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Abstract

Chen-nozzle experiments are used to study the early-stage unimolecular decomposition of larger molecules and,
sometimes, the following chemistry. The nozzle itself is typically a small-diameter (order millimeter), short (order
20–50 mm), heated (order 1700 K) tube (nozzle) that exhausts into a vacuum chamber where a variety of diagnostics
may be used to measure gas-phase composition. Under typical operating conditions, the velocities are high and the
exhaust flow is near sonic. Quantitatively interpreting the measurements requires a model for flow within the nozzle
that is coupled with reaction kinetics simulations. The present model shows that the flow can produce significant
radial and axial variations in both the thermodynamics conditions and species concentrations. Thus, plug-flow models
may not be appropriate. Results show that using He as a carrier gas produces much more plug-like flow than is the
case with Ar as the carrier gas. The boundary-layer model provides a computationally efficient approach to modeling
detailed chemical kinetics within Chen nozzles. Results are illustrated using acetaldehyde decomposition kinetics.
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1. Introduction

The Chen nozzle was originally developed [1, 2] as
a facile, inexpensive, robust, and “clean” source for the
generation of highly reactive intermediates (radicals, bi-
radicals, and carbenes). These reactive species are pro-
duced at high temperatures under very short contact
times in miniature Silicon Carbide (SiC) micro-tubular
reactors. In recent years, this Chen nozzle radical source
has been used to interrogate complex high temperature
dissociation processes in biomass surrogates [3, 4], and
PAH/soot precursor formation [5]. There has been an
emphasis on using these microreactors to make high
temperature kinetics measurements. This has prompted
computational fluid dynamics [6] and experimental [7]
studies of the complex flow fields within these microre-
actors.

Figure 1 illustrates aspects of a Chen-nozzle-based
experiment to measure chemical kinetics behavior for
very-fast high-temperature reactions. The Chen nozzle
itself is a short (order 20-50 mm), small diameter (or-
der 1 mm), heated (order 2000 K) tube, through which
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Figure 1: Central aspects of an experiment based on the Chen nozzle.

highly diluted, reactive mixtures flow at high speed. The
typical residence times within the tube (Chen nozzle)
are from tens to hundreds of microseconds. Upon leav-
ing the tube under choked conditions, the gases rapidly
expand to vacuum, which “freezes” the chemistry. A
variety of innovative diagnostics may be used to inter-
rogate the flow and composition of reactive and non-
reactive gas mixtures [8].

Quantitative interpretation of the measurements de-
pends upon a model of the reaction chemistry within
the nozzle. The simplest models simply solve the ho-



mogeneous mass-action kinetics problem as a function
of time (e.g., Sivaramakrishnan, et al. [9]). Other mod-
els are based on plug-flow assumptions (e.g., Zhang, et
al., [10]). The plug-flow models allow the specifica-
tion of axial temperature profiles and predict axial pres-
sure variations. However, both the plug-flow and mass-
action models necessarily neglect any radial variations
within the tubes. A recent study by Guan, et al., [6],
which developed a model based on the full Navier–
Stokes equations, showed that radial variations can be
significant. However, the computational cost of solv-
ing the Navier–Stokes equations makes the inclusion of
detailed chemistry impractical. The present approach,
based on the axisymmetric boundary-layer equations,
enables the inclusion of detailed chemistry and retains
all the essential characteristics of the full Navier–Stokes
model. Even with large chemical kinetics mechanisms,
the boundary-layer models can be solved on a typical
personal computer in a few minutes.

Although the flow rates are high, a dimensional anal-
ysis shows that because the nozzle diameter is small
the Reynolds numbers are on the order of Re ≈ 1000.
Thus, the flow remains laminar. Further scaling analysis
shows that the “boundary-layer” approximations are ap-
propriate, meaning that axial diffusive transport is neg-
ligible. This leads to very significant simplifications of
the full Navier–Stokes equations, yet retains the full ax-
isymmetric flow field [11, 12]. Consequently, a high-
fidelity and computationally efficient model can be de-
veloped to assist the quantitative interpretation of Chen
nozzle experiments.

