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This study was motivated by an attempt to optimize the high-pressure carbon oxide process for the production
of carbon nanotubes from gaseous carbon oxide. The goal is to achieve rapid and uniform heating of catalyst
particles by an optimal arrangement of jets. A mixed Eulerian and Lagrangian approach is implemented to track
the temperature of catalyst particles along their trajectories as a function of time. The poor performance of the
originalreactor con� guration is explained in terms of features ofparticle trajectories. The trajectories most exposed
to the hot jets appear to be the most problematic for heating because they either bend toward the cold-jet interior
or rotate upwind of the mixing zone. To reduce undesirable slow and/or oscillatory heating of catalyst particles,
a reactor con� guration with three central jets is proposed, and the optimal location of the central and peripheral
nozzles is determined.

Nomenclature
k = turbulent kinetic energy
Re = Reynolds number
RÁ = residual for variable Á
r p = peripheral nozzle radius
r0 = central nozzle radius
T = temperature of gas
tL = � uid Lagrangian integral time
y¤ = nondimensionaldistance from the reactor wall
z = axial coordinate
® = angle between the central and a peripheral jets
¯ = angular location of initial coordinate of catalyst particle
² = dissipation rate of turbulent energy

I. Introduction

T HE goal of this study is to develop a computational approach
to evaluate mixing of � ow � uxes in a temporal scale. This

approach is applied to optimization of reactor for production of
carbon nanotubes.

Usually, in chemicaland energyengineering,the rate ofmixingof
reagents in a reactoris estimatedas a functionof a spatial coordinate,
for example, as the completeness of mixing in cross sections along
the reactor axis. To evaluate the quality of mixing in a spatial scale,
the system of Navier–Stokes equations togetherwith an appropriate
model of turbulence were solved using an Eulerian approach.1¡4

This approach was used by the � rst author’s preliminary study5

to show that for fast jet mixing in a spatial scale a high angle of
incidence between jets is advantageous. However, a short spatial
scale does not necessarilyimply rapid and monotonicheatingof the
catalyst particles in temporal scale.
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In this study the proposed way to evaluate particle trajectories
is applied to improve the performance of the high-pressure carbon
oxideprocess(HiPco)usedforproductionof carbonnanotubesfrom
gaseous carbon oxide.6

Perhaps the most signi� cant spinoff product of fullerene research
is the carbon nanotube, discovered by Iijima7 in 1991. Nanotubes
are carbon sheets seamlessly wrapped into cylinders with the ends
capped by half-fullerenes.The tubes are only a few nanometers in
diameter, but (with today’s technology) up to a millimeter long;
hence, the length-to-widthaspect ratio is extremelyhigh. The tubes
can have single walls or multiwalls; the latter are more common and
can be produced in bulk.

Single and multiwall nanotubes are interestingnanoscalemateri-
als for aerospace applicationsfor three reasons.

A single-wall nanotube can be either metallic or semiconduct-
ing, depending on how exactly the hexagons forming the sheet line
up. In addition, it is also possible to connect two nanotubes with
different electrical properties. Quasi-one-dimensional heterojunc-
tions, including metal–metal and metal–semiconductor, can, thus,
be created, resulting in nanoscale electronic components.8 These
nanotube heterojunctions with electronic switching properties can
be used for developing next generations of computer components.

Single and multiwall nanotubes have very good elastomechani-
cal properties, thus, they have great potential for spacecraftcompo-
nents requiring lightweight, highly elastic, and very strong � brous
material.9

Because nanotubes are hollow, tubular, caged molecules, they
have been proposed as lightweight packing material for hydro-
carbon fuels, as nanoscale containers for molecular drug deliv-
ery, and as casting structures for making metallic nanowires and
nanocapsulates.10

In the HiPco process, the catalyst particles Fe(CO)5 initialize
formationof carbon nanotubesfrom carbon oxide. The catalyst par-
ticles enter the HiPco reactorat room temperatureand are heated up
to 1000±C in the reactor.To avoid formationof Fe clusters,which do
not act as a good catalysts, the catalyst particles should be heated as
quickly as possible. In the current reactor design, hot peripheral jets
are used to heat the cold central jet that carries the catalyst particles
(Fig. 1). The gas in the centraljet and peripheraljets is high-pressure
CO. The goal of this study is to increasethe mixing rate between jets
in such a way as to maximize the heating rate of catalyst particles.
Three types of particle trajectories will be discussed in the current
study (Fig. 2). Trajectory1 bends inward in the central jet, trajectory
2 is a representativeof trajectoriesthat bend outward, and trajectory
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Fig. 1 HiPco reactor; cold central jet issues through the bottom; hot
peripheral jets issue through side walls and meet at the centerline.

Fig. 2 Behavior of trajectories for high-incidence jet mixing:
1) trajectory bends inward, 2) trajectory bends outward, and 3) rotating
trajectory.

3 belongs to trajectories involved in the vortex formed upstream of
the intersection of the jets (Fig. 2).

