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SUMMARY
Pulsed Detonatton Engines (PDEs) cover an unusually wide range of physics and thermochemistry.
The flow 1= ume-dependent and compressibie and the chemical structure of the fuel has beéen shown
expenmmentally to have a leading order influence on the transition process. Topics of direct relevance
te devics design include fuel mixture mjection and obstacle enhanced localised turbulent explosions.
The latter should result in a transthion 1o detonation and propagation of the resulting wave. Caleulaton
methods — though more tarcly adequate chemisiry descriptions — exist for laminar shockwave
contaiming flows and the work performed here 15 ammed to study events leading up to the crucial DDT
phase. During the lamer a significant fraction of the total cycle time may be expended with the less
reactive fuel-air mixmres targeted in pracucal applications, Work to date has shown that the creation
of the iminal explosion kernel is strongly dependent upon the state of the misture al ignition and the
duration of the mjection phase. Work performed in an earlier contract F&1775-00-WE(34 has shown
that limiting expressions in the high Damkohler number regime, combimed with closures at the second
mament level for velocity and scalar fields. can reproduce comparatively defailed experimental data
with reasonable accuracy. It was also noted that in the key initial phase the alternative limiting source
term forms essentially bracketed expenmentally observed wends, Work on the same coatract also
showed that large sealar space transpored PDF approaches can capture key aspects of premixed
parabolic turbulent flames at-high Reynolds mumbers.

The work reported here, as part of the current contract (F61775 - 01-WEDSD) extends the past
effort in two directions, The first 15 related to the sensitivity of the initial explosion phase (prior 1o
DIT) to the stae of the mixture resulting fram injection of the reactant mixture, The work naturally
highlights the need to reconcile the limiting source term closures controlling the heat release as
outlined in previous work: The second aspect of the current work features computations of two-
dimensional elliptic unsteady flows with comprehensive chemisiry and a transported PDF approach
closed at the joint scalar level, This part of the work is exceptionally resource intensive and
comsntutes an essential “proof of concept” study aimed at providing a computational procedure in
which the chemistry of the fuel appears in a closed forny. The study requires signiticant computationzl
resources znd the test case has therefore been chosen to draw on relzted work in order 1o be
computauonally tractable within the current framework. The resulis obtained illustrate that the
approach 1s techmically possible and constitutes a potential route for dealing with the chemieal kinenic
cifects associated with detonation initiztion in & strongly turbulent flow field, However, it must be
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tecogmsed that more extensive studies are required. Permission to compute the actual geometry via
ITAR/Expert Controlled information permission had to be abandoned in favour of 2 ENErIc
caleulations exploring the influence of wurbulence levels on the strength and timing of the onset of the
DOT process, The results show a strong mfluence and indicate a possiblz solution to the problem of
detonation imation. It 15, however. also recognised that compatations of the sort attempied stretch
our current understanding of wrbulent combustion to the himit, Accordingly, experimental srudies thar
can further highlight the physics are strongly recommicnded.

WORK PROGRANMME

TASK 1: THE SENSITIVITY OF THE EXPLOSION PHASE TO THE STATE OF
THE MIXTURE RESULTING FROM INJECTION OF REACTANTS.

Rignificant new work aimed st reconciling past efforts in the area of the application of higher moment
based methods to turbulent paseous explosions have been performed. The results and methedolagy
are outlined m Appendix A and attached to the current final report. The enclosed appendix has
appearcd 1m “CONFINED DETONATIONS AND PULSED DETONATION EMGINES", Editors
G.D, Roy, 5.M, Frolov, R.J. Santoro and 5 A, Tsyganov, Torus Press. Moscow_ 2003, The final task
of the current project, the computation of geometries of direct relevance o current development work
on PDE engines, had to be deleted due 10 an absence of [TAR‘Export Contralled informaton
clearance. The work outlined below has been substituted in order to explore the influence of ininal
turbulence on the strength of the imual DOT kemel.

EFFECTS OF INITIAL TURBULENCE ON THE TIME EVOLUTION OF EXPLOSION
KERNELS

The calculanon method outlined 1n Appendix A features closures ar the second moment level for
velocity and scalar fields. The “retumn to isorropy” and “strain” redistnibution parts are obtained from
mode] formulations derived in constamt density flows. The model used here i5 that of Haworth and
Pope (1987) which is based on & stochastic Lagrangian Generalized Langevin Model (GLM), The
latter features & non-lingar return 1o 1sotropy and has been calibrated and tested for a range of
homogeneous wrbulence and free shear flows, An important feature of the model 15 that it also viclds
& closure for the pressure scrambling term in the scalar flux equation and thus allows for realizable
medelling of both pressure strain correlations.
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Hewever, in turbulent premixed flames, the “production” by strain 15 not the prineipal cause of
anisotropy and it has been pointed out by Lindstedr and Vaos (1999) that, regardless of specific model
formulations, the mate at which energy is transferred between components is substantially Tower than
the rate at which anisotropy is produced. Instead, the dominant influence is from the mean pressure
gradient terms 4 and &, associated with preferential acceleration effects.
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The potential importance of terms of the above type is obvious in environments with strong pressure
gradients. Furthermore, the current model for redistribution should aiso include the contribution from
preferential acceleration effects, The funciional forms are given below,

6 =gl ple _[ 4,[ba+ 4/ b |pa,
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The 1sotromzation of production (TP} model is adepted for the closure of the tensor A. The model
applied here 15 zeroth order inthe anisotropy tensor:
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The inclusion of terms of the above type into calculation procedures is non-tnivial due to the complex
mathematical forms. The fractal based model of Lindstedt and Vaos (1999) has been extended by
Kuan et al (2003}, as shown in Appendix 1. 10 encompass strongly turbulent flows and it has been
shown that the model can réproduce explosion kemels with overpressures in excess of 160 kPa,

(6) 5, =pC e a1-y=pCli+c B %e{l-m
= :
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The constants ) and > have been calibrated to the values of 2.6 and 1.2 on the basis of flames
stabilized in an opposed jet geometry (Lindstedt and Vaos 1999), The velocity reaction rate
correlation term is closed through the assumption of a himodal PDF and the thermochemistry (eg.
laminar burning velocities) has been obtained through the simulation of laminar Dames using detailed
chemistiry,

RESULTS

As shown i Appendix A, good agreement can be obtained with experimental data for the base case
with low initial wrbulence levels. Increasing the initial turbulence levels, achievable m practice
through 2 variety of means, has a strong impact upen both the explosion over-pressure and the time
taken to reach this point. The predicted pressure traces shown in Figures 1.1 and 1.2 coresponds ro
initial turbulence fields of u™ =1, 10 and 25 m's:

For the current rather weakly reacting stoichiometric methane-air mixtures, the time to
explosion can be reduced from around S0 ms to 10 ms with an increase in the turbulence intensity
from | ms to 25 ms. It s worth observing that the predominant delay 1s caused by the initial flame
travel of close to 0.5 m before the single obstacle is reached (sec Appendix A). Turbulence velocines
of the order 25 m's should be comparatively readily achieved in a PDE given the amount of flow that
can be generated through diverting some of the energy of each detonanon pulse. A remaining
principal difficulty 15 to assess the influence of turbulent quenching via strain and direct chemical
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kinetic effecis during the DT phase under such conditions and further experimental and supporting
theoretical work remains necessary.

