
Int. J. Therm. Sci. (1999) 38, 819-831 
~) 1999 I~ditions scientifiques et m~dicales Elsevier SAS. All rights reserved. 

Pressure effects on the spectral behavior 
of the thermal field in non-reacting 
and low Damk6hler reacting flows 

Abdelhamid Bounif ~, Abdelkader Aris a, Iskender G6kalp b 

a Institut de g~nie m~canique, universit~ des Sciences et de la Technologie, 
BP 1505, Elmnaouar, Oran, 31000, Algdrie 

b Laboratoire de combustion et syst~mes rdactifs, Centre national de la recherche scientifique, 
IC, av. de la Recherche-Scientil~que, 45071 Orldans cedex 2, France 

(Received 21 September 1998, accepted 15 March 1999) 

Abstract - -  This study concerns the regime of distributed reaction zones of a well-stirred reactor. No mention has been made 
until now on the fields of the interaction between combustion and turbulence in this regime, where the Damkohler number is 
below unity. The aim of this paper is to investigate the fluctuating temperature structures inside the well stirred-reactor for various 
mean pressure situations. The experimental study is conducted by the technique of fine-wire thermoanemometry. In parallel, the 
fuel conversion rates of propane oxidation in all the experimental conditions are determined from a simulation work which takes 
into account a detailed kinetic model. The different relevant characteristics of the dynamic field are estimated by means of the 
/~-~ model. The variation of the unmixedness and the time scales of the temperature field is compared for various pressures in 
the reacting and non-reacting cases. The discussion is conducted in terms of the ratio between the time scales of the scalar and 
dynamic fields. The main conclusions are as follows. When the reacting and non-reacting temperature fields are compared at the 
same mean pressure, the effect of the chemical reactions appears to be the feeding of more energy into the small scale turbulence 
structures. It is important to notice that the systematic decrease of time and length scales with the mean pressure in the reactor, 
together with a very significant increase of the dissipation rate of the temperature fluctuations, gives evidence for a positive effect 
of the increase of the pressure on the micromixing. ~ 1999 I~ditions scientifiques et m~dicales Elsevier SAS. 

turbulence modeling / temperature field / jets / pressure effects / jet-stirred reactor / thermoanemometry / reaction mechanism / 
low Damk6hler number 

R~sum~ - -  Effets de la pression sur le comporternent spectral du champ thermique en ecoulement non r~actifs et r~actifs 
~, faible hombre de Damk6hler. Le present travail porte sur I'investigation du champ thermique instantan~ dans un r~acteur 
auto-agit~ par jets gazeux. Afin d'aborder ~ la fois le probl~me du micro-m~lange r~alis~ au sein du r~acteur et celui de 
I'interaction combustion-turbulence ~ faible nombre de Damk6hler, cette analyse permet de v~rif-ier les pr~visions sur les effets 
de compressibilit~ dus a la variation de la pression avec et sans r~actions chimiques dans la zone des r~actions distributes. La 
technique exp~rimentale est la thermoan~mom~trie ~. fil froid. Les principales caract~ristiques du champ dynamique sont estim~es 

partir des ~quations de conservation d~crites par le modele de la turbulence (k~c). Les effets couples de la compressibilit~ 
et de la diffusion thermique tendent ~ rendre les petites structures plus ~nerg~tiques et les nombres de Reynolds moyen et 
turbulent plus importants. Ainsi, pour des pressions croissantes, le champ thermique est, de plus en plus, constitu~ de petits 
tourbillons. Sachant que I'isotropie d'un syst~me est conditionn~e par I'existence de petites structures, on constate que I'el~vation 
de la pression dans le r~acteur favorise I'homog~n~it~ du r~acteur. En outre, le fait d'avoir pu observer I'influence de pressions 
sup~rieures ~. la pression atmosph~rique sur le champ thermique instantan~ r~gnant dans notre configuration exp~rimentale 
constitue une tentative inedite qui m~rite d'etre soulign~e. Connaissant en effet les besoins des motoristes en ce qui concerne la 
conception de codes de calcul predictifs du fonctionnement des chambres de combustion, I'obtention de donn~es ~ haute pression 
repr~sente une approche n~cessaire ~ la validation des modules en cours d'~laboration ~) 1999 I~ditions scientifiques et m~dicales 
Elsevier SAS. 
mod~lisation / turbulence / champ thermique / je ts  / effets de la pression / reacteur auto-agite / fil froid / m~canismes r~actionnels 
/ faible nombre de Damk6hler 
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N o m e n c l a t u r e  

B f  ratio of turbulence time to autoignition 
delay 

Dal Damk6hler number, ratio of dynamic 
turbulence to chemical time scales 

Da2 DamkOhler number,  ratio of thermal  
turbulence to chemical time scales 

Eo (f) frequential spectrum of temperature  
f frequency . . . . . . . . . . . . . . . . . . . . . . . . . . .  
feo characteristic fl'equency of energetic 

eddies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
flim limit frequency . . . . . . . . . . . . . . . . . . . . . .  
Fo flatness factor of tile thermal probabi- 

lity density flmction 
G production term due to buoyancy 
k turbulent  kinetic energy . . . . . . . . . . . . .  
K velocity decay rate 
L reactor diameter . . . . . . . . . . . . . . . . . . . .  
Lu integral length scale of the velocity field 
Lo integral length scale of the thermal field 
leo energetic length scale of the velocity 

field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
p pressure inside the reactor . . . . . . . . . . .  
P production term due to mean strain 
Pr Prandt l  number  
Rt  ratio of thermal  to dynamic turbulence 

time scales 
Ret  turbulent  Reynohts number  
S density ratio (S  = pa/pj) 
So Skewness factor for the probability 

density functions of the temperature  
fluctuations 

T mean temperature  inside the reac tor . .  
teo Characteristic time for energetic ther- 

mal eddies . . . . . . . . . . . . . . . . . . . . . . . . . .  
tR mean residence time . . . . . . . . . . . . . . . . .  
to dissipation time of temperature  fluctua- 

tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ui  velocity component in the x, y and z 

direction in cartesian coordinate system 
Ui volume-weighted contravariant velocity 

component in ~, r~, and ( direction . . .  
U0 jet  velocity at the nozzle exit . . . . . . . . .  

