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Combustion of Solid-Fuel Slabs Containing
Boron Particles in Step Combustor

Helmut K. Ciezki,¤ Joachim Sender,† Walter Clauß,‡ Albert Feinauer,§ and Albert Thumann¶

DLR, German Aerospace Center, D-74239 Hardthausen, Germany

The combustion processes of solid-fuel slabs with and without boron-particle addition have been investigated
in a planar rearward-facing step combustor. The study was performed under conditions of air inlet velocity
and temperature relevant to ramjet applications. The highly turbulent, multiphase combustion process has been
analyzed with various intrusive and nonintrusive diagnostic techniques. Gas-phase temperature distributions and
particle velocities as well as concentrations of various stable reaction products have been determined in order to
show the movementand the combustion of the reacting particle phase in the recirculation zone and the downstream
boundarylayerwith the embeddedreactionzone.Large-scale, coherentvortex structures havebeen observed.These
structures exist predominantly in the region above the hydrocarbon diffusion � ame located inside the developing
boundary layer and show an intense and highly turbulent mixing process. The results show dependencies of the
energy release on the � ow� eld related to the presence of reacting or nonreacting particles.

Nomenclature
B = combustor width, mm
D3;2 = Sauter mean diameter, ¹m
d = particle diameter, ¹m
Pgair = air mass � ux, kg/m2s
H = step height, mm
h = combustor height, mm
L R = length of primary recirculation zone, mm
Pmair = air mass-� ow rate, kg/s
ReH = Reynolds number based on step height H
StP = particle Stokes number
T = gas-phase temperature, K
Tair = air temperature at combustor inlet, K
t = time, s
U = velocity component in x direction, m/s
UCH4 = methane feeding velocity of data from Ref. 26, m/s
U0 = air intake velocity above step, m/s
u 0 = rms value of U
V = velocity component in y direction, m/s
v 0 = rms value of V
w = trace of the outer border of the outer zone, mm
X i = volume � ow ratio of species i
x = Cartesian coordinate (streamwise direction;

see Fig. 1b), mm
Yi = mass � ow ratio of species i
y = Cartesian coordinate (transverse direction;

see Fig. 1b), mm
z = Cartesian coordinate (spanwise direction,

see Fig. 1b), mm
¯ = inclination angle
1L = horizontal distance of vortices, mm
Á = equivalence ratio
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Subscripts

air = air� ow, conditions at the inlet
f = fuel
g = gas phase
H = at step, related to step height H
p = particle phase

I. Introduction

S OLID fuels are of interest for airbreathing propulsion systems
such as ramjets and ducted rockets because they are relatively

easy to handle.The additionof combustibleparticles like aluminum
or boron to the commonly used hydrocarbon-type binders offers
the possibility of building more compact engines. Because of its
theoretically highest energy release per unit volume, boron is of
special interest for the development of volume-reduced engines or
engines with better � ight performances.1;2

Unfortunately, in real ramjet engines and also in model combus-
tors the formation of condensedoxides on the surfaces of the boron
particles prevents a complete boron consumption. This behavior is
mainly caused by the signi� cantly lower melting and boiling points
of boron-oxideB2O3 meltingpoint (MP): 723 K, boilingpoint (BP):
2316 K, Ref. 3) in comparison to pure boron (MP: 2350 K, BP:
4138 K, Ref. 3), in combination with the surface tension behavior
of molten B2O3 (e.g., see Ref. 4). The boron oxide forms thin liquid
layers coveringeach boron particle immediatelyafter ignitionwhen
the ambient temperatures are signi� cantly below the B2O3 boiling
point. These layers act as barriers between the particle surface and
the oxygen in the surrounding gas phase and thus reduce the rate
of chemical reaction. This hinders a quick and ef� cient combustion
process, given the low residence time of the boron particles inside
real engines. The second ignition stage, which leads to a sustained
combustion process of the boron particles, occurs only under cer-
tain conditions at higher surrounding gas temperatures exceeding
1900 K. This has been reported by various authors, for example,
Ref. 5, based on the investigation of the ignition and combustion
behaviorof boron particles in a � at-� ame burner device by Macek.6

Detailed one-dimensional calculations of the reignition behavior
have been performed by various authors. Also the rupture behavior
of the B2O3 layer has been analyzed by Meinköhn.4 Through this
study the derivative of the surface tension with respect to the tem-
perature @¾ =@T has been identi� ed as an important parameter, in
addition to the heat � ux.

Basic investigationson single boron particles as well as on parti-
cle cloud ignition and combustionphenomenahave been conducted
in the past in different experimental devices such as burners, shock
tubes, and closed vessels (e.g., see Refs. 7–14). With these and
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other data ignition and combustionmodels have been developedfor
numerical simulations. More recent publications present investiga-
tions on the in� uence of additives or particle coatings for improved
boron-particle ignition and combustion, (e.g., Refs. 12 and 15).

Apart from these studies the complex multiphase � ow and com-
bustionprocesses in a real solid-fuel ramjet combustor are not com-
pletely understood at present, although important efforts have been
made in the last decades. To obtain a better understanding of the
governingprocessesof combustionand the respective� ow� eld,pro-
cesses like the movementof singleparticlesand their ignitionwithin
the � ow� eld and the � ame-holdingbehaviorhave been investigated
separately.Sudden expansionsbehind backward or rearward-facing
steps, bluff-body-type � ame holders, etc. are often used for � ame
stabilization in ramjet combustors. Basic investigations of non-
reacting two- or three-dimensionaldump-type combustor � ows, to
which backward or rearward-facing step � ows and sudden expan-
sion � ows belong, have been conducted extensively in the past. A
reviewof investigationsup to 1981on turbulent� ow reattachmentis
given by Eaton and Johnston.16 In more recent investigationslaser-
based diagnostics have often been used, giving further insight into
the processes (e.g., Refs. 17–19).

Most of the reacting� ows investigatedusing rearward-facingstep
deviceswere premixedsystems,where air and fuel havebeen mixed
beforeenteringtheareabehind the step (see Refs. 20–24).Less com-
mon are the basic investigations on the � ow� eld and combustion
processesin nonpremixedsystems in sudden expansion� ows, espe-
ciallywith regard to solid-fuelcombustion.Schadow et al.,25 for ex-
ample, conducted temperature and concentration measurements in
a tubular combustor. Krametz and Schulte26 investigated the � ame-
stabilization process in a planar, rearward-facing step combustor,
feeding methane through a porous bottom plate behind the step
in order to simulate a gasifying solid-fuel surface. Numerical cal-
culations of the � ow� eld and combustion process in a rearward-
facing step combustor have been performed by Tsau and Strahle27

in which hydrogen and methane were fed through a distinct area
in the combustor bottom. Metallized solid fuels have been investi-
gated for example, by Gany and Netzer,28 who observed the move-
ment and the combustion of boron particles in a reacting boundary
layer above a solid fuel surface in various experimental devices.
Numerical calculations of the movement of single boron particles
and their ignitionand combustionhave been conducted for example
by Jarymowycz et al.29 for small particle sizes in a high-velocity
environment (Ma > 0:8) and also by Natan and Gany30 for larger
particlediameters (d > 25 ¹m) and low Mach numbers (Ma < 0:1).

