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ABSTRACT 

Roles of inhibitors in the global kinetics of methane combustion were investigated computationally, by employing 
the Arrhenius equation to express the global rate constant. When the concentrations ofthe fuel and the oxidizer in a 
combustible mixture are kept constant, the global reaction rate is controlled by the flame temperature Ti, the global 
frequency factor A ,  and the global activation energy E,. Changes in A and E, with the additions of various inhibi- 
tors were estimated using the relationship between these parameters and the laminar burning velocity. Inhibitors 
investigated are He, CO,, CF,, CHF,, C,HF,, CF,Br, CFJ, NaOH, and Fe(CO),. The global kinetic parameters were 
found to vary according to the inhibitors' actions, physical, non-catalytic scavenging, and catalytic scavenging. 
That is, while He and CO, caused negligible changes in both A and E,, CHF, and C,HF, caused significant reduc- 
tion in A without remarkable changes in E,. In contrast, CF,Br, CFJ, NaOH, and Fe(CO), caused noticeable in- 
crease in E,. Although an increase in E, seems to be a general characteristic of catalytic scavengers, its magnitude 
showed complicated variation due to many factors including the combustion promotion at higher temperatures and 
the saturation effect, which is speculated to be dependent on the thermochemistry of key inhibitor species. The 
maximum increase in E, with CF,Br at T,=2000 K was found to be approximately twice as much as that with 
Fe(CO),, which can be attributed to the coexistence of all the key inhibitor species in the CF,Br-doped flames more 
equally than those in the Fe(CO),-doped flames at lower temperatures. 

INTRODUCTION 

To search for a highly effective suppressant comparable to halons, the behavior of inhibitors in elemen- 
tary reaction steps of hydrocarbon combustion has been extensively investigated [e.g., I ,  21. All the 
highly effective inhibitors are known to possess catalytic cycles of flame-radical recombination, which 
are similar to those with the Br atom in CF,Br. Therefore, if one can isolate the catalytic inhibition 
effectiveness of these inhibitors and determine quantitatively the relationship betwcen the catalytic 
effectiveness and physicochemical properties of inhibitors, it would assist the search for a new inhibitor 
species with high performance. 

Although several methods have been proposed for quantifying the relative contributions of physical and 
chemical actions of inhibitors [3-61, few attempts have been performed to isolate the catalytic inhibition 
effectiveness from other effects including the non-catalytic scavenging effectiveness. The inhibition 
index of Fristrom and Van Tiggelen [7] dealt with the catalytic and non-catalytic scavenging effective- 
ness separately. It is, however, limited to the comparison of the chemical effectiveness behveen inhibit- 
ors at low concentrations where the physical effectiveness is negligible. Sheinson and Maranghides [4] 
isolated the chemical catalytic effectiveness of CF,Br using the non-linear behavior of CF,Br / SF, mix- 
tures. In spite of their empirical approach, fundamentals of their method are identical to those of the 
present work [SI. 

The classical laminar flame theory derived the following relationship between the laminar burning 
velocity S, and the global reaction rate parameters A and E,; 

(&>' = [Fuel~[Oxidizer]"aA exp(-E,/RTf) (1) 

where a refers to the thermal diffusivity ofthe mixture and T, the flame temperature. Therefore, when 
In{(ada)(& /SU,JJ2 is plotted as a function of I /  T',, where a, a,, Su, and S,, are respectively the thermal 
diffusivities and the laminar burning velocities for the inhibited and uninhibited flames with constant fuel 
and oxidizer concentrations, the slope of the plot represents the global activation energy difference 
between the inhibited and uninhibited flames, E,-E,,, and the intercept represents the global frequency 
factor ratio, A / A w  
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In the previous work, it was indicated that when an inert component of a combustible mixture is partly 
substituted by an inhibitor, global reaction rate parameters of the gas-phase combustion are increased or 
reduced systematically according to the inhibitor's actions [SI. CF,Br, which possesses the catalytic 
cycles, increases the global activation energy of the methane combustion, while CHF, reduces the global 
frequency factor without affecting the activation energy. These findings suggest a unified theory of 
flame inhibition (Figures 1 and Z), in that the negative-catalytic effectiveness and the non-catalytic 
scavenging effectiveness of inhibitors are defined as the global activation energy difference E,-Ea,o and 
the global frequency factor ratio A /Ao ,  respectively. In the present work, roles of inhibitors in the global 
kinetics of methane combustion were further investigated computationally, to verify the proposed theory 
of physical and chemical inhibition actions. Roles of inhibitors' kinetics and thermochemistry in the 
negative-catalytic inhibition will also be discussed. 
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Figure 1 .  Conceptual Arrhenius plots for global 
gas-phase combustion reactions of fuel- 
air mixtures doped with inhibitors that 
possess various actions. 

