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Abstract-A technique is devised and implemented experimentally for measuring time-resolved probabilities 
of heterogeneous surface recombination of atoms on a plate with a sharp leading edge exposed to a pulsing 
supersonic flow of gas dissociated by an incident shock wave propagating in a shock tube. A method to 
calculate heat transfer on the plate surface for the conditions pertaining to the experiment is suggested. The 

design of a heat flux gauge and the technology of its fabrication are developed. 

1. INTRODUCTION 

RECOMBINATION catalytic activity of materials interact- 
ing with a supersonic multi-component dissociated gas 
flow constitutes a very topical, rapidly developing 
branch of chemical physics which occupies a definite 
position at the juncture of the physics of elementary 
atomic-molecular processes and hypersonic aero- 
dynamics. The interest in the studies in this field is 
engendered by the determining effect of heterogeneous 
recombination on the course of a number of physical 
processes in different areas of modern science and 
technology. Thus, when bodies move at hypersonic 
velocities in a rarefied gas, a substantial part ofheat flux 
to a surface, up to 50% is due to heterogeneous atom 
recombination [l]. In chemical lasers with sub- and 
supersonic active medium flow, in sub- and supersonic 
chemical and plasmachemical reactors, etc., hetero- 
geneous processes of the death of active centers, includ- 
ing the atomic species, exert important influence on the 
course ofchain chemical reactions and on the operation 
of these devices in general. 

Investigations of heterogeneous atom recombina- 
tion date from the fundamental works of Roguinsky 
[Z], Semyonov and Goldansky [3], Voyevodsky [4], 
Talrose [S], Smith [6], and Laverenko [7]. These 
workers developed original methods of studying 
heterogeneous atom recombination when the surface 
interacts with a stationary or slowly moving (at about 
1 m s- i) dissociated low-density gas. The probabilities 
of heterogeneous recombination yW were obtained 
for a number of materials, including metals and their 
oxides and also glass, quartz and other dielectrics, and 
also the orders of the surface recombination reactions 
were determined. An important result of these 
investigations is the discovery that y, is a function 
of the temperature 7,. 

The influence of the parameters of a gas, interacting 

with the surface, on the probability of heterogeneous 
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atom recombination has not as yet been studied 
adequately. Therefore, the surface recombination is 
investigated and the value of y, is measured in the 
conditions which correspond to the subsequent 
practical use of the results obtained. The demands for 
heat transfer calculations in the hypersonic aero- 
dynamics, development and optimization of operating 
conditions of a vast number of devices employing 

supersonic gas flows were responsible for the 
development, in the last few years, of principally new 
laboratory methods of studying heterogeneous atom 
recombination on the surfaces of models in supersonic 

dissociated gas flow. 
In laboratory modelling of multi-component 

dissociated gas flow interaction with surfaces a wide use 
is made of the steady-state blowing of a model in a 
plasma generator [8-131. The shock tube technique 
made it possible to measure the homogeneous reaction 
rate constant for oxygen recombination in the wide 
region of high temperatures [14]. The use of shock 
tubes (ST) to produce pulsed supersonic flow of a 
thermally dissociated gas enables the elimination of the 
effect of metastable particles such as of the singlet 
oxygen OiA, formed in a plasma generator discharge 
and of the change in the chemical composition of the 
surface studied on the results of measurements of the 
heterogeneous recombination probability (catalytic 
activity coefficient) yW. An important feature of the 
method is the possiblity of determining time-resolved 
values of the heterogeneous recombination probability 
on surfaces that have experienced certain physico- 
chemical effects. 

The feasibility of determining the heterogeneous 
recombination probability by placing a model in a 
pulsed supersonic flow ofgas dissociated by an incident 
shock wave propagating in a shock tube has been 
established in principle in refs. [15-l 71. In this work the 
theory of the method is developed, its experimental 
implementation is shown and some results of 
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NQMENCLATURE 

ci mass concentration of components, pJp 
C,, C, specific heats at constant pressure and 

votume, respectively 

.? 
binary diffusion coefficient 
reduced stream function, y/I& 

b specific enthalpy of gas dissociation 

9 dimensionless ‘frozen’ gas enthalpy, 

W%~ 
h specific gas enthatpy, C cZ&, 

4 specific enthalpy of mixture ith species, 

s 

T 

C, dT+h,P 

ho 0 enthalpy of ith species formation 

s 

T 
J%~ specific ‘frozen’ gas enthalpy, C, dT 

cl 

4 
U2 

specific total enthalpy of gas, h+ 1 

Ji diffusion flux of ith species 

K gas-phase reaction rate constant 

Kv heterogeneous recombination rate 
constant 

Le Lewis-Semyonov number, pD13C,,/A 
1 Pk4PY, 
I, maximum length of hot gas region 

Mi molecular weight of ith species 
m molecular weight of gas 
M Mach number 
P pressure 
Pr Prandtl number, pCJ,,/n 

Q, convection heat dux component 

:: 

recombination heat fhrx component 
total heat flux to a surface 

R universal gas constant 

RT shock tube radius 
SC Schmidt number, b/pDr3 
T temperature 
U tangential gas velocity 
V normal gas velocity 
x streamwise coordinate along a plate 

xi mole fraction of mixture ith species 
(in Appendix) 

X, distance from shock tube orifice to the 
section under observation 

W ratio of densities across shock wave 

front, p21p1 

Y transverse coordinate 
z dimension& concentration of oxygen 

atoms, ci/cie_ 

Greek symbols 

B accommodation coefficient for 
dissociation energy at a surface 

& Damkohler number for reaction in gas 
phase 

c 

G 
Damkohfer number for surface reactions 
Dorodnitsyn-Lees variables 

8 expansion angle of plate in supersonic 
HOW 
specific heat ratio, CJC, 

; thermal conductivity of gas 

U gas viscosity 
v(M) ~randt~-Meyer function 

P gas density 

r‘Z chemical relaxation time behind shock 
wave 

td characteristic time of atom diffusion 
through boundary layer 

%i lifetime of hot gas region 

A&p existence of quasi-steady conditions in 
hot gas region (times r,, f,, and AZ,,,, are 
given in a laboratory coordinate system) 

rr characteristic time of bulk 
recombination in boundary layer 

Q$“‘*,Q;t*z)* reduced collision integrals 
particIe collision diameter 

& stream function. 

Subscripts 
value at boundary-layer edge 

f frozen values 
i, k referring to mixture components 

(i, k = 1, oxygen atoms ; i, k = 2, 
oxygen moiecules; i, k = 2, inert d&rent) 

S values at shock wave front 
W value on body surface 
1 initial gas state in shock tube 
2 vaIue of gas parameters behind shack 

wave. 

measurement of the probability of oxygen atom 
recombination on silicon monoxide, platinum and 
alumina are presented. 

The reliable recovery of the quantity yW can be 
accomplished provided that in the conditions 
pertaining to the experiment the recombination heat 
flux constitutes a considerable portion of the total heat 
Rux to the surface. The Second necessary condition 

is the provision of the possibility for the highly 
accurate prediction of the state of the gas interacting 
with the surface and, consequently, for theoretical 
recovery of the recombination and conduction heat 
fluxes. 

In the present work it is Suggested that the value of yW 
be determined by comparing the measured and 
calculated heat fluxes to the gauge in the form of a aat 
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plate, with a sharp leading edge, placed parallel, or at a 
small expansion angle, to the gas flow. The supersonic 
flow of a dissociated gas is realized downstream of an 
incident shock wave (SW) propagating in a shock tube 
and provides a quasi-steady-state regime of flow past a 
plate lasting 100-200 ps. Heat fluxes are measured by a 
thin-film resistance thermometer located some distance 
upstream from the plate leading edge. The substance 
investigated, in the form of a narrow band, is vacuum 
deposited over the resistance thermometer on top of a 
layer ofinsulating material. It is shown that the method 
extends the gas pressures studied by about two orders 
of magnitude-up to about 100 mmHg. 

2. THE CHOICE OF THE SHOCK 

TUBE OPERATING CONDITIONS 

The heat flux due to heterogeneous atom 
recombination attains its maximum values in the case 
of the absence ofgas-phase recombination ofatoms, i.e. 
when the boundary layer near the model is a chemically 
‘frozen’ one. In order that the fraction of atoms that 
recombine in the gas phase should not be more than 
several per cent, it is necessary that the gas phase 
Damkohler number, & = 7$7,, should be less than 
10-3-10-4[18].Foralaminarboundarylayeronaflat 
plate the calculation ofthe characteristic times zd and 7, 

yields the following relation for 4’s [ 183 

(1) 

where K, is the gas-phase recombination rate constant 
(Table 1, reaction 7), u,, T, and P, are the velocity, 
temperature and pressure of the gas at the boundary- 
layer edge, x is the distance to the plate leading edge. 
The required dissociation degree for 0, molecules is 
achieved at the temperatures Te N 35OO-4000 K 
corresponding to U, N (3-5) x 10’ cm s-i. For the 
characteristic dimensions of the model, x = 1 cm, 
it follows from equation (1) that the pressure P, at 
the boundary layer edge should not exceed 200- 
250 mmHg. 