GFee~ 

r~ 

symbols 

thermal  diffusivity . . . . . . . . . . . . . . . . . . .  

expansion coefficient,/3 = -p l (0P)~-T 
p 

general diffusion coefficient 
dissipation rate of turbulent  kinetic 
energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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thermal dissipation rate . . . . . . . . . . . . . .  K2.s -1 
Corrsin Obukhov length scale . . . . . . . .  m 
Kohnogrov length scale . . . . . . . . . . . . . .  m 
mean square of tile temperature fluc- 
tuations . . . . . . . . . . . . . . . . . . . . . . . . . . . .  K 2 
root mean square (rms) of the tempe- 
rature fluctuations . . . . . . . . . . . . . . . . . . .  K 
Taylor microscale . . . . . . . . . . . . . . . . . . . .  m 
length microscale of temperature  . . . . .  m 
density . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  kg.m -a  
kinematic viscosity . . . . . . . . . . . . . . . . . .  m2.s 1 
dynamic viscosity . . . . . . . . . . . . . . . . . . .  kg .m- l . s  1 
characteristic chemical time . . . . . . . . . .  s 
autoignition delay . . . . . . . . . . . . . . . . . . .  s 
Kolmogrov time scale . . . . . . . . . . . . . . . .  s 
large eddy time scale of the veloci ty . ,  s 
integral time scale of the thermal field s 
shear stress tensors 
equivalence ratio 
general variable 

1. INTRODUCTION 

Tile  i n s t a n t a n e o u s  t e m p e r a t u r e  field in  a j e t - s t i r r e d  
flow r eac to r  des igned  for chemica l  k ine t ic  s tud ies  of 
h y d r o c a r b o n  ox ida t i on  is inves t iga ted .  T h e  ob jec t ive  
of t h e  s t u d y  is twofold.  T h e  first ob j ec t i ve  is to  
d e t e r m i n e  ti le v a r i a t i o n  of t i le m i c r o m i x i n g  degree  of 
t i le r eac t ive  s y s t e m  for a wide  r ange  of pressures .  T h e  
second  o b j e c t i v e  is to  c o n d u c t  a well con t ro l l ed  s t u d y  
on  t he  i n t e r a c t i o n s  b e t w e e n  chenf i s t ry  a n d  t u r b u l e n c e  
in t i le d i s t r i b u t e d  r e a c t i o n  zone p r o d u c e d  by  t i le  j e t -  
s t i r r ed  flow reac tor .  T h i s  is ach ieved  by  c o m p a r i n g  
t he  i n s t a n t a n e o u s  t e m p e r a t u r e  fields in  r eac t i ng  a n d  
n o n - r e a c t i n g  s i t u a t i o n s  a n d  w i t h  var ious  degrees  of 
t he  r e a c t i v i t y  of t he  sys tem.  T h e  m a j o r  f ea tu re  of 
th i s  i n v e s t i g a t i o n  is t h a t  it c o r r e s p o n d s  to  t h e  va l id i ty  
d o m a i n  of t h e  d y n a m i c a l l y  pass ive  reac t ive  sys tem,  
whe re  t he  flow a n d  t h e r m o d y n a n f i c  p a r a m e t e r s  are  kep t  
u n c h a n g e d  b e t w e e n  t he  n o n - r e a c t i n g  a n d  r eac t i ng  cases. 

Figure i is a p lo t  of a classical  d i a g r a m  for p r e m i x e d  
t u r b u l e n t  c o m b u s t i o n .  T h e  di f ferent  c o m b u s t i o n  reg imes  
are  s h o w n  in t h i s  p lo t  as a f unc t i on  of t he  t u r b u l e n t  
f low-to-f lame l e n g t h  scale a n d  ve loc i ty  scale r a t io  [1]. 
We  bel ieve  t h a t  t i le  reg ime  of d i s t r i b u t e d  r eac t i on  zones,  
whe re  t i le D a m k 6 h l e r  n u m b e r  is be low uni ty ,  wh ich  has  
no t  b e e n  i n v e s t i g a t e d  un t i l  t h i s  s tudy,  is m o s t  su i t ab l e  
for t h e  s t u d y  of i n t e r a c t i o n s  b e t w e e n  c h e m i s t r y  a n d  
t u r b u l e n c e ,  b o t h  e x p e r i m e n t a l l y  a n d  theore t ica l ly ,  for 
severa l  reasons:  
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Figure 1. Premixed turbulent combustion diagram. 

First ,  in this regime, the  chemical t ime scale is longer 
than  the turbulent  scale and small scale turbulence 
can be produced [2]. These are the two necessary 
conditions to enhance the interaction; therefore, the 
condition: Ret > i > Da, where Ret is the turbulent  
Reynolds number  and Da the DamkShler  number,  
and B f  > 1 > Da, where B f  is the rat io between the 
dynamic turbulence t ime and the ignition delay t ime for 
the chemical reaction. 

Also, as shown below, this regime may be achieved 
in a well-stirred reactor,  where the turbulence s t ructure  
is closest to the  classical homogeneous and isotropic 
turbulence conditions,  which great ly facilitates the 
theoret ical  handling of the interact ion [3, 4]. 

