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The quench cooling of a flame by injection of cold air was studied in a flame reactor
for the formation of ZnO particles in a premixed flame with a precursor jet. A rapid
temperature drop downstream from the temperature peak is ad®antageous for the attain-
ment of a large specific surface area. Computational fluid dynamics simulations were
used to design a quench ring with nozzles directed slightly upward and at a small tan-
gential angle from the direct line to the center. This no®el design a®oids distortion of the
flow pattern below the quenching plane and effecti®ely cools the flame immediately
abo®e. At the highest tested production rate, the specific surface area of the ZnO parti-
cles increases from 20 to 60 m2rg when quenching is employed. The particles are char-
acterized by BET surface area measurements,TEM images, and the size distributions of
particle aggregates are measured by a scanning mobility particle sizer.

Introduction
The flame-aerosol synthesis of small particles with a high

specific surface area is used in the materials industry for the
manufacture of several important products. The flame-
synthesis route also appears promising in the development of
new materials, for example, catalysts and membranes, with

Ž .unique properties Pratsinis, 1998 .
A flame-aerosol process is initiated by the combustion of

volatile precursor vapors to form product molecules in a state
of high supersaturation. The product molecules nucleate to
form a myriad of small particles, which subsequently grow by
coagulation due to interparticle collisions. In the individual
aggregate particles, formed by coagulation of smaller parti-
cles, these start fusing together to form a compact shape by
the surface-tension-driven process called sintering or coales-
cence. It has been recognized for some time that the ratio of
the two independent rates, that is, that of coagulation to that
of sintering, is the principal factor determining the particle
morphology and the specific particle surface area in many

Žflame-aerosol processes Johannessen et al., 2000; Pratsinis,
.1998; Wu et al., 1993; Windeler et al., 1997; Kruis et al., 1993 .

A low ratio value, that is, rapid sintering, yields a low surface
area and singular compact particles. A high value, that is,
slow sintering, yields high surface areas and particles shaped
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as dendritic aggregates of numerous smaller primary parti-
cles.

Sintering of nanoparticles may occur by any of several
Žmechanisms Frenkel, 1945; Kingerey, 1978; Lehtinen, 1997;

.Zachariah and Carrier, 1999 , but the sintering theory for
nanoparticles is as yet poorly developed. However, tempera-
ture is the most important factor affecting the sintering rate
Ž .Johannessen et al., 2000; Wu et al., 1993 . To produce high
surface-area materials, the height and duration of the flame
temperature peak must be limited to that necessary for the
complete decomposition of the precursor and the generation
of the desired atomic structure of the particles. Thermal
treatment in excess hereof only accelerates the degradation
of the specific surface area by sintering.

Several types of flame-reactors have been employed in pre-
vious studies of flame aerosol processes, that is, diffusion

Ž . Žflames Johannessen et al., 2000 , premixed flames Jensen et
. Žal., 2000 , premixed flames with a free precursor jet Wu et

.al., 1993; Lehtinen, 1997; Johannessen, 1999 . Downstream
from the temperature peak, these flames are normally cooled
by emitting radiation and by the free convective intermixing
of the surrounding cold air. These mechanisms yield a slow
and poorly controllable cooling rate and keeps the particles
at the high temperature for an unnecessarily long time, which
is incompatible with the desire to avoid excessive thermal

November 2001 Vol. 47, No. 11AIChE Journal 2413



Figure 1. Experimental setup.
TCs temperature controller.

treatment. In this study, we investigate the possible improve-
ment by quench cooling such flames to reduce the sintering
rate and increase the specific surface area of the effluent
particles.

Experimental Setup
The laboratory apparatus is shown on Figure 1. The pre-

mixed flame with a central precursor jet is a modification of
Ž . Ž .the burner used by Wu et al. 1993 and Windeler et al. 1997 .