Figure 2. Conceptual plots of h{(ada)(& / s,,)}Z 
versus I /  Tr, which can be obtained using 
the laminar burning velocities determined 
at various flame temperatures for the 
inhibited and uninhibited flames with 
constant fuel and oxidizer concentrations. 

NUMERICAL CALCULATIONS 

The methane oxidation model was taken from GRI-Mech 2.1 I [9] with nitrogen chemistry deleted 
(3 I species and 175 reactions). The inhibitors investigated in this work are He, CO,, CF,, CHF,, C,HF,, 
CF,Br, CFJ, NaOH, and Fe(CO),. The hydrofluorocarbon (HFC) oxidation model for the computation of 
CF,-, CHF,-, C,HF,-, CF,Br-, and CFJ-containing flames was taken from the work of Williams et al. 
[IO], which is based on the NIST HFC model [ 1 I ]  and the work of Hynes et al. [ 121, with some rate 
expressions updated (60 species and 633 reactions). The Brand I chemistry for the computation of 
CF,Br- and CFJ-doped flames was taken from the work of Babushok et al. [I 31 (Br chemistry: 10 spec- 
ies and 89 reactions; 1 chemistry: IO species and 71 reactions). The reaction models ofNaOH and 
Fe(CO), were taken from the work of Williams and Fleming [2] and Rumminger et al. [I], respectively. 
For consistency, the thermochemical data were taken from Ref. 9 for the C/H/O species, for the fluori- 
nated species [IO], for the Br- and I-containing species [13], for the Na-containing species [2], and for the 
Fe-containing species [I]. 
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The laminar burning velocities were computed using CHEMKTN I1 [I41 and the Sandia premixed flame 
code [l 51. The transport coefficients were computed using the computer code of Kee et al. [ 161. For 
consistency, the transport data were taken from Ref. 9 for the CM/O species, for the fluorinated species 
[IO], for the Br- and I-containing species [13], for theNa-containing species 121, and for the Fe-contain- 
ing species [I]. The computations were performed for atmospheric pressure flames with unburned mix- 
ture temperature of 298.2 K. Computations were carried out in a domain of 85 cin and with windward 
differencing for the convective terms. To ensure convergence, the mesh resolution was progressively 
refined until further refinement resulted in a difference of less than 0.5 cm/s in the computed laminar 
burning velocities. 

To determine the inhibitory effectiveness at various flame temperatures, burning velocity computations 
were performed for mixtures containing 7.5%CH4, I5%0,, inert (N,+Ar) and an inhibitor. The maxi- 
mum molar percentages of inhibitors were 10% (He and CO,); 6% (CF,); 5% (CHF,); 3.3% (C,HF,); 1% 
(CF,Br), O S %  (CFJ), 0.4% (NaOH), and 0.2% (Fe(CO),) in the unburned mixtures. At a fixed level of 
an inhibitor's addition, the flame temperature was varied by manipulating the relative concentrations of 
nitrogen and argon. Thus, while calculations at the lowest flame temperature were performed with inert 
being entirely nitrogen, at the highest flame temperature, nitrogen was entirely replaced by argon. 

The global frequency factor ratio, A l Ao, and the global activation energy difference, En-&, were 
determined using the computed laminar burning velocities according to the following relations. Applying 
Eq. ( I )  to the present uninhibited mixtures of 7.5%CH4-15%0,-77.5% (N,+Ar) obtains 

Assuming that the orders rn and n are independent of the substitution by inhibitors, an inhibited mixture 
of 7.5%CH,-15%02-77.5% O\I,+Ar+inhibitor) follows an equation, 

Thus the following equation is derived from Eq. (2) and (3); 

Eq. 4 represents that the Arrhenius-type plots (Figure I )  can be converted to the plots of In{(ada)(S, l 
Su,o)}' versus I /  G, (Figure 2). Here a and ail are calculated by the following relations; 