2 .  E X P E R I M E N T A L  D E V I C E  

The je t -s t i r red flow reactor  presently investigated has 
been described in our previous studies on the oxidation 
of light hydrocarbons  [5]. It consists of a fused silica- 
made sphere, 4 cm in diameter ,  located in a steel vessel 
which can be pressurized up to 10 atmospheres.  I t  
comprises four nozzles of 1 mm diameter  opening in 
the equatorial  plane of the sphere. The four turbulent  
jets  achieve turbulent  mixing and recirculation of the 
gases within the  reactor,  provided tha t  the nozzle design 
conditions [6] are respected to ensure an opt imal  degree 
of circulation and an inlet je t  velocity lower than  the 
sonic limit speed. The flow is preheated by an electrical 
resistor before its admission into the reactor. The flow 

rates of the hydrocarbon and oxygen are measured 
and regulated by thermal  mass-flow controllers. Tile 
pressure inside the reactor is kept constant  in t ime 
by means of a pressure regulator  on the exhaust  line. 
A representat ion of tile appara tus  is given in figure 2. 
The fuel, di luted in nitrogen, is introduced separately 
through a capil lary tube and premixed,  at  the entrance 
of the nozzles, with the principal flow, which is composed 
of oxygen and nitrogen. Tile reactor  is surrounded by an 
electrical heater  whose adequate  adjustment ,  with tha t  
of the preheater ,  allows us to reduce the t empera tu re  
gradient  to a negligible level along a vertical diameter .  
The mean tempera tu re  in the reactor is measured by a 
chromel-alunml thermocouple and the sampling of the 
molecular species is achieved through a quartz sonic 
probe. The gas samples are analyzed by gas phase 
chromatography. Residence t ime dis t r ibut ion studies [5] 
have shown tha t  tile reactor  is perfectly st irred for 
residence t ime varying fl'om 0.01 to several seconds. But 
preheat ing of the gases is necessary and t empera tu re  
homogeneity in the reactor  was verified during each 
experiment by moving a thermocouple  along a whole 
diameter .  No radiat ion correction was necessary because 
the reactor walt t empera ture  is nearly identical to tha t  
of the gases. 

Owing to tile high dilution of the fuel (0.15 to 
0.5 percent by volume), the t empera tu re  rise due to 
reaction was less than  20 K and t empera tu re  gradient  
along a whole diameter  were mainta ined around 10 K 
or less. The gases within the reactor  were aspira ted 
at low pressure through a sonic quartz  probe, and 
stored in glass bottles.  A mult icolumn (Molecular Sieve, 
Porapack QS, Parapack  R), mul t idetector  ( thermal 
conductivity,  flame ionization) gas chromatography 
working with helium as carrier gas, was used to 
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Figure 2. Schematic of experimental setup. 
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determine O2, CO, CO2, aldehydes and hydrocarbons 
contents of samples. The hydrogen concentrat ion w a s  
measured on another  chromatograph using nitrogen as  
the carrier  gas, and Carle microthermistors  as detector.  

The  tempora l  t empera tu re  fluctuations resulting 
from the turbulence is de termined by a cold wire tiler- 
moanemomet ry  along tile vertical  axis of the reactor. 
Previously cal ibrated in a s ta t ic  oven against a thermo- 
couple, the 0.01 mm diameter  p l a t inum/ rhod ium Sell- 
sor, suppor ted  by a probe, is introduced from the bot- 
tom of the reactor,  using the probe posit ion adjuster  
used for the sampling probe and the thermoeouple.  Tile 
fine wire is heated by a low constant  current (1.5 mA), 
minimizing any contaminat ion of the t empera tu re  field 
by the velocity fluctuations. The instantaneous tempe- 
ra ture  signal, delivered by a thermoanemometr ic  unit 
(DISA55M20) and the signal conditioner,  is digitized at 
2 000 Hz (Nyquist frequency) and stored in a microcom- 
puter.  The thermal  inert ia  of the wire has been numeri- 
cally compensated.  The acquisit ion has been performed 
via 9 blocks of 1 024 points,  the resulting digi t izat ion 
t ime being much shorter  than  the characterist ic  t ime 
of turbulence,  thus allowing enough points to ensure 
a good descript ion of the phenomenon. Moreover, the 
cal ibrat ion of the cold-wire has been memorized in the 
numerical  compensat ion program. 

3. S I G N A L  PROCESSING 

The digitized signal is processed to determine and 
compare the main characterist ics  of the reacting and 
non-react ing t empera tu re  field structures.  

I t  is noteworthy tha t  the signal processing through 
parametr ic  methods  appeared  to be nmch more conve- 
nient for the analysis of signals observed during a short  
t ime than  the Fourier t ransform spectral  techniques. 
In parametr ic  methods,  we have combined the advan- 
tages of two algorithms; the root  mean squares ' s a n s  
contraintes '  a lgori thm (MCSM) which allows a good 
spectral  resolution and Capon ' s  algori thm [7], which 
gives a sat isfactory es t imat ion of spectral  amplitudes.  
It can be considered tha t  the thermal  fluctuations are 
sinusoidal, more or less a t tenuated.  An example of the 
f luctuating t empera tu re  da t a  inside the reactor  is ex- 
hibi ted on fi9ure 3. Then, it is possible to convert the 
signal into a sum of terms with proper  characteristics.  
Modeling the signal in this way, it will be possible to 
suppress the unwanted frequencies. An especially easy 
subt rac t ion  will allow us to el iminate noise frequencies, 
such as industr ial  50 Hz arising from the heating line 
of the device. This is not possible in using the Fourier 
t ransform techniques. 
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Figure 3. Fluctuating temperature  signal inside the reac- 
tor under the fo l lowing conditions:  p = 1 bar, t a  = 0.2 s, 
T = 1 033 K. 

4 .  E X P E R I M E N T A L  PROCEDURE 

Each experimental  run includes two phases. In the 
first phase, gas flows are adjusted to produce a kine- 
t ically well-known reaction for the given experimental  
conditions, and the instantaneous tempera ture  measu- 
rements are performed. 

In the second phase, the flow of propane is 
suppressed, while the flow rates of nitrogen and oxygen 
arc kept unchanged and the instantaneous tempera ture  
measurement  are repeated for this non-reacting case. As 
the fuel concentrat ion is very low, the average residence 
t imes are considered a~s identical in both cases. 

