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ABSTRACT 

Recent studies have indicated considerable promise in using surface 

catalysis directly in the combustion process in order to reduce the 

associated pollution. The study of combustion in the laminar~~oundary 

layer of a heated flat plate with a free stream flow of premixed fuel and 

air involves most of the important physical and chemical processes of 

catalytic systems while providing a suitable geometry for experimental 

study and numerical calculations. 

The experimental configuration consists of a thin quartz plate with 

vacuum deposited platinum heating stripes mounted over an open atmospheric 

pressure jet of premixed hydrogen and air. The boundary layer behavior 

of chemically reacting H2/air mixtures over a heated catalytic platinum 

plate has been studied using a deflection mapping technique. Results 

are presented for a range of equivalence ratios from 0.0 to 0.3 and plate 

surface temperatures from 470K to 1300K. Significant surface reaction 

was found for all mixtures at plate temperatures as low as 470K. At 

increased equivalence ratios and temperatures, gas phase boundary layer 

combustion becomes apparent. Surface energy release rates were measured 

under conditions in which no gas phase reactions are present. Based on 

a one-step model for H2 oxidation over platinum, a reaction rate expression 

is derived which correlates the data well. 
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INTRODUCTION 

The feasibility of using catalytically supported combustion in 

practical combustion systems to promote efficient burning with reduced 

pollution has been demonstrated in a number of recent publications. There 

are potential applications in aircraft gas turbine combustors (Anderson 

et al. 1975) and commercial and domestic power generation and heating 

(Kesselring et al. 1978). A number of tests utilizing both smaller scale 

and larger prototype combustors have generated a considerable body of 

experimental data on overall performance for a variety of conditions and 

types of fuels. However, despite the development work done to date, a 

number of practical questions exist in several areas of catalytic combustor 

development. These include operation under variable load conditions, 

limi ted catalyst life expectancy, and the selection of optimum catalyst 

materials. 

Operation at off-design conditions includes problems associated 

with start-up as well as catalyst performance at reduced throughput rates 

and under varying temperatures. Limitations on catalyst life expectancy 

can be due to degradation either of the catalyst material or the suppport 

structure due to sustained high temperature operation. Decreased catalyst 

efficiency can also result from poisoning of the catalyst surface by 

intermediate combustion products or by undesirable compounds present in 

the fuel. The latter problems could become especially acute when higher 

hydrocarbon and liquid fuels with increased quantities of impurities are 

used in catalytically supported combustors. 

With regard to material selection, several catalyst materials are 

currently being considered. These include the noble metals (platinum 
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and rhodium), the transiti?n metal oxides (chromium and cobalt oxides), 

and the rare earth oxides (lanthanum and cerium oxide). Whether a 

combustor involving one of these materials or a combination of several 

will prove to be the optimum design is not known at this time. 

The answer to the above questions depends on a better understanding 

of the role of the catalyst in the combustion process, a role that 

appears to be hidden in the complex interaction between heat and mass 

transfer and homogeneous, as opposed to heterogeneous, reactions. Know

ledge of the importance of heat and mass transfer is necessary to optimize 

combustor operation under variable load operation. An understanding of 

the basic role of the catalyst in promoting selected reactions during 

the combustion process will provide information upon which the selection 

of an optimum catalyst material can be based. 

The approach of the present investigation has been to examine cata

lytic combustion in a well characterized system in which most of the 

important physical and chemical processes found in larger scale catalytic 

combustors are present. The geometry chosen consists of combustion in 

the boundary layer of a heated catalytic flat plate. This system 

provides a suitable geometry for both experimental study and numerical 

modeling studies. The operation of such a system under a suitably 

selected range of conditions greatly facilitates determination of the 

roles of the various processes involved. The parallel development of a 

numerical modeling program has been indispensable in the analysis of 

the experimental results. Such a modeling capability facilitates not 

only the understanding of the present system, but, with further develop

ment, will provide a means with which to apply the results to more 
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practical configurations and operating conditions, and aid considerably 

in the design of optimum catalyst systems. 

In the remainder of this paper the results of a study of boundary 

layer behavior over a platinum catalytic surface of chemically reacting 

H/air mixtures using a variant of the Schlieren technique known as 

deflection mapping are presented. Conditions were investigated under 

which both gas phase combustion and surface reaction were present. 

Measurements are also presented for surface energy release rates for 

H2/air mixtures under conditions in which no gas phase reactions were 

present. A model is proposed for H2 oxidation over platinum, and a 

reaction rate expression is derived by utilizing a numerical program for 

boundary layer flows to·analyze the data. Preliminary measurements over 

a Si02 surface indicate significant catalytic activity and the reasons 

for this are discussed. 

EXPERIMENTAL FACILITY 

Flow System and Plate Design 

The experimental configuration consists of a thin quartz plate with 

vacuum deposited platinum heating strips suspended vertically over an 

open, atmospheric pressure jet of premixed hydrogen and air. Figure I 

shows the arrangement of the flow (directed vertically upwards), the flat 

plare, and the laser diagnostics. The stagnation chamber is 20 cm in 

diameter and can he fitteu with 2.5 or 5 em diameter nozzles. It has 

three internal screens and produces a uniform, low turbulence flow of 

air or combustible mixture. Lower flow rates of gases are metered by 

calibrated rotameters, larger air flow rates are metered using a standard 
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orifice gauge and water manometer. The house air supply is passed through 

a dryer and filter combination which eliminates most of the particulate 

matter. The flat plate and stagnation chamber are mounted on a three-

dimensional traverse mechanism (adapated from a milling machine) with a 

0.001 cm positioning sensitivity. The optical diagnostic techniques 

shown in Fig. 1 include laser doppler velocimetry for velocity measure-

ments and Rayleigh scattering for density measurements. The results of 

velocity and Rayleigh scattering measurements were presented in a previous 

paper (Robben et al., 1977). 