00 - -
50+
Ili
- II
2 |
¥ o200 '
= 8
nE 5
= . £
| =
[}
150 F | '
| / :
| ]
i
100 - ; L :
il G0l 0.0 0,05 ooz
Timae [5]

Figure 1.1 Comparison of computed and measured {dashed line) pressure traces at the location of the
obstacle (U478 m} for turbulent gaseous explosions in pre-existing turbulence tields. The black lines,
red lines and blue lines represent calculations with initial trbulence fields of u™ = 1, 10 and 23 mvs
respectively
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Figure 1.2 Comparison of computed and measured (dashed line) pressure traces downstream of the
phstacle (3.208 m) for turbulent gaseous explosions in a pre-existing turbulence fields. The black
lines, red lines and blue lines represem calentanons with mitial wrbulence fields of v =, 10 and 25
m's respectively,

The corresponding velociry field predictions are shown in Figures 1.3 10 1.6, The profile shapes and
magnitudes of the mean velocities illustrate the strong influence of the meeal turbulence field upon the
temporal evolution. The very strong pressure and veloeity [Tuetuations present are evident both in the
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pressure traces of Figures .1 and 1.2 and in the mean velocities shown m Figures 1.3 and 1.4, The

initial dip in the axial velocity profiles correspond to the peak pressure of Figure 1.1 and marks the
cisel of explosion. With higher initial turbulence levels, the strength of the exploson increases and
this 15 reflected in the magnitude of the flow acceleration at the onset of the explosion.
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Figure 1.3 Companson of computed and measured (symbols) axial mean velocities at the Tocation of
the obstacle for turbulent gasecus explosions in pre-existing turbulence fields. Lines are as in Figure
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Figure 1.4 Comparison of compuled and measured (symbols) cross-stream mean velocities ar the
location of the obstacle for turbulent gascous cxplosions in pre-existing turbulence fields. Lines are as

in Figure 1.1.

The significant increase in turbulence levelsas also well illustrated in Figures 1.5 and 1.6, However,
significant caution is required m interpreting such traces given the extreme complexity of the flow
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field. Newvertheless, it is worth observing that for the ecase where expenmental data 15 available.
surprisingly zocd agreement is obiained as shown in Appendix A,
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Figure 1.5 Comparison of computed and measured (symbols) axial mrbulence velocities at the
location of the obstacle for turbulent gaseous explosions in pre-existing turbulence fields. Lines are as

in Figure 1.1
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Figure 1.6 Comparison of computed and measured (symbols) cross-stream turbulence velocities at the
location of the abstacle for turbulent paseous explosions in pre-existing twrbulence fields. Lines are as

in Figure 1,1
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DISCUSSION

The results shown above illustrate the strong mnfluence of initial wrbulence levels upon the evolution
of the explosion kernel. A main beneflt of the use of turbulence to enhance the DDT process is a
reduction in the relative sensitivity to the reactivity of the fuel. The drawback is that the turbulence
intensities 2nd scales have to be such that rapid flame propagation is promoted without undue
quenching due 1o turbulence — a difficult balance to obtam. From a theoretical perspective i1 is
important 1o point out that no attempt to model such effects in a rigorous manner has been reported in
the literature to date. As a first step, the possibility of performing transient transported PDF
calculations 15 assessed in the section below. It must, however, be emphasized that carefully
controlled expenmentation is necessany given the extreme complexities associaled with the flows,

TASK 2: FURTHER EVALUATION OF THE POTENTIAL OF TRANSPORTED PDF
APPROACHES IN THE CONTEXT OF TIME DEPENDENT CALCULATIONS.

Wark on Task 2 centered on the extension of the high Reynolds number parabolic transporied PDF
calculations. reported as part of the earlier contract F61775-00-WED34, to include elliptic time-
dependent cases where boundary conditions result in large scale flow instabilines. The predominan:
concern here Is the vahidation of the calculation procedure within the resources available
Furthermore. due to the need for detailed comparisons with measurements, computations have
therefore been preformed for bluff body stabilized flames at a mange of Reynolds numbers. The fuel
featured to date comprises of a mixture of natural gas and hvdrogen. The flame under consideration
here s the axi-symmetric bluff body stabilized diffusion Mame investigated extensively over many
years by Masn and co-workers at the Umiversity of Sydney (e.g. Dally er al. 1998). The bumer
geometry and layout is shown below. Time-dependent calculation of the type presented here are
excepionally resource demanding. Indeed. the “proof of concept” caleulations shown here are
probably the most comprehensive performed 1o date.

Figure 2.1 The experimental burner configuration used by
Dally-er ol (1998)
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Figore 2.2

Instanmtaneous velocity and temperature fields for the Sydney bluff body bumner flame denoted HMI
obtamned through the current unsieady RANS computation coupled with a wansperted PDF approach
closed at the jomt sealar level lor the thermochemistry.
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Figure 2.3

Averagad velocity and temperature fields for the Sydney bluff body bumer flame denoted HMI
oblained through the current unsteady EANS computation coupled with a wansported PDF approach
closed at the joint scalar level for the thermochemistry,

The flow 1s unsteady and elliptic and the equation s¢t and selution technique for the How ficld 15 as
erven 1in Appendin A with the key exiension that a transported PDF approach with a scalar space of 16
independent, 4 dependent and 28 steady state species i3 applied to c¢lose the thermochemistry. The
chemistry applied is 1dentical to that of the parabolic jet flame studied carher by Lindstedt er ol
(2000}, The same time-dependent elliptic calculation procedure featuning a second order accurate
TVD schems on a staggered grid is used in both cases. The calculation 13 performed 15 a 1wo-
dimensional axisymmetric geometry with a distributed 124x109 computationz! grid. Good temporal
resolution is maintained with a Courant numbar not exceeding 0.1 for the finite volume part of the
computation. The: solution procedure for the PDF equation feamures betwesn 200 and 400 moving
Lagrangian particles per cell. In addnion, a vanable number of steps are used 1o ntegrate the PDF
equation during each finite volume step and the mean density feld is filtered before it is passed to the
finite volume solver. A key point of interest is the evident ability of the approach to correctly identify
the large scale instability 1n the upper shear laver observed experimentally. The very significant
differences berween a realization of the mstantancous and averaged veloeiy fields 18 readily apparent
through a comparison of Figures 2.2 and 2.3. The resulting mean velocity felds, extracted by
averaging the caleulstion for part (~ 30%) of an instability cvele time can be seen in Figures 2.4 w0
2.7. It is important to note that resouree lmitations precluded a full integration over several instabiliny
evcles and the results shown in Figure 2.4 1o 2,11 are therefore principally used for illustration
purposes and 1o provide comparisons with subsequent calculations,
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current unsieadv RANS computation coupled with a transported PDF approach closed at the joint
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Averaged cross-stream velocities for the Svdney Bluft body bumer flame
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through the current unsteady RANS computation coupled with a transported PDF approach closed at
the joint sealar level for the thermochemisery.
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Figure 1.6