5. D Y N A M I C  T U R B U L E N T  FIELDS 
A N A L Y S I S  

The investigation of the behavior of the tempera ture  
fluctuation in the reactor  requires the est imation of the 
different relevant characterist ics of the dynamic field. 
In this study, tile average residence t ime ta,  has been 
adjusted large enougtl to ensure tha t  the inlet je t  mean 
velocity Uo, is lower than the speed of sound, thus 
allowing to neglect compressibil i ty effects. 

Tile dynamic field is concerned with the development 
of k c model  for the numerical predict ion of mixing 
of turbulent  variable density jet.  Several fundamental  
studies published during recent years (Thring et al. [8], 
Chassaing [9], Chen et al. [10], Dowling et al . [ l l ] ,  P i t t s  
et al.[12], Sautet  et al. [13], Panchapakesan et al. [14] 
and Sanders et al. [15]) have revealed complex behaviors 
and many underlying mechanisms which are not well 
understood.  The main characterist ics of the dynamic 
field are obtained by running the flow solver until  
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stable (in the statistical sense) values of the velocities, 
temperature and pressure are obtained. Extended 
k e models (also called low-Reynolds number models) 
which are valid in the entire domain, made of the near 
wall-zone (low Reynolds number) and the far-wall-zones 
(high Reynolds number), have been used in this study. In 
order to make the k z model asymptotically consistent 
in near wall turbulent flow, weighting functions are 
introduced [16 18] to modify the constants of Lain- 
Bremhorst [19]. 

5.1. Governing equations 

The governing equations of the mean flow are 
obtained by Reynolds averaging the Navier-Stokes 
equations using a Reynolds average for the density 
p and the temperature T and a Favre average for the 
velocity• The Reynold stress and the turbulent heat flux 
are modeled using a Boussinesq hypothesis. The Navier- 
Stokes equations for the mean quantities are written in 
conservative form (Einstein convention is adopted for 
writing these equations on indices j and k). 

5.1.1. Equation of continuity 

ap a(puj)  _ 0 (1) 
ON + a x ~  

5.1.2. Equation of conservation 
of the momentum (i  = 1 , 3 )  

The momentum equation, supposing that  the positive 
direction is upwards and parallel to the gravitational 
field, is 

2 
a(pu,  uj) a(p + 5 p/~) a~j  a ( p ~ )  + _ _  _ + + pg~ (2) 

2--/--  a~j a~ 
ap 

when ~xi ~ p~ gi, the buoyancy term is often written as 

- ( p ~  - p) g~. 

5.1.3. Equation of conservation of the total 
energy 

2 
__a(Pe) + a(peuj) = a ( p +  5pk)uj +--a(uJ~-kJ) 

at axj axj axj 

+aT agx, +b7 gbTx  (3) 
1 

u~ +k,  Cp and Cv are the specific heats where e = Cv T +  

of the mixture at constant pressure, and at constant 
v o l u n l e .  

To close the system of equation for the mean 
quantities, two additional transport  equations may be 
solved for k and e. The modeled equations can be 
written in a conservative form: 
a(pk) a(pu~ k) 
- -  - ] -  _ _  

at ax~ 

- a x ~  " + ~ - k  ~x~ + G + P - p e - D  (4) 

a(ps) + _ _  _ # + 

K 2 
+C~-£z (P+C3G)-pC2f2 T - E _  (5) 

with: 

{ a2u~ 2 } • a Ui a v ~  a v ~  E = 2 ~ v t  ( 1 -  6~j) D = 2 #  axi ax~ ' ax~ axj 

Dr l 

p k 2 k 2 
~t = C~ f~ - -  ; Ret = - -  

£ / ]£  

5.2. Boundary conditions 

The walls are no-slip and adiabatic boundary 
conditions• Tile boundary condition for the turbulent 
kinetic energy k is : k~=0 = 0. 

For e, no unique boundary condition exists and 
different boundary conditions have been used in a 

variety of applications of the k-e modeh ( a~-~yy ) = 0 .  
y=0 

This boundary condition is easy to implement and 
corresponds to an asymptotic behavior of e in the 
boundary layer [20]: e(y) = A + B y  + Cy2, with 

B ~ 0 experimentally, ey=0 = 2u " (aV~ '2  This last \ ay 
boundary condi t ion is an approx imat ion of the previous 

form, where: / / ax/~'~2 ~ ay ]u=0 ~ ~ - '  leading to a mean value 

of e between y = 0 and y = 5, 6 denoting a small distance 
from the wall. 

5.3. Numerical implementation 

The flow transport  equations can be written in a 
general form under the curvilinear coordinate system 
&S: 

1 O a (_pCUi + F¢ Gij a¢ ) S¢  
g at (p ¢) = ~ ~ + --J- (6) 
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Models 

Lam-Bremhorst 

Low-Reynolds 

Constants of the Boussinesq modeling and the weighting functions 

C,  C1 C2 Ca ak a~ Prt f ,  

0,09 1,44 1,92 1 1 1,33 1 1 

- 3 4  
0,09 1,44 1,92 1 1 1,33 1 exp / Ret \2  

1 +  50 / |  

1 

1 0,3 exp[-Re~] 

where ¢ (ui, e, k and e) s tands for a general variable 
to be solved, S O is tile corresponding source term which 
includes all the terlns tha t  do not fit into this general 
form. F¢ is the effective diffusion coefficient associated 
with variable ¢. The curvil inear coordinate  is repre- 
sented by ~ and J,  U and G~j are the t ransformat ion 
Jacobian,  volume-weighted contravariant  velocities and 
diffusion matrices respectively. Their  definitions are as 
follows: 

J _  O(~,r/,~) (7) 
O(x,y,z) 

U ~ -  uj O~ J Ox~ (S) 