Figure 2 shows the flat plate and holder design. The plate is made 

from a 1.5 rom thick, 75 rom square quartz sheet with a sharp leading edge 
. 0 

angle of 2. Five platinum heating strips are vacuum deposited on the 

plate surface. The central region of the plate is coated to a thickness 

of 0.3 to 0.5 microns, while the outer edges are coated to about 2.5 

times this thickness. This keeps the outer edges of the plate cool so 

that gold foil can be used to make electrical contact with the stainless 

steel fingers. The strips are oriented perpendicular to the flow and 

are of varying widths to improve temperature control near the plate lead-

ing edge. The plate can be used to study catalysis over a platinum sur-

face, or may be coated with various other catalytic and noncatalytic 

materials. In the present investigation results were obtained primarily 

over a platinum surface. Data are also presented for an Si02 overcoated 

4 

plate. I 

Plate surface temperature in the high temperature range is measured 

using a disappearing filament type optical pyrometer. For temperatures 

o below 1000 K, the surface temperature is determined from the measured 

resistivity of the platinum strips. 
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DEFLECTION MAPPING 

Experimental System and Theory 

Deflection mapping is an optical visualization technique which 

directly displays gradients in the refractive index field. It is a con-

venient means to study the patterns of combustion in a boundary 

layer for different parameters, and the interpretation of the results 

provide insight into boundary layer combustion behavior. 

The technique employed in the present work is based on the displace-

ment of linear interference fringes, introduced in the laser beam by 

placing an inclined microscope slide near the focus of the imaging lens 
, 

of a conventional parallel beam schlieren system (Oppenheim et a1., 1966). 

The reflection from the front and rear surfaces gives rise to two 

spherically diverging waves emanating from two closely adjacent points. 

The small area illuminated near the focus makes the system relatively 

independent of the quality of the microscope slide when used as a beam 

splitter. Since the slide follows the test object in the optical system, 

the test object can be imaged on the receiver, simplifying the process 

involved in interpreting the results. 

The optical arrangement is shown in Fig. 3. It is similar to the 

one used in our previous study (Robben et a1., 1977), the only difference 

being the use of a 1000 mm focal length lens for imaging. This gives 

rise to higher sentivity due to greater freedom in choosing the orienta-
• 

tion of the glass slide. 

In a temperature-dominated field, the Gladstone-Dale law can be 

written 

p 
(1) 



. where n is the refractive index, 0 = (n~l), p is the density and the 

subscript 0 denotes a reference state. The deflection, e J is given by 
r 

e = J .!. dn dz = J r n dr 
do dz 
dr (2) 

for gases. Here z is the coordinate parallel to the initial ray direction 

and r is any axis perpendicular to it. For tangential incidence in a 

quasi-unidimensional situation, the above equation reduces to: 

e = do Z 
r dr 

Z being the pat,h length in the heated region. 

(3) 

The theory that relates deflection, er , to fringe displacement ~y 

of this system for a uni-dimensional field can be divided into two parts. 

First, reflections from the surfaces of the microscope slide form a dif-

ferential interferometer; second, the deflected beams, having been 

changed in direction by er , will modify the interference. The differential 

interferemeter-theory has been fully analyzed (Creeden et al., 1972) and 

it has been shown that the fractional fringe displacement ~p (also called 

the fringe order) is given by 

~p (4 ) 

where q is the fringe separation, A is the wavelength of the laser light, 

d is separation of the reflections induced by the glass slide and M is 

the magnification. D~flection of the beam introduces an additional path 

difference, i.e., fringe displacement, proportional to e. If the angle 
r 
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of incidence of the microscope slide is not too small and if the variation 

of the thickness of the glass slide is small over the illuminated area, 

then the fringe order will be given by 

~p = ~ K e A r 
(S) 

where a is the thickness of the glass slide and K is a constant which is 

fixed by the incidence angle. The sum of Equs. (4) and (S) gives the 

total fringe order, 

For the present system with a typical maximum deflection e of 
r 

10-3 rad, the fringe displacement order is about S. Equation (6) applies 

to the special case where the direction of deflection in the field lies 

in the plane of reflection of the beam by the microscope slide. The 

generalized form of the equation is 

~p = 
, d e 

cos r (M + Ka) I (7) 

, 
where r is the angle between the plane of incidence and reflection and 

direction of deflection. 

To study gas phase combustion in the boundary layer photographs 

recording the deflection mapping were taken over a range of temperatures 

from 600 K to 1300 K and equivalence ratios from 0.0 to 0.3. For all 

of these photographs the microscope slide was set up so that the fringes 

were oriented at 4So to the flow direction. This results in an inclination 
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of the fringes to the direction of the deflection over most of the field. 

