV0G ¥PNoomomOnke Eva,
VPPOIKO TAEYH: TUKVOTEPO KOVTH GTNV GYIoUN £YXVoNG Kol ToV GEOVO KOl O 0pald G€ GAAEG
nepoyés. Kehd peta&d 1.25 war 1.48 exatoppvpiov ypnowomomnkav yio tovg Pootkods
vroroyopovs. Oplakég cuvvlnkeg pn oiicOnong ypnowyomomOnkav Kovtd oto TOYOUATA, VO
EPUPUOCTNKE O VOLOC TOV TOLYoL 0movdNmote aAloD. Ot cuvOnKeg 10000V EANEONGOV aTd LETPNCELS
EVD EQAPUOGTNKE GTNV ££000 [l GUVONKN GTOTIKNG TTiEoNS. AOY® TNG SPOPETIKNG TOTOAOYIOG TMV
eloydv mANpovg mpoovauiéng (OAS. TOAD pEYUADTEPO WAKOG ONO TG OVTIOTOUES WEPIKNG
npooavapéng) ypetdotnke mokvoTEPO TALYHO KaB® OLO TO UNKOG TOL KLPIWE TTESIOV VIOAOYIGUDY,
YEYOVOC oL dnuovpynce kol LYNAOTePeG amattinoelg oe CPU ypovo. Ot mapdiiniol vroloyiopoi
npoypatoromOnkay oe 24 enefepyootég tov 3.0GHz (2 XEON 5660) kot 24 enefepyaotés Tmv
3.8GHz (4 i7). "Evag kbrhoc ypdvov e péong pofic (1=Dy/U=5x10"s) dmpkeoe mepinov 1.7 CPU
dpec.

5. AIOTEAEZMATA KAI XYZHTHXZH

H mapovoa epyacio peréta kot cvykpivel 1o SLOQOPETIKA YOPOKINPIOTIKA TOV GAOYOV KoOMC
petafdrdeton amod v pio To eninedo Tov AOGYOL KOLGIHOVL-0EPE Kol 00 TNV GAAN M €VTOGT TOL
otpofiiiopov. o v mepintmon ¢ S100TPOUATOONG, TOPOVGIALETAL ) OKTIVIKH KOTOVOUN TOL
oyeTIKOD AOYoL Kovoipov-aépa otnv akun tov dickov (C), Zy. 2, n omoia tpogodotel ™ Lmdvn
kavong. H Babuida tng katavoung Aaupavel uéytoteg Tués, @max=0.89, 0.60, 0.48 kot eddyioteg @min
¢m¢ 0.2 yio Tig vd perémn meputtoelg SLS, SUS kot SBS avtiotorya. H ovykpion melpapotikedy Kot
VTOAOYIOTIK®V 0OmoTELeCUATOV £0€1&e amokAioelg €mog kot 7% oty 0éom avt. Oo wpémer vao
onuelwdel 6TL N SGTPOUATM®OT TOVL UYHOTOG GLVOOELETAL KOl 0td avTioToryn dtadouion g néong
KO SIKVILOIVOLLEVIC TOOTNTOG, M0 TTEPITTMON TOV GLVNOMG GUVAVTATOL KO GE TPOUKTIKES SIATAEELS
KOLGTPOV.

Koatapydc, diepeuvibnke TEWPAUOTIKE KOl DITOAOYIOTIKG 1 avATTTLEY TOV 1600EPOV AMOPPEVILATOG
VIO JPOPETIKA EMMESD GTPOPIAICUOV. XT0 Xy, 3 TOPOLCIALOVTOL KOl GUYKPIVOVTOL EVOEIKTIKA
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petpnoelg LDV ko amoteléopata tov LES yuo tig kotovopég g péong a&ovikng toydtnTog Kotd
UNKOG TOL OmoppevpaTog Ympic otpoPidicpd (S=0). IMapatnpeitar kakny obykAion o610 €yy0¢
amoppevua pe ovénon g omdkiiong nAnciéotepa mpog v ££060 ToL TEdiov vVIoAoYIGHoV. To
pfKog tng mpotevovsag {dvng avakvkioeopiog etvar mepimov 1.09 kot 1 Dy o11g  petprioelg Kot
GTOVG VITOAOYIGLOVS AvTiGTOLYO.

1,0
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Yoz}
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0.0 X " . ' ;
0,5 0,6 0,7 0,8 0,9 1 14 -2

/D, r/Dy
Yypoe 3: YTOAOYIoTIKN KOt TEPOLOTIKY
KOTAVOUN HECTG AEOVIKNG TAXDTNTOG
1600eppov amoppevpatog (S=0).

Zynpa 2: ZuyKpicelg VTOAOYIGTIK®Y Kot
TEPOLATIKDY KATOVOUMY TOV GYETIKOV AHGYOV
KOVGIHOV-0£P0 AKTIVIKG TOV XEIAOLG TOV
@AroyooTabepomomTikoD dickov (S=0).

Kototépo moapovcidlovtor UEPIKA EVOEIKTIKA OMOTEAEGLOTO OO TNV TOPAUETPIKY UEAETN TOV
avTOPOVTOC  amoppeduatog.  Aentopepeic ovykpioelc MHETOED TOV  KOTOVOU®OV TG  MEONMG
Bepuokpaciog mapatifevtal, yio TIg TEPUTTOGEIS PAOYDV TANPOLG TPOAVAULENG KOl SIOUCTPOUATOONG,
1o drapopetikég evidoels otpoPfilicpov (S=0/0.65) oto Zy. 4. v mpdT TEPIMTTO®OT, GLVOVTATAL
OLLOYEVOTIOUNIEVT] KATOVOUT DYNAGDV DEPUOKPOCIOV KATAVTL TOV KAVGTNPO EGOTEPIKE, TOV OpPiov TOL
OOKTUALOEO00G STUNTIKOD OTPMOUOTOS TOV OVOTTOCOETOL TEPIPEPEINKA TOV oTAHEPOTOINTIKOD
dlokov. Ot PAOYeG SUCTPOUATMOONG £XOVV YOUNAOTEPEG UEYIOTEC BEPUOKPACIES, Y10 OVTIGTOLXES
amootdoelg (0) amd To onueio amocPeong. Emiong, o1 katavoués eueovifovv vymidtepeg
Oepuokpacieg, minciov tov d&ove cvppetpiog e eAoyag. H emidpaon tov otpofiMopod oto
KEVIPIKO pedpo aépa €Yl MG OMOTEAECUA TNV SWOTAATUVON TOV 0EOVOCLUUETPIK®Y SLUTUNTIKOV
OTPOUATOV Kol TNV gvioyvon Tng aykiotpoong e @AYo 1Wwitepa otV SOGTPOUATOUEVT
nepintoon, Xy 4. Tavtdypovo, OTmMG TOPOLGIALETOL KOl HECH TV KATOTEP® VITOAOYIGUMV TNG
exhoouevng Bepuotnrag, o oTPoPMOUOG o8 AANAETIOpAOT] LE TNV TPAOTELOVGA CVOKVKAOPOPTa
GULOTPEPEL TO UETOTO TNG PAOYAG MG TPOG TOV KLPLo dEova tng pong, oALGlovtag To oyfuUa TG amod
KUAWOPIKO oe Kovikd, Xy. 5. Kabbg n €yyvon tov kavoipov peidveral, 1n {ovn aviidpaong
OTOYKIGTPMVETOL GTAOLOKA 0O TO XEIAOG TOL HIOKOV, EVAD TO KMVIKO PETOTO TNG AOYAG CUYKAIVEL
pog Tov AEova GLUUETPiag. To YEOUETPIKE YOPAKTNPIOTIKA TOV SIOUCTPOUATOUEVOV QAOYDV gival
0 EVOAMTA, GUYKPLTIKA UE TG OVTIOTOLYEC TANPMG TPOOVOLULY LEVES SLUTAEELS.

H m\npog mpoavaprypévrn d1opudpeon eAOyag, yio To idlo «d» emtuyydvel peyoarvtepa pnikn (ovov
avTidpaong, KAt T0 0moio S10PAIVETOL KOl 0O TNV TOTOAOYIN TOL HEGOV YPAUUOUOPLOKOD KAAGLOTOG
OH, Zy. 6. O1 dtapopég TG ayKioTpmoNg TG PAOYAS Kot 0 pOAOG TOL oTPoPAouol T pong o€ av
NV cLuumEPLPopd otabeponoinong Hetald TV dV0 JUUOPPDCEDY SLOPAIVETOL OO TNV TOTOAOYi
TV deyeppévav piiikov OH*, 6nmg avtd arnotvndvovtal 610, XZy. 6. H ymoewkn eneéepyacia tov
APYIKDOV EIKOVOV UE XPHON KATAAANAOL Aoyiouko) (LETOOYNUOTIOUOC AmOCVVEAIENC TPLOV onueimV
katd Abel) Sievkdlvve TIC cvyKpioelg He TNV TOMOAOYIOL TOV YPOUUOUOPLAKOD KAGGUOTOC TOV
ovotatikov OH mov vmokoyicOnke amd Tic mpocopoiwoelg, Zy. 6. Ta pilikd tov vOpoLvriov
EMAEYOMKAY Y10 TIG GLYKPIGEIS KOOOTL 68 YaumAovg oyetikong Adyovg K/A mpocdiopilovv kaAibtepa
TO PETOMO TNG GAOYOC CLYKPLTIKA pe ta deyepuéva pilikd CH* (m.y. Garcia-Armingol et al. 2014).
2V Tpoavoutypévn eAoya 1 kopla {ovn topaywyng piitkov OH* paiveton vo amokoArdtol ond Tov
KovoTnpa, oAAd cuveyilel va otabepomoleiton 610 TPOHEPUACHEVO ATOPPEVUN TNG TPOTEVOVGOS
AVOKVKAOQOPIaG TPo@odoTOdLEV 0o emavoakvklopopovvta kavoaépta, (m.y. Chaudhuri et al. 2010,
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Kariuki et al. 2012, Sweeney et al 2012, Chaudhuri & Cetegen 2008). Avtbétwg, ot
SLOOTPOUATOUEVEG PAOYEC OEV OMOKOAAOUVTOL OO TNV MEPIPEPEINKN OKUN TOV diokov. ATd To
onueio ovtd tpoodoteitar M @royolmvn pe  @péoko piype K/A Aoyo tng KatdAANAng
SloTpOUATOONG, TPocPEépovTag LeyoAutepn evotdbeie. H odykpion tov ynpeopotavyaloviav
pllikov OH* pe to péoo ypappopoplakd kidcpo OH édei&e apketéc opoldTNTeEG MG TPOS TO
YEDUETPIKA YOPAKTNPIOTIKA TOV AOYDOV KOl TNG ATOKOAANGNG TOVS OO TOV KOVGTNPA.
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Yype 4: Katovopés tov pécmv 0eplokpacidv 6To avTidp®my amdppeLLO.
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Yynpa 5: Yroloyiopol Kotovouwov Hécmv Tympa 6: Xvykpioeig dieyepuévav priikov
TOV exlduevng Oepudtnrag yio S000 kot OH* pe 1o péoco ypoaupopoprokd kadopo OH.

S065.

H tomoioyio tov ekmeumduevov deyepuévov pillikdov OH* mapatibeton oto, Xy, 7, o TIg
e€etaldueveg MEPIMTAOOELS. TNV TEPIMTOON TNG TANPOVE TPOOVAENS 1| OTUOIOKA UELODUEVT
TOPOYETEVOT KOLGIHOL 0dNYEL TPAOTU GE AMOKOAANOT TNG PAGYAG amd Tov oTafepOomomTIKO dioKO
KO, GTNV GUVEYELD OTNV HETPI®G ov&avopevn petatonion g ord 1o yeilog tov kavotipo (lift-off).
Axoun, mAncwalovtag oty andcoPeocr @aivetal vo OmOKOAAATOL KOl Vo GUYKAIVEL Tpog Tov GEoval
CUUUETPIOG. ATO TNV GAAN TAELPE, Ol QAOYEG OOCTPMUATOONG EXOVV KOADTEPYT OYKIGTP®ON
neppepelokd tov dickov (C) Ko KoTd TNV TPOGEYYon TG amdcfeons, 10 HETOTO TNg QAOYOS
neplopileTonr oV TEPLOYN NG avaKLKAOQOpiag. [a 10 1010 «O» T YEMUETPIKA YOPOKTINPIOTIKA
exmopumng plikov OH* gival d10popeTikd oTIC dV0 SIUOPPAOCELS KoL 1) atTiot €lvat OTL 1| YOPOTUEIKT|
KOTOVOUY TOV TEPLOYDOV Tapay®yng pliK®v oTIg QAOYEG UEPIKNG TPoavAaENG €ivol onuovTcd
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neplopiopévn. Téhoc, o otpofiliopdg mpokadel v amopdkpuvor tev {ovav avtidpaocng e AOyag
amo Tov a&ova GuppETPlag TNG Kot Yo TIg 000 dlapopeacelg. H diepedvnon evog peyaidbtepov e0povg
YEQUETPIK®V O10TAEEMV KOl POIKAOV TEPUTTOCEMY O NTOV YPACIUN Y10 IO O EUTEPICTUTMOUEVT
KOTOYPOPN TMV OUOIOTNTOV KOl SL0POPOV TOV AVOKVITOVV GTIS 0pLokEG oLV KeG Agttovpyiag, (..
Andrews et al. 2009, Kariuki et al. 2012, Sweeney et al. 2011, Sweeney . et al. 2012, Chaudhuri &
Cetegen 2008, Kuenne et al 2012).

SBS000

4

intensity

SBS065

L
Yympa 7: Ewoveg ynuetopotavysiog OH* (katdomy ymowokng eneéepyoaciog amocuveAENg
kot Abel)

Ta Xy.8 a, B, y ancwovilovv 11g petaforéc tmv Baoikav porwv (UHC, CO, CO,) mov napdyovial yio
v KaBe dapdpewon erdyas. Ta dwypdppota 6to, Xy. 8 a, delyvouv TV OLOOHOPON TACY| Yl
erMdtToon tov mapayopevov pomev (UHC) ya eldyeg pe 6>25%. Ouwc, yo 6<25%, 1 mapaymyn
TOV AKOVGTOV LOPOYOVAVOpaK®mY avEdvetar paydaia Yio TIC TAPWOG TPOOVAULYUEVEG GE avTiBeoT e
TI§ doTpopatopéves eAOYec. Tlapopola cvumepupopd mapatnpeitor Kot 610 Zy. 8 B, oAAd ot
petaforéc av kot povotoveg, eivor mo oporéc. H avéntikn téon tov CO, oto Xy 8 v ,
avtmapofaiietal oe oyéon e v ekmopnn tov CO oto Xy. 8 B, emPePardvovtag tnv TAnpéctepn
o&eidmwon Tov kKawoipov. [To avaivtikd, KaBmg LEWGVETOL 1] TOPOYN TOL KOVGIHOL Kot 1) PAGYA 0d€VEL
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Zymna 8: Acikteg eknoundv yuo CyHy(a), CO(a), CO(B), kar amddoon kawong (8) yio S1opopeTicons
Adyovg 1oodvvapiog.
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TPOG TO OPlO0 NG AMOGPEONG, O GYETIKOG AOYOC KOULGIHOL 0€PU UEUDVETOL GLYKPITIKG HE TOV
OTOYEOUETPIKO AOYO, LE emakOA0VO0 O aépag va unv EmOpKEL yio TV oAokApwon tng o&eidmong
TOV KOVGIHOV, aVEAVOVTOG TV EKTTOUMT TOV GKOVOT®V DOPOYOVOVOPAK®V Kol Tov HoVOEEISIoL TOv
avBpaxa. H emPoAn pecaiog évtaonc otpofilicpod opfAdvel kot opoionolel v dnuovpyia v
wpoavapepBiviav pOTmV, KaBdTL KAMpaK®VeL To eTinedo TOPPNG LE GLVETELD VO SIEVPVVEL TO YOG
g {ovng tov ynuikov avtidpdoemv. Tov poro mov dtadpapatilel 0 TPOTOC £yYuong KOVGiov
nopatnpeiton Ko ota Xy. 8 a, B, v, 0pod émg 6=25% N S0GTPOUATOUEVT] PAOYO EXEL YAUNAOTEPES
EKTTOUTES O TNV avticToyn TAPOoVS TpoavaEng: evrovTolg yio 6>25% kat ot d00 SUOPPDOCELG
OLYKAIVOUV ®G TPOG TO EMMESN TOV EKTEUTOUEVOV POTOV. XYeOOV 1010 TOGOOTO ATOS0CNG
oLVOVTATOL KOl oTiG 000 Odlapopemcelg yuoo 6=35%. T 6=55% o1 QAOYeg SGTPOUATOONG
emruyydvouv amddoon Emg 89%, Zy. 8 6.