1 ~ i  O ~ j  ( 9 )  
Gij -- j Oxk Oxk 

All the par t ia l  derivatives with respect to the Carte-  
sian coordinates  occurring in equations and source terms 
should be evaluated in the eurvil inear coordinate  system 
by using the chain rule for par t ia l  differentiation. For the 
numerical  computa t ion  of the governing par t ia l  differen- 
t ia l  equations,  a computer  code based on a finite volume 
code using algori thm S IMPLER for pressure linkage is 
employed [21]. In order to handle the complex geometry 
of the reactor,  a boundary  fi t ted curvil inear coordinate 
system and mult i-block non staggered grids are used in 
the computat ion.  Different numerical schemes are used 
to approximate  the transient ,  convective, diffusive and 
source terms of the t r anspor t  equations. The S IMPLER 
procedure is adopted  to ensure mass conserved flow 
field solutions. The convective terms in tile governing 
equations are approximated  by a second-order central 
differencing scheme compensated  by an adapt ive  artifi- 
cial dissipat ion te rm to control numerical  oscillation ill 
the solution. Tile convective fluxes at  inid-node points 
are evaluated by a PLDS scheme. 

In order  to reduce the computer  memory require- 
ments, only the orthogonal  par t  is kept in the diffusion 
term, and tile non-orthogonal  par t  is lumped into the 
explicit  par t  of the source terms. All tile diffusion 
terms are diseretized using second-order central diffe- 
rencing schemes. Tile equations are solved in t ime to 

s teady-s ta te  solution by using an explicit  four-stage 
timne-marching scheme. The s teady s tate  is reached by 
continuing the computat ions  until tile differences of va- 
lues of the variables between two successive t ime steps 
are insignificant. 

Tile flow structure  are computed on different meshes. 
The mesh spacing for the flow needs to be small enough 
near the wall to resolve tile viscous sublayer, typical ly 
Ay + - 0.1, but  in tile center of tile reactor, Ay + = 8 
is sufficient; here the superscript  (+) denotes wall units 
(y+ = y ut /u)  and ut the friction velocity at the wall. 

Figures ]t 6 represent tile computed velocity com- 
ponents (u,v,w) along the longitudinal direction ill tile 
je t -s t i r red reactor  and figures 7-8 show the computed 
results of the turbulent  kinetic energy, k, and its dissipa- 
t ion rate e. The values of these two quantit ies determine 
the turbulence integral length and t ime scales, defined 
here as L~ = ka/2/e and rturb = ]~ /£  respectively. The 
turbulent  Reynolds number,  /~et, defined by k 1/2 L~/u,  
had values between 180 and 600, from which the Kolmo- 
gorov length scale, ~JK = L ,  R e t  a/4, could be est imated.  

U (m/s) 

4.00. I + P = I  arm 3.58.] P=3 arm 
x p - 5  etm 
o p = 7  arm 3.16 ~ =  a 

2.74 
2.321 
1.90~ 
1 4 S  

1.06, 
0.64, 

0.22, 

-0.20 
00~ ' ' '0.0~3 . . . .  o .d06'  ' ' o'.oot ' ' ' 0:0~/ " ' ko~4  

d i s t a n c e  f r o m  i n l e t  j e t  (m) 

Figure 4. Computed profiles of the mean radial velocity at 
p =  1, 3, 5, 7, 10 bar, T =  1030 K, ts =0 .2  s. 
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Figure 5. Computed profiles of the mean axial velocity at 
p =  1, 3, 5, 7, 10 bar, T =  1030 K, ts = 0.2 s. 
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6. Computed profiles of the mean tangential velocity 
I ,  3, 5, 7, i0  bar, T = 1 030 K, ts = 0.2 s. 
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Figure 7. Computed axial evolution of the kinetic turbulent 
energy k at p = 1, 3, 5, 7, 10 bar, T = 1 030 K, t~ = 0.2 s. 
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Figure 8. Computed axial evolution of the dissipation rate of 
the turbulent energy s at p = 1, 3, 5, 7, 10 bar, T = 1 030 K, 
ts = 0 . 2  s. 

5.4 Discussion of  results 

Chassaing [9] and Chen [10] have shown that the axial 
distance before which buoyancy effects are negligible is 

x c  = 0 . 5 d o F r l / 2  S 1/4 where F r  -- Ug is the 
gdo I 1 - SI 

Froude number and S is the initial density ratio between 
injected and ambient gas (S = p o / p ~  ~- Po/Po~). The 
axial decrease of the mean velocity and turbulent 
parameters is influenced significantly by the mean 
pressure in the reactor (figure 5). This is directly related 
to the mixing of fluids of different density in the early 
development of the jet (near the nozzle exit). In case 
of a light jet (P  = 1), the velocity will drop faster 
with axial distance than in a jet with P > 1. This is 
due to the conservation of the momentum flux at each 
cross-section of the jet. As heavy surrounding gas is 
mixed with the lighter jet fluid, the mean cross-section 
averaged density will become larger with axial distance. 
Consequently, the velocity must drop faster than in a 
jet with P > 1, if the momentum is to be conserved; 
the inverse can be argued for (P > 1) jets. To capture 
this influence of entrainment on the axial development 
of velocity V, the decay laws are often written using an 
effective diameter Deft as: 

v--z = K ~ y  with Def  = D ,  P/F-~- 
Vc Deft 

Using this effective diameter, one hopes to find pressure 
independent values for the velocity decay rate, K. 

The predicted and experimental characteristics 
asymptotic  values, K ,  are given as: 

S = p o / p ~  ~- Po/Poo 1 3 5 7 i0  

/ t /  0.218 0.188 0.185 0.169 0.165 

Exp. [8] 0.196 0.185 0.181 

Model. [15] 0.205 0.201 0.199 

The difference between the predicted and experimen- 
tal results is less than 3 %, which is still considered very 
small, so no large influence of S on the normalized 
decay rates is observed. The computed values of the 
velocity decay rate, K,  agree very well with the experi- 
ments  [8, 12], and other numerical computations using 
a second-order Reynolds stress model  (RSM) [15]. 