It is shown here that, at the high angle of incidence between mix-
ing jets, the particle trajectories may either be bent substantially
toward the cold-jet interior or recirculate upstream of the jet inter-
section. This leads to a dramatic reduction of heating rate and to
large oscillations of particle temperature. The computation of par-
ticle trajectories (also known as the Lagrangian approach) provides
the explicit temporal evolution of the particle temperature. In this
study, the computed temporal temperature pro� les of the catalyst
particles are used to � nd the optimal con� guration of mixing jets.

The bending and rotation of trajectories, especially those that are
mostly exposed to the hot jets and are, therefore, supposed to heat
up well cannot be avoided by simple procedures such as increasing
the hot-to-coldjet mass ratio, increasingthe angle between jets, and
splitting the cold jet.

A special con� guration of cold and hot jets that avoids direct
exposure of the cold jet and provides roughly three times larger
heating rate than the basic design is proposed and modeled here.

In Sec. II, the design of the HiPCo reactor and its operation is de-
scribed. In Sec. III, the adopted mathematical model, implemented
numerical methods, and the grid generation features are discussed
in terms of the capabilitiesof the FLUENT computational � uid dy-
namics software11 used in this study. In Sec. IV, the results of the
reactor modeling are discussed. In Sec. V, a novel con� guration of
nozzles is proposed, and the results of modeling are compared with
those for the basic reactor. In this section, the stochastic effect of
turbulent jet mixing on particle trajectories will be discussed.

II. Description of the HiPco Reactor
The basic con� guration of the reactor is used in the study.12

The cold jet issues into the reactor working space through the
central nozzle with r0 D 0:5 mm nozzle radius. The cone/cylinder
working space of the reactor includes coaxial funnel .L f D 36r0,
R1 D 4:35r0 , and R2 D 21:25r0 ) and cylindricalparts .Lc D 75r0 and
R D R2/ (Fig. 3).

Fig. 3 Computationalvolume and numerical grid.

Fig. 4 Showerhead of the reactor.

A smaller cylinder .R D R1 and L c2 D 5r0/ is coaxial with the
funnel and surrounds the central nozzle (Fig. 4). The center of the
smaller basis of the funnel is located at the origin (Fig. 4).

The central jet exit is located on the centerline, z D 1:3 mm. The
cold jet has a temperature of 373 K and a � ow velocity of 37 m/s.
Each hot jet exits through a peripheral nozzle with a 1.5-mm nozzle
diameterafter beingheated to 1323K. For a 1:3 mass ratio of central
to peripheral jets, the peripheral jet velocity is 59 m/s. The reactor
wall is heated to 1373 K.

The centers of the peripheral nozzles (with radius r p D 1:5r0/
are located at the reactor funnel, z D 1 mm and local funnel radius
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Rp D 2:65 mm (Fig. 4). The jets are oriented so that the central and
peripheral jets intersect at a point located at the reactor centerline.
If the angle between the cold and peripheral jets is 30 deg, this
intersection point is located at distance 3.1 mm from the central jet
exit and 4.3 mm from a peripheral jet exit.

III. Mathematical Model, Numerical Method,
Grid and Geometry Generation

A. ComputationalVolume and Numerical Grid Generation
The computationalvolumeandnumericalgridare shown in Fig. 3.

The computational volume and the numerical mesh are created us-
ing the software package GAMBIT.13 The most convenientCooper
scheme14;15 is not valid for the showerheadgeometry of two nonpar-
allel cylindricalvolumes; therefore, the reactor geometry is decom-
posed into two subdomains (showerhead and cone/cylinder work-
ing space) to apply the Cooper tool for grid generation in each
subdomain.

To mesh thecone/cylinderworkingspace, the near-wallstructural
grid clustering,denotedas a grid boundarylayer, is applied� rst.The
grid cell hight closest to the wall is equal to 0:25r0.¼ 0:0118R/,
the number of boundary-layer grid nodes is 10, and the growing
coef� cientof thegrid size is 1.02 (Fig. 3). The rest of this subdomain
is covered with hexahedralelements with 1r0 size using the Cooper
algorithm. The axial section of the grid and the exit cross section
are shown in Fig. 3.

The showerhead (Fig. 4) is meshed by the Tet/Hybrid option of
GAMBIT .0:25r0 grid size) which composes the mesh primarily of
tetrahedralmesh elements, but may include hexahedral,pyramidal,
and wedge elements where appropriate. The total number of nu-
merical grid cells is 372,993. Because the reactor is periodic with
angular span 120 deg, at attempt was to compute only one-third
of the geometry with symmetry conditions applied on the cutting
planes.However, the symmetry boundaryconditionsdeteriorate the
convergence rate, and this approach was not pursued further.

B. Mathematical Model and Solution Algorithm
To model the � ow� eld, the three-dimensional, Reynolds-

averaged Navier–Stokes (RANS) equations are combined with a
renormalization group (RNG) k–² turbulence model.16;17 Gas den-
sity and compressibility are described by the ideal gas model. Be-
cause jets intersect within 3–4 diameters from their exits, their cen-
terline velocity is equal to the jets’ initial velocity. Note that, at
such a distance from the jet nozzle, the cross-sectionalvelocitypro-
� le is neither uniform nor self-similar.18 The momentum � ux ratio,
.½u2/c=.½u2/p , where indices c and p denote central and peripheral
jets, respectively, is equal to 1.39, that is, close to unity. Also, the
cross sections of the jets are of the same order of magnitude, and
none of the jets can be approximated by a uniform and in� nitely
wide cross� ow.