This fringe inclination has the advantage of being able to show the 

distribution of deflection throughout the field. If the fringes were 

parallel to the direction of deflection, i.e., r' = rr/2, no distortion 

is obtained, whereas at the other extreme, when r' = 0, the fringes will 

be displaced bodily and as a result no distribution of deflection will 

be obtainable. An example of the deflection mapping photographs is 

shown in Fig. 4 for a plate surface temperature of 12000 K and an equi

valence ratio of 0.3. The distribution of the gradient of refractive 

index in the boundary layer is shown by the displacement of the fringes 

from the undisturbed position. 

The procedure used to obtain a deflection profile is quite straight 

forward due to the fact that the test space is imaged on the receptor, 

so that there is point-to-point correspondence between the test space 

and the photographic record. To obtain a plot of fringe order (deflection) 

versus position, one needs only to determine the change in fringe order 

along the straight line extrapolating the undisturbed fringe position 

into the boundary layer. 

One piece of information that cannot easily be obtained from this 

deflection mapping system is the orientation of the deflection direction. 

In other deflection mapping systems such as a grid shadow method or a 

distorted fringe system in which a glass slide is placed at the focus 

of a colluminating lens, the deflection direction is obtained by joining 

the points of maximum deflection obtained from records taken at different 

sensitivities. The sensi~ivity can be varied by changing the distance 

between the test space and the receptor. Since the sensitivity of the 

present system is essentially fixed by the thickness of the slide, it is 
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, 
necessary to change the orientation of the slide, i.e., the angle r in 

Equ. (7), to find the direction for the fringe displacement. This is a 

rather complicated operation. Fortunately, in the present investigation 

the deflection is essentially normal to the surface and the analysis is 

greatly simplified. The point of maximum deflection corresponds to the 

maximum gradient in refractive index and is what would be obtained from 

a Schlieren record. By joining the points of maximum fringe displacement, 

one obtains a Schlieren record of the field. For a thermal boundary 

layer with no combustion the density and temperature profiles are similar 

and the locus of maximum fringe displacement provides a unique definition 

of the boundary layer thickness. As fuel is added to the flow, heat 

release due to boundary layer combustion results in non-similar density 

profiles. In this case the above definition of boundary layer thickness 

.is insufficient to adequately describe the combustion process and density 

or temperature profiles are needed to make meaningful comparisons. These 

profiles can be deduced from the deflection mapping records if the follow-

ing assumptions are made. 

The effect of the geometry of the flat plate on the constant 

refractive index (iso-n) surfaces is negligible and the iso-n surfaces 

can be considered parallel to the optic axis. The path length, Z, is 

constant along the profile, and the surface temperature of the flat 

plate is uniform. an Finally, in the boundary layer ay » 

fringe displacement can be treated as deflection due to 

an 
ax so that 

an 
ay alone. 

the 

The first assumption is true because the angle of the bend in the 

plate is small (about 10
). The plate surface temperature distribution 

was measured and found to be quite uniform (~ 15 K) along the optic axis. 

Th I . h an» an . east assumptlon, t at 3y ax' 1S not valid very near the leading 
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edge, but is a good approximation downstream where the growth of the 

boundary layer is small and the deflection direction is almost parallel 

to the y axis. As a result, all profiles were obtained at distances 

greater than 14 mm from the leading edge. 

Having obtained the deflection profiles, density and temperature 

profiles were calculated using the following numerical integration 

procedure. For a given incidence angle, i. Equ. (7) reduces to 

~q = Kl an z dy , (8) 

where Kl isa constant. The integration from y = 00 to y = 0 of Equ. (8) is 

proportional to the difference between the density of the gases in the 

free stream (poo) and that of the gases at the surface (pw)' 

o 

Poo - Pw = K2 Ioo ~~ Z dy (9a) 

where K2 is another constant. Integrating from y = 00 to the position y 

in the boundary layer yields, 

dn Z d ay y. (9b) 
00 

Numerical integration of the area under the deflection curves was carried 

out using Simpson's rule and the results were expressed in terms of the 

non-dimensional variable p, 

p = (10) 

10 
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Since the temperature of the heated surface is known, temperature profiles 

were deduced from p using the expression 

(11) 

NUMERICAL MODEL 

Governing Equations 

The governing differential equations for laminar boundary layer flow 

over a flat plate of a chemically reacting mixture of gases are the con-

servation of mass, the conservation of momentum, the conservation of 

energy, and the species conservation equations. Introducing the simi-

larity variables 

E,; ex) = ep~) u x 
00 00 

nex,y) = 
U Y 

00. r pdy Jo n /2E,; e 

these conservation eqJations can be written as follows: 
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Continuity equation 

af' 1 3f' 
2t,;-- + - - + f' = n 

aF,;- ne an 

Momentum equation 

Energy equatjon 

,u2 
-~ c 3f' 2 
--( .. _) -

2 an 
ne 

= 1 a [k P L (10. ] __ --:- __ -_ (Le. _ l)h. __ 1 
2 dn C 1 1 an 

(pp) Tj P i 
00 c 

Spec.i cs cqua t ion 

dO. 1 dO i 
2t,;f,_1 + (V - b!)-- - -

dE: 1 nc an 

2 b, a o. 
1 1 

n2 ~-
e on 

~ s . = () 
r 01 

(12) 

(13) 

(14) 

(15) 

In the above equations the following dimensionlessquantitities have 

ben introduced 

v = 2~ (fldn + ~) . f' u 
= 

(PJl)ooUoo dX m ~ Uoo 

lcp R.Le. 
2~ - b. l. 