2. .. a=- 
K P  ' 

By plotting the computed laminar burning velocities in the form of Figure 2, A / A ,  and Ea-E%o are deter- 
mined as the intercept and the slope of the line, respectively. If the present theory holds true with an 
inhibitor, A / A ,  and E;-E,,, should quantify the chemical effectiveness as (a) the non-catalytic scavenging 
effectiveness and (b) the negative-catalytic effectiveness of the inhibitor, respectively, while the physical 
effectiveness should he quantified by the remaining parameters in Eq. (3), that is, the concentration terms 
(dilution effect), the thermal diffusivity, and the flame temperature (cooling effect). 
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RESULTS AND DISCUSSION 

Figure 3 shows the computed laminar burning velocity results plotted in the form of Eq. (4) and Figure 2. 
In Figure 3, the negative of the slope represents E.-E,,o and the intercept represents A / A o .  It is seen that 
the difference in major actions among the physical (He, CO,, and CF,), the chemical non-catalytic (CHF, 
and C,HF,), and the chemical catalytic (CF,Br, CFJ, NaOH, and Fe(CO),) inhibitors can be fairly well 
distinguished. 

PHYSICAL AGENTS 

The plots for the three physical agents (He, CO,, and CF,) show negligible slopes and deviations from 
unity smaller than 20%, indicating insignificant change in both the frequency factor and the activation 
energy. This is consistent with a general recognition that these agents have no significant chemical 
effectiveness. With closer observation, however, CO, and CF, show some reduction in the frequency 
factor. This is more obvious in Figure 4 where the variation ofA / A o ,  which was determined by neglect- 
ing the small E,-E,, observed in Figure 3, is plotted as a function of the mole fraction of inhibitors in the 
unburned mixtures. While A / A ,  for He shows no significant deviation from unity over the entire con- 
centration range investigated, those for CO, and CF, show monotonous decrease with the increase in the 
mole fraction of inhibitors. The moderate decrease for CO, is mainly attributed to the approximations 
that Eq. 4 is derived from the simple flame theory with one-step chemistry, and that the flame tempera- 
ture and the thermal diffusivity are taken from those at the hot boundary and the cold boundary, respec- 
tively. Furthermore, about 10% of the total decrease in A / A ,  for CO, is found to be caused by the rela- 
tively high third-body collision efficiencies of CO, in the termolecular recombination reactions. Some 
chemical non-catalytic effectiveness suggested in Ref. 8 should also be an additional cause. 

In Figure 4, the decrease in A / A ,  for CF, is even more significant than for CO,. It is known that CF, 
hardly decomposes in methane-air flames while it decomposes completely in the equilibrium mixtures 
[17, 181. The present result on CF, suggests that the approximation of the adiabatic flame temperature to 
the reaction temperature of global combustion can cause remarkable errors in the prediction of inhibitory 
actions, when the difference in an agent's behavior between the flame zone and the equilibrium condition 
is significant. When the F chemistry is frozen, the reduction in A / A ,  for CF, becomes insignificant, as 
plotted in Figure 4 with a dashed line. 

CHEMICAL NON-CATALYTIC AGENTS 

By comparison between Figure 2 and the results on CHF, and C,HF, in Figure 3, one can easily recognize 
that these agents act as chemical non-catalytic inhibitors. That is, remarkable reduction in A / A0 is 
observed with negligible &E,,. This is consistent with the findings by Westmoreland et al. [17], 
Linteris and Truett [18], L'Esperance et a]. [19], Linteris et al. [ZO],  and Williams et a]. [IO] that these 
agents readily decompose in the methane flames and participate in scavenging the reactive flame radicals. 