According to Sutherland’s law, the viscosity is given by

¹ D
C1T

3
2

T C C2

(1)

where for carbon oxide C1 D 1:657 £ 10¡5 and C2 D 273:11:
The calculated viscosity is ¼20 £ 10¡5 kg/(m £ s) for 100±C and
¼50 £ 10¡5 kg/(m £ s) for 1050±C. Viscosity of two-atom gases is
almost constant with pressure up to 40 atm (see Ref. 19, pp. F12–

F15). Recall that the cold jet has a temperature of 373 K and a � ow
velocity of 37 m/s. For the central cold jet, the Reynolds number is
given by

Re D
37 m/s £ 10¡3 m £ 1:12 kg/m3 £ 30 atm £ 373=273

20 £ 10¡5 kg/(m £ s/
¼ 8500

(2)

For peripheral hot jets,

Re D 59 m/s £ 1:5 £ 10¡3 m £ 1:12 kg/m3 £ 30 atm £ 1323=273
50 £ 10¡5 kg/(m £ s/

¼ 29;000 (3)

Nevertheless,the RNG k–² model of turbulenceis used in this study
because it takes into account the low-Reynolds-number effects in
the downstream cylindrical part of the reactor and in the near-wall
recirculation zones.

The governing equations are three-dimensional steady RANS
equations. Boundary conditions for inlet jets are taken as uniform
velocitypro� les taken at distance7r0 upstreamof the central nozzle
exit and at distance 3r p upstream of the peripheral nozzle exit. The
turbulenceintensity, that is, the ratio of the root-mean-squareof the
velocity� uctuationsto themean � owvelocity,is takenequal to 10%:
Recall that the in� ow turbulence intensity is high because the jets
have been passed through a compressor. The one-dimensionalout-
� ow boundaryconditionsare speci� ed with a static (gauge) pressure
at the outlet set equal to zero. Because the walls of reactor are pre-
heatedto keepperipheraljets at high temperature(Fig. 1), isothermal
boundary conditions are adopted with 1373-K wall temperature.

Standard wall functions proposed in Ref. 20 are used. The nondi-
mensional distance from point P to the wall is given by

y¤ D C0:25
¹ k

1
2
P yP

¯
º (4)

where C¹ D 0:09, kP is turbulentkinetic energy at point P , yP is the
distance from near-wall numerical grid point to the wall, and º is
the kinematicmolecularviscosityof the gas. The transport equation
for turbulentkinetic energy is solved in the whole domain including
the near-wall points P . The boundary condition @k=@n D 0; where
n is the local coordinate, is imposed at the wall. The dissipationrate
of kinetic energy is computed on the basis of the local equilibrium
hypothesis, that is, the production of k and its dissipation rate are
assumed to be equal in the wall-adjacent control volume. The ² is
computed from

²P D
C

3
4

¹ k
3
2
P

kyP

(5)

The transport equation for ² is solved using the computed value ²P

as a boundarycondition.The valuesof y¤ computedin the numerical
grid used exceed 50 at the reactor walls. Therefore, the near-wall
numerical grid point P is located beyond the buffer layer, and the
dimensionless velocity assumes a logarithmic pro� le as a function
of the dimensionless distance from the wall y¤.

The solution algorithm solves the governing equations sequen-
tially, that is, it exploits the low Mach number formulation. The
working pressure of the reactor is 30 atm. In the frame of ideal gas
approach, the speed of sound and the � ow Mach number remain the
same as they were for standard atmospheric pressure, that is, the
jets’ Mach numbers are below 0:1: At each iteration, the density is
recomputed using the ideal gas law. Because the temperature varia-
tions are large, the additional density dependence on pressure does
not affect the convergence speed.

The directional momentum equations are each solved in turn us-
ing current values for pressure and cell face mass � uxes, to update
the velocity� eld.Becausethe velocitiesobtainedmay not satisfy the
continuityequationlocally,a Poisson-typeequation for the pressure
correctionis derivedfrom the continuityequationand the linearized
momentum equations (see Ref. 21). This pressure correction equa-
tion is then solved to obtain the necessarycorrectionsto the pressure
and velocity � elds and the face mass � uxes such that continuity is
satis� ed. Equations for scalars such as turbulenceand radiation are
solved using the previously updated values of the other variables.

Second-order accuracy spatial discretization is used for the vis-
cous terms. FLUENT permits a choice of discretizationscheme for
the convection terms of each governing equation. For tetrahedral
grids, because the � ow is never aligned with the grid, the � rst-
order convective discretization increases the numerical diffusion,
and more accurate results can be obtained by using the second-
order upwind discretization of convective terms.22 However, the
� rst-order discretization generally yields better convergence than
the second-order scheme; therefore, in the current study compu-
tations start with the � rst-order scheme for all equations and then
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switch to the second-orderscheme (also for all equations) after some
iterations.

