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ABSTRACT 

A chemical reaction for which the reaction rate can be varied is studied 

in a fully developed, two-dimensional, turbulent mixing layer. The layer 

is formed between two nitrogen streams, one carrying low concentrations of 

fluorine and the other hydrogen and nitric oxide. For fixed concentrations 

of fluorine and hydrogen and for nitric oxide concentrations that are 

small fractions of the fluorine concentration, the heat release is fixed 

but the overall reaction rate is controlled by the nitric oxide concentra- 

tion. Therefore, for fixed flow conditions, the nitric oxide concentra- 

tion determines the ratio of the reaction rate to the mixing rate. For 

large values of this ratio, the amount of product, at a given downstream 

location. measured by the mean temperature rise, is independent of the 

reaction rate, i.e., the reaction is mixing limited. As the reactlon rate 

is reduced the major effects are: (1) amount of product declines (as 

expected). (29 the mean temperature profile, which is initially somewhat 

unsymmetrical because the hydrogen-fluorine freestream concentration ratlo 

is set at a large value, becomes symmetrical. and (3) the ramp-like 

instantaneous temperature traces within the large structure gradually 

become more top-hat. 
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1. Introduction 

This work represents the third in a series of studies aimed at 

achieving an understanding of mixing and combustion in a fully developed, 

two-dimensional, turbulent mixing layer, Fig. 1. In these experiments, 

the reactants are low concentrations of hydrogen and fluorine carried in 

separate nitrogen freestreams. Nitric oxide, in concentrations that are 

small compared to the fluorine, is carried with the hydrogen stream. When 

the two streams mix. the nitric oxide dissociates a fraction of the 

fluorine to initiate and control the hydrogen-fluorine chain reaction. In 

all experiments, the heat release is sufficiently low that the heat 

release does not couple with the fluid mechanics, so that the overall pro- 

perties of the mixing layer are not significantly changed from those of 

the non-reacting case. It is important to note that the present chemical 

system is hypergolic (low activation energy) at all concentrations, unlike 

hydrocarbon - air systems which require ignition sources to sustain 

combustion, have flalnmability limits and can be quenched by high values of 

strain rate. 

The first of these efforts [1.2] examined the effects of the 

hydrogen-fluorine freestream concentration ratio upon the amount of pro- 

duct formed in the fully developed layer at a single Reynolds number of 

' 4 x 1 0 ~  (based on velocity difference and downstream distance). The 

results confirmed the central role of the large structure dynamics in mix- 

ing and combustion. The asymmetry in entrainment of the mixing layer was 

demonstrated through 'flip' experiments whereby the lean reactant being 



carried on the high-speed or low-speed side of the layer leads to dlf- 

ferent amounts of product. The experiments also showed that when one 

reactant concentration is fixed, a nearly asymptotic product profile is 

reached when the other reactant concentration is approximately eight times 

the first. Under these conditions, essentially all the molecularly mixed 

lean reactant is completely consumed. It is instructive to note that for 

chemical reactions in water at similar Reynolds numbers, Koochesfahani [ 3 ]  

found that there was approximately 50% less (normalized) product than in 

the gas. This has led to the conclusion that the Schmidt number influ- 

ences the amount of product formed in turbulent flows, even at Reynolds 

numbers as high as 4 x 1 0 ~ .  

In the second effort [ 4 1 ,  the dependence of the amount of product 

formed in the mixing layer upon Reynolds number was studied. It was found 

that the large organized structures are present at all Reynolds numbers 

investigated, irrespective of whether the boundary layer on the splitter 

plate is laminar or turbulent, and that the product dependence on Reynolds 

number is weak. There is, approximately, a 20% decrease in the amount of 

product formed for a factor of 10 increase in Reynolds number (or 6% 

decrease per factor of 2 in Reynolds number) 

In both of the above investigations. the amount of nitric oxide was 

sufficiently large to insure that the reaction was, to a good approxima- 

tion, mixing limited. In the present investigation we reduce the nitric 

oxide concentration to study the effects of the chemical reaction rate. A 

chemical kinetics code, CHEMKIN 151, was used to study the hydrogen- 

fluorine-nitric oxide system. The results show that the nitric oxide con- 

centration controls the overall reaction rate, while the heat of reaction 

is the same. Since the runs described below are all performed at low heat, 

the fluid mechanics also remains unchanged. 

