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Abstract

The focus of this work was the study of catalytic combustion over a flat plate, or fin, from which heat was extracted from the
trailing edge of the fin. This enabled those factors that effect the heat transfer to the sink to be elucidated. Experimental work
was conducted that involved passing a heated lean fuel (either carbon monoxide or propane) in air mixture over a catalytic
fin. The temperatures along the fin and across the fluid boundary layer were measured. Experimental conditions varied were
bulk gas (or free stream) fuel concentration, coolant temperature, the temperature of the bulk gas and velocity of the bulk gas.

A model of the fin was derived using the basic equations of momentum, energy and conservation of chemical species for
boundary layer flow. The model equations were solved numerically using a combination of orthogonal collocation and finite
difference techniques and theoretical predictions were compared with experimental results. Theoretical predictions of the fin
and boundary layer temperature were, generally, in excellent agreement with experimental values. © 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction tion of monoliths with energy extraction from the ex-
haust gases, such as gas turbines [1-8]. Relatively few
There can be significant advantages in utilising cat- studies have investigated the possibility of extracting
alytic combustion instead of homogeneous based com-combustion heat through the catalyst substrate. The
bustion. These are: (i) catalytic combustion can op- metallic monolith, with its high surface area/volume
erate over a much wider range of fuel concentration ratio and good substrate heat transfer properties, has
and temperature conditions; (ii) the combustion prod- shown potential [9,10] for efficient heat extraction
ucts contain lower levels of pollutants in the formal of through the monolith material. Modelling of this
unburnt fuel, and N@, and (iii) there ispotentialfor process, however, is complicated due to complexity
the efficient heat recovery from the combustion gases of the monolith geometry.
by conduction through the catalyst substrate. This last The focus of this work was to study catalytic com-
point is the most contentious and, to date, has receivedbustion with heat extraction using a much simpler ge-
little attention. ometry; aflat plate, or fin, from which heat is extracted
Studies of catalytic combustion involving heat ex- from the fin trailing edge. This enables those factors
traction have mainly focussed on the adiabatic opera- that effect the heat transfer to the sink to be eluci-
dated. This work reports experimental measurement
* Corresponding author. Fax:61-7-4775-1184. of the effect of bulk gas (or free stream) fuel concen-
E-mail addressgregory.griffin@jcu.edu.au (G.J. Griffin). tration, coolant temperature, temperature of the bulk
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Nomenclature

Ac

Bi
C

Cp

do

D;
Da(ll);
Da(IV)
h

Ah;

I

L
Pr
Re,
S
S¢
St

pre-exponential constant in
Arrhenius equation

hL/Ap

mass fraction ofth species

(ppm by weight)

heat capacity (J/kg K)

half the thickness of fin (m)
diffusivity of species

Wp.iL/pDi;

> i Wpi AL/ Tog

heat transfer coefficient between
cooling tube fluid and trailing fin edge
heat of reaction for speciésn air
(kJ/kg)

PIL/ Pocitoo

fin length (m)

Cpu/rt

PucoL /1

stream variable

wn/pDi

ao LTS /As

temperature (K)

velocity in x-direction (m/s)

rate of formation of specieisat
catalyst surface (kg/fs)

distance along fin

(from leading edge) (m)
dimensionless distance along fin
distance perpendicular to fin
surface (m)

Greek symbols

QDT >X>TI R

radiation heat transfer factor
stream variable

dimensionless temperature
thermal conductivity

dynamic viscosity of gas (kg/ms)
fluid density (kg/ni)
Stefan—Boltzmann constant

=567x 10 8W/m?K*
i dimensionless concentration of spedies

Subscripts and superscripts
1 propane
2 CO

f fluid value

[ referring to species

p fin value

sink sink value

oo free stream value

! differentiation with respect tq
differentiation with respect ta*

gas and velocity of the bulk gas on the temperature
profile of the fin. A model of the fin is derived and
theoretical predictions compared with experimental
results.

2. Experimental

The apparatus used was substantially the same as
detailed in earlier publications [11,12]. A heated lean
fuel (either carbon monoxide or propane) in air mix-
ture was passed over a catalytic fin fixed within a
flow channel. The catalytic fin was formed from a
brass plate of dimensioh x w x d = 82mm x
72 mmx 3.2 mm coated with a platinum/alumina cat-
alyst which was brass soldered to%lein. ID stain-
less steel tube along the trailing edge (Fig. 1). The
fin was rounded at the leading edge. This was fixed
in the reactor and was orientated such that the bulk
flow of gases was parallel to the fin surface. The tem-
perature of the fin was measured by five 1 mm diam-
eter, type K thermocouples. These were inserted into
the edge of the fin at five different distances along
the fin. The thermocouples could be slid through ther-
mocouple wells which transversed the width of the
fin, thus the temperature profile across the fin width
could also be measured. To measure the tempera-
ture in the gas above the fin surface, two thermo-
couples were placed at right angles to the fin surface
at a distance of 52 and 80 mm from the fin leading
edge.