The investigation presented here provides new insight into the
� ow� eld and combustion processes of solid fuels with embedded
boronparticlesof small diameter (D32 D 0:96 ¹m) under conditions
of air inlet velocity and temperature relevant to ramjet applications.
A planar rearward-facingstep combustorwas used as a basic experi-
mental setup. The combustor is equippedwith window segments on
both sides of the chamber with an N2-protection � ow enabling di-
rect access for optical and especially laser-baseddiagnostic tools to
the reacting multiphase � ow � eld immediately above the solid-fuel
slabs. The chamber pressure was about 1 bar so that (laser) diag-
nostic tools could be operated farther away from optically dense
conditions to facilitate observation. In these experiments special
attention was given to the region of the recirculation zone and the
regiondownstreamimmediately,containingthedevelopingreacting
subboundary layer.

The present publication is based on a paper presented at the
36th AIAA Joint Propulsion Conference in 2000 in Huntsville,
Alabama.31 The data presented in the present paper were further
evaluated in greater detail and recent results were added.

II. Experimental Apparatus
A. Test Facility

A sketch of the step combustor test facility is presented in Fig. 1.
The test section has a rectangular cross section of 150 mm width
and 45 mm height. This facility was originally used by Krametz
and Schulte26 and has been signi� cantly modi� ed for the investiga-
tion presented here. The solid-fuel slabs of 200 mm in length and

Fig. 1a Sketch of the test facility with the planar step combustor and
sampling probe.

Fig. 1b Top view (left) and side view (right) of the combustor section
with window segments for laser-optical diagnostics.

100 mm in width were mounted � ush to the bottom of the combus-
tion chamber directly behind the 20 mm high rearward-facing step.
Pollutionof the windows by particles,soot, andcombustionresidues
is reduced by a clearance of 25 mm between the side walls and the
solid-fuel slab. For laser-based diagnostic tools additional window
segments with quartz slices at the end of rectangular tubes have
been used, as can be seen in Fig. 1b. Necessary pollution reduction
has been realized by a slight � ow of nitrogen (»3% of the air mass
� ow at the combustor inlet) through these tubes. The inner height
of the rectangular window tubes is the same as the inner height of
the combustor (45 mm) so that direct access to the combustion pro-
cess directly above the solid-fuel plate is possible. These window
segments can be placed at various positions along the combustor
in order to allow measurements at a range of precise combustion
chamber cross sectionsbehind the � ame-holding step. For the color
schlieren images largequartz slices,which are longer than the solid-
fuel slabs, were used as windows on both sides of the combustor.

Vitiated hot air, which is produced by heating the air� ow with an
H2-O2 burner and replenishmentof oxygen, is made homogeneous
by two � ow straightenersand sieves before entering the combustor.
No nozzlewas attachedto the exit of the combustionchamber.Thus,
nearly ambient pressure was maintained inside. The temperature of
the heated air� ow was monitored by two thermocouplespositioned
in a cross section immediately before the � ame-holding step. The
mass-� ow rateswere determinedwith sonicori� ces. The coordinate
origin is set in the lower corner of the rearward-facing step at the
center plane (in the middle of the chamber width), as can be seen in
Fig. 1b.

B. Diagnostic Setup
Color Schlieren

Schlieren techniques offer the possibility to visualize refractive
index gradients in � ow� elds and combustion processes. Most of
the black-and-white or monochromatic schlieren methods present
the different gradient values as different shades of gray. In strongly
particle-laden � ows, however, an intensity reduction is also caused
by scattering and absorption by the particles. Consequently, the in-
terpretationof black-and-whiteor monochromaticschlieren images
under these conditions is much more dif� cult and should be done
carefully. Color schlieren methods, however, based on the dissec-
tion technique32 offer the possibility to obtain results in environ-
ments nearer to optically dense conditions. As can be seen in the
sketch in Fig. 2, the color � lter sourcemask is positionedin the focal
plane of the � rst schlieren mirror. Illuminated by a light source, the
colormask produces light beams with different colors, which repre-
sentdifferentde� ectionanglesand therebydifferentrefractiveindex
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Fig. 2 Sketch of the color schlieren setup at the planar step combustor
test facility.

gradients.While these light beams transit the particle-containingin-
vestigationarea, their intensityis lowered,but thedifferentcolorsare
not changed. Thus, in a � rst approximation the color schlieren im-
age gives important information about the (macroscopic-averaged)
refractive index gradient distribution of the gas phase.

Figure 2 presents a sketch of the color schlieren apparatus in
the typical Z-setup. A plane mirror has been added on the image
side because of the limited space in the test cell. A modi� ed Drello
Xenon � ash lightwith a � ash durationof 13 ¹s hasbeenused as light
source. A shutter unit with exposure times signi� cantly lower than
1 ¹s hasbeenpositionedin frontof the HasselbladEL 500camera in
order to reduce the contributionof the superimposedstrong thermal
emissions from the combustion process on the schlieren images.

The location of the color segments on the color � lter mask has
been chosen to be similar to that of a rainbow so that there is a
clear relation between the refractive index gradient and the color.
This kind of color coding has been described in detail in Ref. 33.
The schlieren apparatus is adjusted in such a way that the green
color represents refractive index gradients near to zero. Detailed
informationabout this techniqueandalso the theoreticalbackground
is given in Refs. 33–35.

Mie-Scattering and Particle Image Velocimetry
Particle image velocimetry (PIV) is a nonintrusive two-

dimensional � ow-visualization technique whereby tracer particles
are commonly added to the � ow to determine qualitative as well
as quantitative information36¡38 about the � ow� eld. The aim of the
investigationpresented here was the visualizationof the movement
of the reacting particle phase, which is ejected from the solid-fuel
slabs, so that no further particles were added to the air� ow.

A light sheet is formed from the laser beams of a transportable
laser system and is introducedin the centerplane at z D 0 throughan
additional window at the top of the combustor. The scattered light
from the double-illuminatedparticlesis observedand collectedby a
charge-coupleddevice camera throughone of the window segments
with a protection� ow at the sidewall. The doubleilluminationof the
particleswas achievedby means of an adjustabledelay between two
laser pulses. The results discussed in this publicationwere achieved
with the cross-correlation technique. Therefore the scattered light
from two consecutive laser pulses was recorded on two separate
images, and the movement of the particles was tracked from their
shift between the two images obtained (e.g., for more details see
Refs. 39–42).

