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Abstract−A three-dimensional CFD model of SCR converter with detailed chemistry is developed. The model is

used to study the effects of radial variation in inlet ammonia profile on SCR emission performance at different tem-

peratures. The model shows that radial variation in inlet ammonia concentration affects the SCR performance in the

operating range of 200-400 oC. In automotive SCR systems, ammonia is non-uniformly distributed due to evapora-

tion/reaction of injected urea, and using a 1D model or a 3D model with flat ammonia profile at inlet for these conditions

can result in erroneous emission prediction. The 3D SCR model is also used to study the effect of converter design

parameters like inlet cone angle and monolith cell density on the SCR performance for a non-uniform ammonia con-

centration profile at the inlet. The performance of SCR is evaluated using DeNO
x
 efficiency and ammonia slip.
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INTRODUCTION

Selective catalytic reduction (SCR) using urea is one of the tech-

nologies used to reduce NOx emissions from a diesel automotive

exhaust system [1]. In this process, ammonia formed by decom-

posing urea injected upstream of the SCR converter is used to reduce

NOx in the catalytic converter. Optimal SCR design and operation

requires maximizing NOx reduction efficiency with minimum am-

monia slip (i.e., excess ammonia that escapes unreacted). Computer

modeling can be used to achieve this goal. Conventionally, 1-D con-

verter models [2,3] based on single channel approach have been

used to model SCR performance. These models assume uniform

flow, temperature and concentration distribution at the front face of

the monolith. This assumption may or may not be applicable for

ammonia due to inherent nonuniformity introduced by urea injec-

tion and decomposition [4-7]. In addition, heat loss at the external

boundary of the converter can change the radial temperature distri-

bution in the converter. Radial flow and temperature variation have

to be modeled to accurately predict the converter performance under

such conditions.

It is widely established that the performance of an SCR system

is strongly influenced by the uniformity of ammonia at SCR inlet

[8-10]. Injection and subsequent evaporation of urea solution results

in non-uniform ammonia concentration distribution across the mono-

lith face. Several experimental and numerical studies have been per-

formed to optimize the design and operating conditions of injectors

to obtain a more uniform NH3 profile [11-14]. Also, the design of

spacers/mixers has been optimized to yield better ammonia con-

centration uniformity [10,15-17]. The impact of geometric param-

eters like inlet cone to improve ammonia uniformity has also been

studied [18]. However, the role of ammonia flux, i.e., the product

of concentration and velocity, has not yet been explored in detail.

There have been some efforts towards modeling the chemical

kinetics of NOx reduction in SCR using computational fluid dynam-

ics (CFD). Karlsson et al. [19] combined the 3D CFD and lumped

parameter SCR model, which enables the prediction of system per-

formance with non-uniform exhaust and ammonia profiles. The

output of the CFD simulations is fed into the lumped SCR model

for evaluation of the overall system performance. Wurzenberger et

al. [3] performed a full 3D simulation of an HSO (Hydrolysis-SCR-

Oxidizer Catalyst) system considering urea injection and homoge-

neous gas phase and catalytic reactions. They considered three SCR

reactions along with urea conversion reaction. Benjamin and Rob-

erts [20] performed a full CFD study with droplet model for urea

injection and SCR reactions on a simple diffuser geometry. Their

results indicate that there are limitations to using a spray model as

a means to introduce ammonia. Tamaldin et al. [21] did a 3D CFD

study with SCR reactions and no urea injection. They used eight

reactions for SCR chemistry and also considered the mass transfer

between the gas and the solid phase. Experimental data was used

to obtain inlet boundary conditions for the CFD model.

Chae et al. [22] modeled the 3-D effects of NH3 injection on SCR

performance. The effect of geometry on the NH3 concentration pro-

file was obtained by solving a CFD model in CFX. The profile pre-

dicted by the CFD model was used as the inlet condition to the reactor

model. Further, the study used a simplified SCR kinetics based on

pseudo steady state assumption for the coverage of ammonia on

catalyst sites.

