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Hydrogen/Oxygen Explosion Limits
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· Technical Objectives:

· Describe the significance of chain branching in combustion systems.

· Explain using chemical kinetic arguments the explosion limits of hydrogen/oxygen.  
Motivation

So far we have looked at chemical thermodynamics (what is present at equilibrium?) and elementary chemical kinetics (how do we determine the rate of change of reactants and products?).  

· The results so far are valid for any chemically reacting system, not just flames or fires.  What distinguishes flames and fires from all other chemical reacting systems is: 

· the reactions  occur "explosively fast" and

· the reactions liberate enough heat so that they are self sustaining.

1. In this chapter, we will examine what it is that makes the reaction occur explosively fast.

2. Chain Branching

Recall the three overall steps of a chain reaction: 

1.

2.

3.

In the H2/Br2 system, the chain propagation steps do not result in the net production of any radicals:

So, in the case H2/Br2, the reaction proceeds nice and steadily through these steps.  

In the H2/O2 system, however, we will see that the important chain propagation steps are also chain BRANCHING steps.  In this case, these steps result in a net production of radicals, which accelerate the chemical reaction so that it proceeds explosively fast.  

Consider the following reaction:

This reaction produces TWO radicals for every ONE radical consumed.

In fact, we will show below that if we consider all of the elementary reactions in the chain propagation steps of the H2/O2 system added together:

They yield a net production of radicals!

Of course, there are also competing reactions that are consuming the OH and H radicals.

The Punchline

If the rate of production is greater than the loss rate, the chemical reaction will occur explosively fast.  

3. In the following section, we will show that it is the chain branching characteristics of H2/O2 that is responsible for the explosively fast nature of hydrocarbon combustion.

4. The Hydrogen/Oxygen Explosion Limits

We will show in the upcoming weeks that the hydrogen/oxygen reactions are key reactions in any combustion system.  These reactions often dictate whether combustion will occur.  Under some conditions, H2/O2 will react explosively fast, under other conditions it will not.  

Consider the following experiment:

1. The experiment is conducted as follows:

2. Fill the pressure vessel with hydrogen and oxygen.  

3. Slowly raise the temperature in the thermal bath (while maintaining constant pressure is in the vessel).  

4. Record the temperature at which the mixture reacts explosively fast.  (How would you do this step experimentally?)

5. Repeat steps 1 through 3 for a variety of pressures and make a map of explosion vs. non-explosion.

For the hydrogen and oxygen system, Lewis and von Elbe (1961) have determined the following map of explosion limits:

Note:  there are three limits.  They are called the first, second and third explosion limits.

So, consider a system at 500oC, 1 Atm.  If the pressure is raised…it explodes.  If the pressure is lowered…it explodes.  Weird!  

What is going on here?

The H2/O2 Chain Reaction

It is possible to explain this odd behavior by examining the overall hydrogen/oxygen chain reaction.  Recall in any chain reaction, there is a chain initiation, chain propagation (sometimes chain branching!) and chain termination.

Chain Initiation

Initially, all we have in the vessel is H2 and O2.  What are the possible reactions that can occur to start things off?

So, the most logical chain initiation step from energy and geometrical considerations is:

(1)

Chain Propagation/Chain Branching Steps 

Having created some H and HO2 radicals, now what?

(2)

(3)

Note: overall, reactions (2) and (3) sum up to produce:

Having produced plenty of OH radicals, now they can go to work.  Note: reaction (4) is a product forming reaction:

(4)

And, in some cases, even the products react with the radicals to produce more radicals:

(5)

Chain Termination

Finally, in any system there are reactions that consume radicals, thereby terminating the chain.  In this case, we have the following:

(6)  

*** Note:  Reactions (2) through (5) are responsible for the explosively fast nature of all hydrocarbon combustion, and as such are responsible for flames and fires as we know them.  They provide the radical pool and they do it explosively fast!

So, how do all of these reactions combined, explain the H2/O2 explosion limits? 

What is a Limit?

For any of these explosion limits to be observed there needs to be two things:

1.

2.

The First Explosion Limit

It was observed experimentally that if you were to change the size of the vessel, or change the material of the vessel, the first explosion limit would change.

Remember, in order to have a limit, you must first have a competition between two different phenomena and the limit occurs when one of the phenomena wins.  What are the competing phenomena here?

Assuming some radicals are produced in the initiation step (1):

1. In this case, the competition is between:

2. Chain branching reactions (2) through (5)

3. The radicals making it to the wall of the vessel where they recombine.

Note: Walls are sticky and they take away energy.  If an H atom sticks to the wall, another H atom will come along and recombine with it.

Result: At lower pressure, there is less stuff around to react with AND the diffusion rate increases, so as pressure decreases, recombination at the wall wins the competition.

The Second Explosion Limit

As pressure is increased, a new player kicks in.  The new player is recombination of radicals from third body collisions.  

1. Specifically, The second limit is a competition between the following:

2. Chain Branching reactions, such as (2).

2. Chain terminating reactions, such as (6)

The rate of reaction (6), being third order, varies with P3.  The rate of reaction (2), being second order, varies with P2.   

Result:  As pressure is increased, reaction (6) dominates over reaction (2).  Since the HO2 radical is not very reactive, the system is not overall chain branching.  

Question:  when reaction (6) dominates, what happens to the HO2 under these conditions?

The Third Explosion Limit

As pressure is increased further, the HO2 that is produced does not make it to the walls before it reacts with something else to create something more reactive.  In this case, the competition is between:

1.

2.

So, as pressure is further increased, hydrogen peroxide is produced and quickly broken down into 2OH radicals.  This step is chain branching and results in an explosion.

Summary of all three limits
The three limits are essentially caused by a competition between "active" radicals H, OH, O and "less" active radicals such as HO2.  Note:  At high pressures, HO2 behaves as a radical.  At lower pressures it is a sink for H atoms. 