6. THE REACTION MECHANISM 

We have defined the characteristic chemical t ime 
tc, from the computed concentrations profiles as the 
t ime delay for 50 % of fuel conversion. Nevertheless, for 
operating conditions where such a conversion rate is not 
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Figure 9-10. Oxidation in the jet-stirred reactor of the mixture 
propane, oxygen, nitrogen computed (lines) and experimental 
results (symbols) measured in the jet-stirred reactor (× CH4, 
• C2H2, • C2H4, ~ C2H6, [] CO, ¢ CH3CHO, o CO2, 

H 2 ,  + C3H6, <> Calls)  under the following conditions: 
C 3 H s  = 0 . 1 5  %, 0 2  = 0 . 5 0  %, N 2  = 9 8 . 3 5  %, p = 1 bar ,  
T =  1 0 3 3  K , ~ =  1 . 0 .  

realized at a ti lne shorter  than  the residence t ime tR, 
which is calculated as tile reciprocal of tile volume flow 
rate  per  unit  volume of the reactor,  it is obvious that  
tile cilemical and average residence t ime scales should 
be considered as identical. 

Concentra t ion profiles of major  products  (carbon 
monoxide, hydrogen, carbon dioxide, methane,  ethylene, 
e thane and propane) are deduced from simulation work 
taking into account the detai led kinetic model. The 
react ion mechanism of tile oxidat ion of the propane 
used in this present work has been par t ia l ly  published 
previously [22]. The complete mechanism consists of 
278 reactions among 47 species. Tile oxidation of the 
propane in a JSR was computed  using tile computer  
codes (Psr Chemkin) developed at  Sandia  by Kee 
and co-workers [23, 24]. The t ranspor t  propert ies  and 
thermochemical  quanti t ies form the Sandia  da t a  were 
also used [25]. We have used tile Burcat  thermochemical  
da t a  [26] for the compounds not found in the chemkin 
da t a  base. 

Figures 9 1~ represent tile comparison between 
computed  (lines) and exper imental  results (symbols) 
measured in the je t -s t i r red reactor  [22]. No mention has 
been made until  now on the values of the auto-ignit ion 
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Figure 11-12. Oxidation in the jet-stirred reactor of the mix- 
ture propane, oxygen, nitrogen computed (lines) and experi- 
mental results (symbols) measured in the jet-stirred reactor 
(× CH4, • C2H2, • C2H4, *- C2H6, [] CO, ¢ CHaCHO, 
o CO2, ¢ H2, -I- C3H6, <) Calls) under the following condi- 
tions: Calls = 0.15%, 02  = 0.50 %, N2 = 98.35 %, 
p =  5 bar, T =  1033  K, ~ =  1.0. 

t imes and how these are affected by the turbulence. Tile 
auto-ignit ion tiine, r i . ,  was defined as the coordinate 
of the maximum tempera ture  gradient.  These auto- 
ignition t imes depend only on the initial s ta te  of the 
mixture  and the chemistry used, not on tile flow, and so 
can used as 'reference' t imes with which tile results of 
the turbulent  flows examined will be compared,  and thus 
Tin Call be considered as the minimum possible ignition 
delay t ime of an init ially inhomogeneous mixture witil 
initial flmi and oxidant temperatures .  

The auto-ignit ion t ime in the turbulent  flows is 
longer than  the ignition delay of premixed stagnant  
homogeneous mixtures and this implies tha t  heat losses 
due to the mixture fraction gradient  associated with 
mixture inhomogeneities increase the induction time 
[27]. The delaying effect of inhomogeneities present 
during the residence t ime in turbulent  mixing flows is 
measured by the Bf number (the ratio of the turbulence 
t ime scale to Tin) and forms the discussion of this work. 
In the computat ions  of tile Burcat  et ai., the ignition 
delay was defined as the t ime at which [0] × [CO] is 
maximuin. The ignition delay times of tlle propane was 
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Figure 13-14. Oxidation in the jet-stirred reactor of the mix- 
ture propane, oxygen, nitrogen computed (lines) and experi- 
mental results (symbols) measured in the jet-stirred reactor 
(× CH4, • C2H2, • C2H4, -~ C2H6, [] CO, # CH3CHO, 
o CO2, ¢ H2, + C3H6, ¢ C3H8) under the following condi- 
tions: C3Hs = 0.15 %, 02 = 0.50%, N2 = 98.35 %, 
p =  10bar, T = 1 0 3 3  K ,¢ '=  1.0. 

computed by (Senkin-Chemkin) codes for the pressure 
ranging from 1 to 10 atm. The experimental delay times 
measured by Burcat and al. [28] are well reproduced by 
the results of the computed induction times. 

7. A N A L Y S I S  O F  T H E  I N S T A N T A N E O U S  
T E M P E R A T U R E  F I E L D  

Gas temperature fluctuations are calculated from the 
simplified energy balance equation: 

37w 
T = Tw + A/w 0---t- (10) 

where Tg and Tw are respectively the gas and wire 
temperatures. The anemometer time constant Mw de- 
pends on temperature, velocity and gas composition. 
A numerical compensation was preferred to ai1 analog 
circuit, because it can take into account some of these 
dependencies [29]. We apply first the Nyquist interpo- 
lation formula to reconstruct the thermoanemometer 

signal and then tile numerical compensation algorithm. 
The only restriction to tile use of such a method is 
that  tile signal should not contain frequencies greater 
than half the sampling frequency. This can be guaran- 
teed by using a high order Bntterworth digital filter. 
This allows us to avoid tile problem of errors occurring 
when considering high frequencies (above 1 kHz). The 
numerical compensation efficiency is defined as the ef- 
fective fractional energy temperature spectrum restored 
by the numerical compensation oi1 tile energy tempera- 
ture spectrum restored by an ideal compensation up to 
fixed fi-equency [30]: 

~(w) = ~ 1 + 2 

( sin co We 12~ " (~ + (~M~)~ ~--g-fT:~ 'J ] d~ (11) 

where Te is tile sampling period and a: the pulsation 
(aJ = 2g f)  

The use of central difference derivative scheme to 
3Tw 

calculate the temporal derivative, 3t increases the 

efficiency of the numerical compensation up to 98 % 
(below 1 kHz). 