ANAKE®AAAIQXH- XYMIIEPAXMATA

H a&lomoinomn tov Tepopatik@dy Kot VITOAOYIGTIKAV OTOTEAECUATOV GUVEPBOAAE GTNV dlEPELVNOT TOV
YOPOUKTNPIOTIKOV  oTafepomoinong mMToydV, HEPIKMG Kol TANPOG TPOOVUULYHEVOV  (PAOYDV
TPOTOVIOV-AEPQ, VIO TNV EMOPACT dUPOPETIKNG Evtaong otpofiiiopnov. Katd tnv mpocséyyion g
OTOGPECNG OTNV TEPIMTOOT TOV TANPOS TPOUVUULYUEVOL UIYUOTOG 1) QAOYO OTAYKIGTPOVETOL 0o
tov dioko (lift-off) ko katorappdaver pikog péxpt kot ntd StapéTpong Tov 6TadepPoTOTIKOD dioKOV.
Axéun, to oynua g EAOYOS petapdiletor kabmg avtq mpooeyyilel to 6plo amdoPeone, pe v
CLYKEVTP®GN TG GAOYA TTPog Tov GEOVE ouupeTpiog TG, ONUIOLPYOVTOG £TOL £V KOVIKO GYNMUOL.
AvtiBétwg, ot eAdyeg dotpoudtwong, kobng mpooeyyilovv to Oplo amdoPeong, mopovcslalov
KoAOTEPT AyKIGTPOOT TTEPLPEPELOKE TOV dioKov Kot avTd cLpPaivel 10Tl AdY® NG SLGTPOUATOGNG
Tov piypotog M @AGya Tpo@odoteital pe Uiypo Kovoipov oépo peyoivtepo tov pécov .
[Mopovcialetar emiong £€va GNUOVTIKA MO GUUTAYES KOl KOVIKO GYNUO GAGYOG, TO OTOi0 PEYOADVEL
aKTIVIKG, e€apTdpevo amd v évtacn tov otpofiliopov. Katd v mpocéyyion oy ondcPeon, 1
QAOYo oynuatifel évav aEovoGUUUETPIKO SOKTOALD, TOV TO UEYEDOG TOV UELDVETOL AVOAOYO WE TNV
eMdtTtoon tov kovcipov. Télog, otn pekét mapatnpeitor 0Tl 1 TPoVoH SUCTPOUOTOUEVT QAOY,
VO TNV TPOPOSOGi. TIMYOL UIYHOTOS, TOPOVCLALEL YOPOKTNPIOTIKG OUOow HE €Keivol mov
TOPOTNPOVVTAL TOCO GE U1 TPOOVOULYHEVEG OGO KOl O TANPW®G TPoavoulypuévec oAoyes. H
OTOKOAANGT TOL UETMTOV NG PAOYAS amd To Yeilog Tov atabfepomomtikod dickov Kot 1 cOYKAIoN
TOV TPLUVOIOL TUNUATOG TNG PAOYAS TPog Tov GEova cuppeTpiag givol ta facwkotepo and avtd. H
KOADTEPT KOTAVONON TOV O10Qopdv HETAED Tov 000 pebodoroyidv kadong, Lmd SPOPETIKES
ouvOnkeg otabeponoinong, Oa dievkdAvve TV AvATTLEN KOTAAANA®VY HuebodoroyLdY EAEYYOL YOl TV
KOADTEPT OlaXEipIon TOL UEYHOTOG 1)/KOL TNV GTOYEVOUEVT XPNOT PAOYOS TAOTOV GTNV TPOCTADELL
v o gvotadn kat digvpvpévn Asttovpyio (turn down ratio) epappoydv kovong. H vrootpién g
dwdkaciog pe pgvotobepuikodc vmoroywopove LES, oe cvvdvacud pe emhoyn KatdAAniov
LOVTELOL KOWOMG KOl YNUELOS, QVOTOPYOyE EMUPKDS SOUKE KOl AEITOVPYIKA YOPOKTNPLOTIKA TOV
VIO PEAETN PLOYDV. Me Tepattépm dokIUéEG Kot PeATidoeELg, pio tétoto péBodog pumopei va amodeyel
YPAoWn oty avadelln Pacikdv AEToLPYIKGOV oTolEimV o€ £va, gupd QACUO  PAOY®DV Kol
EPUPLOYDV, VTTO OLOPOPETIKEG OPLAKEG CLVONKEG.

Evyaprotieg

H gpyacia vrootpiydnke and v Erxrponn Epsuvav tov [averiomuiov [atpdv. H copforrn tov
unyovovpyeiov tov Iavemomuiov Iatpdv GUVETELEGE GTIV KATAGKELT TNG TELPUUATIKNG SOTaENG
Kot ovoryvopiletal e EDyVmUocLVY.
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TITLE: Combustion Features and Emission Levels of Axisymmetric Bluff Body Stabilized
Propane Flames Under Stratified and Fully-Premixed Inlet Conditions

SUMMARY .The work presents the reactive flow characteristics and the emission performance of
stratified and premixed lean propane flames stabilized in a double-cavity premixer/disk burner
configuration operating with or without swirl. Velocities, temperatures, OH* chemiluminescence and
exhaust species concentrations are measured for a selection of inlet mixture equivalence ratio
gradients and are compared against supporting Large Eddy Simulations performed with a 14-species
mechanism for CsHg-air. The combined methodology helps to delineate important differences in the
emission performance of each set up and also provides useful information to allow better control or
exploitation of their variable mixing characteristics.
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H mopodoa epyoacio EXIKEVIPOVETOL GTNV TPLOOLACTATN OPLOUNTIKY] TPOCOUOI®GT TOL AEPNTA TNG
NAeKTpOTAPAY®YIKNG Hovadag Meyodomodn IV vmd cuvOnkec kavong pe aépa, 1060 oe GuVONKeG
TANPOLG 060 Kol cVVONKeG ueptkod poptiov. Tlapopoleg peréteg yio youniotepa poptio Aettovpyiog
dev ovvaviovior ot oebviy PiPAtoypapia kot vwd To Tpicua avTd, TAPOVSIALOVTOL GMNUOVTIKA
OTOTEAECLOTO, GYETIKA LLE TN YOPIKT KoTavoun TG Oeprokpaciog Kot PacIKOV GUGTATIKMY TNG OEPLIG
oaong (CO, CO; kot O,), OTMG AVTA AVATTOCOOVTOL GE GUVAPTNGOT LE TIC TOPOYES KOVGIHOL Kol
avTioToly®g 0&edmTIKoD PEcov. Ta AmTOTEAEGLOTA TTOL TPOKVITOVY Y10, TV TEPITTMOT TNE KAVGONG LUE
aépa Ppiokovrol oe KAAT) CUREOVIN LE AVTIOTOLYO OESOUEVA AELTOVPYING, OTTMC ALTA TpounBedovTal
OO TOV KOTOOKEVOOTH TNg Hovddag. H apBuntikn npocopoinoT tov cevapiov auTt®v KOTAdEIKVOEL
TN ONUOVTIKOTNTO TETOLMV HEAET®V, OGOV 0QOPE GTI CLUTEPLPOPA TOV BEPUONAEKTPIKOV GTAOU®DV,
dedoUEVIG TG CUYYPOVIG OVAYKTG Y10 TN AELTOVLPYIO AVTAOV VIO CLVONKEC YOUNAOD Kot EVUETAPANTOL
Qoptiov.

Aggarig Khewdowa: Ymoroywotikyy Pevotopunyoviky, Aéfnroag koviomoumpévov kavcipov,
gVEMKTY AgtTovpyio

1. EIXAT'QI'H

INuepa, eKTHATOL TOS TEPimov 10 29.9% tev mayKOoUOV avayKdv oe gvépyela Kot 0 41% tov
OTOLTAOEMYV O TOPAY®Y] MAEKTIPIKNAG EVEPYEWNG, KOAVTTOVTIOL Omd TnV Kovorn avlpoka o€
Oepponiextpikovg otabuovg (Coal Facts 2013). O xabapog Pabuog amddoong Tmv HovAd®Y avT®dV
onuepa kopaivetor omd 30% émg 46% (Graus et al., 2008). Adyw g emPariopuevng peiwong Tov
ekmounadv agpimv tov Beppoknmiov yia v E.E. kot tig HITA katd 43% wg 10 2030 og cOykpion pe
ta emimeda ekmounmng tov 2005 (European Commission, U.S Department of Energy) a1 1ng
avaykooTnTag Yo, OTOOWKO TEPLOPICUO TNG KOTAVAA®ONG Kavoipov efoutiog g HEOOUEVTS
SoBecIUOTNTOC PUOIKMOY TOPWV, 1 AHENON TG ATOO0CTG TOV BEPLONAEKTPIKMY HOVAS®V gival Eva
Kaiplo teyvoloyikd amoartovpevo. Emmpdobeta, sivor yeyovog Tme ol ovVOVEDGULEC TTNYES EVEPYELOG
Aoppdvouy oloéva Kol TEPIGGOTEPO LEPIdI0 otV ayopd evépyelog. Extipndtot mtog uéypt to 2035 10
HEPId0 TV avOvEDCIU®OV TNY®mV evépyelag Ba €xel @Bdcel 010 23% TOV OAK®V EVEPYELNK®MV
avaykav v v E.E., oto 20% vyia v Ivdia, oto 16% ywo tig H.ILA wat 13% yio v Kiva (World
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Energy Outlook 2011). H diapoppoduevn avti TpoypoatikotnTo odnyel otnyv amaitnon Agitovpyiog
TOV OEpUONAEKTPIKOV LOVAS®Y Gyl LOVO MG LoVEAdES Pactkod popTiov aALd Kol ™G HOVAOES OLUNG
KavEG va, avtomeEEpyovtal VITd GVVONKES KUKAKNG POPTIONG TPOKEUEVOD VA TPOSUPUOLovTaL EDKOAN
OTN CLVEYMG UETOPAAAOUEVT 10YD TOVL TPOCSPEPETAL 0md TiG avovenoipeg Tyég (Kumar et al., 2012).
Ot modlodTepEg WOTOGO HOVAIESG TOPAYMYNG HE ¥pNon GvOpaka Exovv oyxedlacTel Vo AEITOLPYOVV VIO
ovvOnkeg Poactkod QopTiov, Le dVVATOTNTO TEPLOPICUEVOV ETOVEVAPEE®MY GTN SLAPKELD TOV YPOVOL
(Cochran et al., 2013). TiBetor Aomdv emraxTikKd 1 ovaykn e&evpeong mapeUPotikdyv pnefddwv Kot
dwtaéev Yoo T PeATioon Tng CLOUTEPIPOPAC TOV AEPNTOV OTIG VEEG VOPUEG AELTOLPYIOG OV
omottoHvTal. XTo TANIGLO GLTAG TNG TPOOTADELNS, 1| GLYKEKPLLEVN €pYacio HEAETd oplOunTikd ™
ouumePLPopa tov eAlnvViKod AéPnta g A.E.H Meyaidmoing IV yia dbo meputtdoeig poptiong (87%
ka1 40% Tov OVOUAGTIKOD (POPTIOV). XKOTOG Elval 1 SlEPEHVIOT TNG CLUTEPIPOPAG TOL AEPNTA OTIC
OLYKEKPIUEVEG oLVONKEC Agitovpyiog, 1 MEAETN NG YOPIKNG KOTOVOUNG KOl TNnG moldTnTog NG
TPOYLLOTOTOLOVUEVTG KODOTG, O EVIOTIGUOG TMV TTEPLOYXDY LYMANG GOPTIONG TOL AEPNTO OGOV apopd
OTO OVOTTUGGOUEVO TESIN DEPLOPPODMY KOl O TPOGIOPICUOS EVEPYELMV YO TN PEATIGTONOINGT] TNG
GUUTEPIPOPAG TG LoVAdag LTTO cLVOTKEG AetTovpyiog o€ PEPIKE popTia.

2. APIOMHTIKA MONTEAA

O vnd e&éraon AéPnrag Meyarodmoln IV mepihouPdvel 6 cvotolyieg kovotnpov. Avtég eival
dratetaypéveg avd 600 otnv eumpochia Kot omticOio TAsvpd Tov AEPNTO Kot ovd o 6TV aploTePn Kot
) 6e&ud mhevpd. Kdabe ocvotoyio amotedeital and 2 eminedo. To dve emimedo meprhapfaver 5
€100000¢ Yo ToV dgvTepebovta aépa kavong (2 dve, 1 pecaio kol 2 KATw) Kot 2 €16030V¢ Yo TO
Atyvitn kot Tov Tpmtevovia aépa (dve Kavotpag). To kdtm eninedo amoteleiton amd Tov 1010 apOud
€1000MV 0EPO — KOVGIHOV UE TOV AV Kol EMITPOcHET™G TeptAapuPavel pia 16000 Yo T0 amo&npapévo
KaOGo (Ayvitn) e Tov avOiAloyo TPpOTEVOVTO 0EPO Kot Lio akOua 16000 Yio ToV 6guTEPEHOVTO, AEPQ
kavons. Emumiéov o AéPntoc drobéter ko 8 dratdEelg £yyvong metpelaiov, woTdGO To GEVAPLO TOV
TPOGOUOIDONKAY TPoEPAemaV T ypnon HOVo otePeod Kavoipov (Atyvitn). Eva dwaitepo yvopiopo
g ev AoYm ddtaéng, eivar n KAion OA®V TOV GLGTOY(IOV VIO KOTAAANAN YOVIO 00TMOG MOTE Vo
SO PPOVETAL OTO E0MTEPIKO TOL AEPNTA 1 EMBLUNTH GVOTPOPH TOV TTediov ponc. Ot cvaTotyieg TG
aplotepng kot de&idg mhevpdc éxovv khion 3°, N eumpocOia ko omicHia de&id 36°, evd 1 epunpdohia
ko omioBa apiotepn 31°. Eniong 6leg £xovv khion 8° katd 1o optloVTIO EMIMEDO KAl EIVOL GTPAUUEVES
pog TN Pdon tov AéPnTa. Aviloyo pHE TO @OpTio Asrtovpying, KOTOEG CLOTOYIEG KAVGTNPWOV
TOPAUEVOLY KAEIOTEG, OMAadn omd avtég eodystor udvo €vo TOAD HIKPO TURUO TOVL OAlKOD
devtepevovtog aépa kavone. H pubuion g mapoyng emruyydvetor pécw cvotnudtov damper.