Axial turbulence velocities for the Sydney bluff body burner flame denoted HM1 obtained through
the current unsteady BEANS compuiation coupled with a transported PDF approach closed at the joint
scalar level for the thermochemistry.
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Figure 2.7

Cross-stream turbulence velocities for the Sydney blulf body burner flame denoted HM I obtained
through the current unsteady RANS computation coupled with a transporied PDF approach closed at
the joint scalar level for the thermochemistry.
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The solution of the PDF transport equation (with a closure at the joint scalar level) is obtamed, as
stated above. using Lagrangian stochastic particles and the modified Curl’s miximg model, The curreat
fuel 1s CH=Hy (101} and the jet velocity is 118 mis (FIMIE) with a coflow velocity is 40 mds. The
computation is performed on two networked Intel Xeon 2.2 GHz dual processor Dell Precision 330
workstations using message Passing Interfuce (MPD for inter-processor comumunication and the
Scalable Paralle! Random Number Gencrator (SPRNG) for generauon of uncorrelated random
number streams. Each available processor is assigned an equal number of particles and inter-processor
communications required for the computation of the mixing process and compilation of global
statistics. The speed-up is 1.94 and 3.84 over two and four processors and the parallel eMficiency can
bie smproved furher by using a better network configuration, Examples of scalar ficld predictions are
given in Figures 2.8 and 2.9 below, The agreement with respect to the final products of combusiion is
very reasonable though averaging over several instability cycles, as outlined below, is necessary for
full quantitative comparisons with measurements. The results obtained zre. however, encouraging.
Finally, results obtained for the méan and mms of the mixture fraction are shown in Figurcs 2.10 and
2,11, The work performed on the coupling of transported PDF methods o transient caleulation
methods establish beyond doubt that such simulations are possible. The application of this techmique
to the study of wrbulence enhanced DDT 1s distinetly possible and can be expected to provide a
powerful, albeit computationally expensive, toal,
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Fipure 2.8

Mean carbon dioxide concentrations for the Sydney bluff body burner flame denoted HM1 obiained
through the current unsteady RANS computation coupled with a transported PDF approach closed at
the joant scalar level for the thermochemistry.

Coupled tranzient simulations have also been performed covering time-averaging of results covernmg
several mstability eycles to enable more reliable comparisons with measurements, Computations were
restaried from the uncoupled caleculations by Lindstedt and Kuan (2004,

| 137
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Figure 2.9

Mean water concentrations for the Sydney bluft body bumer flame denoted HMI1 obtained through
the currént unsteady RANS computation coupled with a transported PDF approach closed at the joint
scalar leve] for the thermochemistry.
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Figure 2.10

Mean mixturs fraction profiles for the Sydney bluft body buener flame denoted HMI obtained through
the current unsteady RANS computation coupled with a transported PDF approach closed at the joint
scalar level for the thermochemistry.
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Figure 2.11

RMS mixture fraction profiles for the Sydney bluff body burner flame denoted HM | obtained through
the current unsteady RANS computation coupled with a transported PDF approach closed at the joint
scalar level for the thermochemistry.

Time averaging performed according to the simple method by Muradegiu e of (1999} with the
density evaluated as
8

e 1_ e | F e =h
. Ny .'F N ?

where N7, 15 the ander-relaxation factor.

Time averaging is useful in reducing the effects of fluctustions induced by statistical errors in
the density field withour either increasing the number of stochastic particles or the wse of statistical
resampling. However, the temporal resolution and the physics of the problem is affected. Smoothing
alporithms, such as cross-validated cubic smoothing splines can be preblemartic particularly in
evolving regions with steep gradients. Cross-validated cubic spline techniques use statisticsl
information to determine the amount of smoothing required and thus, are also subject to statistical
crror. In other approaches, not featunng cross-validation, the degree of smoothing necds to be
specified. Furthermore, smoothing does linle w0 improve the statistical accuracy of the data set.

Discrete Monte Carlo sampling converges with a rate proportional to the square root of the
tumber of stochastic paricles. The statistical errot can be reduced by statstical resampling which can
be achieved by inereasing the number of Monte Carlo steps (with reduced time step for cach Monte
Carlo siep) within each fractional step of the coupled calculation procedure. The approach reduces
the memory requirements but does Tittle to alleviate the computational time required,

Computations with no tme averaging shown above tllustrate that the direcetly coupled
transient caleulation procedure works well in principle. A complication with the ealenlation reported
here 15 that a larger length scale estimate was applied at the bluff body boundary. This choice of
boundary condition results in much more pronounced vortex shedding whech strongly affects the
upper shear layver and the structure of the recirculation zone. Similar sensitivities have been observed
in the LES study of Kempf et af. (2004}

13/37
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(miven the uncertainties in the boundary conditions and statistical resolution, a strongly under-
relaxed (Np, = 1000) simulation was performed. By comparison. the results shown above in Figure
2.4 to 211 were obtained with Np: = 1. The former compuiations features the same boundary
conditions as discussed by Kempf er af. (2004). Although Muradoglu er af. (1999) used time
averaging in the context of a steady state solution procedure, the zpproach is here exlended to a
transient calculation. A temporal resolution of the order of 107 s is arpuably reguired to resolve the
penodic flucruations encountered in the current flow. In the simulation. the time steps are of the order
of 10" s which results in a temporal resolution of the order of 107 <. Despite the above reservations, a
transient behaviour is observed and further details are given below, Evidently, it is desirable to
provide hetter temporal resolution and fo reduce statistical errors. The two methods which appear
most favourable are to simply increase the number of stochastic' particles andior to use statistical
resampling. Better smoothing algorithms may also be useful,

The evolution of the various scalars (temperature and species mass factions of OH, Ha.O, €0,
C); and NO) is illustrated through the time histories 1n Figure 2.12. After an imtial time window of
approximately & ms, regular peniodic fluctuations are observed at lpeations close to the Bluff body (x
< 60 mm). Further downstream, the flame extinguishes due to large scale fluid structures (see Fi gure
2.13) after the restart and is still in the process of reigniting, A larger integration time is therefore
required and the instantancous contour plot at 10.8 ms after the restart can be found in Figure 2.14.