In the investigations mentioned above, the findings were interpreted 

in the context of the simple model for mixing and product formation in the 

turbulent shear layer proposed by Broadwell & Breidenthal 161. The 



present results are interpreted in terms of this model in Broadwell 8 Mun- 

gal [ T I .  

2. The Chemical Reactions 

The principal reactions in the experiment consists of the hydrogen- 

fluorine chain reaction and the nitric oxide fluorine dissociation reac- 

tion. 

k2 
kcal H + F2 + HF + P. AQ = -98 - -1680 k = 3 ~ 1 0 ~ ~ ~ ' ~ e x p ( -  mole' -2 EX ) (2) 

NO + F2 r NOF + F. AQ = -18 - -2285 kca1 k - 4.2.1011exp(- mole' -3 - EX 1 (3 

where k is given in cc/mole-s, T in degrees K and R is the universal gas 

constant in cal/mole-K. 

Reactions (1) and (2) are the so-called cold and hot reactions. 

respectively. The cold reaction, which carries 25% of the total heat 

release, is faster than the hot reaction by about an order of magnitude at 

13 300K (kl Z 1.6~10 , k2 : 9 . 5 ~ 1 0 ~ ~ ) .  The rate constants kl and k2 are 

taken from Cohen Bott [81 and k3 from Baulch et al. [9]. 

Additional reactions which must be considered are: 

k4 
F + NO + Bl + NOP + M. AQ = -57 w,  k4 : sx10 16 



2 where the k - k7 rates are given in cc /mole2-s and are estimated at 300K 4 
from Baulch et al. 191. 

We have used the CHEMKIN [ 5 ]  computer code to study the reaction set 

(1) - (7) in a premixed constant pressure reactor. The initial condition 

4%H2, 0.5%F2, 0.015%NO in a N2 diluent simulate our normal operating con- 

ditions of 8%H2, O.O3%NO in N2 on the high-speed side and 1%F2 in N2 on 
* 

the low-speed side (this nominal condition will be referred to as [NO] ) .  

The CHEMKIN code computes the species concentration and temperature as a 

function of time for the mixture at constant pressure or constant volume, 

the former being the option applicable to this work. The result of such a 

calculation is shown in Pig. 2. The starting temperature is 300K and the 

system asymptotes to a temperature of 393K. The figure shows the results 

if only the first three reactions (1)-(3) are used, together with that for 

all seven reactions (1)-(7). The agreement suggests that reactions ( 1 ) -  

(3) determine the behaviour of the chemical system at these temperatures, 

while (4)-(7) are relatively less important. We have fitted a straight 

line to the curve shown in Pig. 2 and taken the time required for a tem- 

perature rise from 300K to 393K to be a measure of the chemical time of 

the system. Pig. 2 shows that for the rate constants shown above, the 
* 

chemical time for our nominal condition, t . is 0.53 ms. ( ~ t  IS 

worthwhile to note that if we simulate an operating condition of l%K2, 

0.03% with 1%F2 in a N2 diluent, as was performed in Reference 

2, the chemical time increases by about 15%.) 

Table 1 shows (among other results) the overall chemical rate, k (the 

inverse of the chemical time, 7 )  as computed by CHEMKIN, for various con- 

centrations of nitric oxide for the reaction set (1)-(7). As is shown 



analytically in Appendix 1, the chemical rate is nearly proportional to 

[NO] at very low concentrations (relative to [F21) and varies as the 

square root of [NO] at higher concentrations. In summary, the chemlcal 

system (1)-(7) describes, for our conditions, a reaction in which the heat 

release is fixed by the hydrogen and fluorine concentrations but the 

overall rate is controlled by the nitric oxide concentration. 