2. Model attributes and advances

The Navier–Stokes models make clear that velocity
and temperature vary axially and radially and the pres-
sure variation is dominantly axial [6]. Thus, it is clear
that the chemistry must have significant axial and ra-
dial variations. Consequently, models based on plug-
flow assumptions (i.e., neglecting radial variation) sig-
nificantly compromise chemical predictions, and hence
quantitative interpretation of Chen-nozzle experiments.
The boundary-layer formulation retains the essential ax-
isymmetric flow characteristics, yet permit the practical
incorporation of detailed chemical kinetics.

Chemically reacting boundary-layer models were
first reported by Coltrin, et al., [13, 14] for applications
in chemical vapor deposition. Broadly speaking, the
model formulation and computational approaches are
well documented [11, 12]. To date, these models have
been applied to low-speed applications. However, to ac-
commodate the high-speed attributes of the Chen noz-

zle, some additional considerations are relevant. These
include
• The gas-phase energy equation needs to include

terms that describe irreversible viscous dissipation
Φ and retain the often-neglected flow-work contri-
bution, u ∂p/∂z).

• Models must accommodate the possibility that the
high-speed flow can “choke,” meaning that the exit
flow cannot exceed the sonic velocity (i.e., Mach
one). This requires an iterative adjustment of the
inlet pressure to assure that the choked-flow condi-
tion is not violated.

• As the pressure decreases and velocity increases
(especially near the nozzle exit), the Knudsen num-
ber increases. The rarefied flow behavior requires
the imposition of partial-accommodation boundary
conditions at tube walls.

3. Boundary-layer model summary

As derived in Kee, et al. [11], the steady-state, ax-
isymmetric, chemically reacting, laminar, boundary-
layer equations can be expressed in Von Mises coordi-
nates as
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The independent variables are the axial coordinate z and
the stream function ψ. The dependent variables are the
axial velocity u, temperature T , pressure p, the mass
fractions Yk, and the radial coordinate r. The density
ρ follows from the ideal-gas equation of state. Other
variables include the dynamic viscosity µ, species volu-
metric molar production rates ω̇k, thermal conductivity
λ, molecular weights Wk, species enthalpies hk, and heat
capacities cp,k.
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The radial species diffusive flux jk,r can be expressed
as

jk,r = −ρ2ur
Wk

W
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[
∂Xk
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1
p
∂p
∂ψ

]
, (6)

where D′km is the mixture averaged diffusion coefficient
for species k, W is the mean molecular weight, and Xk is
the mole fraction of species k. The viscous dissipation
term can be simplified in the boundary-layer setting as

Φ = µ

(
ρur

∂u
∂ψ

)2

. (7)

3.1. Slip boundary conditions

A significant consideration in the Chen Nozzle ex-
periment is whether the gas dynamics can be explained
using continuum mechanics [6]. The boundary-layer
equations assume that the flow is in the continuum
regime, but under typical operating conditions the flow
can become sonic at the exit (i.e., the Mach number is
unity). These conditions result in rarefied flow near the
exit of the nozzle. Partial accommodation (i.e., slip)
boundary conditions are imposed at the nozzle walls.
The velocity slip, proposed by Maxwell for curved sur-
faces, can be expressed as
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where us is the slip velocity at the wall, σv is the tan-
gential momentum accommodation factor, and λD is the
mean free path of the particles in the flow, and R is
the reactor radius [15]. The mean free path can be ex-
pressed as

λD =
kBT
√

2πd2 p
, (9)

where d is the molecular diameter. Similarly the tem-
perature jump (or slip) condition as proposed by Smolu-
chowski can be expressed as
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where Ts is the temperature of the fluid at the wall,
Twall is the wall temperature, σT is the energy accom-
modation coefficient, and γ is the ratio of specific heats
(cp/cv) [16].

The slip boundary conditions can be transformed to
Von Mises coordinates as

us = −ρur
2 − σv

σv
λD

∂u
∂ψ

∣∣∣∣∣
r=R

+
3
4
µ

ρT
∂T
∂z

∣∣∣∣∣
r=R
, (11)

Ts − Twall = −ρur
2 − σT

σT

2γ
γ + 1

λD λ

µcp

∂T
∂ψ

∣∣∣∣∣
r=R
. (12)

The accommodation factors for the partial-slip
boundary conditions (Eqs. 11 and 12) are assumed to be
σv = 0.75 and σT = 0.9 [17, 18]. The atomic diameters
(Eq. 9) are taken to be dAr = 3.33 Å and dHe = 2.576 Å.