Premixed methane and air react in a flat zone just above the
arrestor plate. The arrestor is circular, 40 mm in diameter, 5
mm thick, and gives an even distribution of the methanerair
mixture. The jet outlet in the center of the arrestor is 1.27
mm in inner diameter. The jet consists of nitrogen mixed with

Ž Ž . .vapors of the precursor, zinc acetylacetonate Zn acac .2
Ž .The saturator, in the design of Jensen et al. 2000 , is a

small thermostated steel box with five 85-cm2 stainless-steel
Ž .trays with layers of powdered Zn acac . On passing the satu-2

rator, the nitrogen stream of 0.23 Lrmin becomes saturated
with precursor vapors. The concentration of the precursor in
the nitrogen carrier gas is determined by the temperature of
the saturator. To prevent condensation of the precursor in
the transport tube, the temperature of the tube from the sat-
urator to the burner is kept approximately 20�C higher than
the saturator temperature.

An important modification of the original burner is the
quench ring above the arrestor used for rapid cooling of the
flame product gasses. The flame reactor is kept in a quartz-
tube shield, which is open only at the top. The entire setup is
placed in a fume hood. The quench ring is cooled internally
with liquid water to avoid overheating the metal and the
cooling air. The cooling water is preheated to 50�C to pre-
vent condensation of water from the combustion gas on the
cooled surfaces in the reactor.

All flow rates are measured by calibrated rotameters. In all
experiments, the flow rates of methane and air to the burner
are held at 0.62 and 9.87 Lrmin, respectively. Furthermore,
the nozzle outlets of the quench ring were fixed at 17 mm

Figure 2. Flame reactor and quenching device.
Note that the total height is not drawn to scale; the nozzles
are pointing upward with an angle of 20�. Top: top view of
the stainless steel block in the quench ring; each nozzle has
an angular offset of 10� relative to an imaginary line through
the center axis.

above the arrestor plate, as shown on Figure 2. The product
gas is drawn through a filter with 1.0-�m pore size by a vac-
uum pump to collect the particles.

Design of the Quench Ring
For the initial experiments, the quench ring was designed

with horizontal nozzles directed toward the center axis
Ž .Johannessen, 1999 . This design yields serious distortions of
the flame due to vortex formation and downward-directed
flow below the quenching zone. In worst cases, the cooling
air extinguishes the flame. No improvement of the specific
particle surface area were obtained with this quench design.

Ž .Computational fluid dynamic CFD simulations were sub-
sequently used to improve the design of the quench ring. Al-
though the quench ring has a finite number of nozzles, the
simulation has been simplified by assuming rotational sym-
metry around the center axis of the reactor. By this approxi-
mation, the nozzles are simulated as a thin slit with an effec-
tive area equal to the area of all the circular jets.

As a first attempt to stabilize the flow, the nozzles were
tilted upwards, directed at the center axis, but simulations
show that a stable flow is only obtained by imposing a tan-
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(Figure 3. Predicted temperature fields computational
)fluid dynamics for the initial quenching sys-

( ) ( )tem left and the proposed design right .
The nozzles in the novel quench ring are oriented slightly
upwards with a tangential component of 10�. The black lines
represent average particle paths of massless particles follow-
ing the mean flow field of gasses. The particle trajectory de-
pends on the initial position of the particle in the precursor
jet. The new design eliminates any distortion of the temper-
ature and flow field below the quenching point.

gential velocity component in addition to the axial compo-
nent.

The predicted temperature profiles and average particle
trajectories are shown on Figure 3 for both the initial and

Ž .final quenching design. For the initial design Figure 3, left ,
the distortion of the flame below the quenching point causes
the particle trajectories to diverge and follow poorly shaped
paths with no steep temperature gradients. With the im-

Ž .proved design Figure 3, right , the particle trajectories are
only slightly perturbed and they all traverse a very steep and
well-defined temperature drop located just above the
quenching zone. It is very clear from Figure 3 that a drastic
improvement in the quenching efficiency is obtained by these
minute changes in the quench configuration.