It is also seen in Figure 3 that a slightly positive slope is observed for both CHF, and C,HF,, indicating a 
small reduction in the global activation energy. Recognizing that HFCs possess some fuel effect [21], the 
effect of equivalence ratio variation on the apparent E.-/& was examined by substituting the inert com- 
ponent of the uninhibited mixtures by 1% of CH,. The results are plotted in Figure 3. The positive slope 
is observed, demonstrating that an excess fuel causes the apparent activation energy reduction. There- 
fore, the small negative E.-E&, for CHF, and C,HF, can be attributed to the combined fuel effect and the 
reduced inhibitory effectiveness at lower flame temperatures, which was suggested based on both the 
experimental and the numerical results [8]. 
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The variation ofA /A,  for CHF, and C3HF, as a function of the mole fraction of inhibitors in the unburn- 
ed mixtures was determined by neglecting the small negative Ea-Ea,o, and plotted in Figure 4. It is found 
that the reduction in A /A,  with the increase in C,HF, is approximately twice as significant as that with 
CHF,. The global frequency factor is reduced to half with 2% C,HF,, while about 4% of CHF, is required 
to achieve the same magnitude of reduction. This is roughly equal to the ratio ofthe number of F atom in 
a C,HF, molecule to that in CHF,. 

Figure 4. Variation ofthe global frequency factor 
ratio as a function of the mole fraction of 
inhibitor in the unburned mixture, 
calculated using the laminar burning 
velocities determined at various flame 
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Noto et al. [6]  reported that the chemical inhibition effectiveness saturates when the concentration of 
chemical inhibitor is increased, due to the decrease in the super-equilibrium ratio, [H],,/[H],,,i,, where 
[HI,, and [HI,,, are the maximum and the equilibrium concentration of H atom, respectively. In the pre- 
sent study, a slight reduction in the decay ofA / A ,  is observed for CHF, (Figure 4), but no remarkable re- 
duction is seen for the decay ofA / A ,  for C,HF, within the concentration range investigated. The attempt 
to verify the findings of Noto et ai. by computing the laminar burning velocities at larger dosage of inhi- 
bitors failed because of a difficulty in computational convergence at higher concentrations of HFCs. 
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CHEMICAL NEGATIVE-CATALYTIC AGENTS 

By comparison between Figure 2 and the results on CF,Br, CFJ, NaOH and Fe(CO), in Figure 3, it is 
easily recognized that these agents act as chemical negative-catalytic inhibitors; Le., a significant positive 
E,-& is observed. This is consistent with the work of Westbrook [22], Babushok et al. [13], Noto et al. 
[6], Williams and Fleming [2], and Rumminger et al. [I], which suggests that these agents possess cata- 
lytic cycles of flame radical recombinations. 

Figure 5 shows variations of (a) the global activation energy difference and (b) the laminar burning 
velocity, both determined at 2000 K, as a function of the molar percentage of inhibitor in the unburned 
mixture. It is found that the global activation energy differences are almost linearly increased with the 
increase in the inhibitor concentration, while the laminar burning velocities show the nonlinear decay as 
pointed out by Noto et al. [6]. In terms of relative levels among the inhibitors, the order of increasing the 
negative-catalytic effectiveness is found to be CF,Br, CFJ, NaOH and Fe(CO),. This is in agreement 
with the order of increasing the laminar burning velocity reduction in Figure 5b, demonstrating that the 
negative-catalytic effect is the dominant action for these agents within the concentration range plotted in 
Figures Sa and 5b. 

The reduction in the laminar burning velocity by CF,Br and CF,I must be partly attributed to the non- 
catalytic scavenging effectiveness due to the CF, moiety. It is, however, difficult to determine A / A ,  
directly by extrapolating the curve of Figure 3 for a negative-catalytic inhibitor, because of the noticeable 
variation of the slope and the narrow temperature range investigated. Thus the results on CF,Br were 
compared with those of HBr. Figure Sa shows that the magnitude of the increase in E.-E,,o has negligible 
difference between CF,Br and HBr within the range of the inhibitor concentration lower than 0.8%, indi- 
cating that the negative-catalytic effectiveness of CF,Br is the same as that of HBr. On the other hand, 
reductions in the laminar burning velocity in Figure Sb differ approximately 10%. Recognizing that the 
thermal and the dilution effects are eliminated in Figures Sa and 5b, the non-catalytic scavenging effect 
accounts for the observed difference in the laminar burning velocity reduction between CF,Br and HBr. 