The results presented below are averaged over a time Window of 4.5 ms beginning 6 ms after
the restart. As can be seen from Figure 2,12, 4 periodic eyeles with 2 pericd of approximately 1.2 ms
(433 Hz) can be observed in this time window. The scalar field predictions are compared to
measurements in Figures 2,15 - 222 for axial locations with x < 65 mm. Results for locations further
downstream are not shown as the flame is still developing. The results are similar to that of the
uncoupled simulation although the predictions are arguably better at the first thres measuring stations.
The predicted temperature al x = 63 mm is lower than messurements and, as discussed above, further
temporal mtegration is required,
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Figure 2.12 Evolution of various scalars after initialization from the uncoupled transporied PDF
solution. The black. red, green and blue lines represent time histories at locations 1, 2, 3 and 2
respectively as marked in Figure 2,13, In the simulation shown 3y, = 1000,
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Figure 2,13 Contour plot of the time averaged temperature [K] for flame HM1. The locations
correspond to the tme historiesn Figure 2,12
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Fipure 2.14 Contour plot of the instantaneous temperature [K] for flame HMI at 10.8 ms after the
computation has been restarted. The locanons correspond to the tme stonies m Figure 212
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Figure 2.15 Radia] profiles of the time averaged mean mixture fraction for flame HM1. The symbols
represent cxpenmental data and sohid lines predictions.
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Figure 216 Radial profiles of the time aveéraged mixture fraction ms for flame HMI1. The symbals
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Figure 2 18 Radial profiles of the time aversged OOH masy fraction for flame HM 1. The symbols-and

lines are as in Figure 2,13,
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Figure 2.19 Radial profiles of the time averaged H;Q mass fraction for flame HM 1. The symbols and
bines are as in Figure 2215
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CONCLUSIONS

The work reported here, as parl of the corrent contract (F&1775 - O01-WED30) extends past efforts in
two directions: The first is related to the sensitivity of the initial explosion phase (prior to DDT) 1o the
state of the mixture resulting from injection of the reactant mixture. The work naturally highlights the
need to reconcile the limiting source term closeres controlling the heat release as outlined as part of
previous work. The second aspect of the current work: features computations of two-dimensional
unsteady flows with comprehensive chemistry and a transported PDF spproach closed at the joim
scalar level for the thermochemisiry. This part of the work is exceptionally resource intensive and
constitutes an essential "prool of concept” study simed -at providimg 2 computational procedure 1n
which the chermstry of the fuel appears naturatly 1n closed form. The study does require sigmificant
computational resources and the test case has therefore been chosen o be computationally tractable
within the current framework, The resulis obiained illustrate that the approach is rechmically possible
and constirutes a potential rovte for dealing with the chemical kineue effects associated with
detonation mination in a strongly turbulent flow field. However, it must be recognised that more
extensive studies are required. Permission to compute the actoal geometry vid ITAR/Expont
Controlled imformation permission had to be abandoned in favour of generic caloulations explorng
the influence of mrbulence levels on the sirength and timing of the onset of the DDT process. The
resulis show a strong influence and indicate a possible solutton to the problem of detonation initiation.
Tt is, however, also recognised that compurations of the sert attempied strech our currens
understanding of turbulent combustion 1o the hmit Accordingly, expenimental stodies that can further
highlight the physics are strongly recommended.

DEVIATIONS FROM WORKPLAN

The mal delay caused by staffinge difficulues with respeet to students appearcd to be resolved
satisfactonly unul April 2002 when the student, Mr. G, Colangelo, working on the project had w
retum to Italy for health reasons. Further delays were caused by the difficulties in obtaining an expon
license application is being pursued by the Air Force via the EQARD in order to advasnce the final
element of Task 1 - which entailed the computation of geometries of direct relevance to the Air Foree.
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Higher Moment Based Modelling of Turbulence Enhanced Explosion
Kernels in Confined Fuel-Air Mixtures
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London W7 2BX

LiK

ABSTRACT The mansition of an mutatly laminar or turbulent deflagration 10 & confined gaseous explosion or
detonatton (DOT) 15 of fundamenial relevance 1o practical devices such as poised detonanon engines (PDEs} and
remains of key imponmance to on- and off-shore hazard assessment procedures. The topic 1s alse one of the mos
challenging 1 contemporary physivs and requires & detailed consideration of the imteracuons between unsteady
high speed wrbulent flows and chemical kinetics Furthermore, in many cases fluid-wall interactions come 10 the
fore, [ therefors perhaps not surprising that the subject has traditionally been treated either on the basis of
sheck dynamics in laminar flows, tvpically combined with simplified chemical kinetic expressions, or as 2
turbulent reacting flow closed at the eddy viscosity level in which the chemistry is considered to be in the high
Damkihler number limit, The liunitations associated with each approach are abvious and experimental data sets
assembled over many decadés show - without doubt - that the combined influence of chemistry and flow matters
t¢ the DDT process and by implication newther tr2atment 1§ satisfactory. The current chasm in the theoretical
treatment of furbulent gascous explosions and detonation propagation stdies must be bridged in order 10 provide

a technically meaningful modelling capability for wrbulence enhanced DDT processes. The focus of the present

paper is o use detailed time-resolved expenmental data sets 1o explore the ahility of comprehensive moment
based closures 1o reproduce tme reselved flow field features up to the peint of onser of detonation. A naw
reaction rate closure is also derved and evaluated. The éxperimental dam set considered features a confined
abstacle accelerated premised turbulent flame of physical relevance e PDES, Time-resolved mean and rms
profiles. obuained using laser Doppler anemomeiry, are used for compansons with computational results along
with pressure traces and instantanecus spark schhieren photographs. The main conclusions of the study are
positive and the work does show that the application of higher moment based closures to madel the Mow feld
leading up to the onsee of DDT yields surprsingly sansfactory results.