In the present study, we report the development of a transient CFD

model of SCR converter with full SCR chemistry [2]. The SCR

reaction model used in this study solves for the transient ammonia

coverage on catalyst sites. This improves the model predictions for

transient conditions like vehicle drive cycles. The visualization of

ammonia coverage distribution inside the monolith can also provide

useful insight on the SCR process. Further, to accurately capture

the geometry effects, the solution of concentration and flow field is
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coupled with the reaction kinetics in the CFD model used in this

study. This eliminates the need for separately specifying velocity,

temperature or concentration profiles at the inlet of the reactor mono-

lith. This model is used to determine the effect of inlet ammonia

profile and geometric parameters like cone angle and cell density

on the overall NOx conversion efficiency and ammonia slip. The

effect of radial variation in the ammonia concentration at the con-

verter inlet is also determined. Based on this analysis a strategy for

an optimum SCR design has been proposed.

SCR MODEL

1. Geometry

A 3.3 liter SCR converter with the specifications listed in Table 1

is used for this study [23]. The converter geometry is symmetrical

and hence a 2D axisymmetric model (shown in Fig. 1) is chosen

for the analysis. The computational domain contains 7000 hexahe-

dral elements. The mesh elements at the monolith inlet and end of

inlet cone are refined further to accurately predict the velocity and

temperature distribution along the monolith inlet.

2. Governing Conservation Equations

The computational domain is divided into two regions with the

SCR monolith being a porous medium while rest of the domain

(inlet/outlet cones and pipes) is modeled as a free flow region. The

governing equations are solved using commercial CFD package

STARCD [24]. STARCD is a finite volume solver with body-fitted

grids. The governing equations are numerically integrated over each

of these computational cells or control volumes. The grids are non-

staggered and all variables are evaluated at cell centers.

2-1. Free Flow Region Outside Monolith

In the free flow region, Reynolds averaged governing equations

for mass, momentum, energy and species mass conservation are

solved in cylindrical coordinates (z, r, θ). 2D axisymmetric model

in star-CD represents a 5 degree slice of original 3D model and the

assumption of axisymmetry implies that there are no gradients in

the circumferential (θ) direction.

Mass conservation equation,

(1)

Momentum equations in axial, radial and tangential directions are

as follows:

(2)

(3)

(4)

In the above equations, u, v and w are time averaged axial, radial

and circumferential velocity components, respectively; p is pres-

sure, ρ is density and µeff is effective viscosity, with contribution

from laminar and turbulent components,

(5)

The energy equation is expressed in terms of gas phase enthalpy

(hf),

(6)

where k is thermal conductivity, Cp is specific heat at constant pres-

sure and σt is the Prandtl number. The species mass conservation

equation is given as follows:

(7)

The turbulence in the flow along the cone region is accounted for

using a RNG k-ε model. Turbulent kinetic energy (k) and dissipa-

tion rate (ε) equations are given in Eqs. (8) and (9). The turbulence

constants can be found at [25].
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Table 1. Monolith properties

Material Cordierite

Monolith length (mm) 203

Monolith diameter (mm) 144

Inlet pipe diameter (mm) 056

Cone length (mm) 077

Cell density (cpsi) 400

Substrate thickness    (mil) 4.3

Washcoat loading  (g/l) 110

Zeolite site density (mol-site)/m3 200

Fig. 1. 2D Axisymmetric model. Red zone is the monolith (porous
medium) and blue zones are the inlet and outlet cones.
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(8)

(9)

(10)

(11)

where,

η0=4.38, β=0.012 and η≡Sk/ε, S being the modulus of mean rate

of strain, which is related to G as, S=

2-2. Flow Inside Monolith

The flow field inside the monolith is assumed to be fully devel-

oped and laminar. Star-CD solves the pressure drop in the porous

domain as an additional source term in the momentum equation as

follows:

(12)

The porous resistance Ki is assumed to be a function of the superfi-

cial velocity magnitude |v| of the form

Ki=αi|v|+βi (13)

where αi and βi are resistance coefficients calculated from monolith

characteristics given by Kays [26],

(14)

The calculated αi and βi are specified only in the axial direction be-

cause the flow in the monolith channels is unidirectional. The trans-

verse αi is set to zero and βi is assigned large values (10
8) to suppress

the flow in radial directions [27].