The complete dissociation of molecular oxygen 
required to provide the maximum portion of the 

Table 1. The rate constants of chemical reactions (S)-(7) 
used in calculations [21]. The rate constants reactions are 
given in the form : 

forward reactions 

Kj = AT” exp 

reverse reactions K-, = BT” (cm6 mol-’ s-r) 

No. of 
reaction A a E.IJ’ B b 

5 2.3 x 1Or9 -1 59400 1.9 x 10’” -l/2 
6 8.5 x 10’9 -1 59400 7.1 X 10’6 - l/2 
7 3 x 10’8 -1 59400 2.5~10’s -l/2 

recombination heat flux is achieved at the incident SW 
Mach numbers M, = 10-18. Taking into account the 
requirement that chemical reactions in the boundary 
layer should be frozen leads to the limitation on the 
mixture initial pressure in the shock tube, e.g. that 
P, 5 1.0-2.0 mmHg. 

The shock tube operation at low initial pressures, 
Pi ‘Y 1.0 mmHg, has several difficulties. Consider the 
feasibility of the quasi-steady-state of supersonic flow 
around a model under these conditions. The boundary 
layer on the shock tube wall acts as an aerodynamic 
sink through which the gas escapes from the hot region 
behind an incident SW. This accelerates the contact 
surface, decelerates the shock wave and, as a 
consequence, the distance between the contact surface 
and the SW front shortens. The time of existence of the 
steady-state gas dynamic conditions behind a SW, T,,, 

taking into account the interaction between the flow 
and the laminar boundary layer on the ST wall is 
determined from the following relation [ 191 

2(ln (l-&)+&)+$=-X (2) 

where X = x,,JWl,, x, being the distance to the 
observation section, 

R, = 3.8 cm. At the Prandtl numbers Pr = 0.67, typical 
of the present work, the quantity B is determined from 
the relation [ 191 

(4) 

The gasdynamic times T,, obtained from equations 
(2)-(4) for the characteristic conditions of the present 
work are given in Fig. 1 for different velocities of the 
incident SW. This figure also contains the results of 
experimental determination of the value of zst from the 
measurements of the emission of 0, molecules over the 
spectral interval of the Shuman-Runge band (the wave 
band is 4081+2 A). It is known that for the 
recombination-produced 0, molecules the radiation 
intensity in this band is proportional to the square of 
the oxygen atom concentration [ZO]. Therefore, these 
measurements allow one to reliably determine the start 
of the hot gas region disintegration accompanied by a 
decrease in temperature and in the quasi-stationary 
concentration of [0] atoms and, consequently, by a 
sharp reduction in the strength of radiation. 
Measurements were made for oxygen-argon mixtures 
with the use of which, as is shown further, a substantial 
decrease in the velocity of incident shock waves can be 
attained which is essential for shock tube experiments. 
A good correlation between the measured and 
predicted T,, values was observed. The values of 7st 
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FIG. 1. The lifetime of the hot gas region 7,, (predicted curve 1 
and experimental points 1) and time for the establishment of 
chemical equilibrium 7, (curve 2 and points 2) as functions of 
the incident SW Mach number M,. The mixture has initial 

composition of 20% 0, + 80% Ar and P, = 1.0 mmHg. 

somewhat decrease from the 150th to 120th ps on an 
increase of the SW Mach number from 8.5 to 10. 

Behind the SW front there occurs the dissociation of 
0, molecules and the flow becomes a chemical 
nonequilibrium, and this also limits the duration of the 
steady-state flow past the model. The time of chemical 
relaxation behind the SW front, 7. was determined by 
numerically integrating the kinetic equations that 
describe the dissociation of O2 molecules. Oxygen 
dissociation at high temperatures, T N 2OOCNlOO K, is 
described by the following elementary stages [21] : 

o,+o, eo+o+o, 

02+o~o+o+o (6) 

02+M~O+0+M (7) 

where M denotes the inert diluent molecule. The rate 
constants for the forward and reverse reactions (5H7) 
have been chosen according to ref. [22] and are given in 
Table 1. 

The system of differential equations for the chemical 
kinetics of processes (5)-(7) was integrated numerically 
together with the relations that describe the mass, 
momentum and energy conservation laws in a one- 
dimensional isentropic flow behind the SW front in a 
coordinate system moving with the incident SW : 

PU = PlUl (8) 

p+pu2 = P, +plu: (9) 

h+$,+$ (10) 

Subscript 1 in the above equations denotes the 
quantities describing the gas state ahead of the SW, 

while the unsubscripted quantities represent the 
instantaneous values ofthe compressed gas parameters 
behind the SW front. Integration was carried out with 
the use of the program [23] developed for rigid 
systems of differential equations which, in particular, 
include the equations of chemical kinetics. The 
relaxation time 7. used in the paper, corresponds to the 
time required by oxygen atoms to attain the values of 
concentration that differ from the equilibrium ones by 
less than 5%. The results of calculations and 
measurements of the chemical relaxation time 7, are 
given in Fig. 1. The value of 7, was also determined by 
recording emission of O2 molecules in the Shuman- 
Runge band. It is seen that the time required to establish 
chemical equilibrium decreases sharply from 7= N 
150 ps at the incident SW Mach number M, E 8.5 to 
~~ N 20 ps at M, N 10. This is associated with an in- 
crease in the compressed gas temperature and density 
which accelerates chemical conversion. A good agree- 
ment is observed between the measured and predicted 
results. At M, 2 8.5, the time required for the establish- 
ment of chemical equilibrium, z. becomes smaller than 
the gasdynamic time of existence of steady-state condi- 
tions in the hot gas region, zst, so that within the time in- 
terval Az,,~ = zs, - 7, measurements in a gas flow with 

an equilibrium degree of dissociation are possible. It 
follows from Fig. 1 that at M, 2 9.5 the time of quasi- 
steady-state equilibrium flow around a model comes to 
about 100 ,us. 

The results presented in Fig. 1 were obtained at an 
initial pressure of 1 mmHg in the shock tube. An 
increase of the initial pressure P, leads to an increase in 
the gasdynamic time 7,, and to a decrease of the time 7, 
and, consequently, to an increase of the time ATE_, 

At a characteristic initial gas pressure P, = 1 mmHg 

the boundary layer on the wall has a thickness 
commensurable with the shock tube diameter. The 
interaction between the gas flow and boundary layer 
alters the gas parameters along the hot gas region. The 
compressed gas pressure, temperature and velocity 
increase with the distance from the SW front attaining 
the steady-state values [24]. In the conditions 
considered this period superimposes on the time 
interval during which 0, molecules dissociate behind 
the SW front. For this reason it is impossible to 
determine the time required for the establishment of the 
steady state. The control of the flow parameters on the 
completion of dissociation has shown that they change 
by no more than 2-3%. Consequently in the present 
conditions the time required for the flow parameters 
behind the SW to attain their steady-state values was 
smaller than that required for the dissociation of 0, 
molecules. 

Thus, a shock tube provides the possiblity for 
implementing a quasi-steady, supersonic flow of a 
dissociated gas around a model when the ‘frozen’ 
chemical composition of the gas in the boundary layer 
at the surface of the model is ensured. Since z,, and 7, 
for a multi-component gas can be calculated 
approximately and their values can be the same, it is 
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necessary that the parameters of a flow behind the SW 
be controlled in the experiments. 

3. CALCULATION OF HEAT TRANSFER 

RATE TO A GAUGE 

The steady-state gas parameters in the hot region for 
an equilibrium dissociated mixture were calculated 
numerically on the basis of the conservation equations 
(8HlO) augmented with relations that describe 
chemical equilibrium in the system. Measurements of 
the heat transfer rate to the gauge were made on the 
surface of a plate near which the Prandtl-Meyer 
expansion of the supersonic flow takes place. The 
estimations of the Damkohler number for the gas 
parameters in the Prandtl-Meyer flow under the above 
ST operating parameters yield the values [, < 2 x 
lo- 5. The chemical composition of the gas in this case is 
frozen [l]. Under these conditions the Prandtl-Meyer 
function has the form [25] 

v(M) = Jz arctan /$(~‘--I) 

- arctan JXKi (11) 

where M is the Mach number in the Prandtl-Meyer 
flow. The final Mach number in the flow after 
expansion is determined as 

v(M,) = v(MJ + 0 (12) 

where M, is the gas flow Mach number behind the SW 
associated with the measured quantity, i.e. the incident 
SW Mach number. The gas parameters in the Prandtl- 
Meyer flow and, consequently, those at the boundary- 
layer edge were calculated on the basis of the Mach 
number M, which is determined, according to 
equations (11) and (12), by the relations given in ref. 
[25]. The heat transfer rate to the plate was determined 
by solving the system of equations for a frozen laminar 
boundary layer [26] 

(14) 

where cp = zi ciCpi is the heat capacity of the mixture. 
Under the experimental conditions typical of the 

present work the Reynolds number on the outer edge of 
the boundary layer varies within the range Re = 
5 x 103-104. In these conditions the outer flow inter- 

acts weakly with the boundary layer, the interaction 
parameter does not exceed 0.2, i.e. it can be assumed to a 
good approximation that dPJdx = 0 [27]. The 
boundary conditions in this approximation are 

at y=O ?A = v = 0, h, = hfw, 53 = 0 

y = co u = ue, v = 0, hf = hf,, Ci = Cie 

x=0 l4 = u,, v = 0, h, = hf,, C = Cie 

(17) 

where the subscript w refers to gas parameters at the 
plate surface. Assuming that atom recombination on 
the surface follows the first order and the shock 
mechanism, the following boundary condition will 
hold at y = 0 

-J, = J, = Kw~wc~wr 

where the heterogeneous recombination rate constant 
is determined as 

(18) 

The heat flux to the surface is determined by the relation 

Cl1 

(19) 

where the first term is the conduction heat flux Q, and 
the second term is the recombination heat flux Q,. 