FLUENT provides three methods for pressure–velocity coupling
(discussed earlier) in the segregated solver: SIMPLE, SIMPLEC,
andPISO. The pressure-implicitwith splittingof operators(PISO)23

pressure–velocity coupling scheme, part of the SIMPLE family of
algorithms,21 is based on the higher degree of the approximate re-
lation between the corrections for pressure and velocity. PISO with
skewness correction is recommended for calculations on meshes
with a high degree of distortion.

The algebraic multigrid (AMG) is used to solve linearized sys-
tems at each time step (iteration). This algorithm is referred to as an
algebraic multigrid scheme because the coarse level equations are
generatedwithout the use of any geometry or rediscretizationon the
coarse levels, a feature that makes AMG particularly attractive for
use on unstructuredmeshes.

After discretization,the conservationequation for a variable Á at
a cell P is written as21

aP ÁP D
X

nb

anbÁnb C b (6)

The residual is the imbalance in Eq. (6) summed over all computa-
tional cells:

RÁ D
X

allcells

­­­­aP ÁP ¡
³ X

nb

anbÁnb C b

´­­­­ (7)

The scaled residual is de� ned as

RÁ D
P

allcells

­­aP ÁP ¡
¡ P

nb
anbÁnb C b

¢­­
P

allcells
jaP ÁP j

(8)

In momentum equations, ÁP is replaced by Vp , where VP is the
magnitude of the velocity at cell P . Therefore, the scaling factor
for a variable Á is a representative of the � ow rate of Á through
the domain. The used convergencecriterion requires that the scaled
residuals [Eq. (8)] decrease to 10¡3 for all equations.

The convergence in terms of the scaled residuals R.Á/ as the
functionof thenumberof iterationforcontinuity(curve1), velocities
in the x and y directions (coinciding curves 2 and 3), velocity in
the axial direction z (curve 4), turbulent energy k (curve 5), and the
dissipation of turbulent energy ² (curve 6) are presented in Fig. 5.
The spike in the convergence curves at iteration 26 corresponds to
the switch from the � rst-order approximation of convective terms
to the second-orderapproximationwith the PISO pressure–velocity
coupling algorithm before the iterations are completed. Because

Fig. 5 Convergence history: 1) continuity, 2) and 3) x and y veloc-
ities, 4) velocity in the axial direction z, 5) turbulent energy k, and
6) dissipation of turbulent energy.

Fig. 6 Grid re� nement studies: trajectories of catalyst particles on
re� ned grid for case A30-D.

initial values of all variablesare set equal to zero everywhereexcept
at the inlet, the initial values of residuals [Eq. (8)] are close to unity.

In additionto solvingtransportequationsfor the continuousphase
in the Eulerian framework,FLUENT has an option to simulatea dis-
crete second phase in a Lagrangian frame of reference that includes
the hydrodynamicdragand thediscretephase inertia.In ourcase, the
inertia is negligible because the catalyst particles are of micrometer
size; therefore, the particle trajectoriescoincide with the � ow path-
lines, that is, the streamlines of the steady RANS model. Also, the
particles temperature is equal to the local gas temperature. The in-
� uence of turbulent dispersion will be discussed in Sec. V.

To check the sensibilityto grid re� nement, the numericalgrid size
is halved:The showerhead is meshed with 0:125r0 grid size, and the
cone/cylinderworkingspace is coveredwith 0:5r0 grid size. The six
representativepathlines for case A30-D are presented in Fig. 6. The
trajectories of catalyst particles appear to be close to those for the
regular mesh size (compare Figs. 6 and Fig. 7b).

IV. Single Central Jet: Results and Discussion
First, computations were performed for a single central jet and

three peripheral jets in the reactor described in Sec. II and denoted
as design A. The angle between the central and a peripheral jets
is taken equal to 30, 60, and 90 deg, whereas the mass ratio M
is taken equal to 1:3 and 1:6. (In the latter case the peripheral jet
velocity is doubled.) The cases are denoted as A30, A30-D, A60,
A60-D, A90, and A90-D where the number after the letter A is the
angle between the central and peripheral jets and the letter D means
doubled hot-gas consumption.For special cases of design A, where
® D 90 deg, nozzles are located farther downstream at the reactor
funnel, z D 3:1 mm, to avoid interactionbetween peripheraljets and
the internal cylinder surrounding the central jet nozzle.

Design B of the reactor has a cylindrical workspace with the
radius of cross section equal to the entrance radius R1 of the conical
part of design A. Design B has two oppositeperipheral jets with the
same exit radius r p as for design A.

The computed � ow� eld is presented in Figs. 8a and 8b for two
limiting cases: ® D 30 deg, M D 1:3, and ® D 90 deg, M D 1:6 for
designs A30 and A90-D, respectively.