Ewoayonyn emumhéov aépa 610 APnTa onuerdveTon Kot amd TN Pdon tov hopper. £10 avo TUMqUO TOV
AéPnta vdpyovv 6 EEodol avakvkAopopiag Twv kovcaepiwv. To avakvkAOEOpolY KAvcoEPlo
ypPMOLoTOEITOL OtV emeepyacio TOL KOVGIHOL Kol TUAKO TOV ETOVEIGAYETOL 0TO BAAapo KOHONG
omd v avtiotoyn cvototyia kowotipov. Ot é£0dot avtol givor dtotetaypéves avd 2 oty eunpdcoia,
de&1d Kar aplotepn TAevpd tov AEPNTa, EVvd oty omicOia TAcvpd Ppioketar n £€£000¢ TV Kawoaepiwv
TPOG TOV LIEPHEPULAVTIPO.

Amo to Topamave sival coeEg 0Tt TPOKELTOL Yo, Lo TOADTAOKT YEMUETPIO e OAITEPES OMAULTIOELS
0G0V aQOopd 6TO VITOAOYIOTIKO MAEYUa. [Siaitepa oTIG GvoTOlYieg KOVGi®Y, 1 S10KPLTOTOINGT TOV
VTOAOYIGTIKOD Y®PIOv TPEMEL VO Elvol OPKETE TUKVI OOTE va Umopel va mpoAeybei pe axpifeia n
KaTeLBUVOT TOL 1GEPYOLEVOL aEPQ, KOOBMS Kol 1) ovTicTotyn opun mov Tov yopaktnpiletl. I'ia to Adyo
oVTO avATTOYONKE VTOAOYIOTIKO TAEYUO, OTMOTEAOVUEVO OO 4 EKOTOUUVPLO TETPAEOPIKG GTOLYELA.
[dwaitepo yapaxTnpioTikd Tov TAEYHOTOG Eival OTL TANGIOV TV TOY®UATOV avTd YopoakTnpiletal amd
5 OTPMOEL MOV EMTPETOVY TNV AENTOWEPT €MIAVOT TOGO TNG PONG 000 Kol TOL BepLukod oploKov
OTPMUATOC Y10 TIG TEPLOYES OVTEC.

H mpocopoiwon g pong mpaypatonoteital kotd Euler yio tnv aépia pdon kot katd Lagrange yio
COUOTIONKT GACT) UE TO EUTOPIKO VITOA0YIoTIKO Aoyioikd ANSYS/FLUENT. H péfodoc avtn givar
yvoot) og DPM (Discrete Phase Model) kot ypnoyomoteiton 6tav 10 KAAGUO OYKOL TNG OTEPEAG
@aong eivat LKpo, ave&apTiTeg Tng TIUNAG TOL KAAGHOTOG LAlag TNE.
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IMao v aépra pdomn emdvovon ol katd Reynolds otaBuicuéveg e€icmoeig Navier Stokes (RANS). [N
TN povtelomoinomn g TopPng ypnowwonoleitar o poviélo 2 eElowoewv k-¢ omv coppatikn tov
uopon (standard k-¢ model), eved mAnciov TV TOY®UATOV YPNCLLOTOOVVIOL Ol KAOOOIKEC
ouvaptioelg Toyympatog (standard wall functions). Ocov agopd to Bepuokpociokd medio, EmAHETOL M
eElowon ¢ evépyeroc. H Beppdtra mov aneievBepdveTal 6To VTOAOYIGTIKO TESIO OO TIC OLOYEVEIC
Kol etepoyeveic avtidpdoelg mov Aapupdvovy ydpa ce avtd, slodyeTon oty €ElcMON LT ®G EVOG
o0pog TyNe. IIpoxeiévon va TOAOYIGTODY 01 GUYKEVIPAOGELG TOV GTOLYEI®MV TOV ATOTEAOVV TNV AEPLO
oaon (N, O,, CO, CO,, H,0, Ar, SO,, volatiles), emAdeton yioa kabe éva amd avtd pio eicmon
petoeopds. Téhog, atovg AéPnteg dpotovg e tov eEeTaldpuevo va oNUOVTIKO HEPOC TNG UETAPOPEG
EVEPYELNG TTPOG TOL TOLYDLATA TpaypaTomoleiton péow aktivoBolriag. Ilpokeévou va tpocopolmbel to
QOVOLEVO QTO, YiveTal yp1ion Tov povtéiov Pl.

Oocov agopd otnv mpocopoimcn g Kivnong towv copatidiov tov Kavoipov, Bacikd otoryeio g
uebddov DPM eivar 1 dwipeon tov copotdiov oe mokéta (parcels) opolag dwapétpov. o tov
VTOAOYIGUO NG TPOYLES TOvg AouPdvetal vroyy tOco M emidpacn g Papdtntag 660 Kol NG
omicBérkovoag dvvaunc. Kdbe copatioro veictotor dtadoyikd eEATUION TS VYPAGING TOV, ECOTEPLKN
0¢puravon, amontiKonoinon, Kavon Tov e£avOpak®dIoTog Kol BEpIOVeT TG EVOTOUEIVOVGAS GTAYTNG.
Ye kdBe @dom v Tov vToAoyioud g Beppokpaciog Tov cuvumoroyileTor M emidpacn TOGO TNG
petoaeopdg Beppdtnroc Adym cuvaywyne, 660 Kol AOY® aktivofoAiog.

H xavon tov dvBpaka AapuPavel yopo 6Ty MPAVELL TOL KOl TPOGOUOIMVETUL AAUPAVOVTAG VITOWYIY
1660 TV emidpaon tov pLOUoD didyvong 600 Kol TOV KWVNTIKOD pvBpoL avtidpaons. O Telkog
pvOudc kavong vmoroyiletor otabuiloviog Tovg OVvo  pvBupovg kovorng.  IIpoxkewévov  va
povtehonomBel 1 erepoyéveln. mov umopel vo gpeavicel to eavOpaKmuo Katd TNV KOOOT TOV,
Oewpeiton 6Tt awTtd amotereiton amd OVo dapopeTikd cvotatikd (C & C’) pe Sopopetikég
nmapopétpovg kavong. H palag tovg Aappdvetat ion pe 45% & 55% avtictoiymg g oAkng palos tov
KauGipov Tov gilcdyeton otov AéPnta (Vambuka et al., 2008). H 6An avti povtehonoinomn dev vmdpyet
MG TPOEMIAOYT GTO YPTCUYLOTOLOVUEVO EUTOPIKO AOYIGLUKO, 0AAG glodyeTal o avtod uécm UDF (User
Defined Function). H opoyevig avtidpacn mov meptypdeel v kadon TOV TTNTIKOV TOV KOVGIUOV
Oewpeiton 0TL cuviedeitanr oe dVO oTdd. Apykd AopPdvel yodpo ateAng kovon NG omoiag KOpla
apoiovta eivor ta CO kar HyO. Ev ovveyeia to CO kaiyeton mpog CO,. Ot 600 avTéc avTidopacels,
onmg kot avtéc ¢ kavong Tov avBpaxa meprappdavovton otov Error! Reference source not
found..

No. | Reaction A (s E (J/kmol) | Rate orders

1 Coal volatiles+3.7650, »4.39CO+ | 2.119x10"| 2.027 x10% [cV]*-[0,]"
4.058H,0+0.32S0, +0.139N,

2 CO+0.50, - CO, 2.239x10 1.702x10°| [co]-[0, ] -

3 C+0, - CO, 0.103x10"| 1.591x10°

4 C'+0, - CO, 0.092x10"| 1.808x10°

[Mivakoag 1. Opoyeveig avtidpacelg Kot avtioTolyeg Kivntikéc mapdapetpot kavong (Karampinis et al.
2012, Vamvuka et al. 2008).

Ye k0Pe efetalOpevn meEPINTOOTN, YPNOUOTOOHVIOL MG OPLUKEC GLVONKEC Ol TOPOYES OEPO KOl
Kawoipov mov opilel 0 KATAoKELAGSTNG. 26TOGO TO GTOlYElN AVLTE dev €lval AEmTOopEPT) OGOV QPOPd
GTO OELTEPEVLOVTA €PN KAVOTG, KOOMG diveTarl UOVO 1 OAIKY TapOYN OV KOTELBVVETOL Kot TS 6
ovotolyieg kavotpav. To 95% avthg KatevBivetar Kol 1IGOUOIPALETAL OTIC AVOIKTEG GUGTOLYIES, EVA
10 5% o11c Kheotég. Otav 10 poptio Tov AéPnta givan 87% Kieiot mapapével n de€ld suatoyio, Evd
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010 40% KheloTég elvan emmAéov M eunpoctia aplotepn Kot 1 omicOio aplotepn] cuotoyyia. e kdbe
MEPIMTOON KAEIOTEC TOPAUEVOLY Kol Ol avTiotolyeg £€0d01 avakvkloeopiag kavcsaepiov. o Tov
KOTOUEPIOUO TV Tapoy®dV oTig 11 €10600v¢ kdBe cuaTotyiag emAveTal Eva oVt 8 eEloMoE®Y e
8 ayvaotovg, Bewpavtog idto Tapoyn otTig 2 dve OTOg Kot oTIg 2 KAT® €106000¢ kdbe emumédovn. Ot
emAvopeveg e€iodoelg eivar o e€ng (Iamavtwviov, 1996) :

2 2 2

7

ZQi = Qo-uarotzl’ag Kat API = kDi ' g .L+kli ’ g .L+k2i ) g L > 1:17

P A4 ) 2g 4 ) 2g A4 ) 2g

2116 Tapanave oyéoels pe Q; ko A; ovuPoAilovior | mapoyn kal o epPfadov kabe eilc6o0v aépa, g
glvar m emrdyvvon g Papvtnrag, AP; n olikr wtmdon wmigong omv exdotote €icodo, kp; o
GLVTEAESTNG ammAEIDV oto damper, ki; kot ky; 01 cuVTEAECTEC AMOAEIDV KaTd TN O100pOUT] TOL Aépal
otV €16000. O 0e0TEPOC GUVTEAEGTNG YPNOLHOTOLEITAL KAODS OTIG HeECAiEg €10000VC OTLEIDVETAL

UETAPOAR TNG SLATOUNG TOVG,.

3. AIOTEAEEMATA

Ta ypaeruata 3.1 kot 3.2 anewovilovy ) YOPIK KATOVOUT TOV UEYIGTOV, TOV EANYICTMOV KOl TOV
pécmv Tiuav Beppokpaciog Kot ouotacTg oe 0&uyovo TV KOvcaepimv Katd v kopla dievduvon
™G pong tovs. To o&uydvo €xel vroloyiobel vTd cuvinKeg Enpng ovoTOoNG TOL HElyUATOS (amovsio
VYPACING), EVO Ol HEGES TIEG eKQPALOVTOL IE Ovaywyn otV TTapoyn LAlag mov SEPYETAL LEG® TNG
peAetovuevne olatoung kab’ vyog tov AéPnta. Or mévte KAOETEC YPOUUES TOV YPUENUAT®V
exQpaovy Katd GEPA o) To VYOG 6TO TEAOC TNG KATUANKTIKNG Teployng Tov AéPnta (hopper), B) to
HECO NG SLOTOUNG €16000V TOV KALGTNPO ENPov Atyvitn, v) TO HEGO T®V SLOTOU®MY TOV KAT® Kot Gve
KOVGTHPA, oviiotoryo, kabmg Kot ) 1o vyog tov Bupdv avaxvkioeopiog H mpotn peietovpevn
nepintwon Tov 87% UePIKOL QOPTIOL eKEPACETOL UEC® GUVEYDV YPOUUDV, €VO 1 OgLTEPN
peietovpevn mepintmon tov 40% ogoptiov ekepaleton pe Swokekoppéves ypoppés. To terevtaio
onueio Tov ypapenudtowv ekepalel TIc TIES Yo TN SWToUn Kotd Tn oTpoY] Tov AEPnta mpog v
TEPLOYN TOV LVIEPHEPUAVTOV/AVOOEPLOVIOV KOL TOTEAEL TN YOPAKTNPIOTIKY EMLPAVELD VIO TIG TUEG
avoeopdg mov £yovv dobel Hotepa amd BepLOdVVALIKES AVAAVGELS TN LOVADOC 6T OVO (POoPTia.

Temperature alongside flue gas flow

hopper U.B. Recirculation ducts

1600

mean
temperature
87% partial

1500

1400

1300

max
temperature
87% partial

1200

1100

1000 min
temperature
87% partial

w
b=3
=}

800
700 l
600 !

I

500 i’

— = mean
temperature
40% partial

Temperature (o C)

= = max

400 - U Y / temperature
b~ A\l : ! 40% partial

300 7

200

— =— min
temperature
40% partial

100 1}

0 ; i i ; . ; L ; T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60
Height (m)

I'paonpa 3.1: Kab’ Dyog ywptkn katovour e Oeprokpaciog tmv kovoaepinv
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MéC® TV GUYKEKPILEV®V YPOENUATOV YIVETOL AVTIANTTO TG 1 AVO TEPLOYN TNG TEPPOAEKAVNG TOV
AéPnta (hopper) epgoavilel meployég Le ONUAVTIKT KAHGT TOV YPTCUOTOIOVUEVOD KAVGILoV, KaBDG o€
ovTo 10 VYoLETPIKO g0pog (0 -11 m) eppaviletor n peyaAvtepn kMo avénong g Beppoxpaciog kot
N peyaAdtepn avrtictoyyo kKAion peiong TG CLYKEVTP®ONG 05VYOVOD OTMG Kol Ol UEYIOTEG/EAUYIOTEG
péoeg Téc Bepuoxpaciog Kot o&uydvov, avtictorya. H woyvpn kavon tov copatidiov Ayvitn oty
EPLOYN OVTH SIKAOAOYEITOL OO VO TAPAYOVTEG: @) Ao TNV KAMOTM TOV KOVoTHPOV (EKTOG QLTOV
Tov ENpov Ayvitn) Tpog Ta KAT® KaTd 8 poipeg Kot ) TNV £yYLOT OTEPEOD KAVGILOL LE KOKKOUETPiO
7ov yopoaktnpileton amd copatidlo pe péon SUETpo peyalvtepn amd Tig cvvndelg Tiuég (~ 180 um)
Katd TV omoia peydAo pépog tng mapoyng kavcipov (~50%) poviehomoleitor amd Popvxkokka
COUATIOW TTOV JEV TOPAGEPVOVTUL EDKOAN OO TN POT] TOV KOVGAEPIWV.

Dry oxygen alongside flue gas flow
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I'paenpa 3.2: Kab’ dyog ympikr| katavopr] tov Enpov 0&uyovou tov Kavcaepimv

Meta&hd tov 600 KOTAOTACE®MV AEITOLPYING OV HEAETHONKOAV, OLOMICTOVETOL TMG Ol UECEG TUUEG
Beppokpaociog eivor peyodivtepes oto 87% tov @optiov, evd ot péceS THEG GLYKEVTIP®ONG Enpov
o&uyovov givar pkpotepeg oty 1010 mepintwon. H ewdva avt gival avopevopevn, Kabog o€ avtd To
GEVAPLO AELTOLPYIaG M avaAoyio TopoyNG KALGIHOL Kot 0EedmTikod HEGOL eival HeyaAdTeEPN KoL M
mpaypatorondeica kavon oyvpotepn. Ot 010popEc TV APOUNTIK®OY OTOTEAEGHATOV OGOV APopa
otn péon Oeppokpacio €£000V TOV KOVGUEPIOV, GUYKPITIKO HE TIG TIMEG TOL TPOEKLYOAV OO
Oeppoduvapikn avéivon tov dvo eoptiov eivar amodekt (2.7% ko 0.7 % oto 87% ko 40% tov
QOPTIOL AVTIOTOIYMG).