The diffusion fluxes are determined from the Stefan- 
Maxwell relations [27]. For the ternary mixtures being 
considered, i.e. 0, 0, and Ar, in which the inert solvent 
(argon) is much in excess of the molecular and atomic 
oxygen ca >> c,, c2, these relations can be simplified 
considerably. It can be assumed for these conditions 
that J, = 0 and cg = cg, = const. which satisfy the 
diffusion equation (14) with boundary conditions (17). 
With this taken into account, it follows from the Stefan- 
Maxwell relations that the diffusional fluxes of 
molecular and atomic oxygen are of the same 
magnitude but of opposite direction 

-J, = J, = -pD,,% 
ay 

(20) 

where D,, is the binary diffusion coefficient of the 
oxygen atoms in argon and 6 is the correction term 
accounting for the multi-component nature of 
diffusion. In the present work, for the mixture O-O,- 
Ar, the following was obtained : 

where D, are the corresponding diffusion coefficients 
and m is the molecular weight of the mixture. 

The calculations have shown that with a change in 
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the mixture composition within T = 3OC4000 K from 
the binary one, 0, + Ar, at low temperatures up to that 
corresponding to virtually complete oxygen dissocia- 
tion at high gas temperatures, the value of 6 lies within 
the range 0.97-1.02, i.e. it stays practically constant. 
Therefore, for the diffusion of oxygen atoms it is 
possible to assume that 6 = 1. Then relation (20) 
reduces to the Fick law with the effective diffusion 

coefficient coinciding with the coefficient of binary 
diffusion in the mixture 0-Ar-D,,. 

In the conditions considered the energy conservation 
equation (16) can also be simplified. The last term in this 
equation, with allowance for equation (20) and the 
assumption that J, = 0 and c3 = const., is 

$+?-I) (h,,$ +h,,g)]. (22) 

Since for the specific enthalpies of the molecular and 
atomic oxygen h,, = hzr also in the case considered, i.e. 
at cj >> ci, c2, &Jay = -&,/$I, and since, as will be 
shown later, the Lewis-Semyonov number varies 
within the range Le = 1.2, the estimations show that 
the term (22) does not exceed 1% of the value of the 
first term of the RHS of equation (16), i.e. 
a/ay[(p/Pr)@h/ay)]. Therefore the term (22) in the 
energy conservation equation (16) was neglected in this 
work. 

The calculation of the transport coefficients : binary 
diffusion Dik, viscosity p and thermal conductivity 1, for 
the conditions of this work is given in the Appendix. 
These were used to determine the Prandtl number 
Pr = (pc,)/A, the Lewis-Semyonov number Le = 
(pD,,c,)/L and the Schmidt number SC = p/pD,, 
required for calculations. Figure 2 presents the results 
of calculations of the numbers Pr, Le and SC in the range 

of temperatures at the outer edge of the boundary layer 
typical of this work, i.e. T, = 2500-5COO K. It is seen 
that a change in these numbers does not exceed 5%. For 
the conditions in the gas near a cold wall (TQ, = 300 K) 
these numbers constitute : Pr, = 0.67, SC, = 0.53 and 
Le, = 1.26 for an ideally catalytic surface (yW = l), and 
Pr, = 0.56, SC, = 0.58, IX,,, = 0.96 for a non-catalytic 

07 -. 

? Pr 

u 
0, 

06- 

i 
k > 

SC 

05 
- 14 

04-1 Le 
-13 

I2 9) 
-II .A 

I I I I ) -. 1.0 
3000 3500 4000 4500 

T (K) 

FIG. 2. The Prandtl, Schmidt and Lewis-Semyonov numbers 
(Pr, SC, IA) at the outer boundary-layer edge vs the gas 
temperature. The initial conditions and mixture composition 

are same as for Fig. 1. 

surface (yW = 0). The numbers Pr, Le and SC on a cold 
wall differ from those on the boundary-layer outer edge 
by not more than 10%. Therefore their change across 
the boundary layer was not taken into account in this 
work. For the conditions on the boundary-layer edge 
and near the surface, mean values of Pr, SC and Le 
numbers were used in calculations. 

In the Dorodnitsyn-Lees variables, r) and <, which 
for the flat plate case [ 1] have the form 

PA 
rl = z s 1; dy; 5 = P,U~II,X, (23) 

the simplified, for the conditions considered, system of 
boundary-layer equations is written as 

In terms of the new variables, boundary conditions (17) 
are : 

on the plate surface 

h a2 
atq=O f=w=O, g=F, -=ci,Z 

fe aq 

on the boundary-layer outer edge 

at q=O w=g=z=l 

at <=O w=g=z=l 
(27) 

where pW = r&, = (ScWlUWW~,n3~ is the 
surface recombination reaction Damkohler number on 
a streamlined flat plate surface, being the ratio of the 
time for the diffusion of atoms through the boundary 
layer to the characteristic time of heterogeneous 
recombination on the surface. 

The estimations show that a change in the quantity 1 
along the boundary layer does not exceed lo%, while 
across the boundary layer, in the direction toward the 
surface, this quantity may increase several times. These 
changes of the quantity 1 have a weak effect on the 
results of calculations of heat fluxes. For example, the 
assumption that I = const. allows one to carry out 
calculations accurate to within 3-5% [l]. Since the 
results obtained depend weakly on 1, only its transverse 
variation was allowed for in the present work, i.e. it was 
assumed that I(Q 0 = I(q). Equation ofmotion (24) and 
boundary condition (27) in the approximation made 
are invariant against the change in the scale in terms of 
the variable 5 and are therefore self-similar. 

Since due to the self-similarity of equation (24) 
CJf/ag = 0, the RHS of equation (25) has the form 
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Based on equation (20) and the condition that cj = 
const., the RHS of equation (25) can be rewritten in 
the form 

(28) 

This term can be neglected near the surface, since 
w + 0. At a distance from the surface, this term can be 
neglected as compared, for example, with the second 
term of the LHS of equation (25), f(iYg/@), sincef 2 
w - 1 [l], in the conditions of the present work 
[l -(h,,/h,,)c,.(h,,/h,)] 6 0.03, and as was found by 
calculations, ag/aq 2 25(8z/@). 

In the assumptions made the system of equations 
(24H26) can be written as 

(29) 

(30) 

(31) 

In terms of the variables q and < the relation for the 
heat flux to the surface (19) acquires the form 

where, similar to equation (19), the first and the second 
terms in square brackets describe the conduction and 
recombination heat fluxes, respectively. Thus, so that 
the heat flux Q,, could be recovered, it is necessary to 
determine the quantities ag/@(O) and az/@(O, ?j), 
solving the system of equations (29H31). 

The solution of system (29H31) with boundary 
conditions (27) was made numerically by the method of 
straight lines. The partial differential equation (31) was 
replaced by the differential-difference relation 

(33) 

where z,(q) is the dimensionless concentration of 
oxygen atoms on the nth straight line r, = const. 
Relation (33), which is an ordinary differential 
equation, allows one to successively determine the 
function z”(q) on the & = const. straight line on the 
basis of the known function z,_ 1(q) on the preceding 
straight line ?j- 1 = const. 

The derivative with respect to 5 in relation (33) was 
approximated to the first order of accuracy to impart 
additional stability for calculations of the gas 
parameters in the boundary layer near the surface was 
discontinuous catalytic properties [28]. It was found 
that in the case ofdiscontinuous catalytic properties the 
convergence is achieved when A< 6 0.01. The method 
is an implicit one and as a result no difficulties arise 
which are usually associated with the instability of 
numerical calculation. 

The system of ordinary differential equations (29k 

(31) was integrated numerically. In order to satisfy 
boundary conditions (27), the ranging method was 
employed. The values of do/dr], dgjdq and z at 9 = 0 
were determined which would ensure, as a result of 
solving the system of equations, the coincidence of the 
obtained values of the functions w, h and z at the outer 
boundary-layer edge with boundary conditions (3 1) for 
q = co. In this case the values of do/d?, dg/dtl and of z at 
q = 0 were recovered by the Newton method with an 
error not exceeding 0.1%. 