The velocity vectors are colored by the local � ow� eld tempera-
ture. The vectors are presented in the x – z plane .y D 0/. The center-
lineof the peripheraljet is locatedin thisplane,andso the interaction
between the centraland the peripheraljet in the planeof theircenter-
lines is clearly seen in the left side of Figs. 8a and 8b. The right-hand
side of the plane in Figs. 8a and 8b is located between two other pe-
ripheral jets. In case A30, the peripheral jet merges with the central
jetwithout the formationof a signi� cant recirculationzoneupstream
of the intersection. On the contrary, the strong recirculation zone
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a)

b)

c)

d)

e)

f)

Fig. 7 Trajectories of catalyst particles; x, geometric point of the jets’ intersection at the reactor centerline and !, cross section with peripheral
nozzles: a) A30, b) A30-D, c) A60, d) A60-D, e) A90, and f) A90-D.

between the central and the peripheral jet is formed in case A90-D.
Vortices are located aside of the jet centerlines and the low-speed
stagnationzone appears upstream of the intersectionof the jets near
the central jet centerline.For case A90-D, the momentum � ux ratio
between the central and a peripheral jet is equal to 0:35; the pe-
ripheral jet reaches the intersection point without the formation of
stagnation zone at its centerline.

The materialof thecentraljet spreadsasidebetweentheperipheral
jets. In case A30 (Fig. 8a), most of the � ow vectors in the spreading

region are directed in the z direction, whereas in the case A90-D,
the � ow vectors are directed backward and form the recirculation
zone near the reactor side wall.

The observeddifference in jet interactionbetween cases A30 and
A90-D is causedby the fact that in the lattercase the velocitycompo-
nent juj (normal to the central jet) is four times [2= sin.30 deg) D 4]
larger than that in the former case.

Compare our resultswith the study2 where theuniformcross-� ow
interacts with the row of jets issuingperpendicularto the cross� ow.
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a)

b)

Fig. 8 Flow� eld in the x–z section: a) A30 (® = 30 deg, M = 1:3) and
b) A90-D (® = 90 deg, M = 1:6).

The authors of Ref. 2 observed the formation of vortices down-
stream and upstream of the jet row, which they call primary and
secondary vortices, respectively. In our case, the upstream vortex
is larger and stronger than the downstream vortex because of the
cross-sectionalnon-uniformityof the central jet (as opposed to the
uniform cross� ow). The peripheral part of the central jet has rel-
atively low velocity and easily forms the vortex upstream of the
peripheral jet, which can be viewed as a rigid obstacle. Also, the
upstream vortex affects the heating rate more along the central jet
path lines than the downstream vortex.

If the jet is strong enough, the cross� ow forms vortices around
the jet rather than penetrating it. When the jet strength weakens far
downstream from its exit, the cross� ow is able to penetrate the jet
and eventually split it.2 In our case, the cross-sectional nonunifor-
mity of the central jet and weakening of the peripheral jets (due
to their counter�ow type of interaction with each other) leads to a
situation where the peripheral part of the central jet forms a vortex,
whereas the centralpart of this jet penetrates the peripheraljet. Both
phenomena occur within approximately the same distance from the
exit of the peripheraljet. This determinesdifferentmixing scenarios
for various catalyst particles issuing uniformly from the central jet
nozzle.

To study the temporaltemperaturepro� le, six pathlineswere cho-
sen to representcatalystparticletrajectories(Fig.9)The initialradial

Fig. 9 Issuing points of the six pathlines for design A.

distancefrom the centerof the centralnozzle is equal to 0:5r0 for the
� rst three (inner) trajectories and 0:75r0 for the remaining (outer)
trajectories.The angular coordinatesin the nozzlecross section x – y
are ¯ D 0, 30, and 60 deg. The � rst angular location is in the pe-
ripheral jet plane x – z, whereas the last location is exactly between
two peripheral jets. Recall that the reactor is periodic in the cross
section with the angular span 120 deg.

The temperatures along the trajectories as a function of time for
cases A30, A30-D, A60, A60-D, A90, and A90-D are shown in
Figs. 10a–10f, respectively.

To get more insight into how the particles are heated, the dis-
tance from the reactor axis along particle trajectories

p
.x2 C y2/ as

a function of the axial coordinate z is plotted in Figs. 7a–7f. The
cases and the pathlines are the same as in Fig. 10. In Fig. 7, the
cross-section corresponding to the peripheral nozzles and geomet-
ric intersection of the jets’ axes are shown at the horizontal axis,
symbols ! and x , respectively.

For ® D 30 deg, the trajectories that are directly exposed to the
core of the peripheral jet .¯ D 0/ are inclined toward the centerline,
that is, they belong to the � rst category of trajectories (Fig. 2).
The remaining pathlines are inclined outward, that is, they fall into
the second category of trajectories (Fig. 2). The outer trajectories
are bent higher and heated faster than the inner trajectories. The
degree of bending primarily depends on the speed of the peripheral
jets. (Compare the correspondingtrajectoriesin Fig. 7a and Fig. 7b.)
The heating rate along the trajectoriesof the � rst type is the slowest,
whereas the heating rate along the remaining trajectories increases
with the initial radius and the initial angular position ¯ .

Increasing the angle between jets up to ® D 60 deg leads to the
bendingof the trajectoriesconsideredtoward the centerline(Figs. 7c
and 7d). In spite of the reduced spatial scale of the mixing zone, the
temporalscale increases,that is, theheatingratedropsin comparison
with the earliercase.The only trajectorythat is substantiallybending
outward,has an initial positionbetween the peripheraljets (Fig. 10d,
curve6)and this trajectoryhas thebestheatingamong all trajectories
in case A60-D (Fig. 10d, curve 6). Other trajectories in cases A60
and A60-D have nonmonotonic behavior of their radial coordinate
as a function of axial coordinate. Behavior of the latter trajectories
leads to the worst performance in terms of the heating rate of all
considered angles ® for design A (Fig. 11).