Onwg propet va damiotmbel and to ypaenua 3.3, yio TNV TpOTH TEPITTMON Ol TEPIOYES IOYVPOTEPTC
KaOGNG, TOV 1GOOVVAPOVV LE TEPLOYNS XAUNADTEPTS CLYKEVTP®ONG 0&EVYdvov, evtomilovTal 6To VYOG
TOL KowoTnpa ENPov Atyvitn Kot 610 HYOS TOL KAT® KavoTipo. Ady® HAAMGTA TOV TOPUYOVI®OV TOV
avaAvOnkav mopondve (kKAion otopiov, Popikkoka copotiol) 1 kadon eival gviovotepn oty
EPOYN TOL Kovotpe ENpPov Ayvitn, &vd oMV TEPOYN TOL AV® KOLOTHPO, 1 KOvom &ival
MEPIGGOTEPO EVTOMICUEVT] KOl 1 O1dyVLOT TOL 0EEOMTIKOV HEGOV TOV 0 AauPdvel HEPOC oe KAmOLo
avTidpaoN TEPIOGOTEPO EKTETAUEVT).

Adyo ¢ Aesttovpyiag tov mEVTE amd TOVG €51 GLVOAKE LOAOVLG TNG LOVADNS, GTY YOPUKTNPLIOTIKN
dtatopn Tov ENPov Atyvitn, N avamTuén CLGTPOPNG GTO VITOAOYIOTIKO medio eivar vtovn kot sivat
SLOKPITN KoL ammd TO GUYKEKPLUEVO Ypapnua. Ady® TOv avamTVGGOUEVOD avToD Tediov e&acpaiileTon
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VYNAN avoIEELOTNTO KOVGIHOL Kot 0EE0MTIKOD PEGOL, EVD 1oYLPT KOHoT eVIOTILETOL GTO KEVTPO
o0V AéPNTO, Yeyovog mov emPePfarmdveral omd TV VTapEn YOUNA®V GUYKEVIPMGE®V 0&LYOVOL GTO
Kkévipo g dwtopnc. O Tupnvag owTdg 1oYVPNG KADONG KOl YOUNADY GUYKEVIPOGE®MY 08 0&EVYOVO
EMEKTEIVETUL KOl GTN YAPOKTIPIOTIKH SIOTOUN TOV GAA®Y dV0 KAVGTHP®V [E GTUSHKO TEPLOPICUO TG
éxtaomng. O meploptopdc ovTdg 0PeireTol o’ VOGS 0T SLYLOT 0EEIBMTIKOV HEGOV OO TIC TOAAATAES
€16000VG dEVTEPEHOVTOG AEPH TOV LEGOANPOVV HETOED TOV SITOUMV Kot ap’ ETEPOV GTNV KAION TOV
KOVGTPWOV TOV EMIKEVIPMVOLV TNV KOOGT TPOG YOUUNAOTEPE VYN OO T OVTIGTOLY 0 GTO OTToia YiveTaL
N £KYVGT TOL KOVGILOL.

Kavomipog Enpovd kevoiwov (V.B.) | Kdte kavotipec (L.B.) Ave Koo pog
(U.B)

Asguwovpyla og 87% pepkd eoptio

left wall left wall left wall

right wall right wall right wall
Agwovpyla og 40% pepkd @optio
left wall left wall left wall

right wall right wall right wall

Ipaonua 3.3: Xwopikn kotovoun HEong TG 0Euyovoy GTa YOpaKTNPLOTIKA eineda EnNpov, avo Kot
KATO KOvoTpa

Xt devtepn mepintwon tov 40% pepucod QopTiov, HOVO TPELS OmO TOVG GLVOAKA €51 HVUAOLG
Aertovpyodv. H Asitovpylo povayo TV PICOV KOLOTAP®V EXEL MG GULVETELN VO, UNV EMITVYYXAVETOL
TANPNG GLOTPOPT TOL TEGIOL PONG KOL 1 WOYVPN TEPLOYN KOOoNG va evromifetar povayo oInv
KoTOTEPT Yopokmmplotiky Swtopn (Enpov Awyvitn). H é&Adewym avt ovotpoeng Ttov mediov
TOYVTNTOV KOl 1] LEIMOT] TOV EIGAYOUEVOV TOPOYDV ETIOPOVY KOl GTO SIOUOPPOVUEVO GYNUA Y10 TNV
TEPLOYN 1OYLPOTEPTG KAVONG, OPOV TAEOV VTN OEV VAL KUKAIKT, OVTE EMKEVIPMOVETOL GTO KEVIPO
g vrd e&€toom meployng. Avtifeta, Aoym g Asrtovpyiog V0 OVTISIUUETPIKAOV KOVGTPOV KOl EVOG
TAELPIKOD, 1| TTEPLOYN EVIOVNG KOVONG OTOKTA GYEO0V EMAEMTIKY] LOPON, KOl EMIKEVIPOVETAL GTNV
TEPLOYN TAEVPIKE TOV APIGTEPOL TOYMUOTOC TOV AEPnTa. H meproyn avtr, Kot 6€ avtn TNV TepinTmon
Aertovpyiog, EKTEIVETOL LEYPL KoL TNV ETOUEVT] OL00YIKT] EMPAVELN (KAT® KOVGTAPAG) S10TNPDVTOS
YEVIKG TNV SIOUOPPOOT] TTOV £XEL AVOTTOEEL OGTOGO LE HIKPOTEPT] EVIOGT), YEYOVOG TOL EMPEROIDVEL
K0l TG 0 AVTEG TIG GLVONKEG AEITOLPYIOG O KATMTEPEG TEPLOYEG TOL AEPNTO EpPavifovy 1oYLPOTEPT
KOG, CUYKPLTIKA LE TIG VITOAOITEC.
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Karto xavetipag (L.B.) Avo kovetipog (U.B.)

Agrrovpyia og 87% pepikd goprtio

left wall left wall

¥ Velocity

right wall right wall
T o G 0 KO Ti
Agrtovpyia o 40% nepiko goprtio
left wall left wall

Lebbhonane

o

right wall right wall

Ipaonua 3.4: Poikd medio oTIg YOPUKTNPIOTIKEG OLOTOUES (VO Kol KATM KOVGTHPOL

Y10 ypdonuo 3.4 wapovcstdleTal TO OVETTVYUEVO POiKO Tedio G€ dVO YOPOUKTNPIOTIKEG SlOTOES (v
Kol KATO KOLOTAPR) Yo TG 000 UEAETOVUEVEG TEPUTTMOELS (QOPTIONG. XLINV TEPINT®OON Tov 87%
pepkov eoptiov emPefordveral  avaLTLEN GLGTPOPNG KL 1| GLYKEVIPOGCT] YPUUU®DVY PONG OO TOVG
KOVGTHPEG TTPOG TO KEVTIPO TNG HEAETOVUEVNG TEPLOYNG, TAPAYOVTEG OV eMPEPIDVOLY TV 1GYVPY
avTidpaon Kovoigov Kol 0EEBMTIKOD HEGOV OT0 KEVIPO NG Owtoung. H ovotpoer ovti oty
YOPOKTNPIOTIKT] EMPAVEINL TOV VEO KOLGTAPO €ivOl QOVEPE OTOSVVOUMUEVT] KOl UETOTOTICUEVT|.
Mikpdtepeg diveg ovamTuGGOVTOL Kol OTIG SVO OlOTOUEG GE ONUEID. KOVIQ OTIG €16000VG TOV
KOVGTPOV KOl GE EYYOTNTO WE TO COANVOTOUYOUATE, YEYOVOS TOL Toilel OMUOVIIKO POAO OTNV
avATTLEN OYVPOV TOTIK®V Beppik®dv Tacewv og avtd. TELOG, 1 ELPAVIOT CPVNTIKOV TIUAV Yid TV
K00’ VYOG GUVIGTMGE, TNG TAYVTNTOS GTIG E1IGOJ0VG TV KAVGTHP®OV Kol 01 0moies eacbevovv mpog 1o
KEVIPO TOL APMTa, emPefoidvel TNV HETAPOPE YOVIPOKOKK®Y COUATISIOV TPOG younAdtepa vym
YEYOVOG IOV EMTEIVEL TNV KADGT GE QVTEG TIG TEPLOYECS.

X1 devtepn peretovpevn mepintwon tov 40% pepikod eoptiov, AdY® NG Acttovpyiog LOVAyo TPIOV
LOA®V, N avamTucoopevn divr givar To eKTETAUEVT PE KVPLa devbuvor T Ypapp Eveoong Tov 600
OVTIOLUETPIKOV KOVGTHPOV oL Ppickoviol oe TANPN Asttovpyio. H glappd avtn empnkovvon Kot
EKKEVTPN TOTOOETNGN TNG KEVIPIKNG GLUGTPOPNG TOL EUPAVILETAL GTN YOPOKTNPICTIKY OUTH SLUTOUN
€xEl G OmOTEAEG LA T BEpLUKT] POPTION TV TOYOUATOV OV PpickovTal 6€ GUEST EYYVTNTA LE OVTH
(epmpdg ko Oe&i Tolymua ot Yovia emagng Tovg). Emmpdcheta, oe avtn v mepintmon n cueTpoen
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TOPUUEVEL IGYVPN KoL GTN YOPOKTNPICTIKY ETIPAVELD TOV AVEO KOVGTHPO, AOY® NG O1dtaéng tov &v
Aerrovpyio poiwv. TEAOC, onuavTikny avakvkioeopia Tapatnpeiton Kot oty de&ld meptoyn Tov de&on
TOLDUOATOC, AOY® TOV YEYOVOTOG T®G AT Pploketar avapeso og 600 KAVOTIPEG TOL dev Ppickovtat
o€ TANPT emEPToLoK Agttovpyio. H avaxvkioeopio avt mailel onpaviikd poOAo oTnv gUEAvIon
TOTKAV DEPUIKOV TACEMV GTO. COANVOTOLY®LOTO, e&oitiog copotdiov mov eykimfPilovtal g avt
Kot aKTvoBoAovv Beppotnta Kabmg Kaiyovtot.
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Ipaonua 3.5: Pori Beppdtnrog oto soinvotoydpata tov Aéfnta yia ta dvo goptia (W/m?). Me X
GTUELOVOVTOL 01 KAEIGTOL KAOE POPA KOVGTPEG.

Y10 ypaenua 3.5 TapovctdleTan 1 Y®PIKY KATAVOLT TG PONG BEpUOTNTAG GTO COAVOTOLYMLOTO TOV
AéEPnTa yioo too 600 peretovpeva @optic. Kor otic 600 mepimtdcelg, n kopua por] Bepuotntag,
GUVOVTATOL GTO YOUNAGTEPE VYT TOV AEPNTO, amd TO VYOG TOL KAT® KOVoTNPO Kol KAT®O, AOY® TNng
évtovng KoOOoMG MOV TOpATNPEITOL G OVTEG TIG TEPLOYEG, OMWG Exel MOn  ovagepbel. To
OVOTTUGGOUEVO TTESIO POTG KOL TO, YOPUKTIPIOTIKA TOV COUATIOMV OV EKYVVOVINL GTO VIOAOYIGTIKO
yopio moilovv Tov KLPLOTEPO AOYO Yo TNV UETAPOPE COUATIOIMV TPOC TO KOTOTEPO GTASLN TOV
AéPNTa, TNV avokvKAo@opict TOLG GE OLTEG TIC TEPLOYES KOL TNV KOVOT TOVG HE TOPGAANAN
aKTVOROANGN TPog TO YyeEwoviKd Toryopata. Ot peyoAdtepeg OmMOALTEG TIMEG KOl Ylo. TG SVO
TEPIMTMOGELG TOPATNPOVVTOL GTHV TAEVPA 1) OTIC TAEVPEG TOL AEPNTA, OTIC OTOlEG EVOG 1 TEPIGGOTEPOL
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KavoTpeg mopopuévouy Kiewotol. H évtovn avt) @dption tov AEPnta oTig mAgvpég ovTég eivar
OvVOUEVOLEVT, KABMG 1 POy 0EPA OO TO OVOIYLOTO OVTE, 0EV ETAPKEL Y10 TNV YOEN TOV KAMECTOV
Kovotipov. Aowméc meploy€c mov  gUEavVIfovLV  TOMIKE HEYAAEG GULYKEVIPMOEL, OepLoppong
emNPealovIol omd TOMIKEG OVOTTUGGOUEVEG Oiveg, ol omoieg eykAmPilovy cmpatidlo Kol TTNTIKAE pe
omotélecua va mopatnpeital Evrovn Kavon. Lo v mTpdTN YOPOKTNPIOTIKY Sl0TOU] TOL KAT®
KOLGTHPA TOL aPopd To TPAOTO eEgTalopevo poptio (87%) ko pe Paon 1o ypdonua 3.4 avopéveton
£vovn eOpTIoT oTN Yovio Tov AEPNTo PeTa &l TV KawaTnp®V Tov deE100 COANVOTOLYMIOTOG Kol TOV
0g€100 KOWOTHPO TOL UTPOCTIVOD GOANVOTOyOuatog. H extiumon avty emPefoidveror amd T0
ypaenuo 3.5 xkabohc 1 mpoavapepbeica meployn mapovstdlel vymAég Tég Beppoppone. Ia
YOPAKTNPIOTIKY OOTOU TOV GVE KOVoTHPA Kot Yo To 1010 @optio, 1 SIOUOPPOGCT AVAKVKAOPOPLDY
glval mePOPIopéVn AOY® 1OYVPOTEPNC AVATTUENG TNG PONG, EVA 1) UEYOADTEPT TLKVOTNTA SOV
TOPATNPEITAL GTNV TEPLOYN TOL KOVGTHPA TOV BPIioKETOL GTO UTPOoTIVO Kot 0e&ld TULa Tov AEPnTa,
YEYOVOG OV GUVETAYETOL LEYOADTEPT] TPOCPOPA OEPUOTNTAS GTA COANVOTOLMUATO GE KEivn TV
nepoyn Aoym kvping aktivoPforiag. H extipnon avt) eivol oe coppovia pe to ypaenuo 3.5, Kabog
Y TO0 VYOG TOV AV® KALGTNPOV 1 TEPIOYN CLYKAIGNG TOL UTPOSTIVOD Kot OEEI00 TUNLOTOC TOV
AéPnTa epeavilel vymAn edpTIOoN.