In order to check the developed method of 
calculation for the conditions of works [29-311, the 
dimensionless concentration of oxygen atoms on the 
surface z, was calculated for a flat plate with constant 
catalytic properties. Just as in refs. [29-31-J, it was 
assumed that 1 = const. across the boundary layer. The 
values of z,,,, that were determined earlier in refs. [29- 
311 and in this work (in the assumptions according to 
refs. [29-311, curve 1), are given in Fig. 3 as functions of 
the Damkohler number 4,. One can see a good, within 
1%. coincidence between the results of the present 
calculations and those [29] made by the series 
expansion method and numerical integration ; by the 
solution with the use of asymptotic relations for a 
boundary layer [30] ; and with the use of the integral 
method [31]. Calculations for the conditions of works 
[29-311 withregardfor achangein thequantitylacross 
the boundary layer shows that the dimensionless 
concentration z, may differ by 2-3% and this is 

essential for the heat flux recovery. Therefore, the 
transverse variation of the quantity I should be taken 
into account. Thus, as compared with earlier 
techniques [29-311, the method developed is more 
simple and at the same time it ensures a higher accuracy 
of calculation. 

When recovering the probabilities of heterogeneous 

recombination [15, 171 to calculate the heat transfer 
rate to the flat plate surface, an analytical method of 

FIG. 3. Dimensionless surface concentration of oxygen atoms 
z, as a function of the Damkohler number c,,. for flat plate with 
constant catalytic properties (yW = const.). Curve 1 presents 
the results of calculations by the technique of the present 
work ; 2, by the local similarity method [17] ; 3, the results of 

ref. [29] ; 4, of ref. [30] ; 5, of ref. [31]. 
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local similarity [17] was used. The concentration z, 
calculated in the present work with the use of the local 
similarity method [ 15,173 are given in Fig. 3 by curve 2. 
It is seen that the local similarity method understates 
the atomic oxygen concentration near the surface by 5- 
10%. By virtue ofrelation (32), approximately the same 
understating is observed for the recombination heat 
flux. According to study [l], this may lead to the 
overstation of the experimentally measured value of yw 
(the catalytic activity coefficient) by more than an order 
of magnitude. 

The local similarity method [ 171 leads to still greater 
errors when the plate surface has a discontinuous 
catalytic activity, e.g. when only a portion of the plate is 
covered with the substance studied. This can be 
attributed to the disregard of the plate longitudinal 
coordinate derivatives in the conservation equations 
[17]. Figure 4 contains the results of calculation, by the 
method developed in the present work, of the total heat 
flux Q,, to the plate surface having a discontinuity 
catalycity y, = 0 at 0 < x < 1.0 cm and y,,, = 0.05 at 
x > 1.0 cm for the conditions pertaining in these 
experiments on shock tubes (curve 1). Curve 2 presents 
the results of calculation by the local similarity method 

c171. 
It is seen that the heat flux at the leading edge of the 

catalytic material (x = 1.0 cm) has high values, about 
100 cal crne2 s- i, decreasing with distance down to 
about 60 cal cm-* s-l at x = 1.4 cm ; a decrease in the 
heat flux during gas motion over the catalytic surface is 
associated with a decrease in the amount of atoms in the 
wall layer as a result of their recombination on the face. 
The calculation of the heat flux by the local similarity 
method [ 171 for large distances from the leading edge of 
catalytic material, x 2 1.4 cm, understates the heat 
transfer rate by 5-lo%, qualitatively corresponding to 
the data given in Fig. 3 for a plate with constant 

I 
12 14 

x (cm) 

FIG. 4. Total heat flux Q,, to a plate with discontinuous 
catalytic properties: yw = 0 at x i 1.0 cm and yv = 0.05 at 
x > 1 cm. Curve 1, the results obtained by the technique 
suggested in the present work; 2, from ref. [17] in the 
conditions typical of the shock tube experiments: initial 
pressure P, = 1 mmHg; initial composition of mixture 20”/, 
0, + 80% Ar ; SW velocity u, = 3.0 x lo5 cm s- ’ ; Reynolds 
numbers for the gauge are Re, = 2.8 x 10x which correspond 
to the following gas parameters at the boundary-layer edge : 
u, = 2.8 x 10’ cm s- ‘, P, = 90 mmHg, T. = 3245 K and mix- 

FIG. 5. The ratio of the oxygen dissociation enthalpy hn to the 
total gas enthalpy h, as a function of the incident SW Mach 
number M, for GAr mixtures containing different amounts of 
molecular oxygen. Curve 1 corresponds to the mixture with 
the initial composition of 20% O2 + 80% Ar ; 2,40x 0, + 60% 
Ar ; 3,60x 0, + 40% Ar ; 4,80x 0, +20x, Ar ; 5, pure 0, ; 

ture composition of 30% 0 + 2% 0, + 68% Ar. P, = I mmHg. 

catalytic properties. Near the leading edge of the 
catalytic material the value of Q,,, calculated according 
to ref. [ 173, is underestimated by more than a factor of 
two. 

4. OPTIMIZATION OF MIXTURE COMPOSITION 

The fraction of heat flux to the model in a supersonic 
gas flow due to atom heterogeneous recombination Q, 
for the case of supersonic flow past a model does not 
exceed several tens percent of the total heat flux Q,, to 
the surface. The recombination portion of the heat flux 
to the flat plate in a supersonic flow is proportional to 
the ratio between the enthalpy of dissociation oxygen 
molecule ho and the total enthalpy of the mixture 
h, = ho+ C,T+u*/2 [ 171. Therefore, the optimum 
conditions are achieved when the mixture is heated to 
the temperatures ofpractically complete dissociation of 
molecular oxygen. This is illustrated by calculations of 
the ratio between the recombination and total 
enthalpies, ho/h,, given in Fig. 5 as a function of the 
incident shock wave Mach number M,. Calculations 
were made for mixtures of the initial composition O,- 
Ar with the molecular oxygen content varying from 20 
to 100% within the range of the incident wave Mach 
numbers M, = 8-20. The total enthalpy was calculated 
for the equilibrium state of the gas, dissociated behind 
the shock wave, being determined from conservation 
equations (8HlO). The curves corresponding to each of 
the mixtures investigated have their maxima at certain 
values of M, = MS,,,,. When M, > MS,,,,, the 
molecular oxygen is almost completely dissociated and 

0 31 
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there is no further increase of the enthalpy h,, while the 
value of h, increases as a result of increase of the gas 
temperature and of the kinetic energy of the flow, which 
leads to a decrease of the ratio ho/h, 

The calculations show that the optimum incident 
SW Mach numbers decrease substantially from J’$ = 
20 to M, N 9 with a decrease of the oxygen content in 
the mixture with an inert diluent (argon) from 100% 
(curve, 5, Fig. 5) to 20% (curve 1, Fig. 5). The fraction of 
the dissociation enthalpy h, in the total enthalpy h, for 
these mixtures at respective optimum SW Mach 
numbers decreases insignificantly from 38 to 28%. The 
use of mixtures that contain about 20% oxygen allows 
one to significantly reduce the intensity ofincident SWs 
with an insignificant decrease in the magnitude of the 
recombination heat flux Q, and, consequently, in the 
accuracy of the recovery of heterogeneous recombi- 
nation probability yw. The possibility for the reduction 
of the shock wave intensity by a suitable choice of 
mixture composition simplifies experimental pro- 

cedures on shock tubes. 

5. GAUGE GEOMETRY OPTIMIZATION 

The catalytic activity of investigated materials in a 
supersonic flow of gas dissociated behind a SW was 
determined by a gauge in the form of a narrow plate 
with a sharp leading edge placed at a small expansion 
angle to the flow [17]. This geometry allows rather an 
accurate determination of the state of the gas 
interacting with the surface thus reducing the error in 
the recovery of the heterogeneous recombination 
probability y, on the basis of the measured heat flux. 

A flat wedge-like plate has some advantages over 
wide-spread blunt bodies on which measurements of 
the heat transfer rate in the vicinity of the stagnation 
point are carried out. In front of the blunt-body-type 
models a strong shock wave is formed which may cause 
additional dissociation of gas near the surface which is 
ignored in calculations of heat fluxes. Sometimes the 
gas dynamics of flow becomes very complex and this 
makes it necessary to take into account the second- 
order effects, i.e. free stream vorticity, its displacement 
by the boundary layer, slippage and temperature jump 
on the surface [32]. These factors increase the 
uncertainty of calculations of heat fluxes and, 
consequently, the error in the recovery of the 
heterogeneous recombination probability yw. 