Laser Doppler Velocimeter
A two-dimensional laser Doppler velocimeter (LDV) from Dan-

tec, equippedwith a 5-W argon ion laser (Innova90, Coherent), and
two burst spectrum analyzers (BSA, Dantec) were used to measure
the velocities using forward scatter sampling. The focal length of
the transmitting lens was 300 mm. The conversion factor for this
con� gurationwas 8.67 ms¡1/MHz for 488 nm. The beam pairswere
rotated at 45 deg along the z axis to improve resolution for both x
and y velocity components. A total of 6100 samples was taken at
each measurementpoint,scanningthe incomingLDV signalat 5 Hz.
Data reduction was performed using standard software.

For the determination of the velocity distributions at each cross
section, the LDV was mounted on a three-dimensional-traversing
unit, which was controlledby a PC. The velocitypro� les were taken
vertically starting at the bottom of the combustor in each case to
reduce the in� uenceof the surface regressionduring the combustion
process (around 0.06 mm/s for test fuel TF2, i.e., approximately
7 mm for a 2-min test run). Two test runs were made for a complete
cross section. Further information is given in Ref. 43.

Coherent Anti-Stokes Raman Spectroscopy
N2-vibrational coherent anti-Stokes Raman spectroscopy

(CARS) is a tool often used for gas temperature measurement,
especially when air is used as an oxidizer. In the USED-CARS
phase matching geometry laser beams at frequencies!1 and !2 are
“mixed” to generate the coherent laser-likesignal at !3 D 2!1 ¡ !2.
The CARS signal beam could be interpreted as the answer of the
investigated molecule to intensive electromagnetic waves through
the third-ordernonlinear susceptibility.The temperature evaluation
is performed via a best-� t method by comparingexperimentalspec-
tra with a library of theoretical calculated spectra. The accuracy
of CARS in clean laboratory environments is typically better than
50 K. The time resolution of the measurements was approximately
8 ns, whereas the spatial resolutionof the 0-d measurement volume
was below 4 mm in length and 70 ¹m in diameter.

The CARS system consistsof a frequency-doubledNd:YAG laser
and a conventionalbroadbanddye laser as the Stokes laser. The sys-
tem is transportablein modular units and was situated in a hardened
roomnear the test cell.Onlybeam-guidingoptics,thefocussinglens,
which was mounted on a movable table for traversingthe probe vol-
ume to the measuring locations, and the optics for � ber coupling of
the signal were located close to the combustion chamber. Further
information is given in Refs. 44 and 45.

Sampling Probe System
The modular probe sampling system consists of a water-cooled

sampling probe, an exchangeable� lter housing that permits a quick
� lter exchange, a remote control valve unit, a vacuum pump, and
exchangeablegas sampling cylinders, as shown in Fig. 3. The sam-
pling probe is mounted in a device at the upper combustor wall,
which allows placement of the horizontallyoriented tip at any posi-
tion y ¸ 4 mm inside the combustor. This device can also be moved
to various vertical cross sections.

The sampling probe consists of three thin-walled stainless-steel
tubes and an outer copper tube with an outer diameter of 7 mm. The
three outer tubes serve to cool the probewith pressurizedwater. The
combustion products are drawn up through a small hole at the tip of
the probe and expand into the inner tube with a signi� cantly larger
internal diameter of 3 mm. The expansion quench method used
here lowers the temperature and thus suppresses further reactions.
In multiphase combustion processes care must be taken both with
longer cooling times of the particles in comparison to the expanded
gas and also with the depositionof particles and condensedreaction

Fig. 3 Schematic of the gas- and particle-sampling probe system.
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products on the inner probe tube wall or inside the probe mouth.
The second effect can lead to disturbed operating conditions up to
a complete blockage and in turn to incorrect results. To monitor the
suf� cient expansion of the probe gas � ow and thereby the correct
operation of the probe sampling system, a pressure transducer is
connected to the annulus between the inner tubes, as can be seen in
Fig. 3. Thus the processes immediately after the widening area in
the probe tip can be observed because small holes are drilled into
the inner probe tube. The suf� cient suppressionof further reactions
inside the probe has been shown by an earlier test series (Ref. 46).
Because of the horizontalorientationof the probe tip and the expan-
sion quench method used for the suppression of further reactions,
the sampling procedure is not isokinetic.The results presented here
have been obtained at average angles of attack smaller than 15 deg,
which have been determined from LDV measurementspresented in
part 4. The spatial resolution of the sampling probe was estimated
in detail in Ref. 35 and is satisfactory under the dif� cult condi-
tions in the step combustor. A detailed description of the sampling
method, particle-followingbehavior, the quenching procedure, and
data evaluation procedure is given also in Refs. 35 and 47.

The sampling procedure starts 10 s after ignition of the solid-fuel
slab. Valves 1 and 2 to the vacuum pump are opened to draw up the
combustion products through the probe and the � ltering assembly.
In the � lter housing a Te� on-� lter with 0.45 ¹m pore size separates
the condensed phase from the gas phase at ambient temperature
conditions. Twenty seconds later valve 2 to the vacuum pump is
closed, and valve 3 to the previously evacuated sampling cylinder
is opened. The pressure in the probe cylinder rises to the pressure
prevailing in the combustion chamber within a few seconds. The
condensed phase on the � lter can be analyzed after the experiment
by wet chemistry analysis making use of the Mannitol method for
the determination of the boron-oxide content. In this paper all of
the (possible) oxide products Bx Oy on the � lter are presented as
B2O3. The gas phase, which has been collected in the gas-sampling
cylinder, is analyzed by gas chromatography.Because of the small
suction area and the short sampling time, only small probe masses
could be obtained, which allowed only the boron-oxide content to
be determined.

III. Fuel Composition and Experimental Conditions
The solid-fuel compositions used are based on hydroxyl-

terminated polybutadiene (HTPB) as a binder and are listed in
Table 1. They are processed from ARCO R 45 M HTPB and
isophoronediisocyanate(IPDI) as a curing agent. Test fuel 1 (TF1)
has been chosen to show the combustion behavior of a solid fuel
without particle additives. Test fuel 2 (TF2) contains 30% boron
particles by weight, which are added to the HTPB/IPDI-mixture of
test fuel 1. In test fuel 3 (TF3) TiO2 particles were added with the
same mass content to show the in� uence of the combustible particle
phase of TF2 on both the � ow� eld and the combustion processes in
comparison to the noncombustibleparticle phase.