The energy equations in both fluid and solid domains of the mono-

lith are solved using the conjugate heat transfer between the two

domains represented via a source term. Porous medium energy bal-

ance is given as follows:

(15)

The final term in Eq. (16) gives the heat transfer between gas

and substrate. Gas density ρ is a function of temperature based on

ideal gas law. The solid phase energy equation inside the substrate

is given as follows:

(16)

Species transport equation inside the monolith:

(17)

The mass transfer between gas to the substrate surface is solved

as an algebraic differential equation:

i=1, 2..nsp (18)

And coverage is solved with a transport equation with no con-

vective and diffusion terms and only with a source term as follows:

(19)

3. Chemical Reaction Kinetics

The reaction chemistry is based on the mechanism proposed by

Olsson et al. [2] The reactions and rate expressions are shown Table

2. The kinetic rate constants obtained by Olsson et al. [2] are directly

used in the CFD model calculations.

4. Boundary Conditions

Transient simulations are performed with 20 g/s and 100 g/s of

inlet feed flow rate consisting of 200 ppm of NH3 and NO. Simu-

lations are carried out assuming both flat and parabolic profiles for

the ammonia concentration distribution across the inlet pipe, while

the inlet velocity is represented with a flat profile. A parabolic profile

choice adequately represents the radial variations of urea concentra-
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Table 2. SCR reaction chemistry [2]

# Reaction Rate Expression

1. NH3 Adsorption/Desorption NH3+σ←→NH3- σ K1, f CNH3
(1−θNH3

)−K1, b θNH3

2. NH3 Oxidation 2NH3+1.5O2→N2+3H2O+2 σ K2 CO2
 θNH3

3. NO Oxidation NO+0.5O2
←
→NO2 K3, f (CO2

)0.5 CNO−K3, b CNO2

a

4. Standard SCR 4NH3- σ+4NO+O2→4N2+6H2O+4 σ K4 CNO θNH3

5. Fast SCR 2NH3- σ+NO+NO2→2N2+ 3H2O+2 σ K5 CNO CNO2
 θNH3

6. Slow SCR 4NH3- σ+NO2→3.5N2+6H2O+4 σ K6 CNO2
 θNH3

7. N2O formation 2NH3- σ+2NO2→N2+N2O+3H2O+2 σ K7 CNO2
 θNH3

aK3, b is calculated from the thermodynamic restrictions
The rate constant K is calculated using, K=A eA

−[E/RT]
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tion as a result of urea injection from the pipe wall. For the parabolic

profile approximation, the NH3 concentration is calculated using the

formula C=Cmax (1−r
2/R2), where Cmax is the maximum ammonia

concentration near the axis. The SCR performance is established at

five different inlet temperatures ranging from 150 to 550 oC. The

pressure at the SCR outlet is fixed at atmospheric pressure. Converter

walls are subjected to heat loss boundary conditions with Nusselt

number calculated from the following formula [28]:

Nu=(0.6+0.387(GR.Pr)1/6/(1+0.559/Pr)9/16)8/27)2 (20)

Typical heat transfer coefficient values are 10W/m2K for the mono-

lith region and 20W/m2K for the cone region. The initial bed temper-

ature is fixed at 300K.

5. Numerical Procedure

The model is simulated until NH3 and NO concentration at the

outlet reaches a steady state. Numerical results of flow distribution,

velocity profile and NH3, NO, NO2, N2O profiles at different tem-

peratures are obtained using this model. For all the simulations, per-

formance of SCR is measured in terms of the DeNOx efficiency

and ammonia slip. DeNOx efficiency is defined as the NOX con-

version across the SCR given by Eq. (21). The ammonia concen-

tration at the outlet is calculated as flux weighted average across

the outlet. Ammonia slip is the amount of unconverted ammonia

leaving the SCR.