Another heat flux gauge was also suggested [IS], the 
sentitive element of which was a heat resistor made of a 
plate 0.1~pm thick in the form of a band, about l-mm 
wide, placed at a distance of several millimeters from 
the plate leading edge. The substance studied was 
applied to the surface of an insulating layer of silicon 
monoxide over the entire surface of the plate or its 
greater portion. This geometry of the heat flux gauge is 
not an optimum one from the viewpoint of ensuring the 
maximum relative magnitude of the recombination 
heat flux Q, especially when investigating the 
substances with high catalytic activity ; in fact when the 

gas moves along the plate, there occurs, due to 
heterogeneous recombination, a decrease in the 
monatomic oxygen concentration z, near the 

surface. Therefore, at the location of the heat resistor 
the recombination heat flux Q, which in particular 
is proportional to z,, also decreases. To ensure the 
maximum value of the recombination heat flux it is 
suggested in the present work that the substance 
investigated be applied only over a narrow band of 
a heat resistor at a distance from the leading edge 
and that the space between the substance and the 
plate leading edge be covered with substances having a 
minimal catalytic activity. 

Figure 6 presents the ratios of the difference of total 
heat fluxes to catalytic and non-catalytic surfaces, 

AQ,, = Qwtb,J-Qwt (Y, = 0) to the quantity Q,(r,X 
which were calculated in the present work for different 
surface recombination Damkohler numbers [,. This 
ratio of heat fluxes determines the sensitivity of the 
method considered. The calculations were carried out 
for the conditions pertaining to the experiments on 
shock tubes following the technique described in Sec- 
tion 3. The prescribed incident shock wave velocity gave 
the equilibrium gas parameters after the completion of 
the dissociation of 0, molecules. Based on the determi- 
nation of the state of the gas, having expanded into a 
Prandtl-Meyer flow near the plate, the parameters on 

the boundary-layer edge were recovered and then the 
boundary-layer equations were solved to determine 
heat fluxes. 

Curve 1 in Fig. 6 presents calculations for the 

RG. 6. The dependence of the quantity AQ,JQ,&,) on the 
surface Damkohler number [, in the conditions typical of ST 
experiments : expansion angle of the plate 0 = 5” ; initial gas 
pressure P, = 1 mmHg; initial coinposition of mixture 20% 
0, + 80% Ar; velocity of the incident SW U, = 3.0 x 10’ cm 
s-l (M, = 9.5); the gauge Reynolds numbers Re, = 2.8 x lo3 
which correspond to an equilibrium composition of the free. 
stream, 30% 0 + 2% 0, + 68% Ar, and to gas parameters on 
the boundary-layer edge: flow velocity U, = 2.8 x 10’ cm s-‘, 
pressure P, = 90 mmHg, temperature T, = 3245 K. Curve 1 
presents the results of calculations for the gauge of refs. [15, 

173 ; 2, for the gauge suggested in the present work. 
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geometry of the gauge [15, 173 whose entire surface, 
from the leading edge of the plate to the sensitive 
element, 0 6 x 5 1.0 cm, is covered with the substance 
studied ; curve 2, for the gauge suggested in the present 
work in which the material investigated covers only the 
sensitive element, i.e. the heat resistor Ax = O.l-cm 
wide located at a distance of x = 1 cm from the leading 
edge, while the surface between the leading edge and the 
heat resistor is non-catalytic, yw = 0. 

It follows from Fig. 6 that with the characteristic 
accuracy of heat flux measurements of 2-5% [33] the 
catalytic recombination coefficient can be recovered for 
the gauge developed in the present work in the range of 

Damkohler numbers 0.02 6 [, 6 10 and for the gauge 
suggested in works c15, 171 in the range 
0.02 5 &,. 5 1.0. When c, 5 0.02, the recombination 
heat flux does not exceed l-2% of Q,, x Q, and cannot 
be recorded reliably. When 5, 2 l-10, the fraction of 
the recombination heat flux Q, is appreciable and it 
amounts (depending on the type of the probe) to 50- 
60% of the total heat flux to an ideally catalytic surface 
Q,, (y, = 1). However, in this case the value of Q, does 
not depend on the heterogeneous recombination 

probability y,,, since practically all of the atoms near the 
surface recombine. 

The calculations show that for the proposed 
geometry ofthe probe the fraction ofthe recombination 

heat flux Q, increases appreciably(curve 2)ascompared 
with the probe suggested in works [lS, 173 (curve l), 
especially in the region of the Damkohler numbers 
[,,, > 0.5. This noticeably extends the sentivity region of 
this catalytic recombination coefficient recovery 
method and increases its accuracy. For the conditions 
typical of the experiments on shock tubes (M, = 9.5; 
P, = 1 mmHg ; angle ofplate slope 0 = 5”, the sensitive 
element is at a distance of x = 1.0 cm from the leading 

edge) this range of sensitivity with respect to the 
Damkohler number 0.02 5 [, 5 10 corresponds to a 
change in the heterogeneous recombination proba- 
bility 1 x 10m3 5 yw 6 0.5. This range comprises low- 
catalytic silicon-type materials for which y,,, = 10e5- 
10. 3, metal oxides with yw = 10-3-10-1, a number of 
metals with y,,, 5 0.2-0.3 and other materials. 

To extend the region of sensitivity to the side of low 
values of yw, yw 6 1.0 x 10m3, when the recombination 
heat flux Q, is negligible, it is necessary that the 
gauge geometry and the supersonic flow parameters be 
changed so that the Damkohler numbers for the 
heterogeneous recombination of atoms {, could be 
increased. According to equation (27), this can be 
achieved by increasing the distance from the heat 
resistor to the plate leading edge and also the plate 
expansion angle (with the provision of a non- 
separation flow mode). The extension of the sensitivity 
region for high values of <, (<, R. 0.5) requires the 
lowering of the Damkohler number [, which can be 
achieved by a reverse change of the above parameters. 
Thus, the method developed provides the overlap of 
practically the entire region of the catalytic recombi- 
nation probabilities of the materials studied. 

(a) (b) 

16 .I5 

3 4 6 II 12 

FIG. 7. Schematic diagram of an experimental setup: 1, driver 
section of a ST; 2, low-pressure (driven) section of a ST; 3, 
balloon with a driving gas; 4, balloon with a mixture of gases 
investigated ; 5, piezoelectric pressure transducer; 6, frequency 
meters ; 7, holder with a thin-film heat flux gauge; 8, analog 
scheme which recovers the heat flux value; 9(a,b), 
oscillographs ; 10, wall resistors; 11, monochromator ; 12, 
photomultiplier; 13, quartz plate with deposited thin-film 
platinum heat resistor ; 14,15, insulating film of oxidized $0 ; 
16, film of the substance studied ; 17, heat flux gauge holder ; 18, 

quartz film (SiOZ). 

6. EXPERIMENTAL SETUP 

Investigations were carried out on a 76-mm-i.d. 
shock tube made of stainless steel with the lengths of the 
driver section (1) of 1.5 mm and low-pressure (driven) 
section (2) of 5.5 m (Fig. 7). The low-pressure section was 
evacuated to have the residual pressure less than 
lo-’ mmHg. The shock tube was driven with hydrogen 

(3). In accordance with the calculations made in Section 
5, the working mixture was used with the initial 
composition of 20% 0, + 80% Ar (4). Before and after 
the measurements of the value of yw, calibration of the 
heat flux gauge was achieved during its blowing by pure 
argon heated in an incident shock wave. The initial 
pressure of P, of the gas investigated was in the range 
0.7-2.0 mmHg, the incident SW Mach number was 5-8 
during calibration and 9-l 1 during measurements 
making it possible to obtain approximately the same 
values of the heat flux. The shock wave velocity was 
recorded on two bases with the aid of three piezoelectric 
transducers (5) and two frequency counters (6). The heat 
flux gauge (7) was positioned at the end of the low- 
pressure section on a special holder having low 
aerodynamic resistance and occupying less than 7% of 
the shock tube cross section. This introduced only 
slight disturbance into the supersonic flow behind the 
incident shock wave. The signal from the heat flux 
gauge sensitive element was fed-in directly at an 
oscillograph (9a) and analogue scheme (8) [33] 
allowing one to recover the heat flux Q,, by a change in 
the surface temperature. The heat flux to the gauge 
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surface was displayed by the second ray of the 
oscillograph (9a). Measurement of the surface 
temperature T, at the characteristic time of plate 
blowing of about 100 ps did not exceed l-3 K. 

In this cross-section ofthe shock tube, measurements 
were simultaneously made of the side surface 
temperature by a wall platinum resistor (10) and the 
control of the content of atomic oxygen in the heated 
mixture by the intensity of O2 emission in the Shuman- 
Runge band B3x; -X”C:, at the wavelength 
2 = 4081_+2 A which corresponds to a most inten- 
sive vibrational transition, relations (1) and (19). The 
required spectral interval was selected by a mono- 
chromator (11) and the emission was recorded by a 
photomultiplier (12). The photomultiplier signal and 
the signal from the wall heat resistor (10) were recorded 
by an oscillograph (9b). 