The amorphous boron particles, manufactured by H. C. Starck,
Germany, have an average particle size of 1.75 ¹m (Sauter size

Table 1 Composition in weight percentage of solid fuels

Test fuel HTPB IPDI B TiO2

TF1 91.6 8.4 —— ——
TF2 64.1 5.9 30 ——
TF3 64.1 5.9 —— 30
TF4 87.0 8.0 —— 5

Table 2 Investigated test cases

Test Air mass-� ow Air mass � ux Air� ow temperature Air intake Reynolds Mach Stokes number Stokes number
case rate Pmair , kg/s Pgair , kg/m2s Tair , K velocity u0 , m/s number ReH number Ma StP (0.96 ¹m) StP (5 ¹m)

TC1 0.190 50.6 800 124 2:78 £ 104 0.22 0.020 0.55
TC2 0.152 40.5 800 93 2:23 £ 104 0.17 0.016 0.42
TC3 0.115 30.7 800 75 1:68 £ 104 0.13 0.012 0.32
TC4 0.156 41.5 790 93 2:25 £ 104 0.17 —— ——

D3;2 D 0:96 ¹m) and a purity better than 95%. The size distribution
shows that only 10% of the particles have diameters larger than
5 ¹m and 1% have diameters larger than 10 ¹m. The titanic-oxide
particles,however, deliveredfrom Bayer are much smaller and have
a mean diameter of about 0.2 ¹m.

The conditions of the three investigated test cases TC1–TC3 are
listed in Table 2. Most of the experiments presented here were con-
ducted at TC2 conditions with an air mass-� ow rate Pmair at the
combustor inlet of about 0.15 kg/s and with a temperature Tair of
about 800 K. Only a few experiments were conducted with air
mass-� ows Pmair of 0.11 and 0.19 kg/s, which are described in Ta-
ble 2 as test cases TC1 and TC3. Test case TC4 was used only
for the determination of the � ow conditions without combustion
in the LDV experiments. The Reynolds number ReH , also given
in Table 2, is based on the step height H and the averaged air
inlet velocity U0 immediately above the step. For the determina-
tion of the dynamic shear viscosity, both the water content of the
vitiated air and the temperature dependency were taken into ac-
count using the Wilke equation48 and the Sutherland equation,49

respectively.
At the beginningof every experimentat TC1, TC2 and TC3 con-

ditions, the air heater was started to heat up the test facility and the
mounted solid-fuel slab. After two minutes the slab was ignited by
an additional H2-O2 burner mounted below the � ame-holding step
(see Fig. 1). The pressure inside the combustionchamber for all test
runs was approximately 1 bar.

The homogeneity of the inlet air� ow was determined measuring
the velocitypro� les with LDV directlyabove the � ame-holdingstep
at the x D ¡5 mm cross section with an additional TiO2 seeding of
the air� ow for Pmair D 0:15 kg/s, that is, TC2. The time-averaged
velocity components U and V , as well as the related rms values at
this cross section, were taken at � ve vertical lines located between
z=H D ¡3:0 and C3:0. Figure 4 shows the averaged velocityvalues
of these � ve lines with the related rms as error bars. All values are
normalized with the average value of the whole velocity � eld at
x=H D ¡0:25, which is interpreted as the combustor inlet velocity
U0 of the air� ow. The measured velocity values indicate that the
� ow above the step is nearlyhorizontalwith 2% deviationfor V=U0.
Only a slight increase of U=U0 with increasing distance y from the
step has been observed.These results show that the intake � ow� eld
is suf� ciently homogeneous with rms levels below 4%. The height
of the boundary above the step, which in� uences the recirculation
zone length, as shown in the literature, has been determined for this
facility by Krametz and Schulte in an earlier investigation.26 They
found that for ReH D 4 £ 104 the boundary-layerthickness is below
2 mm at the edge of the step at x D 0 mm.

In the case of an accelerated � ow, the particle behavior within
the � ow has to be carefully taken into account for the evaluationof
velocity measurements. Ruck,50 for example, reports that too short
recirculationzone lengthshavebeen found in nonreactingrearward-
facingstep � ows with large tracerparticles.Particularlyin solid-fuel
and particlecombustionprocesses,the effectivelymeasuredparticle
size distribution is larger than the original one. This is caused by
agglomerationeffects,condensedoxides,and also the productionof
larger � akes from the fuel slab. The particles sizes found in the area
between the fuel slabs and the vortices show a broad distribution
with its mean shifted to small diameters.Beside the small particles,
biggerparticlesand� akeswith diametersup to about2 mm were also
found. The biggest � akes were normally detected near the fuel slab
and were often accompaniedbymany smaller ones. It is obviousthat
these bigger � akes are ejected from the decomposingfuel and break
up into smaller ones within the � ow. Quantitative results indicate
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Fig. 4 Normalized entrance velocity pro� le at x/H = ¡¡0.25 (x =
¡¡5 mm); U0 = 94 m/s; test case TC2. rms velocities (u0/U0 and v0/U0)
are given as error bars.

large variations in the velocity and the direction of the “bigger”
particlesbecause they are too big to directlyfollowthe gas � ow. The
ejection trajectories of the � akes from the fuel do not necessarily
follow the streamlines of the gaseous combustion components.

A simple estimation of how particle follows the � ow is given by
the particle Stokes number StP , which is de� ned as the ratio of the
particle relaxationtime ¿p D ½pd2

p=18´g , and the � uid timescale de-
� ned as ¿g D H=U . For the calculationof thesequantities,the values
at the air inlet � ow condition have been used. Table 2 presents the
Stokes number StP for particles of the Sauter mean diameter of the
original boron particles as well as the particle diameter of 5 ¹m of
the related 10% limit. The calculated values are signi� cantly lower
than one so that most of the original particles follow the � ow� eld
quite well. A more exact estimation of the particles � ow-following
behavior can be given by the solution of the Basset–Boussinesq–
Oseen equation, which describes the movement of a particle in an
oscillating gas. For a given amplitude and frequency of the gas-
phase oscillation, the resulting amplitude and phase shift of the
particle can be calculated, for example, see Refs. 35 and 50. Using
the velocity and rms values of the LDV measurements presented in
this publication,an estimation of the gas-phasemovement has been
conducted.51 The results show that the amplitude reduction and the
phase shift are beyond 1% for ideally spherical boron particles of
150 ¹m in the cross sectionsat x=H D 4:8 and 6.75 underTF2/TC2
conditions. For the LDV data evaluation only the data from parti-
cles of diameter less than about 50 ¹m were used, such that the
measuring error is beyond the 1% value. Also the average velocity
distribution obtained from the smallest particles in the PIV images
con� rm the results of the LDV measurements and are presented in
this publication.

