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Abstract

Modelling of cold-start engine exhaust behaviour is a di�cult task as it involves complicated heat transfer

processes and chemical reactions at both the exhaust manifold/pipe and catalytic converter. This paper presents a
model that is capable of predicting the exhaust gas temperatures along the exhaust pipe and across the catalyst
monolith, both spatially and temporally. The dew point temperature platform, due to water condensation and
subsequent evaporation, at catalysts downstream immediately after engine cold-start is successfully predicted. The

conversions of toxic carbon monoxide and unburned hydrocarbons to harmless carbon dioxide and water at the
catalytic converter are also validated satisfactorily by the experimental data. # 1999 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Noxious emissions, such as carbon monoxide (CO),
unburned hydrocarbons (uHC) and oxides of nitrogen
(NOx) in the exhaust of gasoline powered engines are

e�ectively controlled by the adoption of three-way cat-
alytic converter (TWC) whereby they are oxidised or
reduced to harmless carbon dioxide (CO2), nitrogen
(N2) and water vapour (H2O). Today, TWC has

become a common feature for the fuel injection gaso-
line engines with closed loop lambda feedback control.
However, the catalytic converter will not be able to

function e�ectively until it reaches the light-o�/operat-

ing temperature, though TWC used in motor vehicles
nowadays are able to achieve the reductions of CO,

uHC and NOx by up to 95% when they are fully
warmed up. TWCs have been progressively improved
in their design, structure, material properties, and

hence performance. Ceramic converters with high cell
density to increase surface area [1] and light weight
ceramic with thin wall for low heat capacity [2] have
been introduced for rapid catalysts light-o�. However,

the light-o� temperatures of the TWCs are still not
much di�erent from the range of 250±3408C as
reported by Burch et al. [3]. Recent research has

revealed that 60±80% of the uHC and CO are emitted
from a motor vehicle equipped with TWC within the
®rst few minutes following engine cold start [4,5]. This

peculiarity o�ers scope for the reduction of overall
engine emissions; in particular where short journeys
are frequently encountered in urban road driving.
To reduce the time spent on experiments and to

optimise the complete exhaust system for improved
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catalyst lighto�, many modelling works have been con-

ducted along with the experiments. Some simulation
studies focused on predicting the thermal response of
the exhaust gas in the air-gap dual-pipe exhaust system

to improve exhaust pipe design for exhaust energy
preservation [6,7], while others focused on predicting
the conversion behaviours of the catalytic converters
and their design optimisation. Yaegashi et al. [8]

applied the simulation technique to optimise the heat-
ing pattern of an electrically heated catalyst. Baba et
al. [9] used a 2-D simulation model to investigate the

e�ects of the loading quantity of the noble metals for
improved catalyst conversion e�ciency. Koltsakis et al.

[10] developed a 2-D model for TWC to study the

e�ects of operating conditions (gas ¯ow pattern and
catalyst ageing) on the catalyst performance. These
models separately studied thermal responses of the gas

in the exhaust pipe and the performance of the cata-
lytic converter at steady state or transient conditions
with given constant inlet gas parameters. However,
none of the above-mentioned models consider the

actual engine cold-start conditions where the wall tem-
peratures of the exhaust system and the catalytic con-
verter are gradually heated up by the exhaust gas.

Furthermore, signi®cant amount of water vapour con-
densed onto the surfaces (and later evaporated) of the

Nomenclature

C gas concentration by volume (%)
cp heat capacity of pipe material (J/kg/K)
cpg speci®c heat of gas at constant pressure (J/

kg/K)
Dj mass di�usivity for gas species j (m2/s)
d hydraulic diameter of monolith cell chan-

nel (m)
d1 pipe inner diameter (m)
d2 pipe outer diameter (m)

dbent pipe bent diameter (m)
f frictional factor
g gravitational acceleration (9.81 m/s2)
h heat transfer coe�cient (W/m2/K)

hDj
mass transfer coe�cient of gas species j

k thermal conductivity (W/m/K)
kj kinetic rate constant (mol K/m2/s) ( j= 1,

4)
Kj adsorption equilibrium constant ( j= 1, 4)
M molecular weight of gas (kg/kmole)

mÇ mass ¯ow rate of gas (kg/s)
Nu Nusselt number
NTU number of transfer unit

Pr Prandtl number
Q heat transfer (kJ)
q heat ¯ux (w/m2)
R reaction rate (mol/m2/s)

R universal gas constant (8.314 kJ/kg/K)
Ra Rayleigh number
Re Reynolds number

S geometric surface area per unit catalyst
volume (1/m)

Sc Schmidt number

Scat catalytic surface area per unit catalyst
volume (1/m)

