Principles and Use of Endothermic Gas Generators
by
Daniel H, Herring
Dircetor, Research & Development
Ipsen Intemational, Inc.
Cherry Valley, Iliinois

Basic Principles

The purpose ol a heal reating atmosphere varies with the desired end rasult of the heat treating process.
The atmospheres used in the heat (realing Industry have one of two common purposes:

« To protect the material beibg processed from swrface reactions; that is {o be chemically inert,
e To allow the surface of the malerial being processed to change; that is, 10 be chemically reactive.

Endothermic gas, or "Endo" is quite commonly used for "neutral" hardening and as a carrier gas for gag
carburizing and carbomifriding, ‘The endothermie reaction requires heat to be supplied and this is

accornplished in an Endothermic Gas Generator, These units, as illustrated in Figure 1 are the most widely i
used, simple, and time proven pieces of equipment available in the industry. i

Endothernmic Generator Operation

Endothermic atmosphere is prepared by reacting a mixture of hydrocarbon gas, typically methane or
propane and ajr, metered in a proportion such that there is just enough oxygen to form carbon monoxide
and hydrogen witliout excess carbon dioxide or water vapor, A nickel impregnated catalyst, usually porous
refractary cubes or alumina spheres ate commonly used to help promote the chemical reaction.

Aller the air-gas mixture is compressed to about 1-2 psig, the mixture is passed over a heated catalyst
contaived in a pressure tight retort which is externally heated using either gas burners or electric heating
elements. The temperature of the catalyst is extremely important to assure that the gas is completely reacted
50 as to yield a consistent composition. The ratio of the diameter of the retort 1o its length, for any given
capacity, is extremely important in producing a compiletely reacted gas (<0,5% CHy). The percentage of
nickel, typically 5% in the catalyst is an important consideration,

Since the efficiency of the endothermic reaction is thenmally dependent it s critical that most catalyst in the
retort reach a temperature of at least 925°C (1700°F), preferably 1040°C (19007F). Surprisingly, the
effective depth of catalyst need not be very great, as little as §” has been found to be effective, provided
that all of the atmosphere reaches temperature. In order to achieve this temperature, the heating chamber
outyide an alloy retort is typically ran at 1095°C (2000°F) while a ceramic retort requires temperatures as
high as 1200°C (2200°F).

Afier the passage of the air-gas mixture over the catalyst, the reaction is “frozen” by chilling the gas rapidly
o 315°C (600°F} in either a water cooled or air cooled heat exchanger. This prevents a “carbon reversal”
reaction from nceurring m which carbon and catbon dioride are formed frem the corbon monoxide present
in the endothermic gas, This reaction is as follows;

g8} CO > C+CO,y

The reaction proceeds to the right, or produces soot in the temperature range between 700°C (1300°F) and
300°C {900°F} so the gas must be cooled rapidly through this {ransition lemperatore.

Key Components

The basic construction of an Endothermic Gas Generator are showr: in Figure 2 and consists of these basic
COMpOnents:
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# Healed reaction retort with catalyst

e Ajr-gas proportioning contro! (carburstor)

o Compressor to pass (he air-gas mixture through the retort
s Gas cocler, air or waler cooled

e [Firecheek valve to prevent backfire

e Bumoff vent

e lealing source, gas burners or elecizic heating elements
& Thermocouples

Opiional items include:
& Conirol device(s)
¢ Dew point insttument
¢ Oxygen/carhon probe
s [nfrared (CO) analyzer
s Automatic turndown capability

The Chemistry of ndothermic Gas Generation

A typical endothermic gas composition based on natural gas ag a feedstock is:

N2 45.1 % (by volume)
Cco 19.6 % (by volume)
CO, 0.4 % (by volune)
Hy 34.6 % (by volume)
CH4 0.3 % (by volume)
Dewpeint +20/H4-50

(Afr/Gas) Ratio  2.6:1
The chemical reaction with natural gas {assuming 100% CHa} can be expressed as:

2) 2CH4 + 107 + 3.8N7 > 2C0O 4 457 + 3.8 Ny
6.8 molas {vohimes) - 9.8 moles {(volumes)

Therefore, using natural gas, the owtput of an endothermic generator can be calculated as:
9.8/6.8 = 1.42* times greater than the tofal air/gas input,
* Since natural gas is not 100% methane (typically
between 93 - $3% in the US), the ratio is actually

closerto 1.42 x 94 + 100 = 1.34.