Fig. 5 Top shows a color schlieren image of HTPB without particle
addition(test fuel TF1), test case TC2.Bottomshows a sketch of � ow� eld
and combustioncharacteristics related to the upper image and positions
of the principle measuring cross sections.

IV. Results and Discussion
A. General Features of Flow� eld and Combustion Process

Figure 5 shows a color schlieren image of the combustion pro-
cess of HTPB/IPDI without boron particle addition (TF1) for
Pmair D 0:15 kg/s, that is, test case TC2. Below this image is a sketch
of the characteristic features of the � ow� eld and combustion pro-
cess. These features have been derived from the schlieren image
aboveaswell as fromPIV imagesandLDV measurements.Included
are also some technical terms derived from a sketch by Natan and
Gany30 regarding the combustion processes in the boundary layer
of a solid-fuel ramjet. Additionally, some measured cross-section
locations are presented in this sketch.

Immediately behind the rearward-facing step a separation region
is located with a large clockwise-rotating recirculation zone (RZ),
with an average length L R of about � ve times the step height H ,
that is, L R=H ¼ 5. This has been identi� ed by LDV measurements.
At the end of this recirculation zone, the downward oriented � ow
from above the recirculationzone and the � ow from the combustor
bottom, originating from the combusting and pyrolysing solid-fuel
slab, form a free saddle point.19 For comparison with other publica-
tions, in � ows without � uid feeding from the wall the end of the RZ
is commonly de� ned as a reattachment point located at the wall.

In the lower region of the color schlierenimage, a yellow glowing
band can be seen, which is not visible on color schlieren images
obtained with signi� cantly shorter exposure times than the 1 ms
used for the image of Fig. 5. This indicates that this band originates
from thermal emissionsof the condensedphase (boron,B2O3 , TiO2,
soot, etc.) and is superimposedon the schlieren image. The thermal
emissions of all test fuels investigated,TF1–TF3 (with and without
particle addition), are dominated by soot. This has been shown in
earlier publications,52;53 where the spectral emissions from HTPB-
basedfuelsandGAP-basedfuels (glycidylazidepolymer),bothwith
and withoutboronparticleaddition,havebeen compared.As a result
of the latter and in accordancewith earlier investigations30 of other
researchers, this glowing band can be interpreted as the location of
the hydrocarbon diffusion � ame. Comparing the schlieren images
obtained for TF2 (containing boron) with those of TF1, the upper
border of this glowing band seems to be located somewhat higher
for TF2, whereas the shape appears similar.

In the region of the free saddle point, the distance between the
glowingbandand thecombustorbottomis smaller.This is causedby
the downward-oriented movement of the � ow in this region. From
the left side of the schlieren image, that is, the area immediately
behind the rearward-facingstep, no informationabout the occurring
processes can be obtained because of the pollution by soot and
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Fig. 6 Averagevelocityplotoftheregionofthesecondaryrecirculation
zone immediately behind the step, test fuel TF2, test case TC2.

Fig. 7 Orientation and strength of rotation for TF2, TC2. The light
blue color represents a counterclockwise rotation with low strength,
and the green color represents clockwise rotation with a much higher
strength (image averaged over approximately 20 single images).

combustion residues on the windows. Schlieren images, however,
obtained with window devices with protection � ow and a free inner
cross section of 45 £ 45 mm2 show that the glowing bandexists also
in a large part of the lower region of the recirculation zone, and its
average position is also included in the sketch of Fig. 5.

In the triangle between the upper step edge, the lower corner and
a point at approximately x=H ¼ 1 at the fuel slab surface a further
but signi� cantly smaller recirculation zone can be seen, which is
well known from step � ow investigations with nonreacting media.
This (secondary) corner recirculation zone rotates in a direction
counter to the primary recirculationzone and its strengthof rotation
jrot Evj D @V =@x ¡ @U=@y is much smaller than that of the � rst RZ,
as can be seen on the velocity vector plot of the region immediately
behind the step in Fig. 6 and the correspondingplot of the strength
of rotation in Fig. 7. Figure 6 shows the velocity vectors averaged
from a series of PIV images of the area immediately behind the
rearward-facing step (x D 0 to 35 mm). In the upper-right area of
the image, a part of the clockwise-rotating (primary) recirculation
zone can be seen. The velocity vectors in the secondary RZ are
signi� cantly smaller than those of the primary RZ. Also, the rms
valuesobtainedat themeasuringcross sectionat x=H D 0:75,which
are inside this secondary RZ, show signi� cantly lower values in
comparisonto the primary recirculationzone.This will be discussed
in further detail in the following section. The averaged strength of
rotationis presentedin Fig. 7 in a false color image with three colors
representingdifferent strength value ranges. The light blue color in
the lower-left part of the plot represents the left-turning rotation

Fig. 8 Double-exposure PIV imageof the area immediatelybehind the
rearward-facing step.

Fig. 9 Dimensionless outer border of outer zone w(x)/H.

in the corner RZ with low strength, and the green color represents
much larger values for the right-turning rotation in the primary RZ
and the developing shear layer behind the step edge.

Furthermore, large-scale coherent vortex structures can be seen
on the color schlieren image of Fig. 5 in the region above the glow-
ing band. The formation of these coherent structures is caused by
an instability as a result of the turbulent state of the shear layer
(ReH À 103) behind the edge of the rearward-facing step as is de-
scribed in the literature (e.g., see Ref. 19). In this shear layer a high
rotation of the � ow, which can be seen as the green color area in
Fig. 7, indicates a region with intense mixing of the particles with
the incoming air. This indicates that a large fraction of the particles
in the outer zone of the reacting shear layer are originatingfrom the
recirculation zone. In this shear layer the vortices are growing with
increasingdistance x from the step until the end of the primary RZ,
as can be seen in PIV images such as Fig. 8 and also color schlieren
images. Hereafter the horizontaldistance1L of the coherentvortex
structures remains nearly constant. The outer border w.x/ of these
structures, however, is still increasing in a vertical direction, as can
be seen in Fig. 9. The air mass-� ow variation shows that w.x/ in-
creases with increasing Pmair . Also the energy release of the boron
particles enlarges this region when TF2 (containing boron) is used,
as compared with TF1. Figure 10 shows the dependence of 1L on
Pmair . It can be seen that 1L increases with Pmair . It is also obvious
that 1L has the lowest values for TF1 without particle addition,
so that the energy release increases the coherent vortex structures.
Furthermore with increasing Pmair the coherent structures are more
stretched, and the inclination angle ¯ decreases.