(21)

In addition, the uniformity index (UI) defined by Eqs. (22) and

(23) is calculated to characterize the flow and concentration non-

uniformity at SCR inlet. In these equations, ϕ is the parameter for

which uniformity index is calculated. It is general practice to use

concentration based uniformity i.e. φ=xg, but in this paper ϕ is based

on the net species flux, φ =ρuxg.

(22)

(23)

To differentiate the effects of flux based uniformity (ϕ) over con-

centration uniformity (xg), both the parameters are used in the study

and labeled as “NH3-flux” and “NH3-conc”, respectively, in the results

section. In addition to the CFD model, a 1D SCR model described

by Olsson et al. [2] is also simulated for the conditions described

above. The results from the CFD and 1D model are compared to

establish the presence and magnitude of the 3D effects.

EXPERIMENTAL VALIDATION

The model has been validated using experimental data obtained

on a flow reactor test. A catalyst sample with length 30mm and

diameter 22mm was used in the reactor. The flow rate of the gas

was 6.63e-5 kg/s and the concentrations were 500 ppm for ammo-

nia, 500 ppm for NO and 8% O2. A stepwise increment of tem-

perature was applied from 100 to 500 oC with 50 oC increment for

every 20min. The experiments were conducted for a total duration

of 250min. Different phases of SCR reactor like NH3 adsorption/

desorption, NO reduction/oxidation and NH3 oxidation were observed.

The model results are in close in close agreement with the experi-

mental values as shown in Fig. 2 and 3.

RESULTS AND DISCUSSION

The validated model is used to study the effect of radial non-uni-

formity in inlet ammonia concentration and the geometric design

factors on SCR performance. The results from those simulations

are discussed in this section.

1. Effect of NH3 Profile Along the Inlet

Fig. 4 shows the DeNOx efficiency at different temperatures. As

expected, the efficiency is maximum at an intermediate tempera-

ture range of (250-350 oC) [29]. At a lower temperature (150 oC),

the efficiency decreases due to lower reaction rates; whereas at higher

temperatures (above 350 oC) the efficiency decreases due to increased

oxidation of ammonia. The corresponding ammonia slip at the con-

verter outlet is shown in Fig. 5. Most of the ammonia leaves the

SCR unconverted at the lower temperature. Figs. 4 and 5 also include

the 1D model and CFD model results obtained for a flat ammonia

profile at the inlet. The results show that in the absence of a radial

variation in ammonia, the 1D model results are in agreement with

DeNOx = 

NOx in − NOxout

NOx in
----------------------------------------

UI =1− 

φ  − φ dA⋅∫
2φA

--------------------------

φ  = 

φ dA⋅∫
A

---------------

Fig. 2. Measured and calculated NH3 concentration (ppm) at SCR
outlet during NH3 SCR experiment.

Fig. 3. Measured and calculated NO concentration (ppm) at SCR
outlet during NH3 SCR experiment.
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the CFD model results. However, using a parabolic ammonia pro-

file a significant variation (≈10% on NOx conversion efficiency) is

observed at intermediate temperatures. But at low and high temper-

atures, all three models predict similar NOx conversion and ammonia

slip. This implies that using a 1D model to describe SCR perfor-

mance at intermediate temperatures will give misleading results be-

cause the effect of radial variation in ammonia profile will not be

predicted accurately.

A comparison of NO and NH3 contours in Figs. 6 and 7, respec-

tively, shows that radial variations in the concentrations exist at all

temperatures. Due to the higher ammonia concentration more NO

conversion occurs near the axis. However, this radial variation does

not have a significant impact on the overall conversion at extreme

temperatures (150 and 550 oC). This observation can be explained

by comparing the NH3 coverage (i.e., the fraction of NH3 sites occu-

pied in the catalyst) contours (Fig. 8). At 150 oC and 550 oC, the

ammonia coverage fraction is the same throughout the SCR. At the

lower or higher temperatures the following effect is seen. At 150 oC

all the catalyst sites are saturated with ammonia, and at 550 oC all

the adsorbed ammonia is readily oxidized. This lowers the impact

of any radial variation in ammonia concentration on the final con-

Fig. 4. DeNO
x
 Efficiency. The DeNO

x
 efficiency is calculated at dif-

ferent temperatures for the three models: (a) CFD with par-
abolic profile, (b) CFD with flat profile and (c) 1D model.

