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Characterization of the Inlet Combustion Air in NIST's
Reference Spray Combustion Facility:
Effect of Vane Angle and Reynolds Number

John F. Widmann, S. Rao Charagundla, and Cary Presser
Chemical Science and Technology Laboratory

National Institute of Standards and Technology

100 Bureau Drive, Stop 8360

Gaithersburg, MD 20899-8360, USA

Abstract

The airflow through a 12-vane cascade swirl generator is examined numerically to
characterize the inlet combustion air in the reference spray combustion facility at NIST.
A three-dimensional model is used to simulate the aerodynamics in the swirl generator
that imparts the desired degree of angular momentum to the air in the annulus leading
into the reactor. A parametric study is presented in which the effects of the vane angle
and Reynolds number are examined.” Reynolds numbers ranging from 5,000 to 30,000,
and vane angles ranging from 30° to 60°, are investigated. For a vane angle of 50°, which
is the current operating condition of the swirl generator, a recirculation zone develops at
the exit of the annulus for Reynolds number, Re = 9500. The Renormalization Group
method (RNG) k-¢ turbulence model is used to model the transport, production, and
dissipation of turbulence due to its superior performance (relative to the standard k-¢£
turbulence model) for this type of flow.

Keywords:  Swirl Number, Turbulence, Fluid Mechanics, Numerical Analysis, Code
Validation, CFD, Reynoclds Number

Introduction

The design and optimization of multiphase thermal oxidation systems in the power
generation, waste incineration, and chemical process industries are relying increasingly
on computational fluid dynamics (CFD) models and simulations to provide relevant
process information in a cost-effective manner. In general, there is a need for
experimental data with quantitative uncertainties that detail the characteristics of the
droplet field and flame structure, and provide an understanding of their interrelationship
with the system operating conditions. Of particular concern to modelers, and the
motivation of this work, is the quantification of the boundary conditions, and especially
the inlet conditions, to which numerical simulations are so sensitive. To meet this
demand, the National Institute of Standards and Technology (NIST) has developed a
reference spray combustion facility. A benchmark experimental database is being
amassed that can be used for input and validation of multiphase combustion models and
submodels (Widmann et al., 1999a). As part of this program, our current focus is to
provide parametric information on the aerodynamics at the inlet boundary (i.e., spatial

" Electronic files of the data presented in this report are available. Contact Cary Presser at
cpresser@nist.gov.



profiles of the mean velocity components and turbulence intensity) that can be of value to
the CFD modeler. In this report, a computational study was performed to investigate the
effect of vane angle and Reynolds number on the inlet combustion air of NIST's
reference spray combustion facility. The aerodynamics of the entering combustion air
have a significant effect on the structure and stability of the spray flame. It is therefore
crucial that this aspect of the reactor be adequately characterized if the facility is to be
used for CFD validation. There was a two-fold justification for taking a computational
approach. Firstly, to provide the flow through the burner and aerodynamic characteristics
at the burner exit (or inlet condition of the chamber). This allowed comparison with
experimental measurements of the mean velocity components, and provided turbulent
intensity levels at the inlet boundary (before completion of the experimental
measurements) for the modelers. Secondly, to clarify discrepancies between values of
the swirl number derived from empirical geometric relationships and values computed
from the surface integral equation that defines the swirl number.

In addition, a parallel program at NIST is underway to develop a reference atomizer
that produces a spray with well-controlled characteristics. Such an atomizer would
provide well-characterized inlet conditions for model validation, and would also permit
testing, validation, and development of a variety of diagnostic techniques. Several
industrial collaborators (e.g., Fluid Jet Associates, Creare Inc., CFD Research Corp.) are
developing atomizers for this purpose, using acoustic and electrostatic atomization
techniques. Of concern with the use of such an atomizer will be the interaction between
the fuel transport processes and combustion air aerodynamics. Thus, a detailed
description of the inlet combustion air flow field, corresponding to both present and
future operating conditions, is required in anticipation of the needs of both the modeler
and nozzle designer. This report has been prepared to address this issue.
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Fig. 1  Schematic of the (A) reference spray combustion facility at NIST, and (B)
annulus surrounding the fuel nozzle through which the combustion air enters the
reactor.
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Reference Spray Combustion Facility