Heat was extracted from the fin edge by cooler air
flowing through the stainless steel tube. The rate of
heat extraction from the fin to the coolant air was
varied by changing the rate of air flow through the tube
(and, hence, the resistance to heat transfer between the
fin edge and the coolant air).
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Fig. 1. Co-ordination system for catalytic fin.

3. Theoretical model 3.
4.
5.
6.

3.1. The equations of motion, energy and
conservation

The co-ordinate system for the model of the cat-

The gas is fuel lean — the bulk of the gas is com-
posed of inert species.

Viscous dissipation is negligible.

Gravitational and buoyancy effects are negligible.
Conduction and diffusion in thedirection are neg-
ligible.

alytic fin is shown in Fig. 1. Flow parallel to the fin 7. Fluid and fin properties are constant.

induces the formation of a boundary layer. Fuel in the 8. Gas phase combustion is negligible.

bulk gas is transported to the fin surface, where itre-  The boundary conditions for the above equations
acts and generates heat. Heat may be transferred to oAre:

from the surrounding environment by convection and ~ Motion boundary conditions:

radiation. Heat may also be conducted through the fin

. . ty=0: =v=0 4
substrate to the heat sink placed at its edge. aty w=v “)
The equations of energy, motion and conservation asy — co: u — Uueo (5)
are:
Equation of motion: atx =0,y >0: u=ux,v=0 (6)
Su u 5 Ju Energy boundary conditions:
plu—+v—|=—(no 1)
dx  dy dy \' dy 32T
Equation of energy: - dx
oT T\ o (. oT = — a0 (T = T) = WpiAhi (7)
pCplu—+v— )= — | X— (2) Y
ox ay ay ay 9T
: . . . aty=0,x=0: — =0 8
Equation of conservation of thiéh species Y * 0x ®)
. ‘ , oT
oCp (125 1,35 2 2 (,p, 25 @ aty=0x=L: —A—=h(T—Tsmw 9)
ax ady ay ay X
asy > o0: T — Ty (20)

It is assumed that:

1. The bulk flow of gas is in the-direction only and ~ Theith species concentration boundary conditions are:
parallel to the fin surface. 3C:

2. Flow is laminar in the boundary layer — note all aty=0: pD;— + Wpi =0 (11)
experiments reported were at Reynolds numbers dy
within the laminar regime. asy > oo: C;i— Cix (12)
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atx =0: C; = Cixo 13)
3.2. Transformation of equations

The equations are non-dimensionalised using [12]

n= f pdy (14)
5 = (OIL) ool oo X (15)
X = % (16)
o= ;OOT"" (17)
b=t (18)

The resultant non-dimensional equations are:
Equation of motion:

21" + f” f =0 (the Blasius equation 19)
Equation of energy:
ie” + 1 f0' =x*f'6 (20)
Pr 2
Equation of conservation of théh species:
Y i —xtr 1)
Sq !
The boundary conditions for these equations are:
atn =0,0<x*<1: f=f =0 (22)
1
¢ = ———~/x*(Re.)"Y2Da(ll); (23)
Cioo
d, Ao\ -
atp=0,0 < x* < 1: —(—"> <—p>9
L A
R
=,/ ?9’ —SUO+1*—1) —DalV) (24)
X
ax*
a0
atn =0,x*=0: =0 (26)
ax*
asn - 00,0<x*<1: ¢;=6=0,f =1 (27)
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Table 1

Experimental conditions and parameters used in model

Parameter Symbol  Value

Free stream propane Cico 0-15,000 ppm (w/w)
concentration

Free stream carbon monoxide Cps, 0-20,000 ppm (w/w)
concentration

Free stream velocity Uso 1.0-2.0m/s

Free stream temperature Too 473-773K

Sink temperature Tsink 400-700K

Fin length L 82mm

Half fin thickness dp 1.59mm

Radiation heat transfer factor « 0.47

Fin thermal conductivity Ap 0.14kW/mK

3.3. Solution method

The derived equations of energy and conservation
were solved numerically using a combination of or-
thogonal collocation and finite difference techniques.
Six collocation points were used in thedirection.
The generated non-linear equations were solved nu-
merically using the IMSL finite difference routines
DGEAR and DVCPR on a Cyber 990 computer.