At higher degree of inhibitor doping, E,-E,,, is found to show striking saturation. Figure Sc shows the 
saturation of E,&, computed for Fe(CO),. At the flame temperature of 2000K, E,-Eq0 increases almost 
linearly with the increase in the concentration ofFe(CO), until 0.02%, at which the negative-catalytic 
effectiveness saturates suddenly and further increment causes no variation in Ea-E,,. This saturation 
behavior is in contrast to that of the laminar burning velocity reduction that shows smooth exponential 
decay. The abrupt saturation was also observed for NaOH, although the inhibitor concentration at the 
saturation point was 20 times greater than that of Fe(CO),. CF,Br did not show the saturation even at the 
concentration 50 times greater than the saturation concentration of Fe(CO),. As a result, the maximum 
E,-Eq0 with CF,Br was found to be approximately twice as much as that with Fe(CO),. The present 
results suggest that CF,Br is twice as powerful a negative catalyst as Fe(CO),, while the overall chemical 
inhibition effectiveness is reversed by the A / A ,  term. Attempts to find the saturation points for HBr, 
CF,Br, and CF,I failed due to the difficulty in computational convergence at higher concentrations. It 
should be noted that the non-catalytic scavenging effectiveness of the CF, moiety in CF,Br seems to 
cause a lower saturation concentration than that for HBr, which is implied in Figure Sa as the deviation of 
E,-Ea,o at higher inhibitor concentrations. This may be due to the additional reduction in the H atom 
concentration by CF,. 

When the results on Fe(CO), in Figure 5c are compared between 2000 and 2300 K, it is seen that the 
abrupt saturation of E,E.,o disappears at the higher flame temperature. E,-E,, at 2300 K continues to 
increase monotonously within the concentration range investigated, due to the combustion promotion by 
excess Fe(CO), at higher flame temperatures. That is, E,-Ea,o at 2300 K does not correctly represent the 
negative-catalytic effectiveness. The present results suggest that special caution should be taken when 

220 Halon Options Technical Working Conference 24-26 April 2001 



2s , 

30 

n l  

- / -  

*-- 
- 

Fe(CO).j, BOOK 
~\ / c 

Figure 5. Variations of (a) global 
activation energy difference and 
(b) laminar burning velocity, 
both determined at 2000 K, and 
(c) global activation energy 
difference with comparison 
between 2000 and 2300 K, as a 
function of the mole fraction of 
inhibitor in the unburned 
mixture of 7.5%CH,- I WOO,- 
77.5%(N2+Ar+inhibitor). 
“HBr,,,” denotes the result 
computed with the reversible 
perfect inhibition model. 

- 
0.0 0.2 0.4 0.6 0.8 1.0 

Molar Percentage of Inhibitor 

one tries to quantify the negative-catalytic effectiveness of an agent using Ea-E,,o, not to be disturbed by 
the promotion effect that can also be sensitive to the flame temperature as the negative-catalytic 
inhibitory effect. 

From the present study, binary use of an inert agent and a powerful negative-catalytic agent is considered 
to be the most reasonable application of suppressants for gas-phase combustion inhibition. The reasons 
are as follows: (1) negative-catalytic inhibitors are more effective at lower flame temperatures; (2) the 
negative-catalytic effectiveness shows an abrupt saturation at a certain concentration and further incre- 
ment causes only physical effectiveness; and (3) some negative-catalytic inhibitors are known to possess 
the combustion promotion effect at higher temperatures. An inert agent has two important roles in comp- 
ensating for these drawbacks of a negative-catalytic agent: (1) lowering the flame temperature and 
(2) reducing the concentration of the negative-catalytic agent required for extinguishment. In this way, 
the present theory on flame inhibition implies potential for next-generation bi-component suppressants. 
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ROLES OF KINETICS AND THERMOCHEMISTRY IN 
NEGATIVE-CATALYTIC INHIBITION 

Rosser et al. [23] pointed out that the strength of the chemical bond in a key scavenger species X-R with 
the reactive flame radical R is a critical factor in the catalytic inhibition. The present study shows that the 
thermochemistry that causes relative concentrations of both scavenger species X and X-R to the H atom 
higher at lower flame temperatures is a dominant factor of a larger E,-E,,. Figure 6 shows the mole 
fraction profiles of H and Br atoms in the premixed 7.5%CH,-15%0,-76.5%(N2+Ar)-1%CF,Br flames 
with three different flame temperatures. It is seen that while the mole fraction of the H atom decreases 
significantly with the reduction in the flame temperature, both the peak mole fraction and the equilibrium 
mole fraction of Br atom show no remarkable sensitivity to the flame temperature. Figure 7 presents the 
equilibrium mole fractions of H, Br, and HBr as a function of the flame temperature. Both Br and HBr, 
key species in the catalytic recombination cycles, are quite insensitive to the flame temperature compared 
with H atoh. As a result, the concentration ratios [Br]/[H] and [HBr]/[H] show strong temperature sen- 
sitivity. The temperature sensitivity of [Br]/[H] and [HBr]/[H] was found to be even greater than that of 
the ratio of the rate constant for any dominant chain termination reaction by Br, HBr, or Br, to that for the 
branching reaction. Recognizing that the negative-catalytic effectiveness is defined as the temperature 
sensitivity of the inhibitory effect E,E,,, these results suggest that the thermochemistry of scavenging 
species is the primary factor of the powerful negative catalysis observed for CF,Br. 
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Br, and HBr at the equilibrium of 
7.5%CH,- 1 5%0,-76.5%(N2+Ar)- 
I %CF,Br mixtures as a function of the 