The design of the heat flux gauge(7) is shown in boxes 
‘a’ and ‘b’ of Fig. 7. The gauge is a quartz plate (13) 
measuring 22 x 20 x 3 mm with two welded platinum 
wires between which a heat resistor, which is a platinum 
film 2-mm wide and 0.1~pm thick (14), was applied by 
the fire-fitting technique. The distance from the plati- 
num film to the leading edge of the holder was 18 mm. 
The gauge surface (13) was covered, by the method 
of vacuum deposition, with a thin layer of silicon 
monoxide, SiO, about O.l+m thick (15) which was then 
oxidized in air. Over this SiO film, above the heat 
resistor the studied substance to be studied was applied 
by the method of vacuum deposition or by the fire- 
fitting technique, 0.1~pm thick (16). In order to prevent 
damage to the quartz plate by supersonic flow the plate 
was placed into a metallic holder (17) with a sharp 
leading edge. The front side of the holder was covered 
with a SiO, film of thickness 0.5-1.0 pm (18) by the 

method of vacuum deposition. The holder surface (17) 
and the working surface of the quartz plate (13) were 
placed at the expansion angle 5” to the supersonic flow. 
It was found experimentally that the time resolution of 
the heat flux gauge did not exceed 5 ps. 

A typical oscillograph trace of the experimental 
measurements of the catalytic recombination coef- 
ficient obtained for a mixture of the initial composition 
of 20% 0, + 80% Ar is given in Fig. 8(a), an oscillogram 
of the calibrating experiment with a pure argon is given 
in Fig. 8(b). In the 20% O2 + 80% Ar mixture, after the 
incident shock wave has passed the gauge (the time 
instant A), the equilibrium degree of disssociation is 
being established during the time interval A -B as well 
as the approach of the supersonic flow parameters to 
the steady-state values, which can be clearly seen on the 
traces of the recombinational luminescence of oxygen 
(curve 1, Fig. 4(a)). The characteristic duration of the 
period of establishment was 50-120 ~LS for the 
conditions of the present work. 

This iffollowed by the time period (B - C) 100-200 ps 
during which the supersonic flow parameters remain 
practically constant (1, Fig. 8(a)). In this case, the gauge 
surface temperature increases with time almost as Jr 
(3, Fig. 8(a)), while the heat flux to thesurfaceis constant 
(2, Fig. 8(a)). During this time, measurements of the 
quasi-steady-state heat flux Q,, were made whose 
comparison with the predicted values gave the 
heterogeneous recombination probability, yw, for 
oxygen atoms on the surface of the material 
investigated. Starting from the time instant, denoted by 
arrow ‘c’ in Fig. 8(a), cold gas arrives to the gauge from 
the region of the contact surface. In calibrating 
experiments with pure argon (Fig. 8(b)) the initial 
period ofestablishment, A -B, is a short one, about 20- 

(a) 

1 
,-& 

100 l.Ls 

(b) 

FIG. 8. Typical oscillograms: (a) working mixture with initial composition of 80% Ar + 20”/, 02, P, = 0.96 
mmHg, the equilibrium temperature and gas pressure behind the incident SW: T2 = 3500 K, P, = 105 
mmHg; (b) calibration experiment with a pure argon at P, = 1.19 mmHg, 7” = 3840 K, P, = 57 mmHg. 
Curve 1, recombination emission of oxygen in the Shuman-Runge band; 2, total heat flux Q,, to the surface; 3, 

temperature T, of the film heat resistor. 
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40 ps, which is followed by a long period B - C, of the 
quasi-steady-state flow past a model lasting 100-250 p. 

7. RESULTS OF MEASUREMENTS OF THE 

PROBABILITY OF HETEROGENEOUS 

RECOMBINATION OF OXYGEN ATOMS ON 

SILICON OXIDE, ALUMINA AND PLATINUM 

The results of some of the experiments are presented 
in Table 2. The gauge surface temperature r, amounted 
to about 300 K. A platinum film was applied to a quartz 
substance by fire-fitting a platinizing paste solution 
following the procedure suggested in ref. [35]. 
Aluminum and silicon monoxide were applied by 
vacuum deposition. Gauges with platinum and silicon 
monoxide films were kept in air at room temperature 
for a week. Aluminum gauges were subjected to long 
heating up to 600 K in the oxygen atmosphere to form a 
stable oxidic film. No additional cleaning of the surface 
of the gauges was made after their oxidizing. 

Table 3 summarizes the available results on the 
probability of heterogeneous surface recombination of 
oxygen atoms at T, = 3OC400 K obtained by different 
methods. It is known that the results may depend 
strongly on the state of the surface, gas pressure and a 
number of other experimental conditions. Therefore 
Table 3 also contains brief appropriate information. 

8. DISCUSSION OF RESULTS 

The methods of investigation of the recombination 
activity of materials can be subdivided into two large 
groups. The first, more numerous, is characterized by 
the determination of y_, for a quiescent or slowly 
moving (several m s-l) dissociating low-density gas 
interacting with the surfaces investigated. These are: 
the method of side sleeve, different types of continuous- 
flow reactors and reactive vessels [4-7, 36-411. The 
second group covers the methods of heterogeneous 
recombination probability recovery by measuring heat 
fluxes to models in a supersonic flow of a dissociating 
gas [8-16,4749]. Asisnotedin Section l,insofar as the 
dependence of the heterogeneous recombination 
probability on the state of the gas interacting with the 
surface has not been fully clarified, that method of 
investigation is selected which would provide a good fit 
of experimental conditions to the conditions of 
subsequent use in practice of the measured values of yw. 
Below, main errors and assumptions in the recovery of 
the value of heterogeneous recombination probability 
will be considered in brief. 

For gas dissociation most common are glow and 
microwave discharges in the first group ofmethods, and 
powerful arc and superhigh frequency discharges in the 
second group. Erosion of electrodes in glow and arc 
discharges contaminates the surface of the studied 
specimen and alters the recombination activity in an 
uncontrollable way. A dissociating gas contains large 
quantities (up to 20%) of metastable particles, in 

particular singlet oxygen 1 AO,, and this may lead to an 
increasing heat flux [53] to the surface, and 
consequently, to the overestimation of the recovered 
values of yw [52]. In order to lower the amount of 
metastable particles in a dissociating gas it was 
suggested [52] to ballast mixtures with appreciable 
(about 70-90x) quantities of argon. It should be noted 
that metastable particles do not practically form in the 
thermal dissociation of gases. 

The methods of the first group most frequently 
investigate a decrease of atom concentration along a 
reactive tube or some time after the end of the exciting 
pulse. Atoms perish as a result of homogeneous and 
heterogeneous recombination processes. For charac- 
teristic dimensions of reactors used and heterogeneous 
recombination probability y,,. = 10-4-10-2 at pres- 
sures P 6 lo- 2 mmHg, the gas-phase recombination is 
not important [38,46, 50, 51, 531; when P 5 0.1-0.5 
mmHg, it can be taken into account as a correction for 
the main heterogeneous recombination process [37]. 
For high gas pressures P 2 0.55 mmHg, homogeneous 
and heterogeneous speeds of the death of atoms are 
commensurable. Therefore, under these conditions the 
recovery of y,,. is carried out either on the basis of other 
authors’ data on the rate constants of homogeneous 
processes with participation of atomic oyxgen, or with 
the use of the methods which allow simultaneous 
recovery of the rate constants of homogeneous and 
heterogeneous death of atoms [37]. Note that 
uncertainties in the reaction rate constants of the 
homogeneous death of atoms may lead to appreciable 
errors in the recovery of the heterogeneous recombi- 
nation probability which are most substantial at low 
values of y_, = 10-3-10-5 [37]. 

Other essential sources of errors include the 
distortion of the initial distribution of atomic 
concentration in a reactive vessel when a thermocouple 
is used for the recording of atoms. For materials with a 
low catalycity the death of atoms on the thermocouple 
may exert a substantial effect on the results of y, 
recovery [46]. Therefore, to obtain more reliable 
results, the content of atomic oxygen is determined by 
the ESR method, Wrede-Harteck gases [36], nitrogen 
oxide titration [36, 371, and by the optical diagnosis 
technique, which practically do not distort the original 
distribution of 0 atoms. 

In absolute [48] and differential [47] calorimetric 
methods a major error in the yw recovery can be 
associated with uncertainty in the choice of the 
chemical energy accommodation coefficient /I,,.. The 
available few results on this coefficient for oxygen atom 
recombination, fi,, on different surfaces show that for 
many substances /I,, CC 1. For a number of metals the 
value of /I,,,, for the surface temperature T, = 300 K is 
shown to lie within 0.07-0.95 [53]. 

The chemical energy accommodation coefficient & 
may decrease as a result of the formation of excited 
particles in the course of surface recombination and 
their subsequent diffusion into the gas phase [54]. 
Thus, in absolute calorimetric methods, which are 
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Table 3. The measured probabilities of heterogenous recombination of oxygen atoms on quartz (SiO*), silicon monoxide (SiO) oxidized 
in the 0, atmosphere, platinum and alumina at the surface temperature 7” = 30&400 K and under the conditions of experiments 

Material 
investigated 

Experiment 1 

No. 