The experimental facility, shown in Fig. 1A, includes a swirl burner with a movable
12-vane swirl cascade. The cascade is adjusted to impart the desired degree of swirl
intensity to the combustion air stream that passes through a 0.10 m o.d. passage and flows
along the fuel passage. The swirl intensity is a measure of the angular momentum of the
combustion air. It is characterized by the swirl number, S, defined as the ratio of the axial
flux of angular momentum to the axial flux of axial momentum (Gupta et al., 1984). The
swirl number in the annular region of the generator depends upon the vane angle and the
Reynolds number, Re =(Dy - D;)u_ /v.

Figure 1B presents an expanded view of the burner and nozzle. The nozzle is
interchangeable, and a variety of fuels can be used in the facility. The fuel flow rate,
combustion air flow rate, wall temperatures, and exiting gas temperatures are monitored
and stored on a personal computer.

The burner is enclosed within a stainless steel chamber to provide improved
reproducibility and control of the spray flame. The chamber height is 1.2 m and the inner
diameter is 0.8 m. Several windows provide optical access for nonintrusive probing of
the flame. A stepper-motor-driven traversing system translates the entire burner/chamber
assembly and thus permits measurements of spray properties at selected locations
downstream of the nozzle. Additional details on the design of the burner are available in
the literature (Presser et al., 1993). The relevant dimensions necessary for modeling the
facility are presented in Fig. 2. Note that the reactor exit is off-axis, which makes the
problem non-axisymmetric.
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Fig.2  Schematic of (A) the 12-vane cascade swirl generator, and (B) the spray
combustion facility. Dimensions are given in millimeters.



In this paper, the airflow through the vane-cascade swirl generator, shown in Fig.
2A, was simulated using FLUENT' computational fluid dynamics software (FLUENT
Inc., 1998). Recently, Widmann et al. (1999b) modeled the airflow through the swirl
generator using two turbulence models, the standard k-€ model (Launder and Spalding,
1972) and the Renormalized Group theory (RNG) k-£ model (Yakhot and Orszag, 1986),
at conditions corresponding to the baseline case of the NIST database (50° vane angle and
Re = 10,000). The two turbulence models are two equation models in which two scalar
transport equations are used to describe the production, diffusion, and dissipation of
turbulence.

The standard k-& model is a semi-empirical turbulence model based upon an
isotropic eddy-viscosity hypothesis. 1t is widely used in industrial flow and heat transfer
simulations due to its robustness, economy, and reasonable accuracy (Shyy et al., 1997).
The RNG k-£ model also belongs to the k-g family of turbulence models; however, unlike
the standard k-¢ model, the RNG k-& model was derived using a statistical technique
called renormalization group methods. The model equations are similar to the standard k-
£ model, but the statistical derivation results in different values for the various constants
in the equations.

Smith and Reynolds (1992) reported inaccuracies with the specific values of the
constants in the RNG k-€ model. In response, Yakhot and coworkers reformulated the
earlier derivation of the differential equation describing the transport of € (Yakhot ef al.,
1992; Yakhot and Smith, 1992). With this change, the RNG k-¢ turbulence model has
shown improvement over the standard k-& model when applied to many industrial flows
(e.g., Papageorgakis and Assanis, 1999; Yin et al., 1996; Lien and Leschziner, 1994;
Yakhot et al., 1992). Particularly, noteworthy is the rate-of-strain term in the transport
equation for € that has been reported to result in improved predictions of flow fields with
high strain rates. In particular, flows in curved geometries, stagnation flows, separated
flows, and swirling flows are situations in which the RNG k-£ model has been reported to
be more accurate than the standard k-€ turbulence model. Benim (1990) compared the
performance of these two turbulence models in a swirling combustor and found that the
RNG k-£ model resulted in predictions consistent with experiment, while the standard k-€
model compared poorly with the experimental data. Widmann et al. (1999b) applied
both of these turbulence models to simulations of airflow through the vane-cascade swirl
generator shown in Fig. 2A, including the swirling flow through the annulus following
the vanes. They found that only the RNG k-& model resulted in predicted flowfields
consistent with experimental data.