C = . =-- . e = Pr ~ 
l. Pr ~ 

U (~) 
oodx 
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, 1 ab i 
b i = nan 

e 

ne represents the value of n at the outer edge of the boundary layer. 

The chemical kinetic source term S . in the species equation is defined 
(J'l 

as 

s .. = 
0"1 

JJ 

I 
j=l 

(a~. - a'.'.) (R. - R .) 
1J 1J J -J 

where R. and R . are the rates of the forward and reverse reactions j, 
J -J 

respectively, and a .. is the stoiciometric coefficient for the ith species 
1J 

in the jth reaction as defined in the general reaction expression 

JJ 

I 
i=l 

, -
cx. •• a. + <l. M = 

1J 1 J 

NR 
I 

i=l 
" -a .. 0". + a. ~1 
1J 1 J 

j = 1,2, ... ,JJ. 

An additional relation is provided by the ideal gas equation of state 

p = .J: 
RT 

Boundary conditions for the above equations are required at the 

plate surface and at the outer edge of the boundary layer. In the 

present case these become at the plate surface 

, 
f (C 01 = O· h (s, 01 = h V(s, 0) = 0 , s' 

(I6a) 
p u dO". 

II 00 1 

Is p Le. 1 an R r 1 s 

ne (2 s;) 2 
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where R is the surface reaction rate per unit area. At the outer edge s 

of the boundary 1 ayer 

(16b) 

a. (C n ) = a. 
1. . e 1. <Xl 

where the free stream conditions are assumed to be constant along the 

plate. 

Gas Properties 

The mixture viscosity and thermal conductivity are calculated from 

single component transport properties using the semi-empirical expressions 

of Wilke as referenced in Bird et al. (1960). The diffusion coefficients 

used are trace diffusion coefficients for the ith species in N2. Actual 

diffusion coefficients are a function of mixture composition and the 

binary diffusion coefficients of all species pairs. However, since the 

principle constituent in the present system is.N2' trace diffusion 

coefficients were used to simplify the calculations (Fristrom and 

Westenberg, 1966). Single component properties ~., and the binary 
1. 

diffusion coefficients D .. were calculated from the Chapman-Enskog 
l.J 

theory (Bird et al., 1960) with molecular parameters evaluated using a 

Lennard Jones potential model (Hirschfelder et al., 1954). 

Thermodynamic data for specific heat and enthalpy were calculated 

from JANAF data using a formalism based on the NASA Complex Chemical 

Equilibrium Code (Gordon and McBride, 1971). 

14 
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RESULTS AND DISCUSSION 

Temperature profiles obtained from the analysis of deflection mapping 

records for non-reacting thermal boundary layers are shown as the solid 

lines in Fig. 5. They are expressed in terms of the non-dimensionalized 

parameters T and y. 

T - T 
- 00 

T - -::::'T---;;;T~ (17) 
w 00 

0T is the thermal boundary layer thickness defined as the thickness where 

T = 0.01. Also shown ~s a dotted line are the temperature profiles 

obtained from numerical calculations. The experimental profiles appear 

to be self-similar for the range of wall temperatuzes f,rom 600 K to 1300 K, 

as the' small discrepancies among the profiles can be ascribed to experi-

mental error. However, there is a relatively large difference between 

the experimental and the numerical profiles. A previous comparison 

between detailed Rayleigh scattering density measurements and numerical 

profiles showed very good agreement (Robben et al., 1977). The failure 

of the deflection mapping records to produce the exact thermal boundary 

layer is attributed to the various assumptions regarding the refracting 

surface which were necessary for the analysis. Thus these profiles are 

approximations at best. It should be emphasized that the main objective 

of the deflection mapping study was to investigate the range of condi-

tions under which boundary layer combustion occurs and the basic 

characteristics of this process. For this purpose they have proven to 

be extremely useful. 
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It should be noted that the lifetime of the first strip was somewhat 

shorter than for those strips located farther downstream. Due to the 

high heat transfer coefficient at the plate leading edge, a relatively 

high power input to the first strip was necessary to maintain a constant 

surface temperature. As a result any local variations in strip thickness 

rapidly develope into hot spots which soon burn out. It is also 

possible that the more intense surface reaction observed near the plate 

leading edge could result in more rapid deterioration of the first strip. 

Some of the data presented in this report were therefore taken with no 

power input to the first strip. Under conditions involving low equi-

valence ratios and plate temperatures where no gas phase reaction was 

apparent, the effect of heating the first strip was a small increase in 

thermal boundary layer thickness without a noticeable change in profile 

shape. At" higher equivalence ratios and temperatures where gas phase 

reactions did occur, upstream heat conduction and surface heat release 

over the first strip were sufficient to maintain a reasonably constant 

surface temperature right up to the leading edge. Thus heating the 

first strip was found to have no significant effect on steady state gas 

phase combustion in the boundary layer. 