3. Experimental Apparatus 

The experimental facility has been described previously [1,2] and 

will only be discussed briefly here. It is of the blowdown type in which 

premixed volumes of hydrogen and nitric oxide in nitrogen, and fluorine in 

nitrogen are discharged through sonic orifices, maintaining a constant 

mass flux in each of the freestreams. Both streams enter a settling and 

contraction section for turbulence reduction with the high speed flow 

emerging from a 6:l contraction at an exit area of 5 x 20 cm, and the low 

speed emerging from a 4:l contraction in a 7.5 x 20 cm exit area. The 

flows then meet at the tip of a splitter plate as shown in Fig. 1. All 

measurements are recorded at a station x = 45.7 cm downstream of the 

splitter plate trailing edge. 

Runs were performed for flow velocities of U1 = 22 44 with a 

fixed speed U2/~1 = 0.40. The Reynolds numbers based on the velo- 

city difference AU, and the 1% thickness of the layer d l  (distance between 

points at which the mean temperature rise is 1% of the maxlmum mean tem- 

perature rise), and the cold kinematic viscosity of nitrogen are respec- 

tively 6.7x104, and 1.3~10~. These values are all beyond the mixing tran- 

sition observed by Konrad 1101 and Breidenthal [Ill. The high speed tur- 

bulence level is about 0.7% rms at the lower speed and decreases somewhat 

at the higher speed. For U = 22 m/s, the high-speed boundary layer 
1 

momentum thickness. el, was estimated using Thwaites ' method, with the 

number U1el/~ estimated to be 240. Thus at the measuring sta- 

tion, x/el 5 2800. 



4 .  Measurements 

For each run, the streamwise pressure gradient is set to zero by 

adjustment of the low speed sidewall. Temperature rise is recorded by a 

rake of 8 cold wire resistance thermometers placed across the width of the 

layer, each driven by a constant current of 0.4mA. The wires are made of 

2.5 irm diameter platinum / 10% rhodium welded to inconel prongs with a 

span of 1.5 mm. The ratio of the length of the wire to Betchov's cold 

length [I21 is about 20 at the lower Reynolds number. During a run, each 

wire is sampled at 10 and 12.5 kHz for the two speeds, corresponding to 

total data rates of 80 and 100 kHz. 

b 

As described in [2], the cold wires are calibrated directly before 

each run and record an accurate mean temperature profile, while excursions 

from the mean suffer from conduction error due to the prongs and the ther- 

mal lag of the wire itself [13]. [14]. The mean temperature profiles were 

spot checked by a 0.25 mm diameter chromel-alumel thermocouple at a single 

point on the mean temperature rise profile, with the agreement being gen- 

erally within 3% or better. The mean temperature profiles shown below are 

repeatable from run to run to within 2 percent. The absolute reactant 

concentrations however, are known only to approximately 3-5%. and thus the 

absolute value of the potential heat release has an uncertainty of the 

same order. 

5. Experimental Results and Discussion 

For the runs reported here, the high-speed stream consisted of 8%H2, 

92%N2 together with varying small concentrations of NO, while the low- 

speed stream consisted of 0.96%F2 and 99%N2 (passivation of upstream 

screens and plates removed an estimated 0.04%F from the nominal value of 
2 

1%F2), with an adiabatic flame temperature rise of 159K. As was noted 

above, this choice of reactant concentrations guarantees that, when the 

reaction rate is sufficiently high, the fluorine (lean reactant) which is 



molecularly mixed with the hydrogen is almost totally consumed. 

Figure 3a shows the mean temperature rise profiles obtained at the 

x - x  = 45.7 cm station for the cases of decreasing nitric oxide concen- 

tratlon, namely [NOJ/[NO]* = 1 ,  112, li4, 1/8, 1/16 1/23. 1/32, 0 at 

u1 = 22 m/s (note that the accuracy in loading our nominal concentration 

of NO is probably within 3% but becomes progressively worse as the amount 

of NO decreases), The symbols indicate the measured average temperature 

rise at the pasitions of the eight probes, and represents the average of 

12.288 points per probe during which time at least 100 structures would 

have passed the measuring station. The smooth curve is an exponential fit 

of the type 

where T is the local mean temperature rise, Tflm is the adiabatic fiame 

temperature rise. rl - y/(x-x0), and the point 7 = 0 corresponds t , ~  the 

position of the dividing streamline (see Table 3). 