Numerical Methodology

The numerical formulation is for isothermal, turbulent airflow through the 12-vane
cascade swirl generator shown in Fig. 2A. The relevant conservation equations include
continuity, the Reynolds averaged Navier-Stokes equations, and an appropriate
turbulence model. The Reynolds averaged Navier-Stokes equations are generated from

" Certain commercial equipment, materials, or software are identified in this publication to specify
adequately the experimental procedure. Such identification does not imply recommendation or
endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or
equipment are necessarily the best available for this purpose.




the instantaneous Navier-Stokes equations using the following transformations (Bird et
al., 1960):

w=u;+u;, p=p+p,and p=p+p'. (D

Here, the overbar and prime indicate a time-averaged quantity and an instantaneous
fluctuation, respectively. Dropping the overbar for convenience, the resulting expression
for the momentum equation in Cartesian coordinates is

i

d 0 dp 0 du, Ou; )| 2 ou
5(ptli)+§xj(pll'.uj)=——a—x__+—a'7j{‘u{—a—xj+a—xj]___'u ‘5 }‘FF +-—-/—( puu ). (2)

The last term in Eq. (2) is the derivative of the Reynolds stresses, - pulu’,, and represents

the effect of turbulence on the momentum balance. The Reynolds stresses represent
additional unknowns, and a set of constitutive equations is required to close these
equations. The turbulence models provide the additional equations necessary to close the
transport equations.

The Reynolds stresses in Eq. (2) are computed using the Boussinesq hypothesis
(Hinze, 1975),

le B a i .
—Pufu_/=#,[-.3i+ i’]—z(pkﬂl,a% i * (3)

where U, is the eddy or turbulent viscosity computed from

i )

For the standard k-¢ turbulence model, the scalar quantities kX and & are computed from
the following transport equations:
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The generation of &k due to turbulent stresses, Gy, is given by

G, =—puu, E)—J @)

The values of the constants in Eqs. (4) - (6) have been determined experimentally to be
Cie=144,C=192,(C,=0.09, 0y = 1.0, and o, = 1.3 (Launder and Spalding, 1972). -



The numerical simulations carried out in this study were generated using a
segregated, implicit solver. Integrating the transient problem to steady state was found to
be computationally less expensive than solving the time-independent transport equations,
and this method was used for the results presented here. The coupled equations were
solved with first order accuracy in time and second order accuracy in momentum,
continuity, and turbulence parameters. The pressure and velocity were coupled using the
PISO algorithm (Issa, 1986) with neighbor and skewness correction, and standard wall
functions (Launder and Spalding, 1974) were used for the near-wall treatment.

A uniform velocity profile was used for the inlet condition, and an inlet turbulence
intensity of 10 % was assumed with a characteristic length of R, - R; = 0.0333 m. The
predictions at the outlet of the domain were not sensitive to the inlet turbulence intensity.
In this report, the Reynolds number, based upon the mean axial velocity in the annular
regions of the domain, was varied from 5,000 to 30,000. Sheen et al. (1997) reported the
transition from laminar to turbulent flow in an annulus to occur at Re = 1600; therefore,
we expect fully developed turbulent flow for all of these simulations. At the outlet, the
radial velocity was assumed negligible and the radial equilibrium pressure distribution
was calculated by

iﬂ:ﬁf‘_{i_ (8)
or r

Also at the outlet, the turbulence intensity and characteristic length used for the inlet
condition were assumed in the event of backflow into the domain, such as in a
recirculation zone.
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Fig. 3  Schematic of (A) the surface mesh used to generate the unstructured grid for the
numerical simulation, and (B) a top view of the 12-vane cascade and the
modeled 30° section. Note that the periodic boundaries in (A) have been
omitted for clarity.