Further increase of the angle between jets up to ® D 90 deg
changes the behavior of the trajectories so that those with initial po-
sitions between the peripheral jets are highly bent outward (Fig. 7e,
curves 5 and 6). For M D 1:6, some trajectories show closed loops,
that is, they fall into the third category. For case A90, the angle be-
tween jets provideshigherheatingrate;however,strong temperature
oscillations are observed (Fig. 10e). For case A90-D, trajectories
show nonmonotonic behavior of axial coordinate, which leads to
closed loops for some of trajectories(Fig. 7f). In this case, the most
of particles are not heated up to 1100 K because they are involved
in recirculationupstream of the jet intersection point.

Increasing the mass ratio up to M D 1:12 (Figs. 12a and 12b)
bends some trajectories inward, whereas the rest of particles are
involved in the rotating motion (Fig. 12b compared with Figs. 7e
and 7f). The temperature pro� les along the trajectories show large
oscillations.
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a)

b)

c)

d)

e)

f)

Fig. 10 Temperatures of catalyst particles: a) A30, b) A30-D, c) A60, d) A60-D, e) A90, and f) A90-D.

Design B, which has 90-deg angle of jet intersection, M D 1:6,
and two strong peripheral jets, shows the worst scenario of parti-
cle heating. The slow heating along trajectories together with large
temperature oscillations is caused by the rotational nature of the
trajectories (Figs. 12c and 12d).

The heating rate dT=dt (degrees Kelvin per second) at 800 K as
a function of the angle between jets for design A is presented in
Fig. 11b. The angle between the central and peripheral jets is taken
as 30,45,60,75, and90deg.Temperaturepro� les and coordinatesof
trajectoriesarepresentedin Figs. 7 and10 for 30,60, and90deg.The
local minimum at 60 deg corresponds to the case where trajectories
belong to the � rst category (Figs. 7b and 10b). At ® D 45 deg, the

trajectories are qualitatively similar to those at 30 deg (Fig. 7a);
however, they are more bent outward, and the heating rate reaches a
local maximum. For the angles higher than 60 deg, the heating rate
stronglyincreases;however, the temperaturepro� les are oscillatory.
For instance, two of six temperature curves cross the line 800 K
more than once at 75 deg, and four curves do so at 90 deg. The
heatingratebecomesa multivaluedfunctionof temperaturefor some
trajectories;only the maximum value of heating rate is presented in
Fig. 11.

To summarize, the goal of increasingthe heatingrate while avoid-
ing temperature oscillations cannot be achieved by straightforward
measures such as, increasinghot-gas consumptionor increasing the
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a) b)

Fig. 11 Heat rate at 800 K as a function of angle between jets: a) design C and b) design A.

a)

b)

c)

d)

Fig. 12 Temperatures and trajectories of catalyst particles for enhanced peripheral jet velocity: a) and b) mass ratio: 1:12 and c) and d) reactor B,
two peripheral jets, mass ratio 1:6.
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angle between hot and cold incident jets. The reason for this is the
behavior of path lines. Inward-bendingpathlines (category 1) show
slow heating, whereas rotating pathlines (category 3) have highly
oscillating temperature pro� les. Although the high angle between
mixing jets leads to very short-scale spatial mixing, the heating of
catalyst particles is relatively slow, and the temperature oscillates
along the particle trajectories.

V. Reactor with Three Central Jets
To increase the heating rate along trajectories, a modi� ed reactor

design was proposed that includes three parallel nozzles for cold
central jets. Two variants of this design are design C and design D
(described subsequently).

The radius of the central nozzles is chosen to keep the same
overall cross-sectionalsurface as that for the single central nozzle,
that is, rc D ro=

p
.3/. The centers of the central nozzles are located

at a distance 2rc from the reactor centerline and form an equilateral
triangle. The peripheral jets are arranged as in the basic design A.

In designC, a planecontainingthe reactorcenterlineand a central
jet nozzle makes an angle of 60 deg with the peripheral jet nozzle
planes (Fig. 13a). In design D, central jet nozzles and corresponding
peripheral jet nozzles are in the same plane.

Design D represents a straightforward split of the single cen-
tral jet into three straight central jets and is examined � rst. The
three jets are equivalent; therefore, the six trajectoriesare chosen to
issue from the same jet. As in the earlier cases, initial radial distance
from the center of the central nozzle is taken equal to 0:5rc for the

a)

b)

Fig. 13 Showerheads: a) design C and b) design D.

a)

b)

Fig. 14 Temperature and trajectories of catalyst particles for case D3,
® = 30 deg.

Fig. 15 Issuing points of considered pathlines for design C: dashed
ellipse, approximate� nal cross section of the peripheral jet and ², initial
positions of the considered pathlines.
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� rst three trajectoriesand 0:75rc for the remaining trajectories.The
angularcoordinatesare takenas¯ D 0, 90,180, and 270 deg. Results
for ® D 30 deg are presented in Figs. 14a and 14b. Unfortunately,
the heating rate is worse than for the single central jet. (Compare
Fig. 14a with Fig. 10a.)