' Corrésponding author, Email: plindstedud ic ac uk, Fax: —34-207-589 3905: Tel: -84-207-594 7039
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INTRODUCTION

Calculanon methods for ransient turbulent rezeting flows must balance the fidaliy of thermochemical and fTuid
riechameal closure aspects in order to provide technicallv useful results, The confioed high speed combusting
flows considered here are dominared by flow obstacle mieractions and present a particular challenge, Chemicel
reaction occurs in the fine (unresolved) scales and must be modelled irrespective of the technigue adoptad for the
flow fieid. Furthermore; tlow interactions with solid boundaries, e.g. in the conéxt of shock (wrbulent)
boundary laver ioteractions, is @ severe challenge for both unsteady Revnolds Averased Navier-Stokes
appreaches (RANS) and Large Eddy Simulations (LES) even in the absence of chemical reaction. Temporzl
response issues and flow-fleldturbulence meractuons with chemisiry also occupy central roles durme the DT
phasé in puised detonation cngines [1.2] and i emerzing propulsion devices in general |31 The former:are..in
ventrast e the majority of contemporary propulzion devices, intrinsically unsteady and cover an unusually wide
spectrum of thermochemistry and physics. Examples of topies of practical refevance nclude fuel’'mixiure
injeciien and obsacle (or shock) enhanced localized turbulent explosions resulting in 2 ransiton o deonation
follwed by the propagation of the resulting detonation and its interaction with confinement boundlaries.

Eey challenges that remain to be resolved dunmg the lamer stages of the DDT process mehade shock interactions
with [lames and boundary lavers: However, two of the principal practical issues at present arpuably concemn the
relative influcnces of fuel structures and turbulence on the transilion process leading up to the actugl onset of
detonztion. The chemical struciure of the fuel has been shown experimentally 1o have a leading order influence
o the ransition process mosmonth ubes (41 1015 also well established that the influsnce of mrbulence reduces
the sensitivity of the transilion process to the point where alkane fugls, with the exception of methane, show a
simikar sensitivity. Lower alkenes and allomes do, however, retain a greater propensity to DDT even in strongly
turbulent environments [5], An excepnonally wide range of {urbulence Revnolds numbers: is normally
encountered dunng the rransition process and the resulting complex interactions berween flow and chem:siry are
likely to play a key role in device design. The resulung demands placed on computations] desipn techniques ars
severe. Similer 1ssues bave for a long time prevatled in the context of hasands refated studics of relevance to the
modelling of wrbulent gasecus explosions. Much of the work in the later #reg has been performed in the context
of succesmve studies sponsored by the CEC (DGXID as part of the Major Technological Flazards Programme
arsl @ summary of some of the results has been presented by Amtzen et of |6].

The modelling of wrbulent gaseous explosions has o date exclusively featured different varants of closures at
the eddy viscosity level, Generally, such closures have only proved adequate when turbulence is driven by local
cross-siream gradients, In wirbulent reacting flows, by contrast, vanable density effects are o leasl comparahle
o, and wsually oubweigh, such generation mecharisms. A consequence of chemical reaction s the oecurrence of
veloeity divergence leading to g reduction of turbulence: levels dué o the enhanced contribution of the strain
components in the normal Revoolds stress “production” terms. However, volume expansion will also reselt in
production through preferential acceleration effects through mean pressure gradient terms in the respecnve
transport eguations.  Similar consederations apply o the Nux vector which may not necessanily be aligned with
that of the scalar gradient and therefore result m “non-gradient”™ Iransport. Effects of the type outlingd above can
not be ineorporated ioto eddy viscosity closures. Advantages of higher momnent elosures. are that “histony™ and
convection telzied effects on the evolution of mrbulence are incorporated 10 2 pamral manner, while production
terms: by mean sirain components appear 0 a closad form, Furthermore. effects induced by anisotropy
generating mechanisms, Such as méan pressure gradients, are also incloded. Many of the |atter {satures can be
expecied to be crtical for the flows considered here as it may be expected that pressure gradient effects will have
a-significant impact upon the evolution of rbulence. The apphication of higher moment based closures to flows
with strong pressure pradients is; however, not trivial and presents significant nimerical challenges.

In the curment context it can also be expected that techniques capable of dealing with direct kinelic effcets - with
large devianons from equilibroame- will b2 required 1o order 1o model the full DDT process. At present. the
transported PDF approach |s the only method by which this can be achieved. Hulek & Lindstedt [7] have shown
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that wne-dimensional transient premixed: turbulent flames can be computed with & transpored PDFE clesure at the

joint velocitv-seslar level. The molecular mivng terms was closed using a binomal Langevin model modifisd

for jeint velociny-scalar statisues 8], Lindstede & Yaos [9] subzequently explorad the effecs of different miximg
models on the computed turbulent buming velocity and showed that both the binoml Langevin and Curl’s
mixing models perform well when combined with a closure at the second moment level. In both caszes, the
chemical reaction rate source fenn was extracted from laminar flanse caleculations and reduced to g one-step
formulanon. Time dependent calculstions with realiszic (large) scalar spaces (- 20 independent scalars) are
becoming mereasimgly feasible snd are staring 1oappear [10] though exceptional computational resources. are
required.

[ the pregent work high Damkéhler number technigues. are apphied to explore the alality of higher moment
hased closures for the flow field woreproduce major tlow feld features leading up 10 the poin of onser of
detonanen. Catlin & Lindstedt |11] Bave shown that resction rate expressions based on such assumplions are
prone to numercal instabilitics 4t the leading edee: of trbulent prémixed Nlames. The result is thar the peneraily
gceepted leading order scaling between the turbulent buming velocity and mrbulent velogity fluctuations is not
reproduced n numencal caleulations unless a Heaviside function s introduced at the leading edge. A further key
abservation 15 that the burning velociry eigenvaluz is steongly dependent wpon such modifications and thar
common approaches can be readily expectad 1 lead o errors inoexcess of 100%5, A further abservation made 15
that the nerbulent flame brosh thicksess has w be well resolved computationally in order 1o ensure physically
meaningful results. The adherence to such, comparatively simple, requiremsnts ensures that the intrinsic sczling
behaviour of the solved equations is retained. A recent study by Colangelo & Lindstedt [12] has shown that the
temporal evoletion of gaseous explosions can be captured with useful sccuraey and thae alternative reaction rate
closures based ona fractal assumption with the limiting cases of ioner cut-off scales cormmesponding to the
Kolmogorov and Gibson scales bracket key aspects of the experimenta] data