The instantaneous temperature signal has been 
processed numerically to obtain the probability density 
functions and its various moments. Spectral analysis 
is applied to deduce the frequency spectrum of the 
temperature fluctuations and the relevant times scales. 

From the plateau value at low frequencies of the 
normalized spectrum [31], E o ( f ) / O  2, where f is the 
frequency and 0 2 is the mean square of the temperature 
fluctuations, deduced as: 

./0 0 2 = Eo( f )  d f  (12) 

the integral time scale to of the thermal structures is 
obtained as follows: 

Eo (0) = 4 Te) O 2 (13) 

The assumption of homogeneous and isotropic tur- 
bulence also allows the determination of the dissipation 
rate of the temperature fluctuations [31], so,  as: 

(2  ~ )  2 if ' i"~ 
zo = 6c~ ~ f 2 E o ( f )  d f  (14) 

where film is the maximum frequency for which the 
spectrum is still significant, due to the limitation of 
the measurement line [32]. This uncertainty, Err, is 
expressed in term of the limit frequency film and is 
deduced as: 

E r r =  --1 f + ~ f 2  E o ( f ) d  f (15) 
~o Js 

lira 
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In order to evaluate this uncertainty, one have to use 
a model of tile dissipation term of tile spectrum, which 
is perfornled in the literature in several ways. In the 
present study, the Hinze model [31] is used, and is given 
by: 

1 4  

= cog } f - ~ i f f  < fNy (16) 

E o ( f )  = 0 if f > fNy (17) 

where { is tile Kohnogorov constant ({ ~ 1.50). 

Replacing tile expression of tile spectrum dissipation 
ill the previous equation (15), and after integration, we 
otltain tile inaximum frequency fiim, which is modeled 
with the Nyquist frequency (fNy), aS: 

Into = [fN~/a +Err/{~(9/68)  (2JI/U~) -s/a g~/'a ce 2}1 3/s 
(18) 

The influence of tile value of the maximum fi-equency 
on the uncertainty is established in the previous 
equation. For instance, reducing error value to 1%, 
gives a value of frequency of 625 Hz, whereas an error 
vahm of 5 % leads to a frequency value of 350 Hz. 

The frequency weighted spectrum, f E o ( f ) / - O  2, is 
constructed to display the most energetic fi'equency 
range of tile spectrum, whose characteristic scale is: 

1 
tea - (2 7t f e o ~ )  (19) 

According to recent computat ion methods on turbu- 
lent reacting flows, tile dissipation rates of the therinal 
and dynamic fields can be correlated by ineans of a 
dimensionless factor: 

~ O 2 
Rt -- (20) 

co k 

which represents the ratio between the thermal and 
dynamic time scales. 

Following the same concept as for the length of 
Kolinogorov, r/k = (e~/ua) -°25, the length of Corrsin 
Obbukhov will be defined as follows rlo = (z~/aa) -°2a.  

8 .  S U M M A R Y  A N D  D I S C U S S I O N  

With  increasing pressure, the r.m.s value of tile tem- 
perature fluctuations x/g-) 5 decreases and tile structure 
of the turbulent  telnperature field becomes characte- 
rized by smaller time scales. As the density increases 
with pressure, the decrease of the kinematics viscosity 
and the thermal diffusivity may explain this trend. The 
pressure etiect in tile reacting case also follows the 
same trends as the non reacting cases. Wi th  increasing 
pressure, the r.m.s values and tile time scales decrease 

8 2 8  

progressively. However, due to the presence of chemical 
reactions, the v/O -g vahles are higher they are in the 
non-reacting case, whereas tile tiine scales are smaller. 

The influence of the nlean pressure on tile fluctuating 
temperature field is given in table L Spatial and tempo- 
ral characteristics of the instantaneous thermM field, are 
regrouped in table I I  given below. One can remark that 
tile integral temporal and spatial energy and dissipation 
scales t)ecome weaker when the pressure increases, and 
those characteristics of tile dynamic field follow equally 
the same evolution (table 13 . Factor characteristics of 
probability densities of fluctuations of temperatures de- 
termined at different pressures with or without chemical 
reactions are regrouped respectively in table II. With 
the increase of pressure in the well-stirred reactor, tile 
flatness and skewness factor respectively tend to these 
of a Gaussian distribution [2]. The influence of the pres- 
sure in the non-reacting and reacting cases, is that  the 
temperature spectra are shifted towards higher frequen- 
cies with increasing reactor pressure. The dissipation 
spectra also follow the same evolution (figures 15 16). 
As shown in table II. the level of tile temperature 
fluctuations is almost doubled compared to their non- 
reactive equivalents, but the time scales are reduced. 
This emphasizes a major result of tile present study. 
When the reacting and not>reacting temperature fields 
are compared at tile saine Inean pressure, the effect 
of the chemical reactions appears to be the feeding of 
inore energy into the small scale turbulence structures 
(figure 17). Tile increase of the reactivity of tile mixture 
due to increased reaction temperature then feeds prefe- 
rentially tile energy level of the small scales. However, 
due to the presence of chemical reactions, the rills values 
are higher than those of the non-reacting case, whereas 
the tinle scales are sinaller. It is noteworthy to recall 
here that these differences between the reacting and 
non-reacting temperature fields can not be at t r ibuted 
to any experimental bias, for the mean temperature 
and the flow conditions responsible for characteristics of 
the fine-wire thermometer are tile same for both cases. 
It is i lnportant  to notice that  the systematic decrease 

TABLE I 
Influence of the mean pressure on the dynamic field: 

T = 1 033 K, tR = 0.2 s. 

p (bar) 1 3 5 7 10 

u~ (m.s -1 ) 47.0 36 .30  22 .50  17 .54  13.31 

L~ (mm) 0.859 0 .810  0 .715  0 .646  0.570 

&~ (W.kg I 455372 282059 198136 151490 110998 

r / (mm) 0 .0454  0.0226 0.0168 0.0140 0.0157 

}~et 187 324 418 494 591 

k J.kg 1 53.52 37 .37  27 .20  21 .25  15.90 
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TABLE II 
Influence of the mean pressure on the fluctuating temperature field. 