INo 1o devtepo efetalouevo eoptio (40%) ot kOpieg diveg avamTHooOVTAL TEPITOV GTO KEVIPO TV
YOPOKTNPIOTIK®OV S0TOU®Y (Yloo TN Sl0TOU TOL GV KOLGTNHPO 1 Tomofétnon ival eAappdS mo
EKKEVTPT) Kol EXOVV TACN TPOEKTUONG TPOG TO 0kl cwAnvoToiymuo Tov AEPnTa e kuplo dievbuvon
™V gvbeia dlouovVdESNC TV dV0 OVOIKTOV Kowotnpwv. H dtapop@odevn auti por GuverdyeToL TV
VYNAR OBeppikn eoptTion g 1010¢ TEPITOV TEPLOYNG UE TNV TPOTNYOVUEVT] TEPIMTMOT OTNV TEPLOYN
GUYKAIONG TOV UTPOGTIVOD Kot 0€E100 TOMUATOG, YEYOVOC Tov emiPefoidvetal €K vEOL Kot amd TO
ypaoenua 3.5. H divn mov evtomileton Kot 6ta 00 YOpaKTNPICTIKA EMIMEdN GT| YOVIOL GUYKAMONG TOV
de&1o00 kot omicBiov coAnvotoy®uatog dev ennpedlel WAiTEPN TN EOPTICN TOL AEPNTA, KOOMG 0T
Yovio GOYKMONG 1 GUVIGTAOGCO THG TAYVTNTOS KATd TN d1evBuvor Tng Koplog pong Tov Kavoaepiov (y-
dtevbuvon) eivar 101UTEP®G AVOSIKY KOl TO COUATION MW KOl TO TTNTIKG avATTOGGOVY EVIOVA.
OTEPOELDN Kivnor omd TNV mepoyn| Tov hopper Tpog Ta TAv® Kot OxL TOGO TOAD £VIOVA TEPIGTPOPIKN
O€ OULYKEKPUEVT] TEPLOYN], LE OMOTEAECUO T OKTWVOPOAiIe amd TNV kavon va unv eivor €viova
EVIOTIOUEVT).

4. XYMIIEPAXMATA

H ovykexpévn epyacio diepguvd apBuntikd ) coumepipopd tov Aéfnta g Meyoromoing IV oe
dvo yapaktnplotikd onpeia Aettovpyiog (oto 87% Kot oto 40% TOL PopTiov) pe oTdYo TNV £EgVpeon
napepPfacenv mov Ba Bedtidvouv tn Astitovpyia Tov. H apBuntiki povredomoinon yio to 500 goptia
Kpiveton omodektr, pe Pdon T ovykplon g Oeppoxpaciog €£000V TOV KOLGAEPIOV UE TN
Beppoxpacio avapopdc mov £xel d0bel, OGOV TO GYETIKO GPUALN PpiokeTon KAT® TOL Opiov OV £)EL
tefel (5%). Iloapatnpeitonr mog o AéPntag dwtnpel v evotabn Aertovpyla Tov, Yeyovdg mov
VTOSEIKVOEL KO TN SUVATOTNTO, TEPOLTEP® OLEPELVNONG YO, UEYOADTEPT] TTOOT GTO EMPUAAOUEVO
eoprtio. [TapdAinio domotdveTol TOG Kol oTig ovo eEetalopeveg cuvnkeg Aettovpyiag 1 Beppiky
@OPTION KO KAT EMEKTOCT 1 LGYVPT] KAVGCT) TOL YPNGUOTONOEVTOC KAVGIHOL EXIKEVTPMVETOL KUPIWG
OTO YOUNAOTEPA EMITEDD TOV AEPNTA, AOY® TNG KAIONG TOV KAVGTNPOV TPOG TO KAT® 0TS Kot AOY®
TOV YOVTIPOKOKK®OV COUATIOIMV TOL ELGAYOVTAL GTO VITOAOYIGTIKO ywpio. Kpivetar Aowwdv avaykaio 1
mopEUPacn Yoo 0AAOYT TOV EYKOTESTNUEVOV HOAWMV, 0QOV MO GUYYPOVOL KOl OTOOOTIKOL HOAOL
UTOPOVV va, O10.6TAGOVY TOVG KOKKOVG KOVGILOV GE MO AENTA GOUOTIOW, To Ooia eivol mo s0KOAM
UETAPEPOLEVO, OO TO PELLLO TOV KAVGOEPIOV Kot £TG1 0 KOPLOG YDPOG Kovong Umopet vo, petatomictet
oe avatepo emineda. Emumpdobeta domotdvetal 1 vynAn BepUikn] @OPTIoT TV TOLYOUAT®OV TOV
Bpiokovtor oe yertovio pe kKAEIGTOVG Kawothpes. To yeyovog avtd o@eiletal otV YOUNA Tapoyn
aépa Yoo TNV SLOUOPO®MON IKAVOTOWTIKOD TAYOVS TPOCTATELTIKOD GTPOUOTOG OEPLUG PACTG OTIG
GUYKEKPIUEVEG TTEPLOYES. LVVETMS, VTOJEIKVVETOL GUEGO 1) OVOYKOIOTNTO YI0 TEPOUTEP® TPOGPOPA
0€pal LECH TV KOVCTHPWV oL deV Ppickovtal og TANPN Agttovpyia Yo T PerTioon TG TpooTaciog
TOV GCOANVOTOYOUATOV ad TOTIKG VYNAES CLYKEVTPMGELS Bepuokpaciav. H emmpochetn eicaywyn
aépo. amd TOLG KAEWOTOUC KOVOTAPEG dVVOTOL TOPOAANAC Vo PEATIOOEL KOl VO HOPPOTOUGEL
TANPESTEPQ TNV KEVIPIKN OVOKVKAOQOPIO 6TO AEPNTA, LE OMOTEAEGHO TV KAAVTEPN aAvAUEIEILOTNTO
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TOV KOVIOTOUUEVOL KOVGIHOU KOl TOL 0&EMTIKOD PEGOV, TN GLYKEVTIPMGT TG KOO GTO KEVIPO
TOL AEPNTO KoL TNV O OUOYEVH YOPIKN Kotavoun g Beppotnrag. Téhog, kpivetar onuovTikig M
dtepediviion ¢ SLVOTOTNTOG OVTIKATAGTACNG TMV KOLOTNPOV TETpElaiov HE kavotipeg Enpov
Atyvitn mov Oa TpoPodoTOVVTAL OO ATOSOTIKOTEPOLG HOAOLS Kot Ba €xovv KAion eite undevikn gite
gLOPPA TPOC O TAVE. Me 0VTO TOV TPOTO, 1) AVTIOLOLETPIKT TOTOOETNON TV KOLGTHPOV TETPELAIOL,
N amovoio Khiong Tpog TV mePLoyn Tov hopper kot to PEATIOUEVO YAPUKTNPIOTIKO TOV COUATIOIOV
®¢g Tpog to péyefog B GLVEIGEEPOVY GTN GLYKEVIP®OOT] TOL KLPI®G TLPNIVe KOOONG GE EMIMEDO
avatepo Tov hopper pe amotélecpo T PeATioon NG KOVONG KOl TNV TEPIGGOTEPO OUOIOLOPOT
KaTavoun TG Beptkng optTiong tov AEPnta.
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ENGHLISH ABSTRACT

Nowadays, approximately 29.9% of the world’s energy needs are covered by coal combustion, while
brown and/or hard coal-fired power plants are used for the production of the 41% of the total
electricity demands. The mean net efficiency of power plants varies worldwide in-between 30% and
46%. The current strict GHG emission restriction policies in USA and E.U. imply a total reduction of
the pollutant emissions at a level of 43% till the end of 2030, as compared to the respective values in
the reference year 2005. Moreover the total consumption of coal needs to be limited, due to the
overall reduction of the global reserve of the fuel. This reality implies the necessity of the net
efficiency improvement especially for the old-fashioned power plants. Furthermore, it is a fact that the
renewable energy sources are gradually gaining a larger portion in the global energy market. It is
estimated, that by the end of 2035 approximately 23% of the total energy needs in E.U., 20% in India,
16% in U.S.A. and 13% in China will be fulfilled by the use of renewable energy sources. Therefore,
it is of high importance the power plants to operate not only as base load, but also as peak or cycling
load units in order to respond within a very short time to frequent system load changes. Though, the
old-established power plants have been designated as base load units with limited possibilities for
experiencing cold startup procedures. Consequently, it is really important all the necessary
improvements and retroffiting concepts to be examined in order for the pulverized coal power plants
to improve their behavior and the operation stability in partial low conditions. In this framework, this
specific work was focused to the examination of the Megalopolis IV power plant operation in two
partial load conditions (87% and 40% of the full load). Our primary object was the investigation of the
overall behavior of the furnace, the spatial distribution of the main combustion areas, the most
prominent surfaces to high heat flux values and the definition of certain improving retrofitting actions.

The numerical investigation of this specific furnace was conducted using the software package of
ANSYS FLUENT 15.0 ®. The two simulations were evaluated using a comparison of the flue gas
mean temperature at a reference plane with the respective provided values derived by thermodynamic
calculations. It is concluded that the furnace maintains stable operation even in the partial load of 40%.
Therefore, it is likely the further investigation of even lower partial load operating conditions.
Concerning the developed flow field in the two examined cases it can be observed that in the 87%
partial load (5 mills open) the main recirculation zone is developed in the center of the furnace and
well-formulated. On the second case, with only 3 mills open, the recirculation zone is weaken and
slightly deflected from the center of the furnace. Furthermore, it can be seen upon observing the
results of the calculation procedures, that in both the examined cases, the intense combustion areas are
located in the hopper region. This is a result of two main factors. Firstly, the burners operate with a 8°
tilt downwards which affect significantly the pathlines of the heavy particles. Secondly, the provided
data, concerning the basic properties of the injected particles (mass distribution per mass), refer to old-
fashioned mills with low efficiency. Therefore, a large portion of the initial injected fuel mass flow is
concentrated and combusted in the lower parts of the furnace. This results to high heat flux
concentration on the tube walls of the hopper. Moreover, the walls adjacent to the closed burners are
also highly affected by intense heat flux, as the provided air mass flows through these burners are not
sufficient to formulate a protection air layer. Subsequently, the provided air mass flow through the
closed burners could be higher for better protection of the tube walls. This extra provision of air could
also formulate a more stable recirculated velocity field in the main combustion zone, providing better
mixing of the fuel and the oxidant specie and more uniform spatial distribution of the heat flux.
Finally, it can be concluded that extra modifications and improvements of the used mills and firing
system can be imposed in order to move upwards the main combustion area and limit the heat losses
from the hopper region.
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ANAAYZH OEPMOAYNAMIKOY KYKAOY, AIQAEIQN INIEXHX
KAI METAAOXHYX OEPMOTHTAX XE XYXTHMA ENAAAAKTQN
OEPMOTHTAX I'TA AEPOITIOPIKOYX KINHTHPEX

A. Tobvrac!, S. Donnerhack?, M. Flouros?, A. Mionpiic®, Z. Bhayootépyrog', K. Yaxwv0og!
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2MTU Aero Engines AG, Dachauer Strasse 665, Mévayo, I'eppavio

Tufqpa Mnyavoréyov Myyavikédv TE, T.E.I Kevrpikiic Mokedoviag, Téppec

HEPIAHYH

2NV TopovCH EPYACIN TPAYLOTOTOWONKE 1) SlEPELVNON TNG AELITOLPYING TOV OEPOTOPIKOV KIVITHPO
IRA, mov £yel oyedaotel ko avortuybel and v MTU Aero Engines AG, o onoiog a&lomotel £vav
Kovotopo Beppodvvapikd kOKA0 mov ovvdvdlel ™ ypnon uetayovkrn (intercooler) kot evog
GLOTALOTOC EVOALAKTOV emavaktnong Oeppotnrog (recuperator). tnv toapovco epyacio peretiOnke
N emidpacn TOV OTOAEWDV TEONC KOl TNG OMOTEAEGUATIKOTNTOC TOV GULOTNUATOS EVOAAUKTOV
Oepuomrag oe oyéomn ue ™ Oeppodvvopikn Asttovpyia, TV amdS0GT Kol TNV KATAVAA®GCT) KOVGIUo
tov agpomopwkov  kwvntipo IRA. H oOwepedvnon Pociomke o€ ouvoLOCUO VLTOAOYIGTIKOV
amotelecpdtov CFD, mepopatikdv petpioemv kot oviilvong tov  Ogpuoduvapukod  KOKAOL
AELTOVPYIOG TOV CEPOTOPIKOD KIVNTHPO. LT TAMIGLO TG epyaciag, a&loloyhOnkayv 600 d0QOoPETIKEG
SlTaEel; TOMOBETNONG TOL GCULGTNUOTOC EVOALOKTOV Oeppotntog péoH oTO0  AKPOEOGIO  TOV
agpomopikoy kvntipa. Ta amoteléopata g aviivong £del&av 0Tl pe €vav KOTAAANAO oyedtooud
VIAPYEL duvaTOTNTO, OoNUOVTIKAG Peitioong g Oepuoduvvapkng oamddoong Asrtovpyiag TOL
QEPOTTOPIKOD KIVNTHPO GUVEICQEPOVTOC LE TOV TPOTO OTO GTN UEIMON TNG KOTAVOAMGNG KOVGILOL
kot Tov ekmopnav CO,; kot NOy. H mapodoo epyacio eivar pEpog tov £pELVNTIKOD TPOYPAUUATOG
LEMCOTEC (Low Emissions Core engine Technologies).

AéEerg kiewdld: evarrhdxtng Oeppotnrog, Oeppodvvopikog KOKAOG, OMMOAEIES TiEoNS,
petdadoon 0eppoTNTES, VIOAOYIGTIKY] PEVCTOUYUVIKT

1. EIZXATQI'H

Amnockondvtag otn feEATIoTomoinen ¢ 0mdd00TG AEPOTOPIKMY KIVTNPp®V, TAN00G VEOV oYedldcewmy
€xel avamtuydei ta televtaia ypdvia, petald tov omoimv Kot 0 agpomopikds Kivntpag IRA, mov et
oyedlootel kat avamtuydei amd tny MTU Aero Engines AG. O agpomopikog kivntipog IRA a&lomotei
gvav Kovotopo Beppoduvaptkd kKoklo o omoiog cuvdvaletl T xpnon petayoktn (intercooler) kot evog
GUGTHHOTOG EVOALOKTOV erovaktnong Bepudtnrag (recuperator). To televtaio Paciletor otn ypnon
evaAlokTOV Bepuotnrag vyning amodoons. To cvotnuo svolloktov Beppotnrog mpoopiletor va
tomoBetnOel peTd TO OTPOPIAO YOUNANG THEONC GTO AKPOPHGLO TOL OEPOTOPIKOV KIVITHPO, YO TN
GLALOYY KOl EMOVOYPTCILOTOINCT UEPOVS TNG BepUIKNG EVEPYELNG TOV KAVGOEPIOV LE GTOYO TNV
TPoBEPLOVOT) TOV a€pa OO TOV GUUTIEST] DYNANG TiEoNG, TPV TNV €i6000 TOv TEAELTAIOL OTOV
0dAapo kKavong pe teEMKO amotélecpo TN pelmon TG Katavalmong Kovoipov, tn Beitioon tov
Babpod omddoonc, kol TOV TEPLOPICUO TOV EKTOUTAOV POT®V TOL 0AgPOTOPIKOL Kivnmipa. Ot
EVOALAKTEG BEpUOTNTOAG TOV GUGTALOTOG EXOVAKTONG OTOTEAODVTOL OO EAAEINTIKEG COANVMOCELS OE
gvaAloaooouevn dwataén 4/3/4 mov mepippéovtar eEMTEPIKG OO TO, KAVCOEPLH TOV KIVNTHPO, OT®S
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oaivetor oto oynua 1. H ypfion eMAEmTIKOV COANVOGED®V GTOV VPNV T®V EVOAAIKT®OV BEpUOTNTOC
amooKomel 61N peyoTonoinon g petddoons Bepuotnrag kot ) peimon tav anoieldv wieonc. To
terevtaio givar Wwitepng onpaciog kabdg 10 cvotNua evarloktdv Beppotntog eivor tomodetnpévo
aKpIOG peTd Tov oTPOPILO YaUNANG TTieonc e amotéAespo pia Un BEATIOT oyediaon Kot Tomoféton
TOV GLGTHHOTOC VO dnovpyel cuvOnkeg un PéXTIoTng Aettovpyiag Tov 6TPofilov Kl KOTA EXEKTOOT
TPOPANHa oty Aettovpyio kot amddocn Tov BePLOSLVAUIKOD KOKAOL TOL OEPOTOPIKOV KIVITHPA.
AETTOUEPELES Y10, VTH TNV TEXVOLOYia umopov va Bpebolv atig epyacieg tov Boggia kot Rid (2004),
Schonenborn et al. (2004), Missirlis et al. (2005), Yakinthos et al. (2007) kot Goulas et al. (2014).