Temperature profiles at x = 14 mm for T = l3000 K and various equiw 

valence ratios are plotted in Fig. 6. This set of experiments was 

performed using the Si02" over-coated plate. For flows with equivalence 

ratios less than 0.2 the only observable change was a small increase in 

the boundary layer thickness. Although significant surface reaction was 

found to occur under these conditions (see following section), the plate 

temperature was maintained at the desired value by varying the power 

input to the heating strips. Thus surface reaction should not directly 

16 
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affect the boundary layer temperature profiles, and the increase in 

boundary layer thickness 11lay be due to the presence of limited gas phase 

reaction in the boundary layer. Gas phase reactions would most likely 

occur in the high temperature region near the plate surface where the 

residence time is sufficiently long. However, at the lean equivalence 

ratios and relatively low temperatures being considered, any local 

temperature increase due to energy release associated with reactions 

would be limited by the relatively rapid rates of conduction and con

vection of heat into the outer boundary layer and downstream regions. 

Thus the boundary layer temperature profiles remain approximately 

similar. 

For mixtures with higher equivalence ratios the temperature profiles 

are significantly different, as is shown by the results for ¢ = 0.3. 

Under these conditions the heat release rates due to gas phase reactions 

are considerably faster than at lower equivalence ratios. As a result 

the local gas temperature increases and the thermal boundary layer 

becomes thicker due to the conduction of heat to the outer boundary layer. 

Figure 7 shows profiles at three different downstream locations 

obtained from the deflection mapping record shown in Fig. 4. At x 14 mm, 

as discussed previously, no significant gas phase heat release is 

apparent. It is probable, however, that limited gas phase reaction 

(corresponding to an induction period with little associated heat release) 

does occur in this region. At x = 35 mm the temperature profiles become 

non-similar as a consequence of more intense combustion in the boundary 

layer, and further downstream at x :::; 50 mm the temperature profile 

resembles that of a flame. 

These profiles represent three stages of combustion occurring in 

17 



gas phase boundary layer combustion. As the gas moves into the boundary 

layer following a streamline, its temperature rises due to cross-stream 

heat conduction. If the temperature is not sufficiently high or if the 

mixture is lean, the gas will reach the end of the plate before the 

induction process is completed; hence, little boundary layer heat release 

occurs. On the other hand, when conditions are favorable, i.e. higher 

surface temperature and equivalence ratio, the gas in the vicinity of 

the wall completes the induction process and significant energy release 

occurs at some downstream location. This occurrence is often accompanied 

by fluctuation of the fringes. On some records the deflection,traces at 

these locations are not smooth, and temperature profiles deduced from 

them show cooling in the inner layer. This effect appears to result 

from unsteady heat release due to oscillation of the exothermic zone. 

The cause for this oscillation is uncertain at the present time. The 

combustion becomes steady farther downstream, and the exothermic zone 

moves away from the wall and out of the boundary layer forming a flame

like structure which is sustained by the energy supplied through surface 

heating as well as combustion. 

Numerical results presented previously by Schefer and Robben (1977) 

also showed the existence of several stages of combustion over a heated 

constant temperature non-catalytic plate under similar conditions (i.e, 

H2!air at an equivalence ratio of 0.1 and a plate temperature of 1100 K). 

These included an initial region near the plate leading edge correspond

ing to an induction period during which radical concentrations increase 

with little associated heat release. In this region the temperature 

and velocity profiles were approximately similar and the boundary layer 

18 
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thickness corresponded to that f:or no combustion. Farther downstream the 

heat release rates became appreciable due to the reaction of H2, the 

boundary layer rapidly thickened and the temperature profiles became non-

similar due to local increases in gas temperature across the boundary 

layer. Downstream of the primary combustion zone heat losses to the 

wall resulted in lower gas temperatures and the profiles again approached 

a similar solution. 

The results obtained in the present investigation show that the 

eJ<:istence of gas phase combustion in the boundary layer depends on 

mixture composition, surface temperature and distance from the leading 

edge. Under some conditions only surface reactions were found to occur, 

while in other cases both surface and gas phase reactions occurred 

simultaneously. These results are summarized in Fig. 8, where the 

conditions under which the various phenomena occur are shown. The results 

for gas phase combustion are based on the analysis of deflection records 

taken at a distance of SOmm downstream from the plate leading edge. 

At distances greater than this fluctuations in the jet mixing layer 

became a significant source of disturbance to the boundary layer. 

Surface reaction was found to occur at temperatures as low as 470 K, the 

minimum surface temperature at which measurements were taken. At 

increased temperatures and equivalence ratios a region exists over which 

both surface reaction and boundary layer combustion occur simultaneously. 

At the highest temperatures and equivalence ratios the primary heat 

release, or reaction, zone moves out of the boundary layer and takes on 

a flame-like structure characterized by a steep temperature gradient and 

an approximately constant temperature region extending to the plate 

surface. 
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Surface Energy Release Rates 