Fig. 5. NH3 Slip (ppm)  at the outlet. NH3 slip is calculated at the
outlet of converter at different temperatures for the three
models: (a) CFD with parabolic profile, (b) CFD with flat
profile and (c) 1D model.

Fig. 7. NH3 Contour (ppm). Steady state NH3 profiles for different
operating temperatures with parabolic NH3 profile at inlet.

Fig. 6. NO Contours (ppm). Steady state NO contours at different
operating temperature parabolic NH3 profile at inlet.

Fig. 8. NH3 Coverage. Steady state coverage fraction inside the
monolith for different temperatures with parabolic NH3 pro-
file at inlet.
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version since all the SCR reaction rates depend on ammonia stored

on the catalyst [2]. In addition, the flow uniformity at the SCR inlet

increases with temperature (due to higher velocity and pressure drop

inside monolith) (Fig. 9), which further reduces the radial variations

at higher temperature. At intermediate temperatures, SCR reaction

rates are comparable to ammonia adsorption-desorption and oxida-

tion, and therefore the radial variation in ammonia reduces NOx con-

version. Also, both the radial and axial variation in temperature inside

the monolith is very minimal since the SCR reactions are not exother-

mic as reported by Olsson et al. [2] Therefore, the effect of radial

and axial temperature variation on ammonia coverage can be neg-

lected. For the case of flat ammonia profile assumption across the

inlet, the NO, NH3 concentration and NH3 coverage show negligi-

ble radial variations inside the monolith, and the CFD results are

very close to the 1D model results.

2. Effect of Converter Geometry

The CFD model is used to study the effect of converter geome-

try on SCR performance. The geometry discussed in the previous

section is chosen as the base case. The SCR performance for varying

1) inlet cone angle (θ) and 2) monolith cell density (CPSI) has been

established.

2-1. Effect of Cone Angle

The SCR performance in converters with 30, 45 and 60 degree

cone angles was studied using our model. In these converter geom-

etries the inlet cone length was varied while the inlet pipe and the

monolith diameter were kept constant. Figs. 10 and 11 show the

change in DeNOX efficiency and NH3 slip, respectively, at different

cone angles. A marginal improvement in SCR performance is ob-

served at smaller cone angles. As the cone angle increases, the mono-

lith comes closer to the inlet pipe, reducing the distance available

for flow to expand. This leads to a slight decrease in flow unifor-

mity as seen from Fig. 12, and hence a decrease in SCR perfor-

mance.

2-2. Effect of CPSI

The effect of channel cell density on the SCR performance is

determined using the base case converter geometry specified in Table

1. The cell density and corresponding substrate thickness [30,31]

used in the SCR models are shown in Table 3. Figs. 13 and 14 show

that the DeNOX efficiency and ammonia slip, respectively, do not

change significantly with cell density. There is a minor improve-

ment in SCR performance at higher cell density. Increase in inter-

Fig. 9. Uniformity index. Change in velocity and NH3 uniformity
index values with temperature for the CFD model with par-
abolic NH3 profile. Please refer to Eq. (22) for the definition.

Fig. 11. Steady state ammonia slip for different cone angles as a
function of inlet temperature.

Fig. 10. Steady state  DeNO
x
 efficiency for different cone angles as

a function of inlet temperature.
Fig. 12. Velocity and NH3 uniformity index change for different

cone angles as a function of inlet temperature.
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face area at higher cell density will enhance the mass transfer from

the gas to the catalyst surface. This increase only has a small effect

indicating that the SCR reactions are not limited by mass transport

as reported by Olsson et al. [2].