Reliable expenimental data 15 exceptionally difficult to procure for strongly tmosient webulent lows bl remain a
preregquisite for & scientific evaluation of different closure clements. The stendard manner of evaluating
predictive technigues with reference (o single parameters; such a pressure rise or propagation velocity, is also
insufficient. Furthermore, while visual information is helpful in advancing gualitative understanding, any
detailed zssessment of controlling mechanisms requires guanctative flow field information, |t is therefors a
striking deficiency that at the present lime only two such datz sets exist at meaningful Revoolds numbers
[13. 14,15, 16] The curment work lakes sdvantave of one of these data we1s to provide an assessment of the abiliny
of high Damkohier number based approzches to model gqualitatively and guantitatively the evalution of a
turhulent gaseous explosion tn-a-confined channel. The case considered features 2 pre-existing urbulence feld
generated through premixed fuel-air maxmure injectich at the closed end of a deonation be [13,16] In the
present work closures at the second moment lavel are utilized for both valocity and scalar fields. The
computatonal technigues applied are capable of describing phenomena such as flow field anisoropy and of
providing qualitavively correct flame dvnamics (eg Lindstedt & Vaos [17]). The recent developments of
comprehensive closures at this level [17.187 5 here followed by their application w0 model 2 (ransient mula-
dimensional premixed turbilent Qame.
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GOVERNING EQUATIONS
The acrothermochemical leldsare govermed by the conservalion eguations for mass, momentam and scalars case

in a density wereghted form, Lammar diffusion erms and extermal force Hields are negleciad,
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In the context of time dependent flows it 1= mponaot te note that changes in the velocity and scatar fields dnves
the generaton of turbulence and that the feedback is provided though the mrbulent correlation terms-on the RHS
of equations (2.3). The latwer dre here treated through the corresponding transport equations for the Revnolds
slresses (4-6) and scalar fluses (7-8),
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The terms on the RHS represent, inorder. turbulent manspont of the Revnolds stresses. effects of mean strain (or
“production”™ £y, effects of mean pressure gradients (d), the turbulent pressure strain term (¢} and viscous

dissipation {pe-)
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The modelling of the pressure correlation erms i the Reyvoolds stress eguanons is the focal poimof second
moment closures. The terms can be decompesed into redistributive and isotropic parts and details can be found
elsewhere (e.g. Lindstedt & Vaos [171), The latter may be furher split into pressure transporl and pressure
dilation terms. Redismbution terms are invarizbly modetled by recasting closures (derived on a vonstant density
bigis) i & denmry weighted formand a similar procedure is also applied to the pressure serambling terms. An
alpehraic expression for the density weighted Auctuations forming part of the mean pressure gradient term can

be denived. The corresponding scalar fluxes for the reaction progress vanable are piven below,
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The present smudy considers fully compressible flows with compressibiling effects intraduced via the solution of
a conservation equation for the intemal enerev and the squation of state. The thermoedynamic properies are

evaluated from JANAF polynomials and the temperature 15 calenlared via 2 Newion ieranon:
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The treatment of Mux terms o the intemal energy equation presents & currently unresolved challenge and the
principal role of Eq. (9):m the present context 15 o provide a treatment for the calcelanon of the temperatare and

density field. The murbulent kinctic energy. reguired in the gvalualion of the “eddy viscosity™, is determined from
the solution of the Reyoolds sieess equations end the marbulent 'randt] number is assigned a value of (L75.
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The treatment of the pressure sirain terms features 3 rearmangement mte redistnbutive and isotropic parts with the
lafter decompoesed mto pressure transport and dilatanon terms.
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The corresponding pressure strain term in the scalar flux eguation may be récast in terms of pressure 1Tansporn
{T) and scrambling (S} terms.
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The specific model expressions applied are descnibed below,

SPECIFIC MODEL FORMS

The “reramn to 1sorrapy™ and “strain™ redisiribution parts are obtained from modal fermulations derived in non-
regeting flows. Several sugpestions exist at.vanous levels of complexity. The mode] used here for illestmative
purposes is that of Haworth & Pepe [19] which is basad on a stochastic Lagrangian Generabized Langevin Model
(GLM) [20]). The latter features a non-linear return t isotropy and kias been calibrated and tested fors range of
homogeneous wrbulence and free shear Mows. An important feature of the model 35 that it also vields = closure
for the pressure scrambling teem in the scalar flux equation and thus aliows for realizable modelling of both
préssune straim commetations. The “retom™ and “stam’” redistribution pars ke the followme equivalent formis
where b denotes the anisetropy tensor.
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The corresponding moedel form for the scalar flux sguation is
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In Eq. (£3) the constant G is assigned the value 2.1, The functional form for (7, s lingar in the mean velooiny
gradients and quasi-linear in the amsotropy tensor and the expanded form is given in Appendix A. A number of
closures have been suggested for the triple moments, However, the contcbutions of the diffusion terms 1o the
overall budget of the Reynolds siresses and scalar fluxes is moderate and, consequently, the turbulent transpon
of the second mements is here modelled using the generslized gradient diffusion mode! of Daly & Harlow [21].
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The ¢losure for the dissipation rate of the turbulent kinetic energy is obtained by the smandard variable density
transport equation mode| (e [17,22]).

CLOSURE FOR REACTION RATE RELATED TERMS

The closure for the chemical source term presents an interésting problem that entzils the determingtion of an
appropriate time scale for scalar mrbulence. Traditionally, the ¢losure for the scalar dissipation rate in the high
Bamkohler number regime is purely based on 8 constant timescale ratio leading to & direct relation 1o the
mechanical tme seale. The analysis 5 here pursued from the basis of differential moedels and the lorm proposed

by Jones & Musonge [23] 15 used here for ilustrative purposes.
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In the above equation, O indicates 2 modz] constant, J a nurbulent transport 1emm and the production terms (F.F))
fellow from the eguations-for the evolution of the Reynolds stresses and scalar fluxes By virtwe of Eq. (171 an
algebraic expression for the scalar timeseale can be dermved it it 18 assumed that the evolution: of the scalar

dissipation rale % dominated by local source terms. The resulting form reduces 1w

TN ., B i T e & - AR B e
1 Bl cufl _pvE e E |l o Seal lerfien e el
kE =l ¥ =k b ety £ g, k k

The above procedurs mav he regarded as typical for the defivation of the commaonly adopted scalar time-scala
rafio. The obvious tegquirement 15 that the sum of the termis. in the sguars bracker does not vary significanty.
Perhaps surpnsingly. the value for the tme seale rauo 15 oypecally of order umity for passive scalars in many
flows. I cases feamring réactive scalars a similarly. denved equation for the scaler dissipation rate includes

additional spacific rerms in the form of correlations between sealar and reaction rate gradients.