Figure 8 shows the equilibrium concentrations of H atom and the key scavenger species in the NaOH- 
and Fe(CO),-doped flames. The key scavenger species in these flames show noticeable temperature sen- 
sitivity. Consequently, the reduction in the flame temperature near 2000 K amplifies the imbalance be- 
tween the concentrations of the key scavenger species in the catalytic recombination cycles. In particular, 
the equilibrium in the Fe(CO),-doped flame is shifted toward Fe(OH), significantly with a decrease in 
temperature. This imbalance in concentration diminishes the efficiency of the catalytic cycles. The 
stronger temperature sensitivity of the concentrations of key scavenger species results in the catalytic 
cycles only working in a narrower temperature range, thus causing less flexibility in flame inhibition. 
The poor flexibility can account for the rapid saturation of the negative catalysis. The order of increasing 
the maximum E,-Ea0 at Tr=2000K is Fe(CO),, NaOH, and CF,Br, which is in good agreement with the 
order of decreasing the imbalance in the scavenger concentrations. 
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The imbalance between key inhibitor species can be measured by the dissociation energy of the chemical 
bond between a key inhibitor species X and an active flame radical, H, 0, or OH. Rosser et al. [23] 
pointed out that the bond dissociation energies for effective catalytic species X-H (or X-0 or X-OH) 
should be within a certain range, Le., not too strong and not too weak. The present study further suggests 
that this condition should hold over a wide range of temperatures to exhibit powerful negative catalysis. 

While the difference in the maximum negative-catalytic effectiveness between inhibitors can be explain- 
ed by the scavengers’ thermochemistry, the significant difference in the slope ofthe plots in Figure 5a is 
attributed to  the catalytic recombination kinetics, which is demonstrated in Figure 5c. Babushok et al. 
[24] employed an idealized “perfect inhibitor” to estimate the ultimate limits of chemical inhibition. In 
the present study, the perfect inhibition model of Babushok et al. was used to verify the role of kinetics in 
the negative-catalytic effectiveness of HBr and Fe(CO),. The computations were performed for HBr with 
an artificial reversible perfect inhibition model, with the thermochemical data unchanged. The calculated 
global activation energy difference is plotted in Figure 5c, which is found to be noticeably greater than 
that for Fe(CO),. The results demonstrate that the difference in the slope of Figure 5a between HBr and 
Fe(CO), is due to the chemical kinetic processes of the catalytic cycles. 

Using E.-E,,, as a measure of the negative-catalytic effectiveness, the present study has shown the two 
necessary conditions for the negative catalysis: (1)  the bond strength in key scavenging species X-R 
(R=H, 0, or OH) should be within certain limits over a wide temperature range, and (2) the kinetics for 
the catalytic recombination should be fast enough to overcome the chain branching reaction. Further 
investigation should dig up physicochemical properties of scavenging species that cause the above two 
conditions. 

CONCLUSIONS 

The unified theory of flame inhibition, which focuses on the variation of the global reaction rate para- 
meters of gas-phase combustion with the inhibitor doping, was proposed and applied to a wide variety of 
inhibitors. The chemical non-catalytic, and the chemical negative-catalytic effectiveness of inhibitors 
were reasonably isolated and quantified by the global frequency factor ratio and the global activation 
energy difference, respectively. The results suggest that CF,Br is twice as powerful a negative catalyst as 
Fe(CO), due to the coexistence of all the key scavenging species equally over a wider temperature range. 
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