SUMMARY

A CFD model of SCR converter is developed with detailed SCR

chemistry. The resulting model takes into account all the radial varia-

tions at the monolith inlet, gas-solid heat and mass transfer as well

as the chemical reactions in a typical SCR. The model is used to

establish the SCR performance for different radial variations in inlet

ammonia profile. In the absence of radial variations in inlet con-

centration, the SCR performance predicted by the CFD model is in

close agreement with the 1D model. However, in the presence of

radial variations the 1D model will over-predict the DeNOx effi-

ciency.

It is also shown that the radial effects significantly reduce the SCR

performance if the ammonia concentration at the converter inlet is

non-uniform. Reducing the radial non-uniformity of the ammonia

which is formed by urea injection and its decomposition can signifi-

cantly improve the SCR performance. The uniformity factor based

on ammonia flux rather than only the concentration is a better indica-

tor of the effect of radial non-uniformity on the SCR performance.

The CFD model is used to explore the effect of changing con-

verter geometry to improve the SCR performance in case of a para-

bolic inlet ammonia concentration. In all the geometric configurations

tested, the SCR performance does not reach the level obtained using

a flat ammonia profile. The change in inlet cone angle of the con-

verter as well as the monolith cell density does not have a signifi-

cant effect on the SCR performance.

NOMENCLATURE

Cps : specific heat capacity of substrate [J/kg/K]

aj(z) : active site density for jth reaction [mol-site(cat)/m3]

Dh : hydraulic diameter [m]

Di : diffusivity of gas [m2/s]

fshape : friction shape factor

Gr : Grashof number

hf : gas phase enthalpy [J/kgK]

h : heat transfer coefficient [w/m2K]

K : turbulent kinetic energy [m2/s2]

Kc : entrance pressure loss coefficient

Ke : exit pressure loss coefficient

keff : effective gas phase conductivity [W/mK]

Kg : thermal conductivity of gas [W/mK]

Kz, eff : axial thermal conductivity of substrate [W/mK]

Kr, eff : radial thermal conductivity of solid [W/mK]

Kmi : mass transfer coefficient [m/s]

L : length of monolith [m]

Nu : nusselt number

nsp : number of reacting species

nrct : number of reactions

P : operating pressure

Pr : Prandtl number [Pa]

Rj : specific reaction rate for jth reaction or turnover rate [mol/

mol-site(cat)/sec]

S : surface area of substrate per converter volume [m2/m3]

Sij : stoichiometric coefficient of ith species in jth reaction

Sθj : stoichiometric coefficient of adsorbed NH3 in jth reaction

T : temperature [K]

Ts : solid phase temperature [K]

Tg : fluid temperature [K]

t : time [seconds]

us,vs : superficial velocity [m/s]

x, y, z : axis direction

Table 3. Variation of monolith geometric parameters with cell den-
sity

CPSI
Substrate
thickness
(mil)

Washcoat
thickness
(mil)

Geometric
surface area
(m2/m3)

Volume
porosity

Hydraulic
diameter,
mm

300 6.5 1.44 2284 0.70 1.23

400 4.3 1.20 2727 0.75 1.10

600 2.5 0.96 3439 0.80 0.93

900 2.5 0.80 4144 0.77 0.75

Fig. 13. Steady state DeNO
x
 efficiency for different cell density val-

ues as a function of inlet temperature.

Fig. 14. Steady state ammonia slip for different cell density values
as a function of inlet temperature.
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Xg : mass fraction of species in gas phase

Xs : mass fraction of species in solid phase

Greek Symbols

∆Hj : heat of reaction for reaction J [J/mol]

µ : viscosity of gas [kg/ms]

ηj : effectiveness factor for the jth reaction

ρ : density of gas [Kg/m3]

σh : turbulent prandtl number

Φ : species mass flux [Kg/m2s]

θk : coverage parameter for the kth storage

Γc : species mass diffusivity [m2/s]

χ : volume porosity
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