(1% i [{ 45" }, where 5 =3p{£”"-
i3 : ax, Ax

Borght & Mantel [24] have performed a dimensional amalysis and show that the above term 15 proportional 1o the
Dumkdhler oumber. It has alse been shown by Lindstede & Vaes [17,18), based on a2 fractal analysis, that in the
fatter regime the time scale ralio beeds to be modified to account for flame propagation, Bray er ol [23] have
recently evilosted a pumber of reaclion rate closures in the contexl of the opposed jet seometry. The conclusions
are mteresting and suggest that the majory of reachion rate closures f@l to predict qualitative trends cormectly.
Furthermore_ 1t has been shown thatimespective of the level of closure adopted — alogebraic or transport eguation
based — current medels could generzlly not be caltbrated 1o perform satisfactonly imespective of the choice of
modelling constani(-3), An excepiion was Tound to be the fractzl based ¢losure derived by Lindstedt &
Sakthitaran [26] and discussed further by Lindstedt & Vaos [17)]. It must, however, be recognized that Brayv er al.
[2%] also in this case show thal there is'a significant uncertainty relating to the appropriate modelling constant
and that the valuz proposed [17] appears oo low. Based on the above consderstions the resutting modified
expression for the ume seale ratio s proposed.

iy up - fr— _ .
(20) E ulnweilati|E (g g BIWIOAN, |5
[~ P I v, k

The reaction rate (KM i3 the integral across the corresponding (laminarh Name sheet and the viscosity (i) and
Prandtl number (o) refer to the corresponding laminar properties evaluated at some inner relerence plane. [t is
important to note thar the above expression implies thar buening velocity reductions at high Beynolds numbers
are due o partial flame guenching and not 1o Name geometry related considerations. The limitations of the above
derivation procedure and the resulting expression are obvious but to a large degree identical w thode present in
stundard modelling spproaches. From a practical perspective, however, the derived form ensures a consisient
scaling behaviour for wrbulent burning velocities in the high Damkohler number regime of combustion. For the
present case, the consant {_‘*, has been assigned the standaed value of 1 while the paramerer C: has been
calibrated o the value of 1.2 on the basis of flames stabihized inan opposed jet geomerry, The comesponding
reaction male sxpression follows from the assumption of @ bimodal PDFE.

[P

(21) 5 = P (1-7)= BC, lc,‘sz— Z §1-8)
. e
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The reaction rate constant Cy is assigned the value of 35 [27]and the above expression arguably constitotes an
upper limit, The veloctty redchion rate comelanion term is here closed through the assumprion of a bimodal POF

[17].
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Deflagration to Detonation Transition Processes in Pulsed Detonation Engines

Different models for the pressure dilation term have heen proposed by Lindsedt & Hulek |28 and Zhang &
Rutland {291, The former suggesnon has the virtue of being consistent with the assumed thermochemaeal
condinions and. while the latter is heuristic in newre, it does it present problems i terms of realizabily, In the
present werk the term has been omitted as the influence is not expected to be larze [24]

EXPERIMENTAL AND COMPUTATIONAL CONFIGURATION

The transition of a mrbulent flame o & gaseous explosion in & confined pre-existing urbulent flow feld is
considered in the context of the duta set produced by Lindstedr & McCann [15.16], The configuration yields
over-pressures of around 200 kPa and peak bulk veloeities around 400 m's - both sigmificantly higher than those
reporied by Lindstedt & Sakthitharan [13.14] for intially quiescent mixtures — and the turbulence velocines
reach values of the order 40 m's. Deflagration to detonation transition occurs in the same configuration for more
Teactive mixtures than the swichiometric methanc-air case reported here. The deonativn wbe featares s
interchangesble rectangular sections (72 mom v 34 mm) of length 1825 m and mwo window sections of length
0.385 m. Innial turbolence is generated by an axi-symmetric jet of 5 mm intermal diameter centred m a plate at
the ignition end of the flame tube. The flow field created by the myection of the premixed fuel-#ir mixre has
been measurdd [ 15] and the data is here used i order 1o form the initial set of condidons. lgnition is obtained by
two opposing etectrodes placed symmetmically either side of the Jef centre line. A 5 mm thick obstacle with a
height of 36 mm is placed downstream of the jet exit at & distance of 415 mm. The closure outlined above is here
applied 1o the zhove geometry using a locally refined two-dimensioiiz] computational grid {~ 100 000 nodes)
sufficient 1o provide 2 grid ndependent solution. The computations feature a second order TVD scheme and an
implhicit predictor-corrector method with time splimmg ermor cortral [11.17].

The applicd dizgnostics include sixteen coaxial 1omsation probes, used to detect flame arrival times, and six
piezoclectric pressure transducers positioned along the channel. The flame propagation process was also
visuatised by means of spark schlieren photography featuring a parallel beam of white light, Melocites were
obtained using the standard dual-beam forward scater laser Broppler anemometer amangement and the daia
reduction technique reported by Lindsted: & Sakthitharan [13] applied, Velociny measurements along the axial
(u-velocity) and vertical directions (v velocity) have been obtained ar 33 points above and downstream of the
obstacle. All the points fie on the vertical plane passing through the axis of the Mame wbe. Sakthitharan [14] kas
shown, through flow field measurements across the detonalion tube, that the flow s predominantly. two-
dimensional in the region close to the obstacle. Although there are temporzl variations associated with the initial
kersiel growth [~ 10 %), the reproducibility of the flame arrival a1 subsequent ports is execllent with
cotparatively small variations (~ 3 %), The lamer indicates that the development of the vorfex structure
downstreant of the baffle is highly reproducible and relatively isensitive to initial variations. Problems do
naturally arise with messurements of mesn and, in particular, rurbulence velocitios in the current sirongly
accelerated flow, It is therefore expecied that the measurement accuracy 15 significantly reduced following the
onset of the explosion.

RESULTS AND DISCUSSION

Computed flame contours 2re compared with schlieren images in Figs | and 2. The relative times in the flame
propagation cvcle are close but not matched exectly and. furthermore. the schiieren images are “line-uf-sight”
across the flame whe, Caution s therefore required in interpreting the wmages. However, it is seen thar the
creation of large scale flame folds and the flame wrapping into the vortex are qualitatively reproduced by the
computation. Clearly the flow features larze scale instabilities along with sirong turbulence generation in the
shear layer and re-ciceulation zene behind the obsucle. The targe stale inszbilitdes are of erder 10 mm with the
wrinkling of the flame appearing to be of order | mm. The predicied pressure traces are compared with
measurements in Fig. 3a-h, Close to the 1gnition pomt the agreement is very satisfactory as shown in Fig 3a.
However, it 15 also evident that peak pressures are somewhat under-predictad closer o the ohstacle (Fig 3b),
though the shape of the pressure trace profile remaing comparatively well reproduced.
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Further evidence that the predictions are gualitatively sood and quantitztively ressonable ¢an be found in the
axial and cross-stream mean veloity profiles shown it Figs. 4 and & for the plane where the obstacle t5 locared.
The interaction of strong Now gradients in the veng contracra over the baffle with the explosion generated
pressare pulses are exceptionally difficel o measure and it s hkely that the expenmental data undérestimates
the peaks in the bulk velocities. However, with the exception of the Tatter. the profile shapes and magnitudes are
well reproduced Tor the axial (1) velocity component. The compulations show strong oscillations in the burng gas
due to travelling pressure waves (evident in the pressure waces shown in Figs. 3) which clearly could no be
captured by the measurements. The agreement for the crasssstream (v) componznt 15 much less satisfactony
However, it can be noted that the flow velocities range from well m exesss of 100 m's close to the ohstacle tip
142 mm) o ground 19 ms closer {10 mm) to the top wall. [t may further be noticed that mean velpeities are well
reprisduced until the onset of the explosion. Further sway from the obstacte, ar the 313 mm plane, the agreemem
between measurements and computations is generally satisfactory for the axial valociny component as shown
Fig: 6. However, it may be noted that the strongest flow accelerations again present what probably is
measuremant difficulties. The gualitanive and quantitative agreement for the cross-stream velecity component 1s
very satisfactory as shown in Fig, 7 - despite the fact that the time evolution of the flow s extremely complex. It
may also be noted that the How deeeleration is less severe in the cross-stream direction and hence greater
confidence may be placed in expenmental data.