Sh Sherwood number
T temperature (K)

t time (s)

u axial gas velocity (m/s)
V1 volume of gas (m3)
V2 volume of pipe segment (m3)

x axial coordinate of exhaust system (m)
DF surface area of monolith segment exposed

to heat transfer (m2)

DH exothermal heat release (kJ/kmol)

Greek letters
a thermal di�usivity (m2/s)
b volumetric thermal expansion coe�cient

(1/K)
m dynamic viscosity (kg/ms)
n kinematic viscosity (m2/s)

r density (kg/m3)
s Stefan±Boltzmann constant (5.67 � 10ÿ8

W/m2 K4)

d void fraction of the monolith
e surface roughness (m), emissivity

Subscripts
a air

c critical
cva convection to ambient
g gas

i spacing grid
j gas species j
gp convection between exhaust gas and pipe

wall

p pipe
rad radiation
s catalyst surface

Superscripts
n time step
in inlet
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exhaust system and monolith cells during this engine
cold-start phase and its e�ect on surface heat transfer

were not considered thus far by any models.
The objective of this project is to develop a model,

which considers detailed heat transfer processes and

chemical reactions in the engine exhaust system, so
that the performance of the catalytic converter and its
light-o� temperature can be accurately predicted. The

predictive capability of the model is validated satisfac-
torily with the experimental data and is useful as a
tool for matching of exhaust manifold/pipe and TWC
and for improving catalyst light-o� by means of

exhaust system optimisation.

2. Exhaust system modelling

Simulation of the engine exhaust system equipped

with a TWC is a useful and powerful tool not only for
the engine designers to develop a new exhaust system,
but also for researchers to ®nd possible solutions for

emissions control to meet the increasingly stringent
emissions standards. Reliable and e�cient simulations
could reduce the number of experiments for engine sys-
tem design and hence saving the cost. In addition,

simulation technique allows one to study, in greater
detail, the e�ects of some parameters that had been
neglected or hardly to be achieved in the experiments.

For example, when one simulates the e�ect of cold
ambient air on the engine performance in a hot climate
country, it is hardly and costly to be achieved by the

experimental method.
Fig. 1 depicts the exhaust system of a 4-cylinder

Ford engine equipped with a TWC under investi-

gation. The exhaust system consists of three distinct
parts, which include an exhaust manifold, an exhaust

pipe and a catalytic converter.

2.1. Heat transfer in exhaust pipe

Fig. 2 shows schematically the pipe ¯ow and its as-
sociated heat transfer elements that are represented by

a control volume. Since the actual ¯ow in the exhaust
pipe is unsteady and compressible, the ¯ow condition
at any location of interest is described by three inde-
pendent variables, i.e. velocity, density and pressure.

However, as the emphasis of the current study is
placed on the thermal e�ect on the exhaust system, the
e�ect of the ¯ow pulsation due to pressure wave

actions on heat transfer process is simpli®ed by adopt-
ing a pulsation factor in the Nusselt equation. By
assuming a quasi-steady, incompressible ¯ow, the 1-D

energy equations for the exhaust gas and pipe wall
take the form as below:

@Tg

@ t
� u

@Tg

@x
� ÿ qgp

rgcpgV1
�1�

@Tp

@ t
� a

@ 2Tp

@x 2
� qgp ÿ qcva ÿ qrad

rpcpV2
: �2�

Eq. (2) is actually a 1-D, unsteady, heat conduction
equation with uniform thermal conductivity applied to
the pipe wall.

2.1.1. Heat convection from exhaust gas to pipe wall
The heat transfer from the exhaust gas to the inner

Fig. 1. Schematic layout of exhaust system (T and G: temperature and gases tapping points).

S.H. Chan, D.L. Hoang / Int. J. Heat Mass Transfer 42 (1999) 4165±4183 4167



wall of the exhaust pipe is mainly due to the forced

convection and is strongly dependent on the exhaust
¯ow characteristics and the geometry of the pipe. The
heat ¯ux is expressed as:

qgp � hgppd1Dx�Tg ÿ Tp� �3�

where hgp is the convective heat transfer coe�cient
between the exhaust gas and the pipe wall, and is
determined by the following Nusselt number:

Nu � hgpd1

kg

: �4�

At engine cold-start, the cold pipe walls quench the
hot exhaust gases from the engine, thus forming a thin

layer of water ®lm on the pipe wall a�ecting the heat
transfer processes. Two cases were considered in this
study, i.e. wet wall and dry wall heat transfers.