We see that, as [NO] decreases, there is a gradual loss in area under 

each of the product profiles, together with a tendency for the profile to 

become more symmetric. In fact, for the case [NO]/[NO]* = 1/32, the sro- 

file is reaarkably symmetric in spite of the fact that the high-speed 

reactant is eight times more concentrated than the low-speed reactant. 

This trend towards symmetry 1s shown more directly in Fig. 3b where all 

profiles have been scaled to the same height and Fig. 3c where the cases 

[NO]/[NO~* = 1, 1/32 are shown. It should also be noted that the case 

[NO~/[NO]* = 0 shows no product both expermentally and in computation 

with the CHEMKIN code. 

Figure 4 shows the mean temperature rise profiles for the cases of 
* 

increasing the nitric oxide concentration. namely [NO]/[NO] = 1. 3 / 2 ,  2. 

Table 1 indicates that the effective reaction rates for the latter two 

runs are larger than the nominal by factors of 1.3 and 1.5 respectively. 



The similarity of the profiles implies that the reaction is mixing rate 

limited for [NO] at the nominal value and above. 

Figure 5a shows similar results taken at the same measuring station, 

but with U1 = 44 m/s (and U2 = 0.4U1 to maintain the same speed ratio) for 
a 

the cases [NOl/[NO] = 2. 1. 1/4. 1/16 (see also Table 2.4). The scaled 

profiles for the cases [NO]/[NOj = 1. 1/16 are shown in Pig. 5b to again 

demonstrate the symmetrizing of the mean temperature profile. It 1s 

worthwhile to note that, in the fast chemistry limit. the absolute area 

under the temperature profile for the U1 = 44 m/s case is less, by about 

10 percent, than that for U1 = 22 m/s. AS is discussed in [41. this is 

believed to be a Reynolds number effect and not a Damkohler number effect, 

since increasing the [NO] concentration by a factor of 2 at both Reynolds 

numbers with the corresponding increase in chemical rates, does not elim- 

inate the difference. 

The amount of product generated by the reaction is characterized by 

the product thickness 

where c (y)  is the concentration of product and c, is the freestream P 
fluorine concentration. Since product is analogous to temperature rise, 

the second expression is obtained by making use of the mean temperature 

rise profile T(y), the molar heat capacity of the carrier gas, C , and 
P 

the heat release per mole of reactant, AQ. The product thickness of the 

curves of Pigs. 3a. 4 normalized by the 1% thickness 1s shown in Fig. 6a 

as a function of the nitric oxide concentration. For small values of 

[NO], there is a rapid increase in the amount of product with the kinetic 

rate in what could be called the 'slow-chemistryf regime. At the larger 

values of [NO], the product amount is nearly independent of [NO] implylng 

that the reaction is mixing limited, i.e. that the chemical rate is fast 

relative to the mixing rate. Also shown in Pig. 6 are the results for the 



U1 = 44 m/s case. The same data are shown in Fig. 6b as a functlon of the 

Damkohler number, Da (defined as the ratio of the mixing time to the chem- 

ical time). We have chosen the time of flight at the mean convection 

speed (U1+u2)/2 from the mixing transition. xt, to the measuring station, 

x, to be an appropriate measure of the mixing time (see Broadwell &Mungal 

[7]). The CHEMKIN results are used for the chemical time. This choice 

gives the Damkohler number Dax shown in Fig. 6b. Based on a transition 

Reynolds number of 2x10~ we estimate x - 13.6 cm for the u1 = 22 m/s case t - 
and Xt = 6.8 cm for the Ul = 44 m/s case. so that the mixing times are 

20.8 msec and 12.6 msec respectively. Based on this criterion, the mixlng 

limited (fast chemistry) regime occurs past Dax ' 40. Finite rate effects 

occur below this value with a symmetric profile occuring for Dax " 4. 