The flow simulations are made with the commercial CFD-
Ž .code FLUENT. Johannessen 1999 and Johannessen et al.

Ž .2000 provide further details.

Characterization of the Particles
The specific surface area, S , is measured by multipointA

Ž .nitrogen adsorption Gemini 2360, Micromeritics at 77 K us-
ing the BET equation. Assuming spherical particles, one can
calculate a BET equivalent primary particle size, D , fromBET

6
D s , 1Ž .BET � Sp A

where � is the solid density.P

Ž .Grids for transmission electron microscopy TEM where
prepared in a suspension of a small amount of particles in
liquid ethanol. The suspension was treated with ultrasound
to deagglomerate the particles.

The size distributions of particlesraggregates were mea-
Ž .sured with a scanning mobility particle sizer SMPS system
Žconsisting of a differential mobility analyzer DMA 3071A,

. Ž .TSI and a condensational particle counter CPC 3022, TSI .
A gas ejector sampler withdraws a small sample flow of prod-
uct gas through a capillary tube and dilutes it prior to analy-

Ž .sis Nielsen and Livbjerg, 2000 . This sampling technique has
Ž .the advantage of a low residence time �20ms of the hot

and concentrated aerosol in the capillary tube, and the subse-
quent, immediate cooling and dilution of the sample stream
effectively quenches further particle sintering and strongly
reduces the coagulation rate of particles.

Results and Discussion
Experiments verify that the nozzles in the quench ring can

operate as low as 17 mm above the arrestor without making
any visibly distorting of the flame. The temperature profiles

Žhave been measured along the vertical-symmetry axis the jet
.axis with a PtrPtRh thermocouple with a welding point of

the free 0.2-mm thermowires inserted into the selected loca-
tion of the flame. The temperatures shown are not corrected
for radiation loss, so the actual temperature level is slightly
higher. The magnitude of the correction depends on both the
temperature and the gas velocity at the measuring point. A
high temperature and a low velocity yield the highest radia-
tion correction. Therefore, the two cases with and without
nitrogen jet are not directly comparable in terms of the level
of the peak temperature. Even so, the uncorrected profiles
are excellent qualitative measures of the temperature varia-
tion within the flame. Figure 4 shows temperature profiles
without nitrogen flow in the precursor jet. Without quench-

Ž .ing Qs 0 Lrmin , the measured temperature drops slowly
downstream from the premixed reaction zone. With quench-

Figure 4. Temperature profiles along the vertical jet axis
without jet flow.
The outlets of the quench nozzles were positioned 17 mm
above the arrestor; the flow of nitrogen in the jet is 0 Lrmin.
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Figure 5. Temperature profiles along the vertical jet axis
with jet flow.
The outlets of the quench-nozzles are positioned 17 mm
above the arrestor; the flow of nitrogen in the jet is 0.95
Lrmin.

Ž .ing Qs4.6 or 9.5 Lrmin , the temperature starts decreasing
rapidly from just above the quenching point, whereas the
profiles remain unchanged below the quenching point. Fig-
ure 5 shows the corresponding temperature profile with 0.95
Lrmin of nitrogen in the precursor jet. The temperature of
the jet is 150�C at the jet outlet in the center of the arrestor.
For the profile without quenching, the temperature of the jet
increases to approximately 1,000�C by mixing with the hot
combustion gasses.

When quenching is applied, we again see an effective cool-
ing of the jet above the quenching point and an unperturbed
temperature below this point. Based on Figures 4 and 5, we
can conclude that the design of the quench ring is indeed
satisfactory. The selected direction of the quench nozzles evi-
dently stabilizes the flow pattern without any disturbance be-
low the quenching point. The tangential component of the
quench jet flow must be chosen with care because a tangen-
tial flow that is too large yields a flow pattern where the jet
‘‘shoots’’ through the center of the quenching zone without
being cooled. The measurements in Figure 5 clearly show that
we have avoided this potential problem in the present design.