2.1.1.1. Wet surface heat transfer. When an engine is
started from cold, the water vapour present in the hot
exhaust gas is condensed onto the cold surfaces of the

exhaust pipe forming a thin layer of water ®lm, which
is subsequently evaporated when the exhaust pipe tem-
perature is in thermal equilibrium with the exhaust

gas. The condensation and evaporation occur simul-
taneously and the process ceases when the pipe wall
temperature exceeds the dew point temperature of
water vapour. In the case that the pipe wall tempera-

ture is below the saturated temperature of the water
vapour at a typical vapour pressure, condensation will
dominate over the evaporation and vice versa. The wet

surface serves as the media for heat transfer from the
exhaust gas to the pipe wall. Heat transfer phenomena
during the engine cold-start period is very complicated

as it involves liquid and vapour phases and is beyond
the scope of present study. Instead, an empirical corre-
lation for wet surface heat transfer is adopted to

account for the e�ect of water ®lm on the heat trans-

fer. A commonly used Dittus±Boelter correlation
[11,12] for wet surface heat transfer is adopted

Nu � hgp d1
kg

� 0:023Pr0:4Re0:8 �5�

where

Re � Gd1
m

�6�

Pr � cpm
kg

�7�

G � 4 _m

pd21
: �8�

The thermal properties of the gas are evaluated at

(Tg+Tsat)/2.

2.1.1.2. Dry surface heat transfer (fully warmed up

exhaust pipe). When the exhaust pipe is fully warmed
up, the Nusselt correlation for a fully developed ¯ow
based on the average ¯ow rate of the exhaust gas is

used. There are a number of heat transfer correlations
available. Among all, a widely used correlation pro-
posed by Gnielinski [13] was chosen for the present
study.

For 104 < Re< 5 � 106

Nu � � f=8��Re�Pr
1:07� 12:7� f=8�1=2�Pr2=3 ÿ 1� �9�

for Re < 104

Nu � � f=8��Reÿ 1000�Pr
1:07� 12:7� f=8�1=2�Pr2=3 ÿ 1� �10�

where the friction factor ( f ) is determined by the fol-

Fig. 2. Control volume of an exhaust pipe.
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lowing equation:

1��
f

p � 2 log

 
e

3:7d
� 2:51

Re
��
f

p !
� 0: �11�

The thermal properties of gas are evaluated at Tg.
To take into account the e�ect of pipe bend on the

heat transfer coe�cient, Hausen [14] recommended the

following correlation for the bend factor:

FB � Nubentÿpipe

Nu
� 1� 21d1

Re0:14dbent

: �12�

In addition, a gas pulsation factor (Fpul) with
values between 1.6±3 [6,15] is introduced to the
Nusselt correlation to account for its e�ect on heat
transfer process. Hence, Eqs. (9) and (10) become:

For 104 < Re< 5 � 106

Nu � �FB��Fpul�� f=8�RePr
1:07� 12:7� f=8�1=2�Pr2=3 ÿ 1� : �13�

For Re< 104

Nu � �FB��Fpul�� f=8��Reÿ 1000�Pr
1:07� 12:7� f=8�1=2�Pr2=3 ÿ 1� : �14�

2.1.1. Heat convection from pipe surface to ambient air

The heat ¯ux from the outer surface of the pipe to
the ambient air (qcva) due to free heat convection is:

qcva � hcvapd2Dx�Tp ÿ Ta� �15�

where

hcva � Nuka

d2
: �16�

The Nusselt number is determined from the correlation
proposed by Churchill and Chu [16] as below:

Nu � 0:6�
 

0:387Ra1=6

�1� �0:599=Pr�9=16�8=27
!

�17�

where

Ra � l3gb�Tp ÿ Ta�
n2a

Pr �18�

and

the wetted length l � pd2: �19�

The property b is evaluated at Ta while other proper-
ties are evaluated at the ®lm temperature Tf [17]
below:

Tf � Tp ÿ 0:38�Tp ÿ Ta�: �20�

2.1.3. Heat radiation from pipe surface to surroundings
The radiative heat transfer rate from the pipe sur-

face to surroundings is expressed by the following

equation:

qrad � espd2�T 4
p ÿ T 4

a�Dx: �21�

2.2. Heat and mass transfers in catalytic converter

Heat and mass transfers and chemical reactions are

occurred simultaneously in the catalytic converter. The
whole process is quite di�erent between a fully warmed
up catalytic converter and a warming up catalytic con-

verter at engine cold start. In the early stage of the lat-
ter, condensation of water vapour present in the hot
exhaust gas onto the surface of the monolith cells

occurs. When the temperature of the monolith cells
exceeds the dew point temperature of the water
vapour, evaporation dominates and the process ceases
when the monoliths cells are in thermal equilibrium

with the exhaust gas. The phenomenon is quite similar
to that occurred in the exhaust pipe, except that the
surface exposed to water condensation and evapor-

ation is much larger in the catalysts monolith. When
monolith temperature reaches a range of 250±3408C,
the chemical reactions occur and the converter is

known to be activated [3]. The reactions take place at
a very thin boundary layer in the neighbourhood of a
gas/solid interface. At the vicinity of this boundary

layer, the concentrations of main gas species are
smaller than those in the mainstream through the cell
channels (due to the chemical reaction) causing a mass
transfer, which is characterised by a mass transfer coef-

®cient hDj
.