A three-dimensional model is required for this geometry; however, due to symmetry
it is only necessary to simulate a 30° portion of the vane cascade. An unstructured grid
was used for the simulations, and the surface mesh is shown in Fig. 3A. Note that the
rotationally periodic symmetry planes at 6 = 0° and 0 = 30° are not shown in the figure.
The mesh was constructed so that the grid resolution gradually increased from the inlet to
the vanes, and then remained high throughout the remainder of the domain. The number
of cells in the mesh was systematically increased until the solution was determined to be
grid-independent, and this strategy of gradually increasing the resolution from the inlet
plane to the vanes was used for all of the grids. The predictions presented here
correspond to results obtained from a grid with approximately 277,000 cells. A top view
of the vanes is shown in Fig. 3B, and the 30° section that was modeled is depicted. The
vane angle, , is shown in the figure.

Results

The combustion air is assumed to enter at the bottom of the swirl generator with a
uniform velocity profile. The air flows through an annular section approximately 0.178 m
long with the same radial dimensions as the exit annulus (R; = 0.0175 m and R, = 0.0508
m). The flow is then directed radially outward (see Fig. 1A). The flow bends upward
and then returns toward the center of the swirl generator as it passes through the vanes.
The swirling flow is finally directed upward through the exit annulus, approximately
0.165 m long, and enters the reactor. The fuel is introduced into the reactor through the
inner passage of the annulus (see Fig. 1B); therefore, the swirling combustion air flows
around the fuel nozzle as it enters the reactor.
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Figure 4 presents the variation of total air velocity with radial position at the annulus
outlet. The predicted velocity profiles are compared with the experimental data of
Widmann er al. (1999b) for a vane angle, «, of 50° and Re = 10,000. The error bars in
the figure correspond to combined standard uncertainties with a coverage factor of 2
(Taylor and Kuyatt, 1994). Additional details of the uncertainty analysis can be found
elsewhere (Widmann er al., 1999b). As shown in Fig. 4, the standard k-£ model is in
poor agreement with the experimental data, failing to predict the recirculation zone
present at the outlet. The RNG %-¢ turbulence model predicts the recirculation zone that
is experimentally observed, and the predicted velocity profile agrees well with the
experimental data. For this reason, all of the simulations presented in this report used the
RNG k-¢ turbulence model.

CASE VANE REYNOLDS | SWIRL
ANGLE NUMBER | NUMBER
1 30° 10,000 0.28
2 30° 20,000 0.28
3 40° 5,000 0.35
4 40° 10,000 0.35
5 40° 20,000 035 |
6 50° 5,000 0.42
7 50° 7,500 0.43
8 50° 8,000 0.43
9 50° 8,500 0.43
10 50° 9,000 0.44
11 50° 9,500 0.49
12 50° 10,000 0.49
13 50° 15,000 0.50
14 50° 20,000 0.50
15 50° 30,000 0.51
16 60° 5,000 0.59
17 60° 10,000 0.63
18 60° 20,000 0.65
19 60° 30,000 0.66

Table 1 The set of vane angles and Reynolds numbers explored in this report. Data files
are available that detail the profiles of total velocity, axial velocity, tangential
velocity, static pressure, turbulence intensity, and turbulence parameters (k and

¢) for each case.