2 

Method of Method of gas 
measurement excitation 

3 4 

Method of Initial 
determining composition 

the concentration of of mixture 
atoms (mole %) 

5 6 

Vycor (96% SiO,) 1 continuous-flow reactor MD* luu;;zAof O/NO, 02 

2 continuous-flow reactor MD* NO titration 0, + 3Ar 

side sleeve 

Fused quartz 
side sleeve 
continuous-flow reactor 
continuous-flow reactor 

MD* 

MD* 
MD* 
high-frequency 
discharge 

thermocouple heating 0, 

thermocouple heating 0, 
ESR O2 + lOOAr 
ESR 0, + 2.5He 

capillary heating in gas jet 
side sleeve 

glow discharge Wrede-Harteck probe 02 
MD* ESR 0, 

MD* thermocouple heating 0, 

SiO, monocrystal 
(0001) face 10 MD* thermocouple heating 0, 

11 
12 

by a decrease in concen- 
tration of atoms near 
specimen surface 
by a decrease in concen- 
tration of atoms near 
specimen surface 
side sleeve 
by heat flux to stagnation 
point 

MD* 
glow discharge 

thermocouple heating 
heat flux to ideally 
catalytic surface 

02 
air 

air 

Silicon monoxide 
(vacuum deposition) 

13 

14 

heat flux to stagnation 
point 
the difference of heat 
fluxes to the material 
investigated 
heat flux to flat plate 

in shock tube heat flux to ideally 
with glow catalytic surface 
discharge 
plasma generator heat flux to ideally 
discharge catalytic surface 
plasma generator heat flux to ideally 
discharge catalytic surface 
LID* NO titration 

air 

air 

0, 

15 

decrease of luminosity 
in reaction vessel 

thermal discharge calculation 
behind shock wave 
glow discharge luminosity of 0 + NO 

0, + 4Ar 

16 02 + (48)Ar 

17 side sleeve MD* thermocouple heating 02 

Alumina 18 see No. 14 

19 difference of heat 
fluxes to the material 
investigated and 
noncatalytic surface 
seeNo. 15 

MD* 0+9Ar 

20 

21 
22 

see No. 7 
see No. 17 

23 continuous-flow pipe with 
a specimen in its end 

24 see No. 14 

MD* Wrede-Harteck probe 02 
Platinum 

25 see No. 13 
26 see No. 15 

* MD = microwave discharge. 



Content of Gas pressure Flow Probabihty of 
atoms at the surface velocity heterogeneous Preparation and cleaning 

(mole %) (mmHg) (m s-‘) recombination of the surface Remark Ref. 

7 8 9 10 11 12 13 

14 0.2-1.6 1-12 4.7(-5) 

0.2-4.0 4 OS- 1.0 2.7-7.8(-5) 

IO-15 

l-25 
1 

- 

30 
1 

20 

13 

2.5 
l-3 

1.1 

- 

- 

0.665 

30 

1-2 

25 

1.3 

3~2) 

0.08-O. 15 
0.82-2.65 

0.5 

- 

- 
1 s-5.2 

- 

0.1-0.2 
l-2 

0.2 

OS 
-- 

3.5(-4) 

7.1(-4) 
0.78-1.q-4) 

6.1(-3) 

1.7(-2) 
q-4) 

3.2(-4) 

1.4(-2) 

0.11 - 1.8(-4) 

0.05 
0.5 

- 
10 

0.5 M = 2.8 

8.3 

1.5-5 

0.1-1.0 

M = 4.7 

- 

1.5 

1.q-4) 
1.3(-4) 

6.5f-4) 

3.2+ 1.3-1.9 
(-3) 

3.2(-2) 
3.2+ 1.3-1.9 

(-3) 
l(-3) 

U-4) 

8S90 

10-S 

0.05-o. 11 

5.7 

2600-2800 

- 

1.8-3.5(-3) 

3.2( - 3) 

5(-2) 

1.8-3.4( - 3) 

2.5( - 3) 

4.q-2) 
0.55-4.9( - 3) 

OS-3.q - 2) 

- 

4.0 

O-l.2 

2.1(-3) 
U-2) 

6.8( - 3) 

lo-f5 1.4-O.q-2) 

4-3( - 3) 

9.q - 2) 
I-2.5(-2) 

in hydrofluoric acid 
and distilled Ha0 
in hydrofluoric and 
nitric acids and 
distilled Hz0 
in chromic acid and 
distilled HZ0 
acids and distilled H,O 
not given 
in hydrofluoric acid 
and distilled H,O 
KC1 solutions 
not given 
in nitric acid and 
distilled Hz0 
etching in hydrofluoric 
acid, washing in 
distiIIed H,O and alcohol 
etching in nitric acid 
and washing in distilled 
H,G 
cleaning with acids 
in acid and distilled 
H,G 
without additional 
cleaning 
without additional 
cleaning 
kept for a week in air 
without additional 
cleaning 
not given 

holding in flow of 
dissociating 0, for 
oxidizing 
without additional 
cleaning 
foil without additional 
treatment 
non-polished surface of 
(1100) face 
vacuum deposition. 
Heating in 0, atmosphere 
for oxidizing 
aluminum pipe 
vacuum deposition and 
holding in the Bow of 
dissociated 0, 
vacuum deposition and 
holding in 0, flow for 
oxidizing 

vacuum deposition and 
oxidizing by heating in 0, 
cathode deposition 
vacuum deposition and 
oxidizing by heating in 
0, atmosphere 

- 

- 

- 

- 

- 

- C461 
heat flux c471 

Q,, = lo-3 w cm-2 

heat flux 
wcrne2 

C481 

Q ,,X30Wcm-2 

total enthaipy of flux 
h, = 8.2-20 MJ kg-’ 
Q,, = LO-I.7 W cm-’ 

C483 

c491 

Q,, = 140 W cmw2 

- 

- C461 
- c491 

- 

Q,= 130Wcm-2 

- 

piatinum wire chemical energy c531 

D61 

c371 

E381 

L391 
[@I 
c411 

1421 
L431 

1441 

C45J 

present work 

1501 

C5ll 

c521 

present work 

c421 
C5ll 

YY.Y5% accommodation coefficient 
‘6 = 0.1-0.4 

vacuum deposition and r491 
holding in dissociated O2 
vacuum deposition 1481 
fire-fitting from the Q,, = 160-20oW cm_2 present work 
solution of oil with 
alcohol 



based on the measurement of heat fluxes, the value of A low content of active centers on the quartz surface is 
the product yW and /?,,, is virtually recovered which is the responsible for a low recombination catalytic activity 
coefficient of energy transier catalytic recombination. of the entire material. At low surface temperatures, 
Therefore, the actual values turn out to be understated T N 300 K, the greater part of the active centers is filled 
by a factor of about l/p,,, as compared with the data with hydroxyl groups : 
reported. In differential calorimetric methods the 

‘SI’ 

O-H 
difference between the chemical energy accommoda- (34) 
tion coefficients, p,, of the standard and investigated 

‘Si=O + Hz0 - 
/ 

’ ‘O-H 
materials will also lead to errors in the recovery of 
heterogeneous recombination probability yW. and 

The data obtained in the present work on the I I 
heterogeneous recombination probability yW (actually =Si =Si-0 

of the energy transfer catalytic recombination 
\ 
,0 + H,O - \ 

.H (35) 
coefficient as shown above) for hydrogen atoms on a =s1 = s,---0.” 

vacuum deposited silicon monoxide thin film, oxidized I I ‘H 
thereafter in air, lies within (1.8-35) x 10e3 (Table 2). 
The values ofy, for deposited and oxided films of SiO or Note that the washing of the quartz surface is made at 

SiO-based materials, obtained by other authors, vary the final stage of surface cleaning (see Table 3). The 

within lo-‘-3.2 x lo-‘(Table 3). Measurements by the treatment of the surface with acids also leads to lesser 

side sleeve method for SiO surfaces cleaned with acids quantities of free active centers according to the 

gave y,,, = (161.8) x 10m4 [4547] (Table 3). The mechanism [55] : 
deposited SiO films were investigated by dinerent 
methods [47]: with the use of a continuous flow =SizxzO + “+ + \ ._ +/H 

reactor, in a supersonic flow behind a shock wave and at 
,Sl-0 \ (36) 

the exit from a supersonic nozzle of a plasma generator. In a number of cases, in order to obtain a higher 
The values ofy, obtained in supersonic flow in a shock amount of monatomic oxygen in gas excitation by 
tube and in a plasma generator are about 25 times electric or microwave discharges, water vapor is added 
higher than the heterogeneous recombination proba- to the working medium. The recombination catalytic 
bilities determined with the use of a continuous flow activity of quartz may decrease in this case during 
reactor. The treatment of SiO, film with acids reduces exposure due to the death of active centers [55] 

>Si=O + 2H 4 
\ .,-OH 

/S’\H 
+ H,O --+ \gi/oH + ” 

’ \OH 
2 (37) 

16 V. D. BERKUT et al. 

the values of yW, measured by these methods, by about and vice versa, when the quartz surface is treated with 
6-10 times. alkali the number of active centers increases 

\ ./OH + O”- 
fl- 

2’1 - )Si(” + “10 - ,s,-_o (38) 
‘OH 

The heterogeneous recombination probability y,,, for 
fused quartz is somewhat lower than for oxidized SiO 

film and lies within the range 2.7 x 10e5-7.1 x 10e4 
[3642]. For the (0001) face of a SiO, monocrystal the 
value of y,,, is about 1.4 x lo-* [44]. The treatment of 
the fused quartz surface with alkali increases the 
catalytic activity by more than 2-3 times [41]. 