The procedure used to determine surface energy release rates is 

as follows. The plate temperature is initially adjusted to the desired 

value with no fuel present in the flow. This is done by varying the 

power input to the individual strips. Typically strips I and 2 require 

greater power inputs for a constant plate temperature due to the higher 

heat transfer coefficient near the plate leading edge. Fuel is then 

added to the flow and the surface temperature increases to some higher 

nonuniform value due to surface energy release. Power inputs to the 

individual strips are then decreased until the desired temperature is 

again reached. The resulting difference in power input to each strip, 

with and without fuel addition, is equal to the average heat release 

due to surface chemical reaction for that particular strip if heat losses 

due to other sources remain constant. For a given plate temperature, 

radiative losses are constant. Experimental measurements and numerical 

calculations have also shown that the boundary layer temperature profiles 

are similar when no gas phase combustion is present. Thus losses due 

to convection and conduction remain constant for a given free stream 

velocity: Typical surface energy release rates for the first four 

strips are shown in Fig. 9 for a plate temperature of 870 K and equi

valence ratios from 0.05 to 0.20. A free stream velocity of 1.5 m/s 

was used in all cases. As mentioned previously the data points represent 

average values of energy release rates over the individual strips and 

not local values. It can be seen that maximum heat release rates occur 

at the plate leading edge, and then rapidly decrease as one moves 

downstream. The maximum heat release rates at the leading edge are also 
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found to be linearly dependent on ~ concentration. Experimental surface 

energy release rates for an equivalence ratio of 0.05 are shown in 

Fig. 10 for plate surface temperatures of 670 K, 870 K and 1070 K. The 

behavior is similar to that found in the previous graph. That is, 

maximum heat release rates occur at the plate leading edge and decrease 

rapidly downstream. The heat release rate also increases with increasing 

surface temperature at the leading edge, and becomes nearly independent 

of surface temperature further downstream. 

The above behavior indicates that surface reaction is diffusion 

limited under these conditions. To verify this, calculations were made 

using the computer program described previously. Considerable uncertainty 

exists concerning the high temperature kinetic mechanism for H2 oxidation 

over platinum catalytic surfaces in the presence of excess 02. Available 

evidence at lower temperatures (~ 300 K) and atmospheric pressure does 

however indicate the reaction is independent of 02 concentration and is 

directly proportional to H2 concentration (Boudart et al., 1976). Thus 

in the present investigation the surface oxidation of H2 was modeled as 

a one step global reaction in which H2 and 02 combine to form H20 as the 

product, i.e. 

A surface reaction rate expression of the form 

(18) 

was used where IH2Js is the local concentration of H2 at the plate surface. 
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A value for the rate constant k was chosen which best fits the experimental 

data. The calculations were carried out assuming no gas phase reactions, 

based on the deflection mapping studies described in the previous section. 

The results are shown as the solid curves in Fig. 11 for three equivalence 

ratios. The good agreement with experimental results indicates that 

downstream of the leading edge surface reaction is indeed diffusion 

limited. 

This fact can be more clearly illustrated by defining a catalyst 

effectiveness factor 

E.F. = 
RSURFACE 

(19) 

where REXP is the measured surface heat release rate and RSURFACE is the 

maximum expected surface heat release rate under conditions in which the 

diffusion rate is infinitely fast, i.e., kinetically controlled. The 

catalyst effectiveness factor is plotted against distance along the plate 

in Fig. 12. Only near the plate leading edge where the boundary layer 

is thin and species diffusion rates into the surface are sufficiently 

rapid does the effectiveness factor approach a value of unity. 

Based on the above mechanism for surface reaction the computer program 

was used to fit experimental energy release rates over a range of equi-

valence ratios from 0.05 to 0.20 and plate temperatures from 470 K to 1070 K. 

The surface reaction rate study was confined to this range of conditions 

since at higher temperatures and equivalence ratios gas phase reaction 

hecomes important. In addition, at higher temperatures and equivalence 

ratios surface heat release rates become very rapid at the leading edge, 

resulting in a high temperature zone extending only a few tenths of a 
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millimeter downstream of the leading edge. Under these conditions it 

becomes difficult to define an average heat release and te1I\perature for 

the first strip. The results of the computations are shown in Fig. 13 

where the surface reaction rate constant k, as defined by Equ. (18), is 

plotted against the inverse temperature. The results indicate a first 

order dependence of surface reaction rate on H2 concentration and an 

activation energy of 3850 cal/gm mole. The reaction rate expression 

which best fits the data can then be written as 

[ ] kg moles 
Rs = 15.0 H2 s . exp ( -3850 ./RT) ~2:::----

m - s 

Si02 Plate Surface 

Since it is desirable to compare the results of the platinum 

(20) 

catalytic surface study with a noncatalytic surface, a 0.4 ~ thick Si02 

layer was vacuum deposited over the platinum heating strips. Si02 is 

a commonly used material in situations where it is desirable to minimize 

surface reaction such as on thermocouples and inside of high temperature 

reaction vessels. It was found, however, that surface heat release 

rates measured with the Si02 overcoat were comparable with those found 

using the bare platinum surface. To determine the source of this unexpected 

activity the Si02 surface composition was analyzed using Auger electron 

1 spectroscopy In this process the plate surface is bombarded with a 

low energy (2 kv) beam of electrons. As a result inner shell electrons of 

1 These measurements were performed by B. J. Wood at Stanford Res earch 
Institute, Menlo Park, California. 
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the outermost surface atoms are ejected at an energy which allows 