3.2. Choked-flow condition

The model itself does not require that the flow be
choked at the exit. However, as Chen-nozzle experi-
ments are typically configured, the nozzle exhausts to
a vacuum chamber. Thus, the normal situation is that
the flow is choked at the exit. When the flow is choked
at the exit, the Mach number must approach unity at
the exit. When the mass flow rate is specified (as typi-
cally measured via mass flow control), the inlet pressure
must vary so as to achieve the sonic exit and maintain
the specified flow rate.

The inlet pressure is iteratively adjusted to ensure the
flow is choked at the exit. To begin the iteration, rea-
sonable inlet pressures between 0.2 and 0.1 atm are as-
sumed [6, 7]. The model is run simulating only the bath
gas to reduce the computation time to the order of sec-
onds. If the flow does not choke, the inlet pressure is
reduced. If the flow chokes before the exit, the inlet
pressure is increased.

A “choked” flow condition at the exit means that
the radially-distributed Mach numbers approach unity.
When the choked condition is reached, the indepen-
dent variables in the boundary-layer equations become
asymptotic. This asymptotic relationship as the Mach
number reaches unity has been analytically derived in
constant cross-section adiabatic flows [19]. The model
reports the distance down the reactor where the choked
condition is reached. It is reasonable to develop an itera-
tive numerical method to adjust the inlet pressure based
on this output, but currently the inlet pressure is adjusted
by hand.

3.3. Computational solution

The boundary-layer model is solved using a method-
of-lines formulation [11]. Derivatives in the cross-
stream dimension (i.e., stream function) are discretized
on a non-uniform finite-volume mesh. The axial co-
ordinate is the time-like coordinate. The discretized
system forms a differential-algebraic system of equa-
tions (DAE), which is solved in Matlab1 using the

1The MathWorks, Inc; Natick, MA,USA; www.mathworks.com
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Figure 2: Temperature and velocity contour plots within the heated region of the nozzle. The carrier gas is Ar. Because the tube diameter (1 mm)
is so small compared to the length (17 mm), the radial coordinate is greatly expanded for clarity.

Table 1: Boundary-layer model geometry, boundary and initial condi-
tions using argon as a bath gas [6, 9].

Variable Description Value
D Tube diameter 1 mm
Lent Entrance length 15 mm
Lramp Ramping length 2 mm
Lhot Reactor length 15 mm
Tw,ent Entrance wall temperature 300 K
Thot Reactor wall temperature 1700 K
Tin Inlet gas temperature 300 K
pin Inlet pressure 0.21 atm
Xin,Ar Inlet Ar mole fraction 0.999
Xin,CH3CHO Inlet CH3CHO mole fraction 0.001
ṁ Inlet mass flow rate 8.32E-6 kg s−1

V̇in Inlet volume flow rate 280 sccm

ode15i function. The thermodynamic properties, trans-
port properties and chemical reaction rates are evaluated
using the Cantera software2.

The results shown in the following section use a re-
action mechanism that consists of 34 species and 78 re-
actions. The cross-stream non-uniform mesh consists
of 50 finite volumes. With Ar as the carrier gas, the
computation time is approximately 10 minutes on a typ-
ical personal computer. With only 15 cross-stream fi-
nite volumes the computation time is approximately 1
minute. Computation times are somewhat longer with
He as the carrier gas.

4. Results and discussion

To illustrate the model and explore flow characteris-
tics, consider the thermal decomposition mechanism of
acetaldehyde (CH3CHO) as reported by Sivaramakrish-
nan et al. [9]. Table 1 lists specific nozzle dimensions
and operating conditions, which are largely based on the
geometry and operating conditions discussed by Guan,
et al. [6]. Using a specified inlet volumetric flow rate
(here, V̇in = 280 sccm), the inlet pressure pin is adjusted
to a achieve near-sonic choked exit.

2www.cantera.org

The flow enters an unheated entry region where the
wall is maintained at 300 K. Following 15 mm of un-
heated wall, the wall temperature ramps linearly to 1700
K over a distance of 2 mm. The wall temperature then
remains fixed at 1700 K for another 15 mm, whereupon
the flow exits the tube to vacuum. It should be noted
that the wall temperature profiles are usually more com-
plicated in particular experiments and the model can ac-
commodate any wall-temperature profile. However, for
the illustrative purposes here, the relatively simple pro-
file is suitable for characterizing the flow field and its
effects on chemistry.