Therefore, the phenomena in the catalytic converter
are very complicated which involve chemical reactions,

convection heat transfer between the solid matrix and
exhaust gas, heat storage and conduction in the mono-
lith and radiation heat transfer from the catalytic con-

verter to the surroundings. Heat transfer by radiation
can be signi®cant only at high temperature and high
temperature gradient of the monolith [18]. Hence, if
the monolith converter's temperature falls within the

range of 300±1000 K, the e�ect of heat radiation is
negligible compared to the heat conduction, and varies
between 0.02 and 0.66% in magnitude [19].

2.2.1. Chemical reactions
Chemical reactions in the monolith converter are

very complicated. Typically, hundreds of reactions
occur inside a converter, depending on the exhaust gas
composition, the temperature and the washcoat com-
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position of the catalyst [19]. In this context, only the
reactions concerning the elimination of noxious emis-

sions components are of interest. The oxidation of CO,
uHC (in the form of CxHy) and H2 occurs when oxy-
gen is available and in the presence of an oxidation

catalyst. The chemical reactions take place in many
complicated steps, but the overall reactions are as fol-
lows:

CO� 1

2
O24CO2 �22�

CxHy �
�
x� y

4

�
O24xCO2 � y

2
H2O �23�

H2 � 1

2
O24H2O: �24�

The unburned hydrocarbons are normally expressed as
a total hydrocarbons which include 86% of fast oxidis-

ing propylene (C3H6) and 14% of slow oxidising
methane (CH4) [20].
The reduction of NO is due to its reactions with

reducing agents such as CO, H2 and uHC. The mech-
anisms of the reactions are listed below [4,21]:

NO� CO4
1

2
N2 � CO2 �25�

NO� H24
1

2
N2 � H2O �26�

NO� �CxHy�4N2 � H2O� CO2: �27�

Which mechanism above is in dominating role depends

on the concentration and chemical activity of the re-
spective reducing agent attending the reaction and the
conditions of the reactions. In the TWC, CO is con-

sidered to be the main species participating in NO re-
duction [9,10,22,23], thus Eq. (25) is the dominating
mechanism in the NO reduction. Since CO serves as

the reducing agent for NO, the latter has become the
oxidising agent for the former.
Review of the existing catalytic converter models

shown that the basis of catalytic converter models is

kinetic reaction rate expressions. Most of the existing
models rely on Langmuir±Hinshelwood type kinetic
rate expressions presented by Voltz et al. [24] with

modi®ed kinetic constants and activation energies.

2.2.2. Kinetic reaction rate expressions

In the exclusion of NO modelling in the present
study, the mechanisms associated with the oxidation
processes are summarised as follows:

R1: CO� 1

2
O24CO2 �28�

R2: C3H6 � 4:5O243CO2 � 3H2O �29�

R3: CH4 � 2O24CO2 � 2H2O �30�

R4: H2 � 1

2
O24H2O: �31�

The kinetic rate expressions associated with the above
mechanisms are adopted from Voltz et al. [24] and Oh

and Cavendish [25] and are listed as follows:

R1 � RCO � k1CS,COCS,O2
=G �32�

R2 � RC3H6
� k2Cs,C3H6

Cs,O2
=G �33�

R3 � RCH4
� k3Cs,CH4

CS,O2
=G �34�

R4 � RH2
� k4Cs,H2

Cs,O2
=G �35�

where

G � TS�1� K1CS,CO � K2CS,C3H6
�2�1

� K3C
2
S,COC

2
S,C3H6

��1� K4C
0:7
S,NOx
�: �36�

The term (1+K4C
0.7
s,NOx

)=1 for not accounting for

NOx conversions and the adsorption equilibrium con-
stants [24] are shown as follows:

K1 � 65:5e
961
TS �37�

K2 � 2:1� 103e
361
TS �38�

K3 � 4:0e
11611
TS �39�

K4 � 4:8� 105e
ÿ3773
TS : �40�

The rate expression of the reaction of O2 is calculated

by balancing oxygen concentration in the above reac-
tions [Eqs. (28)±(31)]. Thus,

R5 � RO2
� 0:5R1 � 4:5R2 � 2R3 � 0:5R4: �41�

The kinetic rate constants in Eqs. (32)±(35) are as fol-
lows:

k1 � 1:005� 1014e
ÿ16 574

TS �42�
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k2 � 1:392� 1015e
ÿ19 250

TS �43�

k3 � 7:32� 1010e
ÿ25 080

TS �44�

k4 � k1: �45�

2.2.3. Catalytic converter mode

Fig. 3 depicts the monolith channel represented by a
control volume with heat interactions. The assump-
tions made for the catalytic converter model are as

below:

. Uniform properties at front face of the monolith.