Alternately, one may choose the local large scale turnover time to be 

the mixing time (dl/~u) to define a different Damkohler number, D a l  BY 

this definition. Dal varies from 0.8 to 17 for the range of [NO] investi- 

gated. This suggests that past Dal - 10, the reaction is mixing limited 
while Dal - 1, the reaction profile is symmetric. Wallace [15] for a 

nitric oxide - ozone nixing layer was able to achieve 1 < Dal < 16 at high 

Reynolds number, while Masutani 116) achieved 2 < Dal < 28 at pre- 

transitional Reynolds numbers using the same chemical system as Wallace. 

A further discussion of Pig. 6b will be made in Broadwell 8 Mungal [ 7 ]  

when a detailed comparison of the results are made with the model. 

Figures. 7a. 7b show sample temperature vs time traces obtained from 
* 

the eight cold wires at U1 = 22 m/s, for [NO]/[NO] = 1 and 1/32, 1.e. 

for fast and slow chemistry. The time traces show the instantaneous tem- 

perature rise recorded by each probe as a function of time, normalized by 

the highest temperature rise of any probe during this time interval 

(labeled Tmax). The vertical distance between a consecutive pair of hor- 

izontal axes therefore represents Tmax. The horizontal axis corresponds 

to 51.2 ms of real time. Flow can be viewed as being from right to left 

with the high-speed fluid at the top. The time axis is greatly compressed 

in the sense that such a plot would be to geometric scale only if the 



horizontal distance were about nine times the distance between the high- 

speed and low-speed probes. 

We have discussed such traces in [ 1 , 2 , 4 ]  and noted the presence of 

large regions of high temperature, associated with the large scale struc- 

ture, separated by tongues of unreacted, cool gas. Here however, we wish 

to discuss the ramp-like temperature traces shaded in Fig. 7a, the data 

for the high kinetic rate, and, to point out that they are not present 

when the rate is slow, Fig. 7b. 

If one pictures a large structure undergoing reaction. then for the 

present choice of reactant concentrations, the large structure is hydrogen 

rich. The effect of free-stream addition of fluid to the structure is to 

create a situation whereby the composition of the upper and downstream 

edges of the structure is biased toward the high-speed fluid, while the 

composition of the upstream and lower edges are biased toward the low- 

speed, lean reactant fluid. This leads to lateral (y) and axial (x) gra- 

dients in composition, and hence in temperature. In the fast chemistry 

case the consequences are the ramp-like structures and time traces which 

on the lean reactant edge reach generally higher instantaneous tempera- 

tures than those of the rich reactant edge. The skewed mean temperature 

profiles as shown in Pig. 3b result from long time averages of such 

traces. These features are to be contrasted with the time traces of Fig. 

7b, for a slow reaction rate. Here the ramp-like features are much less 

apparent (become more top-hat) and the time traces of all probes generally 

reach the same maximum instantaneous temperatures from one edge of the 

layer to the other. The long time average of such traces leads to the 

symmetric mean temperature profiles of Pig. 3a. We note that ramps do not 

occur for every structure in the fast-chemistry limit but tend to be 

observed more often than not. Similarly, ramps are sometimes present when 

the reaction rate is low, but their occurance is quite infrequent. 



We also note that since the fluid mechanics is unaffected by these 

low values of heat release, the instantaneous mixture fraction distribu- 

tion of high-speed to low-speed fluid in the mixing layer is similar for 

the fast and slow chemistry cases. In the fast chemistry limit, the 

instantaneous mixture fraction uniquely determines the temperature at 

every point in the layer (see Bilger [17] and [ 2 ] ) .  For lower reaction 

rates, this is no longer true - the temperature at any given point being 
determined by its history. We also note that the two main features of the 

slow chemistry results discussed above - namely, a symmetric mean tempera- 
ture profile and the lack of ramp-like structures are in agreement with 

the measurements of Koochesfahani [3] in a chemically reacting liquid mix- 

ing layer, in the limit of fast chemistry, at comparable Reynolds numbers. 

The connection between these seemingly unrelated observations (slow chem- 

istry in gases and fast chemistry in liquids) and a further discussion of 

these results appear in Broadwell 8 Mungal [7]. 