The velocity profiles of the inlet combustion air were determined by simulating the
airflow through the swirl generator for a variety of vane angles and Reynolds numbers.
Vane angles of 30°, 40°, 50°, and 60° were studied, and the Reynolds number was varied
from 5,000 to 30,000. A vane angle of 50° is currently being used in the facility, so this



angle was investigated to a greater extent than the other vane angles. Table | summarizes
the different conditions for the 19 simulations. Data files for each case are available from
the authors that detail the profiles of total velocity, axial velocity, tangential velocity,
static pressure, turbulence intensity, and turbulence parameters (k and €) at the outlet of
the annulus (i.e., inlet of the spray combustion reactor).

The effect of the vane angle on the predicted radial profiles of total velocity, axial
velocity, tangential velocity, and turbulence intensity for Re = 10,000 at the outlet plane
of the simulation are shown in Figs. 5 - 8, respectively. Radial velocities are negligible
for all cases. The total velocity profiles in Fig. 5 reveal that the highest velocities are
near the inner wall of the annulus for vane angles of 30° and 40°. However, as the vane
angle is increased, the radial coordinate corresponding to the maximum velocity moves
towards the outer wall. In addition, a recirculation zone develops near the inner wall, and
the size of the recirculation zone increases with increasing vane angle. Figure 6 indicates
that the corresponding profiles of the axial velocity component follow essentially the
same trends except that the radial coordinate corresponding to the maximum velocity is
greater for o = 30° than for o = 40°. The recirculation zone predicted by the simulations
with vane angles of 50° and 60° is shown clearly in Fig. 6. For the simulations with a
recirculation zone, the air flow is predominantly near the outer wall.
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Fig. 5  Variation of the predicted total velocity with radial position at the outlet of the
annulus for Re = 10,000 and vane angles, o, of 30°, 40°, 50°, and 60°.

The variation of the predicted tangential velocity component with radial position is
presented in Fig. 7. The tangential velocity profiles, like the axial velocity profiles, peak
near the inner wall for vane angles of 30° and 40°, but are shifted toward larger radial
coordinates for vane angles of 50° and 60° due to the recirculation zone. At radial
positions within the recirculation zone, the tangential velocity is negligible, indicating
that the flow is essentially axial upstream into the burner passage. The variation of the



relative turbulence intensities with radial position are presented in Fig. 8.  The
simulations with vane angles of 30” and 40° predict turbulence intensities in the range of
20 % to 40 %. In contrast, the simulation with a 50° vane angle predicts turbulence
intensities ranging from below 5 % to 50 %, and the simulation with o = 60° predicts
turbulence intensities in the range 7 % to 70 %. The recirculation zone results in a region
of high velocity gradients, and therefore high shear, that increases the turbulence levels
appreciably.
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Fig. 6  Variation of the predicted axial velocity with radial position at the outlet of the
annulus for Re = 10,000 and vane angles, o, of 30°, 40°, 50°, and 60°.
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Fig. 8  Variaiton of the predicted turbulence intensity with radial position at the outlet
of the annulus for Re = 10,000 and vane angles, ¢, of 30°, 40°, 50°, and 60°.

The variation of the inlet combustion air characteristics with Reynolds number is
presented in Figs. 9 - 13. Profiles of total velocity, axial velocity, tangential velocity,
turbulence intensity, and static pressure are presented, respectively, for six values of the
Reynolds number and a vane angle of 50°. In each case, the profiles for Re = 5,000 and
Re = 7,500 (Frames A and B) are similar, but considerably different from the remaining
four profiles that correspond to the simulations predicting a recirculation zone (Frames C,
D, E, and F). When comparing Fig. 5 with Fig. 9, it is clear that the effect of vane angle
on the shape of the predicted radial profiles is more significant than the effect of
Reynolds number. However, the magnitude of the velocity components, turbulence
intensity, and static pressure depend strongly on Re.