In addition to the reaction mechanism itself and
supporting thermodynamic data (Sivaramakrishnan et
al. [9]), the boundary-layer model requires transport
properties for each participating species. Note that
transport data is not needed for homogeneous mass-
action models of plug flow models. The reaction mech-
anism, together with thermodynamic and transport pa-
rameters (i.e., Lennard-Jones well depth, collision di-
ameters, ...) are reported in the Supplementary Material.

Figure 2 shows temperature and velocity contour
plots for the nominal flow conditions. These results
show clearly that strong radial and axial variations per-
sist throughout the flow field. As is easily anticipated,
the near-surface fluid heats more rapidly than the inte-
rior fluid closer to the centerline.

Figure 3 illustrates the pressure p, axial velocity u,
temperature T , and Mach number profiles as functions
of axial position at selected radii. The qualitative behav-
ior of the profiles changes significantly upon the flow
entering the heated region at approximately 15 mm.

The pressure decrease is primarily the result of vis-
cous drag on the tube walls. Note that a central tenet of
the boundary-layer theory is that the radial momentum
equation (Eq. 3) reduces neglecting radial pressure gra-
dients [11]. Thus, as indicated by Fig. 3a, the pressure
is a function of axial position alone.

The axial-velocity profiles (Fig. 3b) illustrate the ex-
pected acceleration of the flow due to heating. The ve-
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Figure 3: Pressure, axial velocity, temperature, and Mach-number
profiles as functions of axial position with argon as a bath gas. Ta-
ble 1 shows the operating parameters.

locity gradient in the radial direction is especially sig-
nificant near the exit where the center-line velocity ap-
proaches 560 m s−1 and the slip velocity at the nozzle
wall is approximately 30 m s−1. The strong radial gradi-
ents in the axial velocities cause significant variations in
local residence time, which in turn affects the chemistry.

Figure 3c reveals large temperature variations. Be-
cause reaction rates typically depend exponentially on
temperature, the large temperature variations produce
large variations in local chemical reaction rates. Fig-
ure 3d shows the Mach number profiles. The Mach
number is greatest near the centerline where the velocity
is high and the temperature is low.
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Figure 4: Species mole fraction profiles as a function of axial distance
into the reactor with argon as a bath gas. The black lines indicate the
radial-mean mole fraction for each species. The gray regions indicate
the range of mole fractions radially.

Recently, these micro-reactors are being extended
for use in chemical kinetics studies [6] by measuring
species compositions. Thus, predicting and interpreting
the species profiles within the nozzle is important. Fig-
ure 4 illustrates predicted profiles for selected species
mole fractions as a function of axial distance into the
reactor. The radially averaged mean mole fractions are
illustrated as the black lines. At each axial position, the
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Figure 5: Temperature and velocity contour plots within the heated region of the nozzle. The carrier gas is He. Because the tube diameter (1 mm)
is so small compared to the length (17 mm), the radial coordinate is greatly expanded for clarity.

species mass flow rates are evaluated as

ṁk = 2π
∫ ψ0

0
Ykdψ, (13)

where ψ0 = ṁ/2π. The mean mass fractions are Yk =

ṁk/ṁ, with the mean mole fractions following as

Xk =
Yk/Wk∑K

k=1 Yk/Wk
. (14)

The gray regions indicate the range of mole fractions
across the radius. For example, Fig. 4a illustrates
CH3CHO as a function of axial position within the re-
actor. Because the fluid temperature is highest near the
outer radius (i.e., tube wall), the acetaldehyde decom-
poses most rapidly in the outer radial regions. Addi-
tionally, the fluid velocity is slower in the outer radii,
which effectively increases the residence time.

The foregoing results are based upon using Ar as the 
carrier gas. The following results consider He as the 
carrier gas, which has significantly higher thermal con-
ductivity and lower viscosity. Thus, it may be antici-
pated that the using He may diminish the radial varia-
tions. Consider the situation with operating conditions 
being generally the same as in Table 1, including the 
inlet volume flow r ate r emaining fi xed as  V̇ in = 280 
sccm. However, using He, the mass flow rate becomes 
m˙ = 8.42 × 10−7 kg s−1 and inlet pressure must be 
changed to pin = 0.16 atm such that the Mach number at 
the centerline of the reactor is near unity at the exit and 
the flow remains choked.