B. Velocity Distribution
To obtain suf� cient data for the evaluation of the region near

the outer air� ow, the air� ow was seeded with TiO2 particles for
some LDV experiments. The comparison of the velocities and rms
values for the seeded and the unseeded cases shows no signi� cant
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Table 3 Test conditions of investigations presented in Fig. 13

Author Reference No. H=h x=H ReH Pm f = Pmair Á Type of � ame

Pitz and 23 2.0 5.0 2:2 £ 104 —— 0.57 Premixed � ame,
Daily propane/air

Krametz and 26 2.25 5.0 4 £ 104 0.0041 (UCH4 D 0:06 m/s) 0.07 Diffusion � ame, methane
Schulte 0.0082 (UCH4 D 0:12 m/s) 0.14 feeding through porous

bottom plate behind step
This work —— 2.25 4.8 2:23 £ 104 (TC 2) 0.008 (TF2, TC2) 0.07 Diffusion � ame, solid-fuel

slab behind step

Fig. 10 Horizontal distance ¢L between coherent vortex structures.

Fig. 11 Velocity vector plot, z/H = 0 mm, 30%B/HTPB/IPDI (test fuel
TF2).

differences,as can be seen in Ref. 43.This also indicatesthat thema-
jority of the boron particles, which were used for the LDV velocity
determination, follow the � ow� eld quite well.

Figure 11 presents the time-averaged velocity components U
and V of several measured cross-section locations for test case
TC2. The data of the traces have been averaged arithmetically
from the three measuring locations z=H D ¡1:5, 0, C1.5 in this
plane. Because the burning solid-fuel slab reaches only from
¡2:5 < z=H < 2:5, the data obtainedat z=H D C3:0 and ¡3:0 were
measured above the metallic base plate and are not included. Con-
sidering all of the data in the measuring planes, which are not pre-
sented here, relatively good two-dimensional � ow characteristics
can be seen downstream from the recirculation zone, whereas only
the V -rms at the outer borders at z=H D C3 and ¡3 has lower val-
ues. All U velocity traces in Fig. 11 show increasingvaluesup to the
value of the outer air� ow above the combustion zone. The U traces

Fig. 12 Rms valueplot, z/H = 0 mm, 30%B/HTPB/IPDI (test fuel TF2).

behind the step show negative values up to x=H D 4:8 indicating
the primary recirculation zone with its downstream end at about
� ve times the step height. The related V velocity component shows
the clockwise rotation in this region, whereas the strongestnegative
values exist at x=H D 4:8. Downstreamof this plane, the � ow in the
reacting boundary layer is oriented more horizontally, and there is
an acceleration in the streamwise direction.

Figure 12 shows the rms values for U and V corresponding to
the velocity distributionsof the measuring cross sections presented
in Fig. 11. The lowest values for both rms were found in the � rst
measured cross-section location behind the step, where the small
corner recirculationzone is located.The highestvaluesof each cross
section were measured near the middle of the chamber, where the
shear layer with the embedded coherentvortex structures is present.
Summarizing both U - and V -rms values, a small maximum occurs
near the upper combustor wall in the outer air� ow at the measured
cross-section location at x=H D 4:8. This indicates a further small
recirculation zone, which is the vortex corresponding to the large
recirculationzone. The existence of such a recirculationzone in the
outerair� ow hasalso beendescribedin the literatureregardingcold-
� ow investigations.This outer-� ow recirculationwas includedin the
sketch of the characteristicfeatures of the � ow� eld and combustion
in Fig. 5.

In Fig. 13 the velocity and rms values near the cross section
x=H D 5 for TC4 � ow conditions without combustion and for test
fuels TF1, TF2, and TF3 under test-case TC2 conditions are pre-
sented together with data from the literature. The test conditionsof
all related experiments are listed in Table 3. The data of TC2 and
TC4 used in Fig. 13 have also been averaged arithmetically in this
measuring plane from the three measuring locations z=H D ¡1:5,
0, C1.5, and are presented as solid lines. Pitz and Daily23 inves-
tigated the combustion of a premixed propane/air mixture under
nearly the same ReH conditions but with a slightly higher expan-
sion ratio h=.h ¡ H / than in the experiments of this publication.
Also the equivalence ratio Á of their reacting � ow case is eight
times higher than for TF2 at TC2 condition.Krametz and Schulte26

used the same test facility as described in this publicationand inves-
tigated the combustionbehaviorof methane, which was fed through
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Fig. 13 Comparison of velocity components and rms values near the cross section at x/H = 5.0.

a porous plate behind the step in order to simulate a pyrolysing
solid-fuel slab. The ReH of their investigations is as twice as high,
and the air inlet temperature is signi� cantly lower than in TC2.

The shapes of all U -velocity component traces in Fig. 13a are
similar and show increasing values with increasing distance y up
to around y=H D 1:6 (except Pitz). In the outer � ow region above
y=H D 1:6 the velocity remains constant. The lower values of Pitz
and Daily’s nonreacting test case can be explainedby the higher ex-
pansion ratio in their experimental device. Also the decrease above
y=H D 1:8 is caused by the boundary layer at the upper combustor
wall in the smaller combustion chamber. The results of test cases
TC2 and TC4 show negative velocity values near the combustor
base, indicating back� ow near the end of the recirculation zone.
Comparing the traces of the three combustion experiments at TC2
with the nonreacting � ow TC4, the negative velocity values are re-
duced, indicating a reduction of the recirculation zone length L R

as a result of the energy release in the � ow� eld. Also the velocity
values of TF2 (containing boron) are signi� cantly lower than the
other traces at TC2 conditions above y=H D 1:0, indicating a shift
of the outer border of the outer zone w.x/, as can also be seen in the
schlieren images, as is presented in Fig. 9. The reduction of L R can
also be seen if the traces for the reactingand the nonreactingcasesof
Pitz and Daily are compared.Here the reductionis more pronounced
becauseof the signi� cantly higher energy release mainly above and
behind the recirculationzone at the higher Á. Comparing the results
of TF2 (containing boron) at TC2 with the results of Krametz and
Schulte at the methane feeding velocity UCH4 D 0:06 m/s and at the
same equivalence ratio Á D 0:07, slightly shorter L R occurs for the
methane combustion. Also higher U velocities were observed at
higher y=H for the CH4 combustionprocess.Taking the V -velocity
componentsalso into account,a more distinct downward movement
of the � ow can be seen, occuring immediately behind the end of the
primary recirculation zone. The reduction of L R can also be seen
in Schulte’s experiment with the doubling of the methane feeding
velocity UCH4 and the equivalence ratio Á.