- (C3Hs)o = 0.5 %, • = 1.0 

p (bar) 

v/-O 2 (K) 

T0 (ms) 

teo (ms) 

to (ms) 

LO (mm) 

leo (mm) 

Ao 

e0 10 1 K2.s-1 

v ~ / T  (%) 
So 

Fo 

h 

'tin (tim) 

~-~ (ms) 
Bf = r~/Tin 

Dal = 7~/T~ 

Da2 = 70/% 

Non-reacting cases Reacting cases 

1 3 5 7 10 1 3 5 7 10 

21.6 17.8 14.3 11.7 9.94 35.5 31.5 27.51 25.6 23.3 

9.19 8.07 7.31 6.62 5.72 4.99 4.94 4.48 4.07 4.02 

6.31 5.71 5.17 4.67 4.02 3.83 3.46 3.13 2.83 2.44 

3.27 2.96 2.68 2.42 2.08 1.98 1.79 1.61 1.47 1.31 

6.07 3.21 2.37 1.91 1.49 3.69 2.54 1.88 1.49 1.42 

4.17 2.27 1.67 1.35 1.05 2.83 1.78 1.31 0.99 0.86 

2.16 1.18 0.87 0.70 0.54 1.56 0.92 0.68 0.54 0.46 

1727 1725 1747 1729 1727 8422 7697 7639 7611 6609 

2.00 1.70 1.38 1.13 0.96 3.43 3.00 2.66 2.47 2.25 

0.02 0.015 0.02 0.01 0.00 0.14 0.10 0.17 0.07 0.05 

5.41 4.18 3.66 3.48 3.26 5.45 4.26 3.83 3.64 3.59 

0.78 0.61 0.53 0.47 0.39 0.42 0.37 0.32 0.29 0.28 

148 121 40 34 27 

200 140 90 60 30 

- 0.80 0.96 3.42 4.11 5.31 

0.006 0.008 0.013 0.02 0.04 

- - 0.059 0.074 0.085 0.095 0.11 

of t i m e  a n d  l e n g t h  scales  w i t h  t h e  m e a n  p ressu re  ill 
t h e  r eac to r ,  t o g e t h e r  w i t h  a very  s igni f icant  increase  
of t h e  d i s s i p a t i o n  r a t e  of t h e  t e m p e r a t u r e  f l uc t ua t i ons  
(table I1), give ev idence  for a pos i t ive  effect of t h e  
inc rease  of t h e  p re s su re  on  t h e  mic romix ing .  T h i s  
shou ld  he lp  to  assess t h e  usefu lness  of t h e  p r e s en t  well 
s t i r r ed  r eac to r  c o n f i g u r a t i o n  for t h e  fu tu re  h igh  p re s su re  
chemica l  k ine t i c s  s tudies .  
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Figure 15. Dissipation spectra f 2 E o ( f ) / 0 2  in the non- 
reacting cases under the following conditions: p = 1, 3, 
5, 7, 10 bar, tR = 0.2 S, T = 1 033 K. 

T h e  v a r i a t i o n  of t h e  p a r a m e t e r  Rt  ( r a t io  of t he r -  
ma l  to  d y n a m i c  t u r b u l e n c e  t i m e  scales),  p rev ious ly  
def ined,  w i t h  t he  m e a n  p ressu re  in t h e  j e t - s t i r r e d  reac- 
t o r  in t i le r e a c t i n g  a n d  n o n - r e a c t i n g  cases,  is s h o w n  
in figure 18. T h i s  f igure i nd i ca t e s  t h a t ,  for a g iven  
d y n a m i c  t u r b u l e n c e  s t r u c t u r e ,  two d i s t i nc t  t r e n d s  are  
s h o w n  on  t h i s  f igure in  r e a c t i n g  a n d  n o n - r e a c t i n g  cases. 
Rt  dec reases  w i t h  t h e  increase  of t he  m e a n  p ressu re  
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Figure 16. Dissipation spectra f2 Eo(f)/02 in the reacting 
cases under the following conditions: p = 1, 3, 5, 7, 10 bar, 
tR = 0.2 S, T = 1 033 K, (C3H8)o =0.5 %, • = 1.0. 
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Figure 17. Dissipation spectra f21~o(f)/(92 in the non 
reacting and reacting cases under the following conditions: 
p = 1 bar, tR = 0.2 s, T = 1033 K in the reacting case: 
(C3H8)o = 0.5 %, ~ =-- 1.0. 
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Figure 18. Variation of the ratio of thermal to dynamic 
turbulence time scales (Rt) with the pressure. 

as in non-reacting case, albeit with stronger rate. 
figure 19 shows a monotonic single trend of Rt and 
the temperature fluctuations intensity. It remains small 
enough, always less than 3 %, to provide satisfactory 
homogeneous conditions for the achievement of chemical 
kinetic studies. It is also important  to notice that  the 
systematic decrease of Rt and It with the variation of 
the global reactivity of the system Da and Be numbers 
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Figure 19. The variation of the ratio Rt and the intensity of 
thermal turbulence with 23f and Da numbers. 
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(figure i9), together with tile increase of tile pressure, 
give evidence for a positive effect of the combustion on 
micromixing in low Damk6hler reaction zone. 
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