Figure 5 shows contour plots that are comparable to
Fig. 2, but with the carrier gas switched to He. With He
as the carrier, despite the strong radial variation in the
axial velocity, the temperature profile approaches that
of a plug flow.

Figure 6 shows that the species profiles also reason-
ably approximate plug-flow behavior. In other words,
the band of species profiles is much more closely
grouped around the mean mole fraction profiles. While

there are substantial differences in the radial-mean
species profiles (and their ranges) with the two bath
gases, CH3CHO decomposition is shown to be initiated
to a noticeable extent in both the simulations. The ob-
served products evolve as a result of the numerous uni-
molecular and bimolecular reactions shown to be active
in the prior CH3CHO theory/modeling work [9]. There
are some obvious advantages to using He as the bath
gas to establish near-plug-flow like conditions within
the Chen nozzle. However, heavier bath gases such as
Ar can be used to take advantage of specific diagnostic
capabilities (e.g. stronger signals in CP-mm wave spec-
troscopy due to more effective rotational cooling in the
supersonic expansion [8]).

4.1. Discussion on transition to turbulence

Because of the high-speed flow, transition to turbu-
lence may be possible under some conditions. Tra-
ditionally transition to turbulence is expected to start
when the Reynolds number at the inlet (Rein =

ρinVinD/µin) approaches 1800. The inlet Reynolds num-
bers for the argon and helium cases discussed in the
present paper are Rein,Ar = 459 and Rein,He = 466, re-
spectively. These low Reynolds numbers indicate that
the inlet flow is laminar. To estimate transition to turbu-
lence as the flow accelerates, a local Reynolds number
Re = ρuD/µ may be evaluated throughout the nozzle
(radial and axial). The temperature increase and pres-
sure decrease along the length of the nozzle result in
specially varying density, velocity, and viscosity. The
density decreases with increasing temperature and de-
creasing pressure, the velocity increases as the flow ac-
celerates toward the sonic exit, and the viscosity in-
creases with temperature. These locally varying prop-
erties compete to influence the local Reynolds number.
The maximum local Reynolds number for the argon and
helium cases are Remax,Ar = 1400 and Remax,He = 1120,
respectively. Thus, the flow is expected to remain lami-
nar throughout.
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Figure 6: Species mole fraction profiles as a function of axial distance
into the reactor with helium as a bath gas. The black lines indicate the
radial-mean mole fraction for each species. The gray regions indicate
the range of mole fractions radially.

5. Summary and conclusions

A computationally efficient boundary-layer model
has been developed to predict chemically reacting flow
in a Chen nozzle. The model accommodates attributes
of the high speed choked flow that is typical of Chen-
nozzle experiments. The fluid mechanical behavior is
comparable to that from a full Navier–Stokes model,
but the computational times are greatly reduced. Thus,
the new model enables the practical incorporation of

complex chemical reaction mechanisms. In this way,
the model can be used to interpret diagnostics measure-
ments in the context of detailed reaction mechanisms.

Broadly speaking, it is desirable to use relatively sim-
pler plug-flow models to interpret micro-tubular reac-
tor (e.g. Chen-nozzle) experiments. The boundary-
layer results show that the actual flow field depends
strongly on the fluid properties of the carrier gas. For
the conditions considered in the present study, using Ar
as a carrier produces a flow field that is far from plug
flow. However, using He as the carrier gas produces a
flow field that can be reasonably approximated as plug
flow. On the other hand, cold pockets may preserve and
transport unstable reactive intermediates and thus sig-
nificantly affect the chemistry. Modeling such flows is
important for applications such as combustion and gas-
phase biomass decomposition.

The model can be used quantitatively to evaluate and
interpret measured data. In this context, it can be of
great value in the development of reaction mechanisms.
Such a model cannot directly predict reaction pathways
and rate parameters. However, the model can be used to
evaluate the validity of proposed reaction mechanisms
insofar as their ability to predict measured species con-
centrations. The model can be easily extended to in-
corporate capabilities such as sensitivity analysis, which
many mechanism developers find to be helpful.

The results reported here consider specified wall-
temperature profiles. However, the model is imple-
mented to consider the more complex case of an elec-
trically heated SiC tube wall. In this case, the tube wall
temperature is determined by solving the coupled ther-
mal balance within the wall, including conductive and
radiative transport.
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