Inlet Swirl number

The degree of swirl present in the combustion air entering a burner or furnace has a
strong effect on the structure and stability of the flame, and it is therefore an important
inlet parameter for modelers. Despite the importance of characterizing the swirling flow,
several obstacles prevent the reliable prediction of highly swirling flow fields. As
discussed above, one difficulty encountered when designing these systems is the
questionable accuracy of current turbulence models for highly strained flows. This
uncertainty results in flow field predictions that are suspect until validated with
experimental data. In addition, geometrical and empirical correlations available in the
literature are highly geometry dependent and often involve simplifying assumptions (e.g.,
inviscid flow) that lead to large uncertainties in the predictions.
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The swirl number is a non-dimensional parameter that characterizes the degree of
swirl present in the flow. It is defined as (Gupta er al., 1984)

5=-Co )

where L is a characteristic length, typically chosen to be the exit radius of the burner.
The terms G and G, are the axial flux of angular momentum and the axial flux of axial
momentum, respectively, and are given by

G, =J.pu:u9r2dr (10)
0
and

G:=J.(pu:2+p)rdr. (1D

Here u; and ug are the axial and tangential velocity components, respectively. For the 12-
vane swirl generator investigated in the present study, the characteristic length used was
the radial coordinate of the outer wall of the annulus (see Fig. 1B), L = Ry = 0.0508 m.
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Fig. 14 Variation of the swirl number, §, calculated from Egs. (9) - (11), with Reynolds
number for each of the cases investigated. The vane angle, ¢, is indicated in the
figure. The open symbols correspond to simulations in which a recirculation
zone is predicted at the outlet.



Figure 14 presents the swirl number calculated at the outlet of the computational
domain for each of the simulations in Table 1. The open symbols correspond to cases in
which a recirculation zone was predicted at the outlet of the domain. For vane angles of
30° and 40°, the swirl number is independent of Re over the range of Reynolds numbers
investigated, indicating that viscosity effects are not significant. For these vane angles,
simulations and correlations invoking the inviscid assumption will likely give reasonable
predictions. Note that the simulations corresponding to & = 30° or & = 40° do not predict
the presence of a recirculation zone at the outlet of the domain. For the simulations with
vane angles of 50° and 60°, the swirl number is a weak function of Reynolds number, but
reaches asymptotic values for high Reynolds numbers.
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Fig. 15 Variation of the axial momentum (IxxjaL), tangential momentum (Iranc), and
static pressure (Iprgss) contributions to the swirl number calculation with
Reynolds number.

The abrupt increase in the swirl number at Re = 9,500 predicted for o« = 50°
corresponds to the development of a recirculation zone at the outlet, and results from a

decrease in the static pressure contribution in Eq. (11), as shown in Fig. 15. The curves
labeled IaxiaL, ITang, and Iprgss in Fig. 15 correspond to

1y ZJ-p“zzrd”, (12)
0
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Lrang =Gy = quzuerzdr, (13)
0
and
! ppgss =J-prdr, (14)
0

respectively. The static pressure contribution to the swirl number, Ipgpss, decreases
abruptly when the recirculation zone develops due to the negative static pressure in the
recirculation zone. The decrease in Iprgss, which appears in the denominator of Eq. (9),
results in an abrupt increase in the swirl number.

Summary

The combustion air entering the reference spray combustion facility at NIST has
been investigated computationally using the Reynolds averaged Navier-Stokes equations
and the RNG k-¢ turbulence model. The RNG k-¢ turbulence model was previously
validated experimentally for the confined, swirling flow studied in this investigation. A
parametric study is presented in which the effects of the Reynolds number and vane angle
are examined for the ranges of 5,000 < Re < 30,000 and 30° < o, < 60°. The simulations
with a vane angle of 50°, which is the current operating condition for the reference spray
combustion facility, predict the development of a recirculation zone for Re = 9500. This
report completes a recent study intended to characterize the inlet combustion air in the
NIST reference spray combustion facility. The details presented herein can be used as
inlet conditions for modelers attempting to simulate the multiphase combustion process
within the reactor.
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