The V -velocitycomponentis presentedin Fig. 13b.The nonreact-
ing � ow TC4 shows negativevalues with a minimum near y=H D 1,

indicating the downward movement of the � ow behind the primary
recirculation zone. Except in the case of TF2-containingboron, the
reacting � ows at TC2 show higher values, indicating both the re-
duction of L R and an increase in volume in the reacting shear layer
caused by energy release. TF2 shows values similar to those of TF3
(containing TiO2) below y=H D 1. Above y=H D 1 a further de-
crease with increasing y also indicates the shift of w.x/ as a result
of the energy release of the reactingboron particles at higher y. The
results of Krametz and Schulte have signi� cantly lower V veloci-
ties beyond y=H D 0:7 and a shift of the minimum to y=H ¼ 0:5
in comparison to our experiments (except with boron) as has been
mentionedearlier.This canbe causedbya strongerdownwardmove-
ment behind the shorter recirculationzone.The nonreactingtraceof
Pitz and Daily is similar to TC4, but is shifted to higher values and
is less smooth. The V componentof their reactingcase is lower than
their nonreacting trace beyond y=H D 1 and higher above y=H D 1
because in this premixed � ow the reaction zone is located at about
y=H D 1.

The rms values of the nonreacting � ow of TC4 presented in
Figs. 13c and 13d are similar to those of Pitz and Daily and show
broad maxima around y=H D 0:7. Both U - and V -rms traces of
TF1 without particle addition are lower than the traces of the non-
reacting � ow TC4, which is typical for reacting � ows. The traces
of the particle-containing fuels TF2 and TF3 show values similar
to those of TF1 below around y=H D 1:0. Above y=H D 1:0 they
have signi� cantly higher U - and V -rms values. This can be related
to the movement of the particles within the coherent vortex struc-
tures in this area, which can be seen in color schlieren as well as
the PIV images. The stronger increase for test fuel TF2 seems to
be caused by the combustion of the boron particles and the higher
energy release because the addition of combustible boron particles
is the only condition that is changed. The results of Krametz and
Schulte show distinct maxima for U -rms below y=H D 0:6 with
signi� cantly higher values in this area than at the maxima of our
results and signi� cantly lower values at higher y=H . This might be
explainedby more complete combustion in Schulte’s experimentat
the same equivalenceratio in comparison to our experiment, where
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Fig. 14 TemperaturehistogramsofTF2 (30%B/HTPB/IPDI) atdiffer-
ent heights y/H above the combustor bottom at x/H = 8.5 (x = 170 mm),
z/H = 0, test case TC2.

Fig. 15 Temperature distribution of three different test fuels at
x/H = 14.5 (x = 290 mm), TC2.

the reactionzone in themultiphasecombustionof the HC-solid-fuel
slab with the embedded particle phase is broader.

C. Temperature and Concentration Distribution
The intense mixing process can also be identi� ed on the gas-

phase temperature histograms obtained with CARS. Each bar of
50-K width in the diagram in Fig. 14 presents the number of � tted
temperaturesto obtainedspectra recordedat 10 Hz duringa test run.
In the histogram for y=H D 1 (y D 20 mm), a bimodal temperature
distribution with two distinct maxima can be seen. The left maxi-
mum has an average temperature of about 850 K and can be related
to the temperature of the outer air� ow. At higher temperatures a
broad maximum can be seen with an average temperature of about
1750 K. This bimodal distribution is caused by the movement of
“colder” air to lower regions by the coherent vortex structures as
can be seen in both the color schlieren and PIV images. Under the
assumption that the small particles follow the gas � ow quite well,
the areas with high particle number density in the vortices on Fig. 8
seem to be signi� cantly hotter. At lower y the bimodal behavior is
strongly reduced, and the average temperature increases with de-
creasing y. Below y=H D 0:7 (14 mm) the success of the spectra
evaluation was very low because of C2 interferences, etc., and so
the number of events is too low to present meaningful histograms.

Figure 15 shows the averaged gas-phase temperatures for three
different test fuels at the measured cross-section location at
x=H D 14:5 (x D 290 mm). The open symbols represent the mean
temperaturesfor each of the bimodaldistributionsand the solid sym-
bols the averagedtemperaturefor thewholehistogram.The standard
deviationsare also included in this diagram. At this measuredcross-
section location, located downstream of the burning slab, suf� cient
data could even be obtained near the lower wall. This is caused
both by the advanced consumption of the combustion intermedi-
ate reaction products and the advanced dilution with the outer air-
� ow through the coherent vortex structures.This hypothesis is sup-
ported by the slightly bimodal temperature distributions obtained
even at y=H D 0:25 (5 mm). The highest temperaturesfor the upper

Fig. 16 Concentrationsof gaseousstable (intermediate) reaction prod-
ucts vs the vertical distance y/H from the combustion chamber bottom
at x/H = 8.5 (x = 171 mm), z/H = 0, TF2, test case TC2.

maxima as well as the overall average temperatures were obtained
at y=H D 0:45 (9 mm) while at y=H D 1:15 (23 mm) the overall av-
erage temperatures are near Tair with only a few incidents of higher
temperatures.At y=H D 0:4 and0.7 the fuelTF1 withoutparticlead-
dition shows the highest temperatures.Because both TiO2 (5 wt-%)
and boron particles (30 wt-%) act as a heat sink at lower y and the
energy release of boron is relatively low in this region, this behavior
can be explained. At y=H D 0:7 and above TF2 (containing boron)
shows slightly higher overall average temperatures, which can be
explained by a further consumption of boron in this region.

Figure 16 shows concentration pro� les as volume ratios X i of
the gaseous (intermediate) reaction products, which were collected
in the sampling cylinders and which are stable at ambient tem-
peratures. The measuring cross section was located at x=H D 8:5
(x D 171 mm) in the reacting boundary layer behind the primary
recirculationzone. The diagramshows pro� les with decreasingval-
ues for CO2, CO, H2, and C2H2 with increasing distance y from
the combustion chamber base, while the oxygen concentration in-
creases as a function of the same parameter y up to the border of
the outer air� ow. Also methane and C2H4 were found with values
below 0.2% at y=H D 0:2. The position of the luminous band is in-
cluded in this diagram. It can be seen that the hydrogen is depleted
above the upper border of this band and that the concentration of
hydrocarbonsis belowthe detectionlevel of the gas-chromatograph.