. Heat radiation and conduction in the gas phase are

negligible compared to the heat convection.
. Catalytic converter is well insulated (adiabatic).
. Gas temperatures and concentrations are identical

for all cell channels.

Based upon the above assumptions, the basic
equations for the catalytic converter model is nothing

more than the mass and energy balances of the gas
phase and solid phase of the converter.
For the gas phase, the mass and energy balances

are:

@Cgj

@ t
� ÿu@Cgj

@x
ÿ hDj

S�Cgj ÿ Csj � �46�

drgcpg

@Tg

@ t
� ÿrgucpg

@Tg

@x
� hS�Ts ÿ Tg�: �47�

Since the time constant involved in the gas phase is
much smaller than the thermal response of the solid

phase the time derivative terms in the above equations
can be neglected. Thus, Eqs. (46) and (47) become:

u
@Cgj

@x
� hDj

S�Csj ÿ Cgj � �48�

rgucpg

@Tg

@x
� hS�Ts ÿ Tg� �49�

For the solid phase, the mass and energy balances are:

SCatRj �
rg

M
hDj

S�Cgj ÿ Csj � �50�

�1ÿ d�rscps

@Ts

@ t
� �1ÿ d�ks

@ 2Ts

@x 2
� hS�Tg ÿ Ts�

� SCat

X5
j�1
�ÿDHj �Rj

�51�

where subscript j denotes to gas component j ( j= 1

for CO, 2 for C3H6, 3 for CH4, 4 for H2, 5 for O2); Cj

is concentration of gas j; (ÿDH ) is the enthalpy of
combustion and the pre®xed `ÿ' sign stands for the
exothermic reaction. The value for enthalpy of com-

bustion of each species is listed below [23,24,26]:

DHCO � ÿ2:832� 105 kJ=kmol

DHC3H6
� ÿ1:928� 106 kJ=kmol

DHCH4
� ÿ6:420� 105 kJ=kmol

DHH2
� ÿ2:420� 105 kJ=kmol:

The boundary conditions for the catalyst monolith are
as follows:

Tg�0,t� � T in
g �52�

Cg,j�0,t� � C in
g,j �53�

Ts�x,0� � Ta �54�

Fig. 3. Control volume of a monolith cell channel.
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dTs

dx
�0, t� � dTs

dx
�L, t� � 0: �55�

2.2.4. Heat and mass transfer correlation
Similar to the phenomena occurred in the exhaust

pipe, the heat transfers in the catalyst monolith include

both wet surface and dry surface heat transfers. When
the monolith's temperature is lower than that of the
saturated temperature of the water vapour present in

the exhaust gas, condensation of water vapour onto
the cells wall occurred and wet surface heat transfer is
dominated. In this process, the heat transfer corre-

lation similar to Eq. (5) was applied. However, when
the cells wall temperature exceeds the dew point tem-
perature of the water vapour, evaporation of water

®lm occurs and dry surface heat transfer is dominated.
The heat transfer correlations are adopted from Baba
et al. [9]:

h � Nukg

d
�56�

where

Nu � 0:571

�
Re

d

x

�2=3

: �57�

The mass transfer coe�cient (hDj
) in Eqs. (48) and (50)

is as follows:

hDj
� ShDj

d
�58�

Sh � 0:705

�
Re

d

x

�0:43

Sc0:56: �59�

The di�usivity of species j (Dj ) used is a Slattery±Bird
formula and is obtained from Bird [27]:

pDj

� pcj �2=3�Tcj �10=12
�

2

M

�1=2
� a

�
T

Tcj

�b

�60�

where a = 2.745 � 10ÿ4, b = 2.334.

3. Numerical solutions

3.1. Exhaust pipe

Numerical implementation for the exhaust pipe
includes two successive steps. Firstly, wet surface heat
transfer associated with the formation of thin layer of

water ®lm onto the inner surface of exhaust pipe until
the wall temperature exceeds the saturation tempera-
ture of the water vapour in the exhaust gas. Secondly,

dry surface heat transfer for the rest of the process.
Eqs. (1) and (2) are solved simultaneously by ®nite-

di�erence method. With the assumption of quasi-
steady exhaust gas ¯ow due to the time constants
involved are typically much smaller than that of the

solid thermal response, the time derivative term in Eq.
(1) can be neglected. Eq. (1) is then solved by the num-
ber of transfer units (NTU) method. The whole length

of the exhaust pipe is partitioned into discrete elements
with grid space distance Dx. Thus, the gas temperature
along the pipe at time step n with a time matching step