HPC Exit Air HPC: High Pressure Compressor

Zymua 1. leopetpia Tov evailaktn Beppotrag (Guvolikn didtadn Kot doun Tupnva)

Mo ™ peyietonoinon ¢ andd0cNG TOV GLUGTHLATOS EVOAAAKT®MV Beppottag eival amapaitnto vo
peretnOel  aAAnienidpacn g HETAdOONG DEPUOTNTOC KOL TOV OTMOAEIDV TEGNC GE GYEOT UE TOV
Beppoduvapkd kdxko Aettovpyiog tov kivntipa IRA. M tétolo mpoomdbeio mpoypoToromonike
otV  mapovoa  gpyacio. ue  cuvdvoopd pebddwv  vmoloywotikng pevotounyovikig (CFD),
TEPOUATIKOY PETPNCEDV KOl KATUAANAOL AOYIoUIKOD OEPUOSVVOUIKNG avaAvoNG. XTO TAQIGLO TG
SlepebvNoNG LE TN (P01 VTOAOYIOTIKNG PEVGTOUNYAVIKNG, 1| ENIOPACT T®V EVAALAKTOV DEPUOTNTOG
670 edio PONG GTO AKPOPVGLO TOV CLEPOTOPIKOD KIVNTHPO evompoTddnie pe tn ypnon pebodoroyiog
TOPDOOVG HEGOV OOV Ol EVOAAAKTEC OEPUOTNTOG LOVTEAOTOLOVVTOL MG TEPLOYEG LE TPOKAOOPIGUEVT
GUUTEPIPOPA LETAOOGNC OEPLOTNTOC KAl OTWOAEIDV TEGNG UE TNV YPNON KATAAANA®Y HOKPOGKOTIKMDV
GUGYETICEOV-VOL®V. TNV TOPOVGH EPYACIN, Ol GLCYETIOELS aVTEG eENxOncav amd voloylotikég 2D
UOVTEAOTIONGELS TOL TEGIOV PoTNG Kot Oepudtntag otV aKpipr], oVOALTIKN YEOUETPIO TOV TUPTVO TOL
EVOALAKTN YlOo. PEYOAO €DPOg GUVONK®Y 7OV VO KOADTTEL TANP®G TIC OVOUEVOUEVEG GLVONKEC
Aertovpyiog tov kwnmpa. Ot cvoyeticelg avtég cvykpibnkav g mpog v oxpifela tovg Ko pe
Slob€opeg TEPOUATIKES LETPNOELG. ZTO EMOUEVO GTASL0 TNG AVAAVGNC, Ol GLGYETICELG ToL EENYONTAY,
gvoouat®@tnkay mg dpot Tyng otig eElomaoelg opung kot evépyelag oe 3D CFD vroAoyiotikd poviéla
NG YEMUETPIOG TOV OKPOPLGIOL TOV OEPOTOPIKOV KIVNTHPO KOl TPAYHOTOTO 0KV VTOAOYIGHOL G
ovvOnkeg average cruise. Xtnv mwapovco gpyocio peAetiOnkov kot cvykpibnkov 600 SlopopeTiKég
veouetpieg akpoouciov. Xe kdbe mepimtwon, tovg 3D CFD vmoAoyiouovg axoiovbnoe 1
Oepupoduvakn avdAven tov KOKAOL AETOLPYIOG TOV KvnTipa, 6TovV 0moio Oepuodvvapkd KHKAO
gvoouatOOnkay ol  onoAeleg mieong kot 1M peTadoorm  Oepuodmrog  (péow  Ttov  Pabuov
OTOTEAECUATIKOTNTOG €) TMV eVOALOKTOV Oepudtnrag Omwg vroloyiotnkav katd tovg 3D CFD
VTOAOYIGHOVC.

Ovopatoroyia (Nomenclature)

Avyyhkol yopoaktipeg

DPtotal TTOON OAMKNG TiEoN G

IRA intercooled recuperative aero engine

u péon tayvTnTo

Ui TOYVTNTO EIGOG0V

m ekBétng apBpod Reynolds ot cuoyétion tov apBpov Nusselt
n gxBéng apBuov Prandtl otn cvoyétion tov apiBuod Nusselt
Nu

apBpog Nusselt
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Pr ap1Ouog Prandtl
Pstatic_out oT0TIK Tigom €650V
Re ap1Oudc Reynolds
Tinte Oeppokpacio 16650V
Toute Beppokpoaoio e£650v
EXAnvicol yapoktipeg
AP GTOTIKN TTAOGCT TEONS
g OTOTEAECUATIKOTNTO EVOALAKTT
U

LEGO duVapIKO 1EMOES
1% . e
HEGO KvNUaTIKO 1EDOEG

P LT TUKVOTNTOL

2. NITQXH MNIEXHYX KAI METAAOXH OGEPMOTHTAX XTON ENAAAAKTH
OEPMOTHTAX

Amnockondvtag otn felTioTomoinen e anddoong AePOTOPIK®Y KvTHp®V, TAN00G VEOV oYedldceny
O andAeieg migong kol 1 petddoon Oepudtnrag 6to cHOTNUA EVOAAAKT®OV Beppdtntog amotehovv
KPICUHEG TAPAUETPOLS GTN AElTOLPYia KOl amddoon Tov Bepprodvvopikod KOKAOL Agttovpylag Tov
kwvnmpa IRA kot yio tov Adyo avtd givar 1dtaitepo oNUAVTIKO Vo urmopel va exktiunBolv pe akpifeia
ot Tiég tovg. IIpog v katevbuvon avt) mpaypatonomOnkay vroloyispoi CFD yio peydio gvpog
oLUVONKOV OV OVTIGTOLYOVV OTIS cLVONKeg Aeltovpyiog Tov KvnTipa o éva 2D vmoloylotkd
UOVTEAO TNG OVAAVTIKNG YEMUETPIOC TOV TUPTVA TOV EVOALIKTT), OTMG TOPOLGLALETOL GTO oYU 2.

PERIODIC  PERIODIC  PERIODIC  PERIODIC  PERIODIC
S R S Y S
_______ e T e e e e e
PERIODIC PERIODIC PERIODIC PERIODIC PERIODIC

ZyMua 2. Oplokég cuVONKEGKOL VITOAOYIGTIKO TAEYLO GTN YEMUETPIO TOV TUPTVA, TOV EVOALAKTN

O1 2D CFD vroloyiopol mparyuatomombnkay ot YEOUETPIO TOV AVTIGTOLEL GE £Va. YOPOKTNPIOTIKO
TEPOCUO TNG YEOUETPLOG TOV EVOAAGKTY 6 €va VITOAOYIoTIKO TAEY A 350.000 VTOAOYIGTIKAV KEAIDV.
TMo ) povtelomoinon g tOpPNg ypnoiporombnke to low-Reynolds povtého topPng Shear stress
Transport, Menter (1994). Ot Téc TOV OpPlOKOV CLVONKOV TOL E€QPAPUOCTNKAY KATG TOVG
VITOAOYIOUOVG  avTIoTOLYOVGOY GE GLVONKeg average cruise, evd emmrécbetol vmoloyiouoi
npaypotorombnkav yuo cuvlnkeg take off kaAdmroviog pe tov Tpdémo awtd évo peydrlo €0pog
ouvOnkdV tayvnTog, Oeproxkpaciog kot micons. TvmiKd omoTEAECUATO TG TTMGTG OAIKNG TTieoNg avdl
HoVAda LKOLE TOV EVOALAKTN TaPOLGLALOVTOL GTO OYIMA 3.
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Zyfuo 3. ASI0GTUTOTOMIEVT TTOGT] OAIKNG TESNS AV LOVASO, UKOVG TOL EVOAAGKTY BepuoTrag

A6 ™V avEALGT TOV VTTOAOYIGTIKMOV OTOTEAECUATOV QAVIKE OTL Ol ATMOAEIEG TieoNG HETAED E1IGOOOV
Kol €£600V TOV EVOALAKTN UopEl va eKQPacTel cOpemva pe v eéicmon 1 og:

AP = (8, +a,v) U + (b, +bv +b,v?) pU 2 [E51]

H efiowon 1 amotedei o tpomomomuévn popen g g e&iowong Darcy-Forchheimer pe toug
GUVTEAEOTEG TTTAOOTG TECNG VO, EIVOL GUVOPTNOCELS TOV KIVIUOTIKOD 1EDS0VE Kol KATH ETEKTACN, TNG

mieong kot Oeppoxpoaciog. Or TWES TV GLVIEAECTMOV 8 by, b, b, e&nybnoav  péow
TPOCAPUOYNG TOV VTOAOYIGTIKOV OMOTEAECUATOV KOL TNG HOPONG TNG OLVAPTNONG WHECH omod
dwdkacion mpooapuoyng ypouuns téonc. To vroloyloTikd oamoteAécpoto  cvykpifnkov ue
TMEPOUOTIKEG LETPNOELG TOL TTpayUaTomombnkay G€ agpoonpayyo otnv omoio eixe tomobetnOel to
TUNLLO TOL TUPVE TOV EVOALAKTT TO 0Toi0 Kol EMAVONKE Katd Tovg vroroyispovg CFD. H cvykpion
mapovotdletor 6To Gynua 4 OOV TAPUTNPEITAL TKAVOTOMTIKY] CUUP®VID HETAED T®V VITOAOYIGTIKOV
OTOTEAEGUATOV KOl TOV TEPOUOTIKMDY LETPNCEDV.
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Tymua 4. Z0ykpion ommAeldv oOMKNG wieong netald mepopatikdv petprioenv (LAB) kot
VIOAOYIOTIK®V anotelecudtmv (CFD)

Amd ™V avAALGT TOV VAOAOYICTIKOV OTOTEAECUATOV, 1) UETGOOGN OgpuOTNTOC TOL EVOALAKTN
Beppotrog propovoe va ekppactel amd pio cvoyétion Nu-Pr-Re mov tapovcidletar oty e&icwon 2
g

N_U =CPr"Re" [EE.2]

pe Tig tég tov apudv Prandtl kor Reynolds va vmoloyiCovton ot péon Beppoxpoaocio

0.5(T, 1 +T, . . . , .
(Tinve °”“et)1<m g tipég C, m, n va amotelodv otabepég mov Pabpovopodvior amd TV
eNeEEPYACIO TOV VTOALOYIGTIK®OV OMOTEAEGUATMV.

3. YHHOAOT'TEMOI CFD XTH AIATAZH TQN ENAAAAKTOQN TOY AKPO®YZIOY
TOY AEPOITIOPIKOY KINHTHPA

Emopevo Pripo g diepehvnong ToL GLOTNUOTOC EVOALOKTOV OgpUOTNTOC GTO OKPOPVUCIO TOV
OEPOTOPIKOL KvnTpa NTav 1 €miAvon tov mediov pong pe ) ypnon CFD. Ta v vmoloyiotiky
LUOVTEAOTTOINGT XPNOUOTOWONKE €V, LOVTEAD TOV €VOC TETAPTOV TNG GLVOAIKNG EYKATAGTAONS TMV
EVOALOKTOV GTO OKPOPVGIO Kol dNUovpyndnke évoc vmoAoyloTikdg ¥dpog amoteloduevog amd 3.2
gkotopvpla keMd. H povielomoinon 0ANg g £yKatdoTaons Tov EVOAAAIKTY GUUTEPIAAUPAVOUEVOV
Kol OAOV TOV EMAEWTIKOV COANVOGED®V NTAV OTOYOPEVTIKN OO (GTOWYN VIOAOYIGTIKOD KOGTOUG,
KkaBdc O 00N yohoE Gg Evo TAEYLLOL EKOTOVIAO®Y EKATOUUVPIOY VTOAOYIGTIKOV KeEAMDV. o avtd 10
Adyo ypnotponomOnke pebBodoroyia TOPMOOVG HEGOV Y10 VO TEPTYPAYEL TOVG EVOAAAKTEG OepudTNTOG
0TO OKPOPUCI0 OTNV TEPOY] TOV Omoi®v EMPUAAOTAV TPOSIYEYPOUEVT] TTMOCY TEOMG KOl
GUUTEPIPOPA TV EVOALOKTOV OGOV apopd TN petddoon Oeppotntoc.

To povtédlo {mvng TopmOovg TV eVOAAAKTOV Beppotntog eENYON LECH AETTOUEPDY VTOAOYICUDV LE
yphon CFD mov dwotowpdbnkay g mpoc v aéuriotio Tovg ue melpapotikés petpnoeis. Iopduola
VIOAOYIOTIKNY TPOcEyylon mapovotaletol otny epyocio tmv Yakinthos et al. (2009) kot Missirlis et al.
(2010).

O1 voroyiopoi CFD mpaypotomomOnkoy yia cuvBikeg mriong (Average Cruise), amoyeioong (Take
off) kot péyomg avappiynong (Maximum Clib) tov kwnmpa. Aentopépeteg mapovsidlovrar amd
tovg Schonenborn et al. (2004). Ot vmoloywouoi agopovcoay 600 SlopopeTikég SaTdEelg TOL
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GUGTHKOTOS TOV EVOAAUKTIOV GTO OKPOPUGIO Kol ovapépoviol ¢ Awdtaén Avapopds (AA) kot
BeAtiopévn Atdragn (BA). Ou dbo eykatootdoelg mapovotdloviol ota oynpate 5 kot 6 O0mov
TOPOVGLALOVTOL KOL YOPOKTNPICTIKA ATOTEAEGUATO OO TOVG VIOAOYIGHOVS CFD.

renn L.Katavoun omoAeidv oMKAC Tieong

-2 48e-01

Tayvmrta/ TaxdmTa essson

7 6de-01 l l
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3.82e-01 - 2 :
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0.00e+00

Tcmﬂm’]/ Tcmtucr’]_stcéSou

7.21e-01 7z z ,
e 1. Kartavoun otatikng Beppoxpaciog

6.708-01

Synupa 5. Baow eykatdotoon Tov eVOALaKT®V BeprotnTag 6To akpopiclo
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Yynpa 6. BeAtiopévn eykatdotoon Tmv eVOALUKTOV OEproTnTog GTO AKPOPLGLO

O1 Baotkég d10popég TV 000 daTdEemv TV eVOALaKT®V gvTomilovtal ota eENG:
®  OTOV TPOGOVOATOMGUO TV EVOAALAKTOV BEpUOTNTAG OTO OKPOPVGLO
®  OTO KOAVUUOTO-KOTAKLY TOV KOUTUAOUEV®V TEPLOYDV TOV EVOALUKTMOV BEPUOTNTOGC
e 010 KAPOIMNYNTIKE TOYDUATO OTIG TEPLOYES E1GOO0VL Kal €£000V TOV UEPOSVVOUIKOD KMDVOL
TOL AKPOPLGIOV

Aentopepng mEPLYpOP] TOV TOPUTAVE OlUTAEE®Y Kol EMUTALOV TANPOQOPIES YO, TN GULVOALKN
gyKotdotaon tapovoialovial otny epyacia tov Yakinthos et al. (2010).