identification of the parent atom. The incident beam diameter was 100 11m, 

and the results are indicative of approximately a 3 atom thick surface 

layer. Measurements were carried out at several locations near the 

center of the first strip. Typical results are shown in Fig. 14 where 

the current due to the ejected electrons is plotted against the ejected 

electron energy. While the results as presented here are somewhat 

qualitative, they do indicate the presence of platinum on the surface, 

in addition to significant amounts of sulfur and carbon. The source 

of the platinum is uncertain at this time. One possibility could be 

contamination during the application of the Si02 overcoat since the 

same oven is used in this process as is used during the platinum 

coating. This would seem unlikely, however, since relatively low oven 

temperatures (600 K) are used in applying the Si02 overcoat. Perhaps a 

more probable explanation is the diffusion of platinum through the Si02 

overcoat. Such diffusion could be especially significant at the high 

surface temperatures utilized in the present experiment. Since only 

H2/air mixtures were utilized in the present experiment, it appears that 

the source of the sulfur and carbon is oil vapor from the compressor in 

the house air system. This is currently being investigated, and 1f 

true, will be remedied by using bottled air instead of house air. 

CONCLUSIONS 

Boundary layer behavior was studied for the flow of lean H/air 

mixtures over a heated platinum plate. The presence of gas phase 
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boundary layer combustion was found to depend on mixture composition, 

plate surface temperature, and distance from the plate leading edge. 

For a giYen distance from the leading edge, at low temperature and equi-

valence ratios, only surface reaction was found to occur with no apparent 

gas phase combustion. At increased temperatures and equivalence ratios 

both surface reaction and gas phase combustion occurred simultaneously. 

At the maximum temperatures and equivalence ratios studied, the primary 

reaction zone moved out of the boundary layer and took on a flame-like 

structure characterized by a steep temperature gradient and approximately 

constant temperature region extending to the plate surface. 

Heat release rates were measured for the surface reaction of H2/air 

on platinum. Significant surface reaction was found to occur at plate 

temperatures as low as 470 K. Under all conditions investigated the 

surface reaction rapidly became diffusion limited downstream of the leading 

edge. Based on the assumption of a one-step ,surface reaction in which 

H2 and 02 react to form H20 as a product, the surface energy release 

ratios were found to correlate well with an Arrherius type rate expression 

of the form 

kg moles 

m2 
- s 

The surface activity of a Si02 coated plate was comparable with the 

platinum plate. Analysis of the surface composition using Auger electron 

spectroscopy indicated platinum existed on the surface. The most likely 

source of this platinum appears to be diffusion of platinum molecules 

through Si02 overcoat. 
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FIGURE 1. Schematic of the experimental apparatus. 

Details of flat plate 

XBL 764·2757 

.. 
I' , 

N 
00 



. . 

o Od 0 b 0 U /' 'I 9 4 

Flow 

O.5fL sil i?a 
O.3fL platinum 
Quartz 

Details of coating 

Quartz plate and support 
XBL771-127 

FIGURE 2. Design of the quartz flat plate and the holder. 

29 



LASER 

L, 

FIGURE 3. 

TEST REGION 
I 
I 

L2 

, 
I 

L3 

MICROSCOPE SLIDE 

SCREEN 

Schematic of the optics for deflection mapping 
of the density gradients in the boundary layer. 

CAMERA 

XBL 779-2014 

., . "\ 

V-l 
o 



o u 

FIGURE 4. 

" . 

I I 9 S 

XBB 784-4017 

Deflection mapping photograph of the flat plate 
boundary layer. H2/air combustion, ¢ = 0.3; 
T = 1200 K, U = 1.5 mis, T = 293 K. co co 

31 



T 

FIGURE 5. 

1.0 !r------,r-----.....,.---~---.....,..---.., 

0.8 

0.6 

0.4 

0.2 

" , , , 

oL-----L-----~----~-----L~~w 

o 0.2 0.4 0.6 0.8 1.0 

Y/a 
T 

XBL 783-7911 

Nondimensional temperature as a function of nondimensional 
distance above the plate. No combustion. Uoo = 1.5 mis, 
Too = 293 K,-experimental; ---; numerical. 

32 



O. u: 
, ~ ) 

1200 

1000 

800 

600 

400 

o ::i 0 9 6 

~CP=O.3 

CP=O.25 

cp =0.2 

200~-----L----~~----~----~~----~----~ 

o 

FIGURE 6. 

2 3 4 5 6 

Y(mm) 

XBL 784-7919 

Temperature distribution as a function of distance 
above the plate. H2/air combustion. Tw = 1300 K, 
Uoo = 1.5 mis, T = 293 K. 

00 

33 



I 2 0 0 r«:: ooc:::::::::::: I :;;>" :c:= :;;:::== I I. 0 

1000 .8 

800 .6 

T (0 K) p 

600 .4 

400 .2 

200' ~ I I-==:::::: o 
o I 2 3 4 5 6 7 8 

Y (mm) 

FIGURE 7. Temperature and nondimensional density distribution as 
a function of distance above the plate. H2/air 
combustion. ¢ = 0.3, Tw = 1200 K, Uoo = 1.5 mis, 

XBL 784-7915 

T = 293 K. 
00 

• < xi: :-\. 
V.J 
.j::. 



o 
.
<t 

.30 

a: .20 

w 
o 
2 
lLJ 
-oJ 
« 
> .10 
::> 
o 
lLJ 

SURFACE 
COMBUSTION 

T~ 
V 

BOUNDARY 

FREE STANDING 

FLAME 

T~ 
LAVER a" Y 

SURFACE "'-

COM8U:T~ " 

y 

" " " 

I . .. 

o LI __________ -L __________ ~ __________ ~ ____________ ~ ________ ~ 

800 1000 1200 1400 1600 

T (OK) 

FIGURE 8. Combustion regions for H2/air combustion over a heated 
platinum plate. Uoo = 1.S mis, Too = 293K. 