6.  Conclusions 

The experiments discussed above describe the behavior of the product 

field in a two-dimensional, turbulent mixing layer as the overall chemical 

rate is varied while the fluid mechanics and the heat of reaction remain 

unchanged. As we proceed from the mixing limited regime to the chemical 

rate limited regime, three main effects are observed: (1) the amount of 

product declines, (2) the mean-temperature profile, which is initially 

somewhat unsymmetrical because of the large hydrogen-fluorine reactant 

concentration ratio, becomes symmetrical, and (3) the ramp-like instan- 

taneous temperature traces within the large structures become more top- 

hat. At the mixing limited (fast chemistry) regime, the Damkohler number 

based on time of flight from the mixing transition exceeds about 40. 

Below this value we enter the rate limited regime with a symmetric profile 

attained at a Damkohler number of about 4 (based on the local large scale 

turnover time, the Damkohler numbers become 10 and 1 respectively). 

Detailed comparison of these results with a theoretical model is presented 



in Broadwell & Mungal [ I ] .  

The authors wish to thank Dr. J. E. Broadwell (who is an unofficial 

co-author) for numerous technical discussions, Dr. P. E. Dimotakis. Dr. W. 

L. Shackleford, Dr. R. C. Miake-Lye and Mr. Earl Dahl for help in conduct- 

ing the experiments. This work is sponsored by the Air Force Office af  

Scientific Research under Grant No. 83-0213. 



Table 1 - Summary of Results, U1 = 22 m/s. 

Table 2 - Summary of Results. U1 = 44 m/s. 

Tflm adiabatic flame-temperature rise = 158.7K; Tmax I maximum value of 

T; d l  = width of layer where 7 = 1% of Tmax; A 3 T i E  JTdl); l )  s e; A* x-xo) 

= nominal condition at 22 m/s; (x-xo) = 45.7 cm for all runs; k = 117 = 

overall chemical rate; T = chemical time determined from CHEMKIN. 



Table 3 - Curvefit constants, U1 = 22 n/s, io = -.35 

Table 4 - Curvefit Constants, U1 = 44 a/s, jo = - .32 

Mean Temperature Rise. T ( O K )  recorded in physical coordinates, y (inches) 

where 

-3 < y < 2. ? a (t-~o)/(x-xo) and (x-xo) = 18.0 in. for all runs. 



Appendix 1 

The ideas in this section were developed by J.E. Broadwell to provide 

a simple understanding of how the NO concentration controls the overall 

reaction rate. 

1t was shown above that reactions (1)-(3) can be considered as being 

representative of the H 2 - ~ 2 - ~ ~  chemistry, since the addition of reactions 

( 4 ) - ( 7 )  showed essentially no change in the behaviour of the system as 

seen from Pig. 2. It is possible to estimate the overall behaviour of the 

system by the following arguments. Prom (21, (3) 

This represents two equations for the three unknowns F2, NO, H. BY using 

either the rate equations or conservation of atoms it is possible to show 

that 

since the initial concentrations (subscript i )  of H and P are zero. Exam- 

ination of (1)-(3) together with the fact that kl>k2>>k3 suggest 

that any P atoms produced (slowly) in ( 2 ) ,  (3) would be (quickly) depleted 

in ( I ) ,  hence a reasonable approximation would be to take F - 0. This 

approximation now Simplifies (11) to H = NOi-~o which can be substituted 

into (9). (10) to yield 



the system now being reduced to two equations in the two unknowns F2 and 

NO. 

In order to proceed further, the CHEMKIN simulations were used as a 

guide as they suggested two types of behaviour. In the first case, for 

small NO concentrations, CHEMKIN suggested that the NO would deplete while 

the F2 concentration had remained relatively fixed. Thus, if we assume 

F2 - FZi we solve (13) which yields NO/NOi = e -k3F2it and substituting 

into (12) gives 

k3 
where T = k2Noit. The second term can be neglected for NOi << k2 -IJ 2i to 

yield the approximate solution 

k3 
Thus for NOi << i;;FZi, the overall rate will be proportional to NOi. 