The difficuities outhned above in the context of the determination of the bulk velocity field dre naturally alsa
present in the measurements of the turbulence intensitics. It is important 1o note that the vortex shedding and
bulk Now mstablitnes do nol sansly the common eriteria (e.g imeguianty) assoctated with wrbulence (e.g
Tenmekes & Lumley [30]) A scale separation associated with bulk and rurbulent monon is evidently pressnt in
the current flow but becomeas awkward o analyse both computanonally and experimentally, The ¢ombination of
a time window of 300 s, used éxperimentally in order 1o gather sufficient statistics. along with the difficulties
expenenced by seeding particles in following flow, renders the measurements difficule o imterprer. Mevertheless,
up to the point of the onset of the explosion (- 16-17 ms) here is fair agreement between compuied and
measures values of the axial component as shown in Figo 8, Following the onset of the explosion the axial
turhuiente veloaities — in particular — are very stromgly affected and it 15 not possible to advance conclusions
regarding the agreemen! between computed and measured valuees. The cross-stream velocity component 15 agam
much less affected and remains surprisingly well reproduced both gualitatively and quantitatively as shown in
Fig. 9. A comparnson of the results shown in Figs. 7 and © 15 interesting and suggests that despite the difficulties
associated with both measurements and compurations the overall agreement 15 encouraging. [t 15 notable that the
rapid changes in the veloeity field and the resulung twrbulence generstion are both well captured. Perhaps
surprisingly, the results indicate that the computationdl results gre in many cases close o experimental
uncenaintes for the coment excepionaliv complex flow,

CONCLUSIONS

The ability 1o model the formation and evolution of DOT kernels is of fundamental importance 10 a tange of
practical applications such as pulsed detonation epgines. I order to advance the subject it1s necessary 1o explore
the sensinvity of the overall phenomena:to the major clesure clemenis of phvsical relevance to the problem:
Expenmental work has shown that in many practical areas the driving force for the transition can be found in the
interaction of turbulence and chemistry, while in other cases it will reside with shock {murbulenty boundary laver
interactions. Both topics present similar — 1f not close to identical — modelling difficulties irrespective of the
technique used for the flow field (e.g. LES or unsteady RANS), Nevertheless, it is natrally essensial that a
sensible reproduction of the flow field is gchieved by the computational methed of choice. In the absence of
eaperimental data such assessments are conjeciural and the present work has used comparatively detailed data
for 1grbulent gaseous explosion as a basis for compansons, The expenmentsl daiz set is naturally subject to
significant uncertainties resulting from exceptionzlly difficult measurement conditions resulting from repeated
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flow zccelerztion/deceleranion cycles. Despie such difficulties the work has shown that the applicanon of
2 P I

farthermore, results in ¢ncouraging quantitative and gualitative sgreement with measurements. [t may be af
meerest (o nole that good sgreement for other unsizady flows have also heen obained (e.g. Durbin [33]) vsing
moment based methods. The wrbulence chemistry interactions can in principle bz closed using a transported
PDF approach combined with comprehensive aute-igninon chentistry. 1145, hawever, likely that the scalar space
required will be of order 20 species even for comparstively simple fuels {e.g. Lindstedt et o, [21] and Pope e al.
[32]} and: accordingly, the computational requirements are exceptionsl, The current finding is interesting as'it
suggests that improved closures for mirbulence-chemistry interactions combined with the relative economy of
unsteady BANS caleulanons may provide o route towards the modelling of obswsele/wall enhanced twrbulence
iduced trnsinon to detonation.
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APPENDIX A

The {formulations resulting from the GLM [15.20] for the Revnolds stresses and sealar fluxes are given dbove.
The G tensor has the following form:

P ; . P )
G o=—kra +nt:r.-_)f H,—
i ' -

where
fy=00 4, +(.0.8 +0868,
yid by eydob, svd.b,

]f_.ﬁ”h“ +y.0,0, + hﬁ_t."'.r_ll

The model contains 11 coetticients of which 6 can be eliminated by exact coristraints deduced form the Navier-
Stokes equations, The remaining 5 were assigned vatues by matching cxperimental daw [19] and no adjustnent
made in the present work.
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Figure 1. Comparson of computed and measured flame images around the nme the flame moves past the
obstacle. The computation shows a later time and the schlieren images ilustrate the process leading up to the
formation of the large scale structures,
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1.5000E-02 s
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Figure 2. Companson of experimental and computed flame images at later tmes. Both the computations and the
measurements clearly show large scale insmabclines propagating downstream of the obstacle: The experiments!
images show the superimposed trbulent flame wrinkling. The large scale instabilities appear o be of order 107
m and the flame wrinkling of order 107 m
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Figure 3. Comparison of computed and measured pressure traces for a turbulent gaseous explosion in a pre-
existing turbulence field. The fipures show the pressure traces on both sides of the obstacie.
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Figure 4. Comparison of computed ‘and measured axial mean velocities ai 4 measuring stations along the 4135
mm plane (dirsctly above the obstacle) for a rurbulen: gaseous explosion in a pre-existing wrbulence field
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Figure 5. Compansen of computed and measured cross stream mean velocities-at 4 measuring stations along the
A15 mim plane (directly above the obstacle) for a turbulent gaseous explosion ina pre-existing mwrbulence field
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Figure 6. Comparison of computed and measured axial mean velocities a1 4 measuning stations along the S15
mm plane (100 mm downstream of the obstacle) for a wrbulent gaseous explosion I a pre-existing tarbulencs
field.
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Figure 7. Compansen of computed and measured cross stream mean velocities at 4 messuring stations zlong the
513 mm plane (100 mm downstream of the obstacle) for a turbulent gasenus explosion in a pre-existing
turbulence fisld
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Figure 8. Companson of computed and measured axial wrbulence velocities 2t 4 measuring stations along the
315 mm plene (100 mm downstream of the obstacle) for o turbulent geseous explosion in & pre-cxisting
turbulence field.
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Figure 9. Comparison of compuled and measured cross stream turbulence velocities at 4 measuring stations
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