Dt, becomes:

Tg jni�1� Tp jni ��Tg jni ÿTp jni �eÿNTU �61�

where

NTU � hgppd1Dx
Mcpg

�62�

and subscripts i, n refer to the space and time march-
ing indexes, respectively.
The NTU method has some advantages over the

classical upwind method in terms of stability consider-
ation [28]. The computation of the gas temperature
during the space marching is not subject to any con-

straints in choosing the space step.
Eq. (2) is solved by forward-time, centred-space

®nite-di�erence approximation. Thus,

Tp jn�1i � Tp jni �a
Dt
Dx 2
�Tp jni�1 ÿ2Tp jni �Tp jniÿ1�

� Dt�qgp ÿ qcva ÿ qrad�
rpcp�V2 ÿ V1�

�����
n

i

�63�

where the thermal state of the pipe at time step n had

been calculated in the earlier step. The stability criteria
according to Thomas [29] is as follow:

a
Dt
Dx 2

R1

2
: �64�

Based on the space domain of the exhaust system, the

space grid (Dx ) is chosen to be 2.5 mm and the corre-
sponding time step-size (Dt ), being 5 ms is estimated
by satisfying the criteria above.

3.2. Catalytic converter

A system of 4 equations (Eqs. (48)±(51)) ac-

companied by 4 boundary conditions (Eqs. (52)±(55))
are solved simultaneously by ®nite-di�erence method
in the catalytic converter model. Eqs. (48), (49) and

(51) are non-linear partial di�erential equations while
Eq. (50) is a non-linear algebraic equation relating the
four unknowns Tg, Ts, Cgi and Csi. In the numerical
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treatment, the space grid (Dx ) and time step-size (Dt )
are chosen similar to those of the exhaust pipe. The

heat and mass transfer processes within Dx during Dt
were assumed to be steady. Therefore the transient
behaviour of the catalytic converter was computed as a

series of quasi-steady states. This approach is valid
since the characteristic time constants involved in the
transport and reaction phenomena are usually much

smaller than the unsteady characteristic of the gas at
the catalytic converter inlet.
With known boundary condition of Eq. (54), the

solid temperature Ts(x, t ) is known in the ®rst time
step of iteration, then energy Eq. (49) together with
boundary condition Eq. (52) was solved for Tg by
employing locally analytical solutions based on the

NTU method. Thus,

Tg,i�1 � Ts,i � �Tg,i ÿ Ts,i �eÿNTUh �65�

where

NTUh � hDF
_m gcpg

:

Eq. (48) is the mass balance equation for each exhaust

gas species j. Integrating this equation over the mono-
lith segment (Dx ) of the catalytic converter gives the
following correlation of gas concentration in the form

of NTU. Thus,

Cg, j�1 � Cs,i � �Cg,i ÿ Cs,i �eÿNTUm �66�

where

NTUm �
hDj

rgDF

_m g

:

The local molar ¯uxes nj for each species per unit cata-

lyst volume are:

nj,i � _m g

DVM
�Cg j,i ÿ Cg j,i�1�: �67�

Substituting Eq. (66) into Eq. (67) gives:

nj,i � _m g

DVM
�Cg j,i ÿ Csj,i ��1ÿ eÿNTUm �: �68�

Based upon the conservation of mass, the right-hand

side of Eq. (68) must be equal to the right-hand side of
Eq. (50). Therefore, the mass balance equation
becomes:

ScatRj � _m g

DVM
�Cg j,i ÿ Csj,i ��1ÿ eÿNTUmj �: �69�

The above equation is a non-linear algebraic equation,
in which Rj is a function of Ts,i and Csj,i. Therefore, at

Fig. 4. Schematic arrangement of engine test bed facility.
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time step t, with known boundary conditions Eqs. (53)

and (54) for Cg j,i and Ts,i, Eq. (69) contains only
unknowns of Csj (where j = 1, 5). This is a system of 5
simultaneous non-linear algebraic equations that can
be solved for surface concentrations of CO, C3H6,

CH4, H2 and O2 by using the Newton's method [30].
Consequently, the gas concentration of each species is
determined from Eq. (66) with boundary condition Eq.

(53).
Finally, Eq. (51) associated with boundary con-

ditions Eqs. (54) and (55) are solved for the catalytic

converter temperature Ts using the forward-time
centred-space ®nite-di�erence approximation [31] with
stability criteria similar to that applied to the exhaust
pipe.