These decreases and increases of thecatalyticactivity 
on treatment of quartz with acids and alkali, 
respectively, can be explained within the framework of 
the theory [SS] presuming that the recombination 
process follows the Rideal-Eley mechanism and that 
the active centers on the surface are represented by the 
groups 

and 

)SCO 

O\\S,/ O-O\ / 
I P’\ 

‘OH 
/ 

which leads to an increase of the recombination 
catalytic activity. The data of Table 2 illustrate the 
current uncertainty in the measured values of y,., for 
quartz due to different experimental conditions and 
preparation of surfaces. 

Note that the method developed in this work allows 
investigations at gas pressures of about 80-100 mmHg 
above surfaces (Table 3) which is 1.552 orders of 
magnitude higher than the upper limit for the pressures, 
P = l-5 mmHg, attained in previous studies (Table 3). 
Since the heterogeneous recombination mechanism 
may vary at different gas pressures, this extension of the 
range of investigation seems to be essential. 

The heterogeneous recombination probabilities of 
oxygen atoms of alumina measured in studies [46,5@ 
521 and in this work, also with the use of different 
methods, are rather well correlated (Table 3). The value 
of yW in these studies for alumina changes within 
(1.8-6.8) x 10e3, with the majority of values for y,, 
obtained in these works, lying in a narrow range yW = 
(1.8-3.4) x 10m3. The results obtained in ref. [52] seem 
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to be an overestimate. The surfaces investigated in the 
above-mentioned studies differed markedly-from 
aluminium pipe in work [46] to vacuum deposition 
of aluminium film with subsequent oxidizing in the 
oxygen atmosphere in studies [49-521 and in this work. 
For a nonpolished (1100) face at pressures of P 1: 
lo- 5 mmHg, much higher values ofy, were obtained in 
work [SO], i.e. yw = 5 x lo-‘. Thus, in a wide range 
ofgas pressures, P = lo- 5-100 mmHg, and concentra- 
tions of oxygen atoms, x,,, the heterogeneous recombina- 
tion probability of 0 atoms on alumina constitutes 
(1.8-6.8) x 10-S. 

The measured results on the catalytic activity of plati- 
num can be divided into two groups (Table 3). The first 
group is characterized by low values of yw, i.e. yw = 
(0.5540) x 10m3 [49, 511. These results are obtained 
with the use of the side sleeve method and a continuous- 
flow reactor. For the second group, higher values of y, 
were obtained, i.e. y, = (1.4-9.0) x 10m2 [42,48,49,53, 
and the present work]. These results were obtained 
with the use of different methods including supersonic 
blowing. Note that according to ref. [53] the coefficient 
of chemical energy accommodation with oxygen 
recombination on platinum is /I N 0.1. Therefore, 
according to the reasoning given above, the results on 
y, measured by the heat flux in [48, 491 and in the 
present work can be understated by about an order of 
magnitude. This further increases the scatter in the data 
on the catalytic activity factor for oxygen atoms on 
platinum obtained by different authors. 

It should be noted that the lowest values of yw for 
platinum were obtained in the conditions when the 
surface was exposed to the attack of dissociated oxygen 
for a long time [49,51]. It was shown [52] that at the 
initial instant of time a clean platinum film has a low 
catalytic activity which increases with exposition for 
about 250 ~LS up to steady-state values. With further 
exposition of platinum there occurs a certain decrease 
in the catalytic activity ofits surface. Therefore it can be 
assumed that a decrease [49, 511 in recombination 
catalytic activity of platinum on prolonged attack of 
oxygen is associated with a change in the structure ofits 
surface and with the formation of PtO oxides. 

9. CONCLUDING REMARKS 

In the present work, a pulsing method has been de- 
veloped to determine the probability of heterogen- 
eous recombination of materials from the measured 
heat fluxes to thesurfaceofa wedge-likeplateinaquasi- 
steady-state supersonic flow ofa gas dissociated behind 
a shock wave. The method allows the recovery of the 
time-resolved values of heterogeneous recombination 
probability of materials and extends the range of gas 
pressures near the surface by two orders of magnitude 
up to 100 mmHg. The heterogeneous recombination 
probability of vacuum deposited and oxidized films of 
aluminium, silicon monoxide and platinum at the 
surface temperature of T, = 300 K has been measured 

and comparison with the results of other authors has 
been made. 
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APPENDIX: CALCULATION OF 
TRANSPORT COEFFICIENTS 
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parameters for the conditions on a cold wall (T, = 300 K) was 
carried out on the basis of the available experimental 
measurements of the values of p,, li and D,, [57]. 

For the determination of the gas mixture viscosity the 
following relation was used [SS] 

where xi and xy are the mole fractions of i and k species 

use of the parameters of exponential interaction potential 
CW. 

The thermal conductivity of a gas mixture was determined 
by the relation [61] 

-1 

. (A4) 

The values of,& at high temperatures were calculated as [59] 

The binary diffusion coefficients D, were calculated from 
r591: 

The partial viscosities of the mixture species pi at high 
temperatures were calculated as [59] D, = 262.8 x lo--’ 

[T”(mi+m,)/2mimJ1/2 
p.@#*l,* 

cm2 s-’ 

pi = 266.93 x lo-‘* g cm-’ s-r (A3) where Q~:~r)* is the reduced collision integral tabulated at 

where cii are the collision diameters (A) [56], a$,“* the 
different energies of interaction [59], P is the gas pressure 
(atm.). In an analogous way, to calculate the value ofRg* I’* the 

reduced collision integrals tabulated at different energies of 
interaction [60]. The quantity S@*2’* was calculated with the 

parameters of the exponential interaction potential [56] were 
used. 

DETERMINATION DES PROBABILITES RESOLUES EN TEMPS DE LA RECOMBINAISON 
HETEROGENE D’ATOMES DANS UN TUBE A CHOC EXPERIMENTAL 

R&mm-Une technique exp&imentale est exploitee pour mesurer des probabilitbs resolues en temps de 
recombinaison htdrogene en surface d’atomes sur une plaque avec un bord d’attaque effilt, expost g un 

tcoulement pulse supersonique de gaz dissocie par une onde de choc incidente dans un tube a choc. On suggere 
une methode pour calculer le transfer? thermique a la surface de la plaque pour les conditions exp&imentales. 

On developpe la conception dune jauge B flux thermique et la technique de fabrication. 

BESTIMMUNG DER ZEITABHANGIGEN WAHRSCHEINLICHKEIT EINER HETEROGENEN 
ATOMREKOMBINATION BE1 STOSSROHRVERSUCHEN 

Zusammenfassnng-Ein Verfahren zur Messung der zeitabhangigen Wahrscheinlichkeit einer heterogenen 
Oberllachenrekombination von Atomen wurde entwickelt und experimentell an einer Platte mit einer 
scharfen Vorderkante durchgefiihrt, die von einem pulsierenden Uberschallgasstrom umstrijmt wurde. Das 
Gas wurde durch eine einfallende Druckwelle, die sich in einem StoBrohr ausbreiten konnte, dissoziiert. Eine 
Methode, urn den Wlrmeilbergang an der Plattenoberfliiche bei den vorliegenden Versuchsbedingungen 
abzuschltzen, wird mitgeteilt. Der Entwurfeines Wlrmestromdichte-MeDgerlts und die Technologie seiner 

Herstellung wurden ausgearbeitet. 

OHPEAEJIEHWE Ml-HOBEHHbIX 3HA’IEHMti BEPOIITHOCTM I’ETEPOFEHHOH 
PEKOMBAHAHHB ATOMOB B 3KCHEPAMEHTAX HA YAAPHbIX TPYSAX 

AHHoTauHp3KCnepaMeHTanbHO peZlJlH3OBaH MeTOIl Ii3MepeHEiK MTHOBeHHblX 3Ha'feHHfi BepOKTHOCTA 

reTepOreHHOfi perohf6uriauuu aTOMbB Ha IIOBepXHOCTRX lIpH HMnyJIbCHOM o6nyse IlJIaCTEiHbI C OCTpOir 

nepemeii ~p0h4~0ii cBepx3~yKo~biM IIOTOKOM ra38, mrccormuposamioro nanaromeii ynapnofi BOJIHO~~, 

pacnpocrpanatomeficn B ynapHofi Tpy6e. Pa3pa6OTaH MOTOR pacqera Tennomx noroxoa na noeepx- 
HOCTA nJIaCTUHb1 B yCJIOBHS,X 3KCITepSTMeHTa.Pa3pa6OTaHa KOHCTpyKuHIl LIaT4HKa TeIIJIOBOrO "OTOKa U 