Note that the theoretical air/gas ratio is 4.8 =2 =2.4:1, Actual practice finds this mimber
to bein the range of 2.5:1 to 3.5:1.

~

ical Applications of Endothermic (as Generators

A. Annealing

1. Tron and Steel h

B, Brazing

1. Copper @
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2. Silver @)

C. Carbon Restoration
1. Iron and Steel

D. Carrier Gas
1. Carburizing
2. Carbonitriding
3. Nitrocarburizing

E. “Neutral * Tlardening
1. Low, medium, and high alloy carbon steels

F. Normalizing

1. Tron and Sicel )

G. Sintering
1. Powder Metals @)
Nofes:

{1) Without scale, decarburization or carburization

(2) Without fear of decarburization
(3) Strongly reduciny atmosphere

Gas Cligmistry Reaclions in the Fuinace

The principal gases in an Endothermic Gas Atmosphere, react al elevated (smperatures in the following
manner:

Nitrogen reactions.
3) Fe + Nz --> No reaction
(4) Fe+ N --» FeyNy (e.g. FeaN. FegN, FeygNa)

Atomic nitrogen (N) does not normally oceur in a generated firmdace atmosphere unless jt is purposely
introduced by the addition of amimonia {NH2). Then we have the additional reaction:

(5) INH3 «-(#)-> 2N + 6H = Ng + 313

(*) When this reaction occurs at the surface of the steel being heat treated atomic nitrogen
is available to react with the iron as shown in Equation (4) above,

Equation (4) helps sxplain the carbonitriding reaction as well as being the basic gas reaction of gas
uitriding.

Oxygen reactions.
(6) 2Fe+ 09 = 2FeD

Oxidation of iron occurs in the presence of oxygen as shown by reaction (6).
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Oxygen will also decarburize steel, therefore, if steel is to bs kept bright during heat treatment and free of
decarburization, exygen should be avoided.

Curbon dioxide reacions:
(7 Fe + CO3 = FeQ 1 CO

Carbon dioxide {C02) is one of the reaction products wher a fuel is burned in air, Carbon dioxide oxidizes
iron at elevated temperalures as shown in equation (7). To prevent oxidation, it is necessary to have an
excess of earbon monoxide (CO) to force the reaction in the reverse (<--) direction. Therefore, to prevent
oxidation, CO is a desirable constituent.

(8)  le3zC+ COy = 3lie + 200

Carbon diexide (CO3) is not only oxidizing to steel but it is extremely decarburizing as shown in
equation (8.). To prevent decarburization, CO7 must b controlled very clasely. The aclual amount depends
upon the CO content, letaperalure and the carbon content of the stegl,

Warer vapor reactions:
)] CO+ 20 = CO2 +Hy  (Water Gas Reaclion)

Not only does CO7 react with iron to cause oxidetion and decarburization, but it also reacts with any Ho
present in the furnace atmosplicre, This reaction is shown by equation (9) and is referred 1o as the waier-gas
rerction. This equation represents the balancing reaction for gas atmospheres,

Water vapor (H20) is a strongly decarburizing gas and, therefore, any constituent such as CQ7 will
have a tendeney to form water vapor and thus CQ7 must also be closely controlied,

{109 Fe+ HpO = ¥eQ + Ha

Water vapor {Hz0) and carbon dioxide (CO2) oxidize and decarburize steel, The oxidation reaction is
shown in equation (10). Note, that Hy is formed when water vapor oxidized iron. Therefore, to prevent
oxidation and to keep iron bright, a definite excess of Hy over HaO vapor is required for sach
temperature.

(11} FeaC +HoO = CO+Hg + 3Fe

Water vapor {H20) like CO3 is strongly decarburizing as is shown in Equation (11), The reactive products
are CO, Hz and decarburized iren. To prevent decarburization by water vaper, CO and Hy must be present
in amounis to salisfy the equilibrium condition at each temperature. The water vapor constitwent, like CQy,
must be very closely controlled.

Since water vapor {H0) and CO7 are in the same reaction, Equation (9), these two constiluents run hand-
in-hand with the ability to control the carbon potentia! of an stmosphere. Dew point of a furnace
atmosphere looks at the Hy/ H2O ratio of Equation (9). Similarly, oxygen probes or infrared (CO anatyzers
look at the COp/CO ratio of Equation (9).