1800 

XBL 784-7918 
(.N 
U1 

c 
o 

J-' 
";.. .. "'r 

(:; 

A ~ •• 
~1· .. 

c~ 

/1"""'" . ....., 

'~,. .. J 

,~~ 

...0 

""l 



2.0 

." 
I 

0 

x 1.5 -tn 
N 

E 
....... ..., 

1.0 -.. 
0 

0.5 

O~'--~----------------~--------------~----------------~-------
2 3 4 

STRIP NUMBER 

FIGURE 9. Surface heat release rates as a function of heating strip XBL 784-7914 
number for H2/air combustion over a platinum coated plate. 
Tw = 870 K, Uro = 1.5 mis, 0, ¢ = 0.05; f:.., <p = 0.10; 0, <p = 0.20. 

) ( " , 

V.J 
0\ 



I, 'J >. 

1.2 

I· 

I.°r \ l ., 
I 

0 

X 0.8r, \ -, -en \ \ .. 
I " \ \ E 

....... O.S . .., -.. 
0 

1 I 
ooT l 
0.2 

. O~I--~--------------~--------------~----------------------~ 
2 3 4 

STRIP NUMBER 

XBL 784-7917 

FIGURE 10. Surface heat release rate as a function of heating strip 
number for H2/air combustion over a platinum plate. ¢ = 0.05, 
U 00 = 1. 5 m/ s . 0, T w = 670 K; t:., T w = 870 K; 0, T w =. 1070 K. 

, 
:. 

e 
0 

\.~!ll 

.(" "f ... -
t:t"~ 

0' 

c 
~t .... :· 

, 
...0 

co 

VI 
'-I 



on 

0 

X -(I) 
N 

E 

" .., -
fI) 

0 

1.5 

.5 

O'L-__________ L-__________ L-__________ L-__________ L-__________ L-______ ~ 

o 4 8 12 

X(mm) 

16 20 

FIGURE 11. Surface heat release rate as a function of distance along the 
plate for H2/air combus:tion over a platinum plate. Tw = 670 K. 
Uoo = 1.5 ~/s. 0. ¢ = 0.05; A. ¢ = 0.10; 0. ¢ = 0.15. Solid 
lines indicate numerical results. 

XBL 784-7916 

.-,. < J 

w 
00 



ex: 
0 
~ 
(,) 

ct 
LL. 

(/) 

(/) 

L&J 
Z 
L&J 
> 
~ 
(,) 

L&J 
LL 
LL 
LLI 

. ,. 
.f 

1.0 

I-

O.a rn ~ 

11\ 

0.6 

\\ \ I 

0.4 L \\ \ ~ 

\\ \. - --
\..\.. " 

0.2 

O~I--------~--------~---------~--------~--------~~----

o 4 a 12 16 20 
X (mm) 

FIGURE 12. Catalyst effectiveness factor as a function of distance along XBL 783-7913 
plate for H2/air combustion over a platinum coated plate. 
T = 670 K, U = 1.5 mis, Numbers in graph refer to equivalence w . 00 
ratlo, 

(,N 
\0 

e 
c 
~;:.,.,... 

<:; 

(;'~ 

c 
C 

,: 
..•. : .. 
....c 

..:{) 



10.0~11----------'---------~--~------~------~~--l 

5.0 

en 
"-
E -en 

N 
::r 
C 

"-
en 1.0 

0:: 

II 

en 
~ 

0.5 

O.lull------------~----------~----------~----------~--~ 

0.6 1.0 1.4 1.8 2.2 

(I/T) K- ' X 10' 

XBL 783-7912 

FIGURE 13. Surface reaction rate constant as a·function of inverse 
temperature for H2/air combustion over a platinum coated plate. 
6, ¢ = 0.05; D, ¢ = 0.10; 0, ¢ = 0.15; " ¢ = 0.20. 

< . ___ ~._ ~. __ .,... __ '. ___ ._r ... 

~ 
o 



, . 

',:' U' "".,.'! >,,'''- ." 0 ' ~- _ u ;;,. U 

t-
Z 
I&J 
a::: 
a::: 
:::) 

0 

I I 

n 
I f 
i I 

VI 
fl 

r / 
fl I I 

I 
1 I I, 

I I , 
I I' 
I 

Ii ~~ 
, 
I , 

' : I 

"!' 
I! 

I! I! I 
I I, 
I 

II I I I Pt l i I ' I 

I ~ I;! ~ V 
~ . ~ I S+Pt 

C 

0 

f\lL-...J 

Si 

I I 

o 200 400 

VOL T S 

XBL 784-7920 

FIGURE 14. Auger electron spectroscopy analysis of 
Si02 coated plate. 2KV electron beam. 

41 



• • 

o u J J 0 d o 

This report was done with support from the Department of Energy. 
Any conclusions or opinions expressed in this report represent solely 
those of the author(s) and not necessarily those of The Regents of the 
University of California, the Lawrence Berkeley Laboratory or the 
Department of Energy. 



\, 

TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 