The reason for the slow heating is that all trajectories are bent to-
ward the reactorcenterline(Fig. 14b).Therefore,the straightforward
split of the central jet does not help to achieve high heating rate.

To avoid direct exposure of the trajectories to the action of the
hot jets, design C is based on a rotation of the location of cen-
tral and peripheral nozzles (Figs. 13a and 15). To show the most

a)

b)

c)

d)

e)

f)

Fig. 16 Temperatures of catalyst particles for three central parallel jets; angle ® between the reactor axis and peripheral jets: a) ® = 30 deg,
b) ® = 45 deg, c) ® = 60 deg, d) ® = 75 deg, e) ® = 90 deg, and f) ® = 60 deg, ¯ = ¯1 , ¯2 , and ¯av .

critical trajectories, the initial and � nal cross sections of peripheral
jets and central jets are presented in Fig. 15. The initial positions
of the three peripheral jets (projection on a cross section x – y) are
shown as ellipses and denoted 1, 2, and 3. The � nal position of one
of the peripheral jets is shown as a dashed ellipse. The two initial
angular positions of trajectories are chosen as ¯ D 0 and 180 deg.
The former location is the closest to jet, 1 whereas the latter loca-
tion is the most peripheral. The choice of the initial location of the
remaining couple of trajectories (closest to the jets 2 and 3) is not
straightforward; the mutual location of central and peripheral jets
in x – y cross sections is varied with the axial coordinate z. Angle
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¯1 corresponds to the exit of peripheral jet 2, whereas the angle ¯2

corresponds to the approximate � nal location of the peripheral jet
2 before it merges with other peripheral jets. Angles ¯1 and ¯2 are
calculated from corresponding triangles. Angle ¯av D 0:5.¯1 C ¯2/
is taken as an averaged angle between two limit positions. For the
given reactor geometry, ¯1 D 108:1, ¯2 D 72:9, and ¯av D 90:5 deg.
The temperature pro� les along trajectories with angular locations
¯1; ¯2, and ¯av are similar to each other (Fig. 16f; ® D 60 deg).

In Figs. 16–18, the angle ¯1 is chosen for the representative tra-
jectory. For ® · 60 deg (Figs. 17a and 17b) the trajectories fall into

a)

b)

c)

Fig. 17 Trajectories of catalyst particles for three central parallel jets;
angle ® between the reactor axis and peripheral jets: a) ® = 30 deg,
b) ® = 60 deg, and c) ® = 90 deg.

Fig. 18 Heat rate of catalyst particles vs temperature for ® = 60 deg.
Temperature interval 700–900 K taken.

the second category.The most bent trajectorieshave initial position
¯ D 180 deg, whereas trajectorieswith initial¯ D 0 deg remain least
bent.As opposed to design A, no � rst-typetrajectoriesare observed.
(Compare Figs. 17a and 17b with Figs. 7a and 7c, respectively.) This
is the major advantage of design C, leading to considerably higher
heating rate than that for design A. (Compare Figs. 16a–16c and 16f
with Figs. 10a and 10c.) For design C, the optimal nozzle arrange-
ment with ® D 60 deg provides a heating rate 3:5–4:8 £ 105 K/s,
where T D 800 K (Fig. 18). On the contrary, for design A with its
optimal ® D 45 deg, the heating rate is in the range 1–1.5 £ 105 K/s.

Although further increase of the angle between jets to 75 deg
provides higher heating rate than that for 60 deg (Fig. 11a), some
trajectories appear to switch to the third type. For 90-deg angle
between jets, the trajectoriesbecome highly rotating (Fig. 17c), and
temperature pro� les strongly oscillate (Fig. 16e).

For design C .® D 60 deg), the � ow� eld in the longitudinal sec-
tion (x –z plane) is presented in Fig. 19a. The velocity vectors of a
cold central jet are directedoutward, and no signi� cant longitudinal
vortices are observed. In fact, the visible peripheral jet, which cor-
responds to the jet 1 in Fig. 15, interacts with the visible central jet
after the peripheral jets merge, resulting in annihilationof their nor-
mal velocity components. In the cross section with the z coordinate
correspondingto the jets’ intersectionpoint (Fig. 19b), the material
of the central jets is directed outward between the peripheral jets.
The vortices appear due to interaction of these outward-directed
� uxes with the reactor wall. However, the particles have already
been heated before they enter these vortices.

Particle trajectories considered earlier coincide with streamlines
of the RANS steady � ow computed by the Eulerian approach.
However, for turbulent jet mixing particle trajectories deviate from
streamlines of the steady � ow and the validity of the RANS-based
approach to trajectory-based optimization of reactor will be dis-
cussed here.