A series of experiments were carried out with four differ-
ent temperature settings for the saturator thermostat. At each
temperature, the precursor-vapor content in the effluent gas
has been determined from the measured weight loss of the

Ž .Zn acac in the saturator, as shown in Table 1. For each of2
the four saturator temperatures, the burner is operated both

Figure 6. BET surface area of ZnO powder as a function
( )of the temperature in the Zn acac -saturator.2

The quench air flow is either 0 Lrmin or 9.5 Lrmin.

with and without quenching, and the resulting specific sur-
face area of the powders collected on filters is measured. The
results are summarized in Figure 6. Without quenching, the
specific surface area decreases when the precursor concen-
tration in the feed increases. This agrees with the coagula-

Žtionrsintering theory for flame synthesis of particles Wu et
.al., 1993, Windeler et al., 1997 . A high precursor concentra-

tion yields a high coagulation rate, and consequently a high
mass per particle. If sintering is allowed to proceed uninter-
rupted by, for example, quenching, the particles with the
largest mass obviously yield the smallest specific surface area,
which is in agreement with Figure 6 for the runs without
quench.

When the quench air is turned on, we see a substantial
increase in the specific surface area, especially at high pre-
cursor concentrations. At T s130�C, which is equivalent tosat
a 2600 ppm precursor, the specific surface area increases by a
factor of 3. For the four experiments with quenching, the
specific surface area increases moderately with increasing
precursor concentration to become stabilized at approxi-
mately 60 m2rg. We cannot explain this effect of the precur-
sor concentration on the basis of the simple coagulationr
sintering theory. If we extend the arguments for the runs
without quench to include the interruption of sintering as an
effect of quenching, the theory at best predicts a constant
specific surface area, independent of the precursor concen-
tration. It is possible, though, that the precursor decomposi-
tionrcombustion is not instantaneous, as assumed by the sim-
ple theory. The kinetics of this reaction, which is poorly
known, may delay the liberation of solid particles below the

( ) ( )Table 1 BET-equivalent Primary-Particle Diameter D and Mean Surface-Area Diameter D from SMSP DataBET a, s a

Saturator ppm With Quenching No Quenching
Ž . Ž . Ž .Temp. Zn acac nm nm2

Ž . Ž . Ž . Ž .D eq. 1 D eq. 3 D eq. 1 D eq. 3BET a, sa BET a, sa
100�C 203 24 26 26 27
110�C 647 22 43 29 36
120�C 1,079 19 60 33 58
130�C 2,601 18 � 52 �
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quenching point to bring about the observed increase in sur-
face area. A slow decomposition rate was actually indicated
by some experiments with a much higher jet flow, for which
the collected particles were discolored, presumably due to an
incomplete acetonate decomposition. However, clearly the
heterogeneous environment of the flame does not lend itself
easily to simple theories, and the flame processes is currently
being analyzed by computational fluid particle dynamics to
examine in more detail the interactions between the different
flame processes.

Values of the BET-equivalent primary particle diameter,
D , calculated by Eq. 1, are shown in Table 1. WithoutBET
quench, the diameter increases from 26 nm to 52 nm, when
the precursor concentration is increased from its lowest to its
highest value. With quench, the diameter decreases from 24
nm to 18 nm during the same variation of the precursor con-
centration. TEM images for a saturator temperature of 120�C
are shown in Figure 7. The particles are oblong and hexago-
nal in structure, and diffraction images show that the parti-
cles are crystalline. The hexagonal wurtzite structure of ZnO

Žis stable at ambient temperature and pressure Kunnert,
.1981 . The degree of agglomeration in the gas phase cannot

be assessed from the TEM-images, since the observed ag-
glomerates may have been formed during the deposition on
the filter or in the liquid phase during the preparation of the
grids.

Figure 8 shows the normalized size distributions of aggre-
gates. No attempt has been made to correct for the variation
of the dilution ratio in the ejector from one run to another,
since we wish to compare only the shapes and mean sizes of
the distributions. Hence, in Figure 8 all distributions are
scaled to yield a value of 100 as the maximum value.