The experimental conditions and model parameters
used are listed in Table 1. The rate expressions for the
catalytic reaction of the fuels are given in Table 2 [12].
The bulk properties of the gas used in the model were
based on the properties of air.

4. Results and discussion

Fig. 2 shows a typical plot of the experimentally
measured surface temperature at different distance
across the fin. It can be seen that there is little vari-
ation in temperature across the fin, thus the process
may be modelled in the two-dimensional domain. The
figure also shows the increase in fin temperature that
resulted from the addition of 20,000 ppm CO into the
bulk airstream flowing over the fin.

To compare the theoretically predicted temperature
profiles with the experimental data, it was neces-
sary for the heat transfer coefficient between the fin
edge/the cooling tube and the coolant flui) {o be
known. This, however, was difficult to calculate so
to generate the theoretical predictions, a temperature
boundary condition att = 1 was used based on
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Table 2
Reactions and rate expressions used [12]
Reaction Rate expression
Pt/Al ;03 —Ea| 15,15 2
CgHg + 50, "= “3CO, + 4H,0 Wp1 = —Acexp =T |° C1°kg/mes, InAc =5.984 1.99, E5 = 49.6 + 125 kJ/mol
| —Acexp[-Ea/R
cot 10,00, Wp.2 = —Acexpl-Fa/RT kg/m?s, InA¢ = 7.65+ 1.49, E, = 824+ 10.4kJ/mol

pC2

extrapolating the experimental surface temperaturesthan CO. Previous research conducted on a fin oper-
to the trailing edge. ated adiabatically [12] indicated that errors in the ex-
Figs. 3—7 show the effect of free stream fuel con- perimentally derived reaction rate equations used for
centration, free stream velocity, free stream temper- propane combustion could account for the discrepancy
ature and temperature at the trailing edggnk) on between theoretical and experimental results.
the temperature profile along the fin. Better agree- Figs. 3 and 4 show that increasing the free stream
ment between experimental data and theoretical pre-fuel concentration resulted in a greater driving force
dictions was observed for combustion using CO than for mass transfer of fuel to the fin surface and, hence,
with propane. Under reacting conditions, the theoreti- increased surface reaction and heat generation result-
cal predictions indicated the reaction of CO was mass ing in a rise in fin temperature.
transfer controlled, whereas the reaction of propane Increasing the free stream velocity (Fig. 5) results in
was neither mass transfer nor kinetically controlled. a decrease in boundary thickness with consequent in-
Hence, the theoretical predictions for propane were crease in mass transfer of fuel to the fin surface. Thus
more sensitive to the reaction rate equations adoptedthe rate of surface reaction, and heat generation, was
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Fig. 2. Typical temperature profile along and across fin.
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Fig. 4. Effect of CO concentration on fin temperature.
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increased. As the cooling pipe was not insulated from free stream temperature and fin edge temperature on
the flowing bulk gases, increasing the free stream ve- the temperature profile of the fin and the tempera-
locity also had the effect of increasing the heat transfer ture profile across the induced boundary layer agreed
of gas to the cooling tube. This resulted in an increase well.

in cooling fluid temperature. The combined effect of
increased coolant fluid temperature and surface reac-
tion resulted in an increase in fin temperature.

As expected, increasing the coolant temperature [1] R.A. Dalla Betta, D.G. Loeffler, Heterogeneous hydrocarbon
(Fig. 6) resulted in an increase in fin temperature. oxidation. ACS Symp. Ser. 36 (1996) ge. Y
Similarly, increasing the free stream temperature [2] T. Ahn, W.V. Pinczewski, D.L. Trimm, Chem. Eng. Sci. 41 (1)
(Fig. 7) increased the fin temperature. The effect was (1986) 55.
greater with propane fuel as the fin was not operating [3] W.V. Krill, J.P. Kesselring, E.K. Chu, R.M. Kendall, Mech.
In the mass transfer controlled regime. [4] CEsnl?.‘li)ouzcrEtlc?r?olz (2:8.Szema M.B. Cutrone, R. Cellamare, W.
Fig. 8 shows a typical tgmperature profiles across Vc'm'ldeinsmidy'J_'Er']g_ Power 105 (1983) bo7 P
the boundary layer. There is good agreement between 5; p . Anderson, R.R. Tacina, S.M. Thaddeus, NASA TM
the predicted and experimental data. The increase in  x-73589, 1977.
boundary layer thickness is evident at increased dis- [6] L.C. Angello, P.W. Pillsbury, J.L. Toof, ASME 82-GT-58,
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