3.3. Determination of water vapour concentration

The purpose of determination of water vapour con-
centration in the exhaust gas is to ®nd its saturation
temperature and hence deciding whether wet or dry
surface heat transfer correlation should be applied for

the walls of exhaust pipe and monolith cells.
Water concentration in the exhaust gas can be deter-

mined as follows. Firstly, water content in the intake

air at ambient conditions was determined from psy-
chrometric chart or by calculation based on the data
from steam tables. For example, if the ambient con-

ditions at the time of experiment are pressure of 1
atm, temperature of 308C and relative humidity of
80%, the water content per kmol of dry air is 0.0351

kmol (water)/kmol (dry air). Secondly, the water

vapour produced from fuel-air combustion was calcu-
lated based on chemical equilibrium of fuel±air reac-
tion. Finally, the water concentration in the exhaust
gas was determined, which is the sum of the two

above-mentioned components. For a typical stoichio-
metric fuel±air reaction with similar ambient con-
ditions, the water concentration in the exhaust gas is

16.6% by mole or 9.48% by mass. Hence, the partial
pressure of water vapour ( pv) in the exhaust gas was
determined. Thus

pv � 0:166pg

where pg is the exhaust gas pressure.
The dew point/saturated temperature of the water

vapour at this partial water vapour pressure is then
determined based on the steam tables or psychrometric
chart (55±568C in this case). When any surface tem-

perature is lower than the dew point temperature of
the gas, condensation occurs. Hence, determination of
wet or dry surface heat transfer depends on whether
the surface temperature of the exhaust pipe or the

monolith cells is higher or lower than the calculated
dew point temperature.

4. Experimental set up

Fig. 4 shows the schematic arrangement of the
engine test bed. A fully instrumented Ford MVH 418
engine carried with a TWC is mounted on an eddy

Fig. 5. Measured exhaust gas temperature at exhaust ports downstream.
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current dynamometer. The engine is a 4-stroke, 4-

cylinder, multi-point injection SI engine equipped
with a fully electronic engine management system
(EMS). The detailed speci®cations of the engine are

given in Appendix A. The dynamometer has a maxi-
mum braking capacity of 150 kW at 8000 rpm and is
controlled by a Texcel 50 controller complete with a

remote control interface. The controller controls

engine load, throttle and speed both manually and
automatically. The latter is achieved by a computer
where the test speci®cations can be con®gured by the

users to perform a desired task. Apart from the
engine supervisory role, the computer is also respon-
sible for data acquisition, in particular performance

Fig. 6. Measured concentration at exhaust ports downstream.

Fig. 7. Measured CO concentration at exhaust ports downstream.
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related parameters and gas temperatures at various
locations along the entire exhaust system. Emissions
data, both CO and uHC were obtained from two

multi-gas non-dispersive infrared (NDIR) analysers
and were logged down by another computer con®g-
ured to determine the conversion e�ciency of the cat-
alytic converter on-line.

The catalytic converter used is a two-piece TWC of
0.75 l, each with JM wash coat. The monolith is made
of cordierite with 62 cpsc (400 cpsi) and loaded with

catalysts of 2119 g/m3. The converter is mounted on
the exhaust system at 1.1 m away from the exhaust
ports. The detailed speci®cations of the catalytic con-
verter are given in Appendix B.

Fig. 8. Measured THC concentration at exhaust ports downstream.

Fig. 9. Comparison of predicted exhaust gas temperatures with measured data at various tapping points (Case 1).
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5. Results and discussions

Figs. 5±8 show the measured temperatures, concen-

trations of O2, CO, THC, against the time respectively
at the exhaust ports downstream for two cases of
engine running conditions. Case 1 was set at no load
with engine cranks to 2000 rpm immediately after

engine ®ring, whilst Case 2 was set at 2000 rpm and 43
Nm. Signi®cant variations of signals were seen in the
®rst 50 s of engine running mainly due to the transient

operations associated with engine warming up. Since
the emphasis of current study is placed on the cold-
start exhaust behaviour the engine was allowed to soak
at ambient condition for at least 12 h or overnight to

Fig. 10. Comparison of predicted exhaust gas temperatures with measured data at various tapping points (Case 2).

Fig. 11. Comparison of predicted THC concentrations at catalytic converter downstream with measured data (Case 1).
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ensure that both engine and the catalyst were `cold'
before testing. The ambient pressure, temperature and

relative humidity were measured at time the exper-
iments were conducted. Fig. 6 shows that the oxygen
concentration available for oxidising the CO and uHC

varies from about 0.5±2.3%. Too lean the engine run-

ning conditions causing poor conversion e�ciency of
NOx at the catalytic converter, though NOx reduction

was not included in this study.
Figs. 9 and 10 compare the predicted temperatures

with measured data across the catalyst monolith for

both Case 1 and Case 2 engine tests respectively. If

Fig. 12. Comparison of predicted THC concentrations at catalytic converter downstream with measured data (Case 2).