The concentration pro� les of the main species O2, CO, and
CO2 , which were obtained at four cross-section locations between
x=H D 3 (x D 60 mm) and x=H D 14:6 (x D 292mm), arepresented
in Figs. 17a–17c in separatediagrams.The oxygencontent increases
for all traces with increasing y. With increasing distance x from
the rearward-facing step, the O2 content increases for all vertical
positions y, with the exception of the region above y=H ¼ 0:5 for
x=H D 14:6. The O2 trace shows signi� cantly lower values in the re-
gion of the primary recirculationzone at x=H D 3 with only a slight
increase below y=H D 0:8 in comparison to the trace from the de-
veloping reacting boundary layer behind the recirculation zone at
x=H D 8:5. Above y=H D 0:8 a more distinct increase can be seen
as a result of the intense mixing by the coherent vortex structures
in the shear layer above the recirculation zone. The CO2 trace in
Fig. 17c shows for this cross section beyond y=H D 0:8 nearly con-
stant values and above a steep decrease.Only the correspondingCO
values show a continuous decrease for the whole trace with signi� -
cantly higher values than for all other cross sections, indicating the
conversion of CO to CO2 in this region.

At the measured cross-section location near the end of the recir-
culation zone at x=H D 4:8, the concentration curves show a ten-
dency similar to that of the traces at x=H D 8:5, whereas lower O2

and higher CO and CO2 values have been found. The CO remains
nearly constant only between y=H D 0:6 and 1.0, and it decreases
thereafter quickly to 0, which is at y=H D 1:2 the lowest value in
all cross sections. This CO irregularity is combined with slight ir-
regularities in the slopes of O2 and CO2. This is caused both by the
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Fig. 17 Concentration pro� les Xi of O2 , CO and CO2 vs the vertical
distance y/H from the combustion chamber bottom for various cross
sections, z/H = 0, TF2, TC2.

stronger downward movement of the � ow in this region behind the
recirculationzone and by the intense mixing processwith very high
rms values in this region, as can be seen in Fig. 12. At the cross
section x=H D 14:6, which is located downstream of the end of the
fuel slab at x=H D 10, these irregularities can also be seen. Espe-
cially for the traces of O2 and CO2 , they are much more pronounced
and indicate an intense mixing process with the outer air� ow and
possiblya further recirculationzone behind the end of the solid-fuel
slab at x=H D 10. This might be caused by the � ow over the upward
step formed as a result of the regression of the fuel slab (which is
embedded in the combustor base) by the combustion process.

Figure 18 shows the boron-oxidecontentYB2O3 in the solid phase
(at ambient temperature), which was collected on the � lter, against
the vertical position y for three different cross sections at x=H D 3,
4.8 and 8.5. At the measuringcross sectionat x=H D 3, locatednear
the center of the primary recirculationzone, the curve shows signif-
icantly lower values than those from the other cross sections and a
slight maximum below y=H D 1:0. At the other two cross sections

Fig. 18 Boron-oxide content YB2O3 of the collected solid phase vs y/H
for three measuring cross sections, z/H = 0, TF2, TC2.

behind the primary recirculation zone, the B2O3 content shows an
upward tendencywith increasingdistance y from the combustorbot-
tom with an embedded small minimum near x=H D 1:0. Despite the
estimatedcomparativelylarge relativemeasurement error of around
20%, the tendency in both traces is similar. In general, the upward
tendencyindicatesa higherconversionratio of the boronparticlesto
boron oxide with increasing distance y from the combustor bottom
and increasing distance from the rearward-facing step. The mini-
mum with the subsequent second increase can be explained by the
fact that boron particles originating from the primary recirculation
zone are extracted by the coherent vortex structures in the shear
layer above and are moved downstream in this outer zone. Because
of the combustion of these boron particles in the hot particle-rich
layers of the coherentvortex structures, the boron-oxidecontent in-
creases again. This is supported also by the CARS measurements
at x=H D 8:5, where even at the higher position y D 20 mm a bi-
modal temperature distribution exists with an average upper max-
imum temperature of 1750 K, as can be seen in Fig. 14. Above
y=H D 1:4 the sampling probe was not used, and so information
about the boron-oxidecontent could not be determined.

V. Conclusions
The combustion behavior of solid-fuel slabs containing boron

particles has been investigated in a planar step combustor under
conditions of air inlet temperature and velocity relevant to ram-
jet applications.The main characteristicsof the � ow� eld have been
determinedusingvariousintrusiveand nonintrusivediagnostictech-
niques. Large-scale coherent vortex structures have been observed
in the outer zone above the diffusion � ame, which is embedded in
the developingboundary layer behind the recirculationzone. These
vortices are produced in the shear layer above the primary recircu-
lation zone and grow in size up to the area of the free saddle point.
Downstream of that point the streamwise distance of the vortices
remains nearly constant, with the border of the outer zone still in-
creasing. Gas-phase temperature measurements with CARS show
bimodal gas-phase temperature distributions in this zone with the
coherentvortex structures.Further smaller counter-rotatingrecircu-
lation zones have been observed in the lower corner immediately
behind the step (below the clockwise-rotatingprimary recirculation
zone) and at the upper combustorwall behind the end of the primary
recirculation zone.

The velocity diagrams show a reduction of the primary recircu-
lation zone length as a result of the energy release with combustion
in comparison to the nonreacting � ow case. The U - and V -rms
values of the test cases without particle additives to the solid fuel
show maxima at around y=H D 0:8 at the measured cross-section
location near the end of the primary recirculation zone. The react-
ing cases with the particle-containing fuels, however, show in this
cross section signi� cantly higher values above y=H D 1, whereas
for the boron-containingfuel a distinct maximum occurs at around
y=H D 1:3.
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The distribution of stable gaseous (intermediate) reaction prod-
ucts behind the primary recirculation zone is similar to a diffusion
� ame in a developing boundary layer. O2 increases with increas-
ing distancecontinuouslyfrom the combustorbase at all measuring
cross sections, while CO, CO2, and hydrocarbons are decreasing.
The boron-oxide content of the collected solid phase shows an up-
ward tendency with increasing distance from the combustor base.
The boron-oxide content also increases with increasing distance
from the rearward-facing step. The locations of the reaction zones
of the hydrocarbons and the boron particles are different. The hy-
drocarbons are mainly consumed up to around y=H D 0:5 as can
be seen by a distinct luminous (yellow glowing) band on color
schlieren images. The boron combustion zone, however, is much
broader, whereas above the luminous band the consumptionoccurs
in the hot particle-laden layers in the coherent vortex structures.

The distributions of the gaseous species as well as the boron-
oxide content of the collected solid phase show a discontinuity in
the cross section near the end of the primary recirculation zone at
about y=H D 1, which also can be explained by the intense mixing
and combustion process in this region. The embedded slight mini-
mum in the B2O3 trace and the subsequent increase can be related
to the combustion of boron particles originating from the primary
recirculation zone. They are extracted from this zone by the coher-
ent vortex structuresin the shear layer between the outer air� ow and
the recirculation zone.

Acknowledgments
The authors wish to thank their colleagues, who contributed to
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