Because the � ow is turbulent, the molecular (laminar) diffusion
induced by Brownian motion is small in comparison to turbulent
diffusion. The thermophoresis is a phenomenon where small par-
ticles suspended in a gas that has a temperature gradient experi-
ence a force in the direction opposite to that of the gradient. This
phenomenon is explained by the presence of viscous force with
temperature-dependent molecular viscosity. For turbulent motion,
the thermophoresiseffect is usuallysmall becausethemolecularvis-
cosity is small in comparison with the turbulentviscosity.We added
the thermophoretic force (in the form suggested by Talbot et al.24 )
in the particle dynamic equation; however, this addition does not
affect the trajectories of particles in the considered turbulent � ow.

The turbulent dispersion of particles is predicted by integrating
the dynamic equation for individual particles using the instantanta-
neous � uid velocity U D NU C U 0 along the particle path during the
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a)

b)

Fig. 19 Flow� eld, design D, ® = 60 deg: a) x–z plane, velocity vectors
shaded by the local temperature and b) x–y cross-section at jet intersec-
tion point.

integration. In FLUENT, the discrete random walk (DRW) model
is used. In this model, the � uctuation velocity components are dis-
crete piecewise constant functions of time. Their random value is
kept constant over an interval of time given by the characteristic
lifetime of the eddies. The � uid Lagrangian integral time is approx-
imated as

tL D CL.k=²/ (9)

where the constant CL D 0:15 (Ref. 11).
In Fig. 20, the pathlines of particles which are computed using

the DRW are presented for design A, case A60-D, and for design
C, ® D 60 and ® D 90 deg. By comparison with averaged pathlines
for corresponding cases (Figs. 7d and 17b and 17c), the qualitative
similarity could be observed. For case A60-D, � ve trajectories are
bent inward (type 1) and one trajectory is bent outward (type 2).
For design C (® D 60 deg), trajectoriesare bent outward and two of
them are involved in rotational motion downstream. For design C
(® D 90 deg), all trajectories are of type 3 and involved in recircu-
lation upstream of the interception point.

Evidently, the trajectories computed by DRW model do not co-
incide with streamlines of the RANS � ow. In the current computa-
tions, the distance between the initial cross section and the nozzle

a)

b)

c)

Fig. 20 Trajectories of catalyst particles with DRW model for turbu-
lent dispersion: a) design A, case A60-D; b) design C, ® = 60 deg; and
c) design C, ® = 90 deg.

ori� ce is moderate, 7r0. Yet, the deviation of pathlines from av-
eraged streamlines is visible (leftmost coordinates of pathlines in
Figs. 7, 17, and 20). If the issuing cross section is taken farther up-
stream of the nozzle ori� ce, the coordinates .x; y/ of pathlines at
the nozzle ori� ce may be completely different from their original
values (accordingto well-known Reynoldsexperiments), and there-
fore, the steady streamlinesno longer follow pathlinesof individual
particles in the turbulent � ow. Nevertheless, the representative set
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of steady streamlines shows how many trajectories of the total set
obeyvarious types of pathlinesbehavioranalyzedin this paper.This
evaluates the mass fraction of well-heated particles for a particular
setup of nozzles, and therefore,the steady trajectoriescould be used
for the purpose of reactor optimization.

VI. Conclusions
Mixing of cold and hot jets in a reactor with a high angle between

jets is studied numerically using Eulerian framework for computa-
tion of steady � ow� eld and Lagrangian approach to computationof
trajectories of particles carried by one of jets.

Computational experiments have shown that fast mixing in geo-
metrical scale (in terms of the axial coordinate) does not necessarily
mean rapid heat up (in temporal scale) of particles.Straightforward
measures such as increasing hot-gas consumption, increasing the
angle between hot and cold incident jets, and splitting the cold jet
are not suf� cient to achieve fast heating because of the behavior of
particle trajectories.

To achieve rapid monotonic heating of particles carried by a cen-
tral (cold) jet, the behavior of particle trajectories is studied. Three
types of trajectories are observed. The particle trajectories can be
benteither toward the interiorof the cold jet (type1)or outward(type
2). They also can rotate in the vortical zone upstream of the inter-
section of cold and hot jets (type 3). Direct exposure to the action of
hot (peripheral) jets leads to the � rst or to the third type of trajectory
behavior that causes slow or oscillating heating, respectively.

The proposedway to classify trajectories(pathlines) has been ap-
plied to optimizationof reactor for production of carbon nanotubes
(HiPco process). In the HiPco process, the catalyst particles car-
ried by the central cold jet initialize formation of carbon nanotubes
from carbon oxide. For the basic con� guration of the HiPco reactor
(one centraland threeperipheraljets), many trajectoriesare eitherof
type 1 (for anglebetween jets ® D 60 deg) or type 3 (for ® > 60 deg).
For smaller ®, the type 2 trajectories provide steady, but slow heat
up. The optimal angle between jets, ® D 45 deg, provides heating
rate 1–1.5 deg £ 105 K/s for most of the trajectories considered at
T D 800 K.

A modi� ed reactor design, design C, has been proposed, which
includes three parallel nozzles for cold central jets. To avoid di-
rect exposure of trajectories to the action of hot jets, the cold-jet
nozzles are located between the hot peripheral jet nozzles. Type 1
trajectories are avoided, and at the optimal angle between jets,
® D 60 deg, the heating rate reaches 3.5–4.5 deg £ 105 K/s, a sig-
ni� cant improvement compared to the rate achieved by the basic
design.
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