The second case suggested by CHEMKIN concerns large NO concentrations 

for which the amount of NO changed slightly but did not deplete during the 

times of interest. We therefore take NO - NOi in (13). TO solve, we 

further assume in (13) that F2 - F Z i  This yields the solution 

NO/NOi = l-k3FZit  his c.spression would imply negative NO concentrations 



for long time and must of course be valid for times t tc l/k F 
3 2i. Alter- 

nately we might interpret this as the leading term in an expansion for the 

NO behaviour). With this expression, (12) becomes 

with solution 

Thus for large NO concentrations, the overall rate is now proportional to 

N&. The overall reaction rate derived from the CHEMKIN simulations is 

shown in Pig. 8 as a function of NO concentration. The initial linear 

trend followed by the square root behaviour seems consistent with the 

preceeding analysis. 

The arguments above suggest that the overall rate varies lineariy 

with NO, for small NO, and then as the square root of NO for larger values 

of NO. This of course is a complication and raises the question of 

whether a single overall rate can be found for each run condition that 

accurately describes the behaviour of the system. Using the linear extra- 

polation technique shown Fig. 2 for each case yields a characteristic 

time, T (see last column of Table 1). The CHEMKIN results for all cases 

using reactions (1)-(7) are shown in Fig. 9, where the abscissa has been 

scaled by the appropriate characteristic time. The similarity of shape for 

all curves suggests that choosing a single overall rate seems reasonable 

for describing the reaction set. 



Appendix 2 

For the record we include the following curvefit constants for the 

runs reported in References 2,4. The same notation as Tables 3,4 is used, 

and (x-xO) = 18.0 for all runs. 

Table 5 - Curvefit Constants of Reference 2, Table I 

Table 6 - Curvefit Constants of Reference 2, Table 2 



Table 7 - Curvefit Contants of Reference 4 

Run 
- 

Co 1 c2  C3 C4 yo 
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9. Figure Captions 

Fig. 3c 

Fig. 4 

Fig. Sa 

Fig. 3b 

- .  
, 12 6a 

Fig. 6b 

Fig. 7a 

- .  iC.o..- ,lent Shear Leyc: Geometzy 

CSEMKIN Simclat:on of Constant ?:essurc 3eactor us:-2 Rr.zcrio-s * * 

(1)-(3) and ( 1 ) - ( 7 ) .  :SOj/INO-: = & .  ' 

. . Sormalized Mean Tgaperaturc Profiles for dccreas:;~ L X O - .  ,.. = 

22 m/s. [NO]/[NO] : [7 - ;, 0 - ii2, A - 114 f - 1.8, jC - 
1/16, V - 1/23. 0 - 1/32, + - 0. 
Scaled Mean TemperaTure Profiles for decreasing [NO], U. - 22 
m/s. Symbols same as Fig. 3a. 

2 

* 
Scaled Mean Temperature Profiles for [NO;/[NO] = ? & 1/32, .. 
22 m/s. Symbois same as Fig. 3a. 

"I = 

Normalized Mean T,enperature Profiles for increasing [SO], U1 = 
22 m/s. [NO]/[NOj : [7 - 1 ,  0 - 3/2, A - 2. 

Normaiized M e 9  Temperature Profiles for varying [.TO], U1 = a4 
m/s. [NO]/[NO] : 0 - :, 0 - 114, A - 1!16, + -2. 

* . . Scalcd Mean Temperature Profiles for [NO]/LNOj = 1 & 1/16, . i  - 
44 m/s. Symbois same as Fig. 3a. 

Normalized Product Thickness vs Nitric Oxide Concenrraxion 

Normalized Product Thickness vs Time of Plight Damkohier N u ~ b e r .  

* 
Temperature vs Time Trace, iNO]/[NO! = 1 ,  \ = 22 T:S 

* 
~ i g .  70 Temperature vs Time Trace, [NO]/I?!D: = 1/32, C, = 22 -1s  - 

* 
Pig. 8 k/k* vs [NO~/:NO:~ from CIiEXKiS simu~etio-s for  3cactto-s i : j  

(7). 

-. . ~ g .  9 CHEMKIN Simulations of Constant Pressure Seactor -sing Reactions 
(1)-(7) for [NO] shown in Tahie 1. 
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