Fig. 13. Comparison of predicted CO concentrations at catalytic converter downstream with measured data (Case 1).
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taking 573 K (3008C) as the activating point for cata-
lysts lighto�, the times needed to achieve this (mono-
lith upstream temperatures) are 150 s and 50 s for

both Case 1 and Case 2, respectively. It is interesting
to note that the dew point temperature platforms due
to the water vapour condensation and subsequent
evaporation occurred immediately after engine cold-

start were satisfactorily predicted by the model.
Intuitively, the lower exhaust temperature associated
with no load operation in Case 1 would result in

longer dew point temperature platform compared to
Case 2.
Figs. 11 and 12 compare the predicted downstream

THC concentrations with measured data for both

Fig. 14. Comparison of predicted CO concentrations at catalytic converter downstream with measured data (Case 2).

Fig. 15. Comparison of predicted conversion e�ciencies of THC and CO with measured data (Case 1).
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Case 1 and Case 2 engine tests respectively. The cata-

lyst's activated point where the downstream THC
departs from its upstream THC counterpart re¯ects
the 3008C that is generally used as a guide for cata-

lyst lighto� point. The predicted variations of the
downstream THC against the time were validated sat-
isfactorily and shown in both in Figs. 11 and 12.
Figs. 13 and 14 show the predicted downstream CO

concentrations with measured data for both Case 1
and Case 2 engine tests respectively. Both cases show

that noticeable conversion of CO to CO2 starts at

around 50 s. Note that the post-¯ame oxidation in
regions near to the exhaust ports were not considered
and the emissions levels of CO and THC at the

upstream catalyst monolith were taken as identical to
those measured values at the exhaust ports down-
stream.
Figs. 15 and 16 compares the predicted conversion

e�ciencies of CO and THC with measured data for
both Case 1 and Case 2 engine tests respectively. Fig.

Fig. 16. Comparison of predicted conversion e�ciencies of THC and CO with measured data (Case 2).

Fig. 17. Comparison of calculated gas temperature (with water condensation e�ect ignored) and measured gas temperature at cata-

lyst downstream (Case 1).
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15 (Case 1) shows that the predicted THC is slightly

underestimated, whilst Fig. 16 (Case 2) shows pre-
dicted CO is slightly overestimated. In general, the pre-
dictive capability of the model is acceptable both in
thermal and chemical aspects.

The e�ect of water condensation on surface heat
transfer at engine cold-start included in the present
model is the main cause of improved predictive capa-

bility of the model, which has not been achieved by
others thus far. This e�ect is clearly shown by com-
paring the predicted results, with and without the in-

clusion of water condensation e�ect, with experimental
data. Fig. 17 shows a comparison of gas temperatures
predicted by the simulation model, with the water con-
densation ignored, with the experimental data in the

case of idling engine speed of 2000 rpm. It is obvious
that ignoring water condensation e�ect increases heat
transfer from exhaust gas to the catalyst wall and

causes the catalyst monolith to be heated up faster
than that in actual situation. This means that the
water condensation e�ect impedes the warming up pro-

cess and causes prolonged lighto� time of catalysts at
engine cold-start as illustrated in Fig. 18.

6. Conclusions

An exhaust system including a TWC was success-

fully modelled and tested under engine cold-start con-
ditions. The authors would like to conclude that:

. Wet surface heat transfer at catalyst monolith is im-

portant during the engine warming up period, which

a�ects the prediction of dew point temperature plat-
form.

. The lighto� point of the catalytic converter re¯ected
by the conversion of THC occurred at around

3008C, which is a temperature usually used as a
guideline for catalyst lighto�.

. Validation of the predicted results with experimental

data showed that the predictive capability of the
model is acceptable, both qualitatively and quanti-
tatively.

Appendix A

Engine speci®cations

Model Ford MVH 418

Number of cylinders 4 in-line
Bore 80.6 mm
Stroke 88 mm

Swept volume 1796 cm3

Firing order 1-3-4-2
Maximum speed 6000 rpm

Compression ratio 10:1
Maximum power 77 kW at 5500 rpm
Maximum torque 153 Nm at 4000 rpm

Fig. 18. Comparison of calculated conversion e�ciencies of the catalyst in the cases of including and ignoring water condensation

e�ect (Case 1)

S.H. Chan, D.L. Hoang / Int. J. Heat Mass Transfer 42 (1999) 4165±4183 4181



Appendix B

Catalytic converter speci®cations

Type TWC
Shape and
dimensions

Oval: 169.7 � 80.8 � 63.1 mm

Frontal area 118.69 cm2

Volume 2 � 0.75 l
Cell density 400 cpsi (62 cpsc), square cell
Substrate Cordierite

Substrate density 430 g/l
Wall thickness 0.152 mm
Wash coating JM (product of Johnson Matthey

Technology Centre)
Loading 2119 g/m3

Catalytic surface

area

15 m2/g
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