Ot vmoroyopoi CFD mpoaypatomomOnkay pe t xprion tov gumopikod Aoyiopkov Fluent. v gicodo
NG VTOAOYIOTIKNG TEPLOYNG Tpodwaypapnkav 1 mapoyn naloc, 1 d€vbvvon g pon, m OAKN
Oeppoxpoaoio Kot 1 évracn g THpPNG VO Y10 TNV TEPLYPOET TG cVVONKNG €050V emPANONKE ) TIUN
™G otatikng mieong. o ™ povtelomoinon tng tOpPng ypnowonombnke to K-o Shear Stress
Transport (SST) povtéro.
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Amd to OmMOTEAEGUOTO TMOV VIOAOYIOUDV glval gueovig m vmepoyny ™S BA tov evalloktdv
Bepporog o6to aKkpoPHoo KABMS VIPYE CNUAVTIKY LEMOT TOV ATOAELOV TEONS GE OYEON UE TN
AA. Tvoykekpuévo mapatprinke 16% peioon yio Average Cruise, 20% yio Maximum Climb «on
22% yw 116 cvvOnkeg Take off.

4. OEPMOAYNAMIKH ANAAYXH TOY AEPOIIOPIKOY KINHTHPA

H wntdon g oAkng migong mov vroAoyiotnke yio T BA tov evallaxtov o oyxéon pe t AA pmopet
vo odnyfoel ot oLvolkn PeAtimon 1tng amddooNG TOL aEPOTOPIKOV Kivntnpo. Me okomd Tov
VTOAOYIGUO KOl TV TOGOTIKOTOINGoT AVt g PeAtioong tpaypatomomdnke Bepodvvapikn avdivon
kaOdg katacTp®Onke o OepuodLVOUIKOG KUKAOC TOL CEPOTOPIKOL KIVNTHPA UE Tr ¥PNON TOL
gumopkov Aoylopkod Gas Turb 11. Aemtopépeieg yo 10 gumopikd Aoyiopikd divovtor amd tov
Kurzke (2011).

Mo 6heg TIC TEPMTOGELG TOL dlepevvhHONKaY 1 TTIOGN NS OMKNG Tmieong kabmg kot o Padudg
anddoong TOV evOMOKTOV Bepudmrog evoopotdbnkov oto Gas Turb kot vmoloyicBnke o
Beppoduvapkdg kbkhog yuo t AA kor ™ BA tov evoloktov Beppotntoc. ‘Evag tumikog
Beppoduvapkdsg khkhog mov Kataotpminke yuo ™ BA mopovcialetan oto oynua 6. H enidpaon g
OMKNG TTToMG Tieong mov eMPAALEL 0 EvaALAKTNG OepprotnTog eaivetal avapueca ato onueio 6 Kot 7
tov oynuatos. H apiBunon tev 8écemv oto oynua 7 Paciletor otnv  kabopiopévn apibunon mov
axolovBeiton oo to Gas Turb. Ta onueia 6 kot 7 avopépovtatl 6Tny €i60d0 kat otn ££080 avTicToLO
TOV KOWGOEPI®V 00 TOV eVAALAKT BepuoTnTOC.

Heat
LPT Exchanger

i\ e
20 2124 125 48
- 4
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Zymua 7. Ogppoduvapukoc KokAoc g BA tov evolAakTtdv 6T0 0Kkpo@iotlo yio cuvBnkeg Average
Cruise.

H BeAtioon tov Beppoduvapikod KHkAov yia Tig didpopeg cuvinkeg mov e&eTdotnKay Tapovcidlovral
otov mivaka 1. T ) ovykpion ypnoomomdnkay 0 cuvolikog Pabuog amddoong (overal efficiency)
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Kot 1 €101k KotovaAwong kKowoipov (SFC) kabmdg amoteAody 1o mo YopaKTNPIoTIKG LEYEO yio TV
TEPLYPAPN TNG AmOO0GNG £VOG aepomoptkol kKivntipa. O cuvolikdc Pabuog amddoong divetat omd Tov
AOY0 TOL OPEMUOL £PYOV TNG UNYXOVIG TPOG TNV EVEPYELD TOV KOVGIHOL VA 1 €01KN KATAVAAWDGT
KOLGIHOV TEPLYPAPEL TNV amdO00T] TOL KOVGILOL TOV KIVNTHPO GE OYECN HE TNV (OOCT 7OV
EMTUYYAVETAL Y10 TIC EKAGTOTE GLVONKEC.

YuvOnkeg Overal efficiency % | SFC %

Average Cruise +0.8 -0.8
Max Climb +0.6 -0.6
Take off +0.5 -0.5

[Mivakag 1. Zyxetikn oOyKplon TV amoteAecULATOV TG BeATiopévng eykatdotoong og oyéon pe v
Baoikn eykatdotoon.

Ao 10 amoteléopata glval ELPOVAG 1| CNUAVTIKY OXETIKN PeAtioorn 6to cuvolkd Pabpd anddoong
Kot otV €101KY| KotovdAmon kavoipov og Eva upog TiHdv and 0.5% - 0.8% yw m BA og oyéom pe
v AA. Eriong mpaypoatomotifniay vrohoyiopoi Kot cuykpicelg vog cupPatikod Oeppoduvapikon
KOKA oL (Yopic emavaktnon Oepudmrag Kot Yopig HeTdyvén tov aépa Tpv to BdAapo Kovong) ue
Tovg Ogpoduvapkod KOkKAovg tc AA kot BA, ta amoteléouata Tov omoimv mapovoidlovial oTov
wivaxo 2. Ao tnv €££T00T TOV ATOTEAEGLATOV KOTAGEIKVIETOL 1] VITEPOYT] TOV OEPOTOPIKOD KIVITH P
IRA og oyéon e évav cuufotikd agpomToptkd KvTipa 060V apopd T0 GuVOAMKO Badud amddoong Kot
TNV €101K1 KOTAVAA®DOT] KAVGILOV.

Kuwntpag IRA Overal efficiency % og oyéon SFC % ot oyéon
ue tov cupuPatikd Ue Tov cLpPatikod

[Mivakog 2. Oykpion Tov amotelecudtov T BeATiopévng eykatdotaong Kol TG EyKATAoTOoNG
Avoopdg pe éva cvpPoticd Oeproduvapukd KOKAO.

4. LZYMIIEPAXMATA

2V mopovod EPYACio TAPOLGIALETOL VA GUGTIIO EVOALOKTAOV Beppotnrag mov eykabiotatal oto
aKpo@UG1o €£000V TOV KOVGOEPI®V €VOC OEPOTOPIKOD KIVNTAPO Kol cov Pacikd oTdyo &xel TNV
BeAtimon tov PBabuod amdooong Tov HECEH NG EKUETAALEVGTG TNG OepuoTnTag TV Kowoaepiowv. H
HEAETN oL Tparypoatomombnke kol ta ovumepacuate mov eEnydncav Pacilovtol ce ototyeio OV
TPOEPYOVTAL OO £€VA, GLVOVOCUO TEPOUATIKOV UETPoE@Y, vToloyiopmv ue CFD kot avdivong
Oeppoduvauk®v KOKA®VY. Ty Tapodsa Aot TG HeAETNG, 060nKe Bdon oty enidpacn e TTdOONG
NG OMKNG Tieong oL eMPAALEL O EVOAAAKTNG OEpUOTNTOAG GTO OKPOPVGIO ££000V TNG UNYOVAG OTN
GUVOAIKT] OTOS0CN TOL OEPOTOPIKOV KvnTipo. Xt0 TAoicwa tng epyociag, a&loloyndnkov o600
SoPOPETIKEG O1aTAEELS TOTOBETNONC TOV GLGTILATOG EVOAAUKTOV BepHoTNTAG HECH GTO OKPOPVGLO
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Tov agpomopikod kwvnripo. Ta omotedéopato g ovilvong £deiéav OTL pE €vay KOTAAANAO
o006 U0 LILAPYEL SuvaToOTTA SNUAVTIKYS Beltimong tng Beppoduvapkng anddoomng Aeltovpyiag Tov
OLEPOTOPLKOY KVNTHPO GUVEICOEPOVTOS LE TOV TPOTO AVTO GTN UEIMON TG KATAVIAMONG KOVGILOL
Kot Tov eknopndv CO; kot NOx.
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ABSTRACT

A two-section, plate-fin heat sink with channels of stepwise Varying Width (denoted as VW) suitable
for the cooling of solar cells in linear Concentrating Photovoltaic/Thermal (CPVT) systems has been
investigated by the authors in previous studies (Karathanassis et al., 2013*"). It was illustrated that in
the first-section, prior to the flow contraction, the wall temperature steadily increased to a peak value
due to the moderate thermal performance of the wide channels that occupy the first section of the
device. A variation of the original VW heat-sink design is now introduced in this study with additional
vertical cross-flow-jet inlets in the first section, feeding cold fluid into the region of the heat sink with
the aim to improve its thermal performance. The proposed hybrid cooling configuration (JICF-VW)
was numerically investigated considering laminar, steady flow for both the jet and the cross-flow and
for conditions which, depending on the magnitude of the Richardson number Ri=Gr/Re’, give rise to
either forced (Ri=0.0) or mixed convection (Ri=1.32). The jet to cross-flow velocity ratio (blowing
ratio BR) for the investigation varied in the range of 3.5 to 7.5. The numerical results verified that the
presence of jet impingement and secondary flow due to the jet interaction with the cross-flow led to an
increase in the values of the local Nusselt number and a respective decrease of the wall maximum
temperature, hence increasing the thermal performance of the device.

Keywords: heat sink, jets, cooling, hotspot temperature, CPVT

1. INTRODUCTION

The utilization of jets in cross-flow for cooling purposes is a common practice encountered in the field
of turbomachinery in order to protect the turbine blade, which is exposed to gas of high temperature.
This technique is referred to as film-cooling, as a film of air is interposed between the blade and the
hot gas (Goldstein, 1971). The injection of a jet cross stream to the main flow distorts the jet main
axis and gives rise to various coherent vortical structures (Chassaing et al., 2006). A counter-rotating
vortex pair (CVP), also referred to as kidney-shaped vortices, emerges in the near field, downstream of
the jet, whereas a horseshoe vortex emerges upstream of the cooling hole and wraps around the jet and
moves downstream with the main flow due to the fact that the jet is perceived by the main flow as a
bluff body. In addition, ring vortices have been observed to wrap around the CVP, as well as unstable
wake vortices that form perpendicular to the main flow. The jet-in-cross-flow technique has also been
proposed for the cooling of electronic circuits. Jubran and Al-Salaymeh (1999) experimentally
investigated the turbulent heat transfer over an array of parallel rectangular blocks. They evaluated the
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thermal wake on subsequent blocks of the same column due to the heating of an upstream specified
block. Layouts of secondary flow injection were inserted between the rows, in order to evaluate the
potential cooling efficiency enhancement. Larraona et al. (2013) also utilized jet-in-cross-flow
configurations for electronics cooling. Their parametric study revealed that the cooling effectiveness is
mainly influenced by the cross-flow velocity and the jet blowing ratio. In general, the overall Nusselt
number obtained was found to be higher in comparison to parallel-flow configurations. Allauddin et
al. (2013) illustrated the heat transfer enhancement obtained through the use of jets in cross-flow in
conjunction with detached ribs protruding from the heated surface. For turbulent flow conditions, their
numerical results showed that the heat transfer rate increases with the jet blowing ratio.

The majority of the published studies concerning jets in cross-flow focus on illustrating the flow
features of a round jet emerging in an unconfined parallel flow stream. The incorporation of JICF in
the VW configuration is considered in this study and thus the effect of flow confinement due to
presence of the channel side walls is expected to be of importance. In addition, single and dual-jets
systems will be evaluated and the influence of jet interaction on the main flow will be discussed as
well.

2. FORMULATION OF THE NUMERICAL MODEL

The geometry of the hybrid (JICF-VW) configuration resembles that of the VW configuration
investigated in previous studies (Karathanassis et al., 2013™") with the only exception of placing
cooling holes at the top part of the heat sink (Fig.1). The jet-injection holes were placed at the first
heat-sink section, where the maximum wall temperature occurs due to the characteristic geometrical
layout of the device. Two jet configurations were considered, namely a single and a dual-jet system
per channel. In both cases, the overall cross-sectional area of the cooling holes was maintained
approximately equal to one another, so as to ensure that the flow conditions are similar for the two jet
configurations. Thus, the diameter of the cooling holes was equal to 1.0 mm and 1.4 mm for the single
and dual-jet systems, respectively, so that the jet-to-main-flow velocity ratio is the same in both
configurations for a specified value of the flow rate that feeds the jets. The cooling holes were placed
at a location of the first-section of the heat sink (Fig. 2a), where, for strictly parallel flow, the wall
average temperature is approximately equal to that at the heat sink outlet, as ideally the wall
temperature values at the first section should not exceed those of the second section, since the bulk
fluid temperature is much lower in the first section. Regarding the dual-jet configuration, the cooling
holes had their centers transversally positioned, so as to coincide with the vertical symmetry plane of
the second-section channels (Fig. 2b).

Whs=60.0mm

Section 2

.....

Section 1 [ LY B S L - A

Jet-injection
location

Fig. 1 Geometrical layout of the JICF-VW heat-sink configuration.
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The computational domain of the configuration (Fig. 2) comprises the fluid and solid regions with a
lateral extent encompassing one full width of the first-section and two second-section channels.
Additional cylindrical fluid sub-domains have been introduced at the locations of the cooling holes, so
that the mesh can be locally refined in the region in proximity to the cooling holes, which is under the
direct influence of the jets. The arising hybrid configuration has been investigated under both forced
and mixed convection conditions. The set of governing equations considered in each case can be found
in (Karathanassis et al., 2013") and (Karathanassis et al., 2013"), respectively, where the imposed
boundary conditions are also discussed. It is essential to mention that additional inlet conditions were
imposed at the domain upper surface corresponding to the cooling holes. Both a uniform and a fully
developed laminar velocity profile were considered for the jet inlet, in order to illustrate the profile
effect on jet penetration, while a uniform velocity profile was imposed at the heat-sink inlet. The flow
was regarded as incompressible, steady and laminar. The governing equations along with the boundary
conditions were solved on the computational domain using the commercial, finite-volume based solver
ANSYS CFX (v.13) with a convergence criterion of 10 set for the root mean square (RMS) mass,
momentum and energy residuals.

a b ., __ 1
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Fig. 2 Computational domain for the JICF-VW configuration (dual-jet variation): (a) Top detailed
view of the flow-contraction region, (b) perspective view.

2.1 Grid independence study

A mainly structured hexahedral grid was used for the discretization of the computational domain, with
a non-uniform arrangement along the flow direction, as smaller control volumes were placed in the
vicinity of the flow contraction between the two sections. On the other hand, a uniform grid
arrangement was employed across the domain cross-section. However, non-orthogonal elements were
placed at the region enclosing the special cylindrical sub-domains (see Fig. 2a), so that mesh can be
locally adjusted and refined in the region under the direct influence of the jets, rendering this way the
grid unstructured.