For spherical and nonagglomerated particles, the number
size distribution, n, from the SMPS measurements can be

Žtransformed to a surface-area distribution Friedlander,
.1977 :

n log D s� D2n log D . 2Ž .Ž . Ž .s a a a

From the total surface area, a mean surface-area diameter,
D , can be calculated:a, sa

1 �2D � s n log D d log D . 3Ž .Ž .Ha, sa s a aN y�

For particles, which are aggregates of several primary parti-
cles, D is a measure of the aggregate size.a,sa

Table 1 compares D and D for all runs. The twoBET a,sa
diameters are almost identical at low precursor concentra-
tion, both with and without quenching, which indicates that
the particles are singular and nonagglomerated. The differ-
ence between the two diameters increases when the tempera-
ture in the saturator increases, which proves that the parti-
cles become aggregates of smaller primary particles at higher
precursor concentrations. The ratio of D to D in-a,sa BET
creases on quenching, and this effect of quenching is particu-
larly significant at the high precursor concentration. Thus,
the quenching yields smaller, but more primary particles per
aggregate than without quenching, especially at high precur-
sor concentration. The resulting effective aggregate size,

Figure 7. TEM images of particles from experiments
with a saturator temperature of 120�C; without
( ) ( )top and with bottom quenching air.

D , is rather independent of quenching, as seen from thea,sa
values in Table 1 and the distributions in Figure 8.

Conclusion
Based on CFD simulations, we have designed a novel

quenching device, which has proved useful in controlling the
coalescence of aggregate particles in a flame reactor. By di-
recting the quench nozzles upwards at an angle of 20� with a
tangential component relative to the center axis, we obtained
a well-defined, rapid cooling of the combustion gasses and
the particle jet. When the flame is quenched, the tempera-
ture drops sharply by up to 600�C above the quench-zone,
but is virtually unchanged below the quench zone. Because
the cooling air has very little impact on the flow and temper-
ature conditions below the quench zone, it is possible to op-
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Figure 8. Normalized SMPS particle-size distributions.

erate the quench nozzles as low as 17 mm above the arrestor
plate. Consequently, the rate of coalescence of particles can
be controlled during a very early stage of the particle forma-
tion process.

A significant increase in specific surface area of the pro-
duced ZnO particles is observed as a result of quenching.
The effect of quenching is particularly significant at high pre-
cursor concentrations. The specific surface area increases by
a factor of 3, from 20 m2rg to 60 m2rg, for the experiment at
130�C in the saturator, but the effect is less at lower precur-
sor concentrations. Since the results are best at high particle
mass loadings, the quenching process is particularly promis-
ing for industrial processes where a high production rate is
wanted.

The decrease of particle sizes is confirmed by the TEM
images. However, a direct comparison between the BET

equivalent size and the size based on the TEM images is dif-
ficult since the particles are nonspherical, hexagonal struc-
tures that are significantly different in size.

SMPS-measurements show that both quenching and in-
creasing the precursor concentration shift the size distribu-
tion toward larger aggregates. A comparison of the mean ag-
gregate diameter from the SMPS measurements with the BET
equivalent diameter shows that the particles are non-ag-
glomerated at the reactor outlet at low precursor concentra-
tions, both with and without quenching. At higher precursor
concentrations, that is, for saturation temperatures of 110�C,
120�C, and 130�C, the particles are evidently aggregatesrag-
glomerates of several small primary particles. The number of
primary particles per aggregate increases with increasing pre-
cursor concentration.

Quenching the flame process by cold air has proved to be
an effective method for increasing the specific surface area,
even at high precursor concentrations. The perspectives for
further improvements of particle characteristics by optimiz-
ing process condition are promising. However, the design of
the quench system must always be delicately balanced to avoid
the complete destruction of the flow pattern below the quench
point.
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