The grid independence study was conducted for the case of the dual jet system, where the most
complex velocity field is expected. Pure forced convection conditions were considered and the jets
were assigned fully developed inlet velocity profiles. Three grids consisting of 9.39 (coarse), 16.48
(intermediate) and 23.82:10° elements (dense) were successively tested to confirm that a grid
independent solution had been obtained. The accuracy in the prediction of the flow field was evaluated
by monitoring the vertical profile of the axial velocity at a location five hydraulic diameters



LK Karathanassis, E. Papanicolaou, V. Belessiotis, G.C. Bergeles

downstream of the cooling holes (Z"=-10.63), as this is expected to exhibit significant fluctuations as
reported by Sherif and Fletcher (1989). As depicted in Fig. 3, the profile indeed exhibits one global
and two local maxima, which are accurately captured only by the intermediate and the dense grid. In
reference to heat transfer, the discrepancy in the values of the overall Nusselt number produced by the
coarse and the dense grid is approximately equal to 0.2%. In order to predict both the flow and thermal
fields accurately and at reasonable computing times, the intermediate grid is selected for obtaining the
presented results.

1
‘\
i !
08f ;
= ’/‘
L
=
06 -
- v
> i
0 4; I ———— Coarse grid
1 ! — — — Intermediate grid
’ Fine grid
! )
02f N
! )
U- e
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Fig. 3 Vertical profiles of the axial velocity at the pane of the jet axis (X =2.5) downstream of the
cooling holes (Z'=-10.63) as computed using three different grid dimensions.

3. RESULTS

Twelve cases were examined in total regarding the JICF-VW configuration with the main objective
being the identification of the combination of cooling-holes layout and flow conditions that provides
the maximum heat transfer enhancement in the first heat sink-section. The overall water flow rate
available for the jets and the main flow was maintained equal to 30mL/s for all the cases considered.
The different blowing-ratio values were produced by extracting different portions of the overall flow
rate to feed the jets, while the remaining was assigned to the main flow. The different cases
investigated for the two jet configurations are summarized in Table 1.

Table 1 Cases examined regarding the JICF-VW configuration (Number of sections i=2).

Case BR Number of jets Jet profile Ri,; Abbreviation
1 3.5 1 Uniform 0 FC;,
2 55 1 Uniform 0 FC;
3 7.5 1 Uniform 0 FC;
4 7.5 1 Fully Developed 0 FC-FD;,
5 7.5 1 Uniform 1.32 MC;
6 7.5 1 Fully Developed 1.32 MC-FD;,
7 35 2 Uniform 0 FCy,
8 5.5 2 Uniform 0 FC;,
9 7.5 2 Uniform 0 FC;,
10 7.5 2 Fully Developed 0 FC-FD;,
11 7.5 2 Uniform 1.32 MC,;,
12 7.5 2 Fully Developed 1.32 MC-FDj;,
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3.1 Flow field

High jet penetration is of vital importance for the cooling effectiveness of the configuration, as the
cold jet fluid must reach as close as possible to the heated bottom wall. The extent of jet penetration in
each case can be elucidated by plotting the jet trajectory, which is defined as the streamline passing
through the center of the jet inlet (Saha and Yaragani, 2012). Figs. 4a-b present the jet trajectories
for the various flow conditions in the single and dual-jet configurations, respectively. In the single-jet
configuration, as shown in Fig. 4a, the jet with uniform inlet-velocity profile achieves a maximum
penetration in all cases and consequently ascends slightly prior to a new submersion to the channel
lower part. Especially for BR=7.5, the trajectory is maintained below Y =0.2 for the largest part of the
heat-sink first section. Flow impingement is observed only in the cases of fully-developed jet inlet
velocity and the jet is subsequently deflected toward the channel mid-height.

a ————— BR=3.5, FC b ———— BR=3.5, FC
—_— BR=5.5, FC —— BR=5.5, FC
T - — — BR=TSFC I — — — BR=IS5FC
— — — BR=75FCFD — — — BR=15,FCFD
BR=7.5MC BR=7.5MC
———— BR=T5MG-FD. ———— BR=7.5MC-FD,~

08k

Fig. 4 Jet trajectories along the X =1.5 plane (j1 cases) and the X =2.5 plane (j2 cases), respectively:
(a) Single (j1 cases) and (b) dual-jet (j2 cases) configuration.

Fig. 4b confirms that the jet penetration is generally higher in the dual-jet configuration. The jet
reaches the bottom wall for BR=7.5 regardless of the jet inlet profile, while the jet impingement is
more severe in the cases of fully-developed profile, as the jet penetrates almost vertically impinging
onto the channel bottom wall and is subsequently deflected toward the channel upper part. It must be
noted that the jet trajectory is fully three dimensional in the cases where flow impingement occurs and
so the trajectory presented in Figs. 4a-b is the projection of the actual trajectory on the plane of the jet
axis (X'=1.5 and X '=2.5 for the j1 and j2 cases, respectively).
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Fig. 5 w,-vorticity contour plots in the vicinity of the cooling hole (single-jet configuration): (a)
BR=5.5 and (b) BR=7.5. Inset: m,-vorticity iso-surfaces (|o,/=50s").

X

The flow topology emerging within the heat-sink first section due to the interaction of the jets with the
parallel cross-flow is of considerable complexity and a number of vortical structures can be identified.
Figs. 5 and 6 illustrate the secondary flow pattern in the JICF-VW configurations through contour
plots of the streamwise vorticity component w,. In regard to the single jet configuration (Fig. 5), a pair
of counter-rotating vortices is clearly discernible on either side of the cooling hole, which is identified
as the CVP structure associated with JICF. The inset of Fig. 5, which depicts vorticity iso-surfaces,
reveals that two symmetrical elongated vortical structures connect the CVP to the channel upper wall.
It was established through additional contour plots not shown for brevity that these structures are in
fact the two legs of the characteristic horseshoe vortex, which detach from the upper wall downstream
of the cooling hole and merge with the CVP. An additional observation is that, although the secondary
flow pattern is symmetrical for BR=5.5, breakdown of symmetry is evident for BR=7.5, as the left
vortex (colored in red) is of increased sized compared to the right one (colored in blue). The
asymmetric topology is reckoned to arise due to the flow confinement caused by the channel
sidewalls. As the blowing ratio and thus the size of the CVP increases, the interaction of the two
vortices becomes more intense and the left vortex gains in size to the detriment of the right one.

As shown in Fig. 6, the placement of the cooling holes close to the sidewalls in the dual-jet
configuration gives rise to four coherent vortical structures. The lower vortex-pair with the larger
magnitude depicted in Figs. 6a-b corresponds to a vortex of each CVP that sets in downstream of each
cooling hole. The coherence of the respective symmetrical vortices is destroyed due to the presence of
the sidewalls. The vortex pair in the vicinity of the upper wall is in fact an after-effect of the two
horseshoe vortices that form near the upper wall. As was mentioned in the discussion regarding the
previous figure, the legs of the horseshoe vortices appear elongated in shape along the dimension of
the channel height. The outer legs close to the sidewalls decay shortly after their onset, while the inner
legs constantly stretch toward the channel bottom wall until each of them eventually breaks up to two
separate vortical structures. A vortical structure of elongated shape that connects each upper vortex to
the respective lower one can be clearly discerned at the contour plot at Z'=-12.63 of Fig. 6a.
Furthermore, the connection between each upper and lower vortex is elucidated by the vorticity iso-
surfaces presented as insets in Fig. 6.The detached upper structures form the vortices close to the top
wall evident in the contour plots, while the lower pair merges with the respective vortices that
constitute the counter-rotating vortex pair. The vortical structures decrease in strength at further
downstream locations yet increase in size due to viscous diffusion. For the highest value of the
blowing ratio (BR=7.5), an asymmetric secondary-flow pattern is clearly evident in Fig. 6b. As can be
seen from the w,-vorticity iso-surfaces, the right vortex drifts along the streamwise direction in an
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oblique trajectory. The breakdown of symmetry is attributed to the interaction of the vortices that form
at the lower part of the channel, following the jet impingement on the bottom wall.

a w* i
1. & - B e
Y0 0.0 70005 759000 R
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b
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Fig. 6 o,-vorticity contbufplots in the vicinity of the cooling hole (dual-jet configuration): (a) BR=5.5
and (b) BR=7.5. Inset: m,-vorticity iso-surfaces (jo,/=50s™).

3.2 Temperature field and heat transfer

As heat transfer is primarily taking place in the bottom channel wall, the effect of the jets on the
cooling effectiveness of the device is expected to be higher if the injected cold fluid remains in the
vicinity of the heated surface for significant portion of the first heat-sink section. Fig. 7 refers to the
single jet configuration and presents temperature contour plots at three axial locations downstream of
the cooling hole for BR=7.5. An initial observation is that the emerging temperature fields for forced
(Fig. 7a) and mixed-convection conditions (Fig. 7b) exhibit a relatively similar topology. Yet the
asymmetry in the temperature profiles is more pronounced for mixed-convection conditions, e.g. in the
temperature profile at Z*=-6.63 (Fig. 7b) a region of warm fluid is evident at the upper left part of the
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channel due to the buoyancy induced recirculation, while the cold fluid core is clearly shifted to the
channel right part.
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Fig. 7 Temperature contoui plots at axial ldcations downstream of the cooling hole for the single-jet
configuration (BR=7.5): (a) Forced convection (Ar,;=0.00) and (b) mixed convection conditions
(Ar=1.32).

The development of the bottom boundary layer is disrupted in both cases, as made evident by
comparing its thickness at Z"=-12.63 and Z'=-9.63 in both Figs. 7a and 7b. However, in the mixed-
convection case more significant thermal mixing between core and boundary-layer fluid takes place as
is illustrated by the plot at Z=-6.63 of Fig. 7b. Furthermore, the wall temperature is lower in the
mixed-convection case. It should be reminded that the temperature values were non-dimensionalized
using the imposed value of the heat flux at the heat sink bottom surface and thus the results presented
can be compared in a straightforward manner.
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Similarly to Fig. 7, Fig. 8 illustrates the development of the temperature field in the first-section of the
dual-jet configuration. The strong interaction of the jets with the boundary-layer fluid has as a result
the drift of warm fluid toward the channel core, as depicted at the contour plots at Z'=-12.63 of both
Figs. 8a-b. The two jets impinge on the bottom wall and cause the rise of fluid from the boundary-
layer region to the channel core. The distinctive form of the temperature profile at the mid-lower part
of the channel is also indicative of the reciprocal interaction between the lower vortices. Two
additional isolated regions of warm fluid can be discerned in the vicinity of the upper wall due to the
action of the additional vortex pair (see Fig. 6). Further downstream of the cooling holes thermal
mixing occurs between the warm fluid of the isolated regions and the core fluid, with the thermal
mixing being more intense for the mixed convection case; yet the bottom wall boundary layers appear
to be of greater thickness in comparison to the respective single-jet cases.

T x 100
Bl g el R
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T*x 100
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z
BR=7.5, MCyz ‘<

Fig. 8 Temperéture conféur plots at éxial locations downstream of the cooling holes for the dual-jet
configuration (BR=7.5): (a) Forced-convection (Ar;=0.00) and (b) mixed-convection conditions
(Ar;=1.32).
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Fig. 9 depicts the axial distribution of the average wall temperature along the first heat—sink section
for the single (Fig. 9a) and dual-jet (Fig. 9b) hybrid configurations. The respective distribution for
strictly parallel flow under forced and mixed-convection conditions is also shown for comparison. In
reference to forced-convection conditions, the incorporation of jets always leads to a decrease in the
wall average and maximum temperature, even in the case of the smallest blowing ratio considered.
However the rate of temperature mitigation decreases as the blowing ratio increases. Especially for
BR=7.5, the wall maximum temperature remains approximately the same regardless of the jet inlet-
velocity profile, although the jets with a fully-developed inlet profile cause a larger temperature
decrease at the axial location (Z*~-14) where they impinge onto the bottom wall. This trend, which is
common for both configurations as shown in Figs. 9a-b, is justified by the fact that as the blowing
ratio increases, the jets detach from the bottom wall toward the channel core after their impingement
and thus fail to achieve further enhancement of heat transfer at downstream locations.

BR=0.0, MC e

——— BR=35,FC ——— BR=3.5, FC
—_—— BR=55,FC —_ BR=55, FC
5F — — - BR-75FC 5F — — — BR=15FC
F  — — — BR=7.5,FC-FD L — — — BR=7.5,FC-FD
45 ———— BR=7.5MC 45L ——— BR=1.5MC
|« BR=7.5MG-FD I —— BR=7.5,MG-FD
—_—— BR=0.0, FC e - BR=0.0, FC
4 — 4F —— BR=bO.MC

Figure 9 Axial distribution of the average wall temperature along the first section of the VW-JICF
heat sink: (a) single (j1 cases) and (b) dual-jet configuration (j2 cases).

In terms of hotspot temperature mitigation, the effect of the jets is less pronounced in mixed-
convection conditions. For BR=7.5, the maximum wall temperature is slightly decreased in
comparison to a strictly parallel flow in the single-jet configuration, while it is actually slightly
increased in the dual-jet configuration. Nevertheless, the average wall temperature is decreased in both
cases owing to the considerably lower temperature values at the wall region under the direct influence
of the jets. The suppressed heat-transfer enhancement at the channel part further downstream of the
cooling holes must be attributed to a conflicting trend between the jet and the buoyancy-induced
secondary flows. As was indicated by Fig. 8b, where temperature stratification is absent, the
emergence of the jet-induced vortices disturbs the coherence of the buoyancy-induced longitudinal
rolls, whose action has been also proven beneficial to heat transfer.

Fig. 10 presents the average Nusselt number distribution at the first section of the hybrid
configurations. It is evident that the Nusselt number obtains peak values at approximately Z=-15,
where the jets enter the channel. In the single-jet configuration (Fig. 10a), the Nusselt number increase
is clearly steeper for the jets with fully-developed inlet profile, as flow impingement occurs only in
these cases. Downstream of the jet-injection location, the Nusselt number decreases asymptotically
until the channel region where the influence of the flow contraction becomes significant. A close look
at the channel region downstream of Z'=-5 reveals that the highest Nusselt numbers are achieved for
BR=7.5 under mixed-convection conditions, justifying by this way the larger hotspot temperature
mitigation for these cases, as shown in Fig. 9. It is interesting to notice that although the maximum
Nusselt number values are obtained in the cases of impinging flow, the subsequent values obtained
further downstream decrease rapidly. This trend is followed in both configurations and verifies the
general remark that the impinging flow offers high heat transfer enhancement, yet in a localized
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manner. In any case, the Nusselt number values obtained downstream of the jet-injection locations are
higher compared to those obtained for strictly parallel flow under the same conditions.

4. CONCLUSIONS

A two-section, plate-fin heat sink employing channels of step-wise varying cross-section and jets in-
cross-flow for heat transfer enhancement has been investigated by means of a three-dimensional
model. The numerical results verified the existence of complex secondary flow downstream of the jet-
submersion location; namely a single and two pairs of counter-rotating vortices were detected in
reference to the single and dual-jet configurations, respectively. The incorporation of jets in cross-flow
was found to increase the values of the Nusselt number in the first-heat sink section. The most
significant mitigation of the wall maximum temperature at the specific section was achieved for a
single-jet with uniform inlet profile entering through a cooling hole located at the channel mid-width
under mixed convection conditions, with the respective jet-to-cross-flow velocity ratio being equal to
7.5.
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40 ;- 40
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Figure 10. Distribution of the circumferentially averaged Nusselt number at the first section of the VW-JICF
heat sink: (a) single and (b) dual-jet configuration.
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