Carbon monoxide reactions:

(12)  2CO = C+COy
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The reversible reaction of CO to form carbon and CO7 is of particular inferest in a furnace atmosphere,

CO becomes increasingly more stable at elevaled temperatures. It is only at lower temperatures {900°-
1350°F.) that carbon monoxide will supply carbon as shown in Equation (12}, Carbon in the form of soot is
generated. We should think of CO as having a high enough carbon potential to mainiain the equilibrium of
reaction (11},

Methane reactlons;

{13 3Fe + CHyg --» 2Hz + Fe3C
and

(14)  CHg > C+2Ha

Methane and other hydrocarbons (propane/buiane) are strong carburizing apents as shown in
Equation (13}, When these hydrocarbons dissociate, hydrogen (Hz) s the by-product. At elevated furnace
temperatures, methane (CHy) also breaks down, as shown in equation (14.). The Ligher the furnace
termperature, the more tendency to form C and Hz. Because of this tendency, methane and other
hydracarbon gases supply carbon for gas carburizing,

When methane dissociales, nascent catbon is formed on the steel surface, and the steel absorbs the carbon
supplied. Free carbon, as seot, is not a good seurce of earbon for carburizing and, therefore, Equation
(12) mnst be contralled for best results. Free carbon or soot actually acts as an insulator or barrier through
which other carbon must tty to diffuse, thus, slowing the carburizing rate,

Three Common Generator Problems

Changes in Air-Gas Ratio

The air-gas ratio can be altered slightly to vary the dewpoint (rooisture content) of the endothermic gas
without appreciably affecting the carbon dioxide or residual methare Jevels, For example, for a +35°F dew
point gas, there is typically <0.5% carbon dioxide in the almosphere, The residuz] methane is also under
0.5% if the generator is operating efficiently. If the air-gas ratio "drifts", say above +35°F, the miethane
percentage will fall, but the carbon dionide will steadily increase as more air is used unfil at +70°F there
will be between 1.0 - 1.5% carbon dioxide,

The air-gas ratio is normally set between 2.5:1 and 3.5:1 and monitored so as 1o aveid "drifting” and
changes ih gas chemistry.,

Variations in Feed stock

"Peak shaving", or the addition of aerated propane into the natural gas supply causes the gas chemistry
produced by an Endothermic gas generator to change.

As an example of feedstock variation, we will consider the influence of propane as opposed to methane.
The chemical resction with propane containing 5% unsaturated hydrocarbong can be written n as:

(15) 2C3Hg + 307 + 114Ny -~ 6CO + 8Hjz + 11.4Np
16.4 moles > 25.4 moles

Therefore, using propane gas, the output of an endothermic
generator will e 234 + 16.4 = 1.54 tirues the air/gas input.
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Note that the theoretical ah/gas ratio is 14.4 + 2 = 7.2:1. Actual practice finds this number at 7,5:1 fo 8.0:1,
Sooting of the Caralyst Red

The endothermic gas reaction takes place in two steps or stages. lu the first stage, some of the methane
burng with air creating an exothermic (heat generating) reaction. In the second stage, the surplus methane
reacts with the carbon dioxide and water vapor produced in the first stage, This second stage is endothermic
(heat absorbing).

Due to the nature of the chemical reactions taking place, a high temperature and sufficient calalyst bed are
required to obtain a complete reaction, so that there is no carbon dioxide, excess methane, or excess water
vapor in the final atmosphere. Chilling the gas suddenly prevents the carbon reversal reaction from
aoeuring.

The importance of proper temperatare and proper retort size cannot be over-cinphasized to obtain a
completely reacted gas. By complately reacied gas is meant one in which the amount of residual methane is

less than 0.5%. If the temperature is not high enough and the gas not completely reacted, sooting of the
catalyst bed will resull. Once the catalyst starls o soot, it becomes meffective, and the gas composition will
drift, producing higher percentages of methane, carbon dioxide, and water vapor, Thus the process is not
cottfrollable and a specific carbon patential in the furnace atmesphere cannot be maintained. Furthermore,
non-reacted methane will break down m the heat treating furnace to produce soot, which will cause high
furnace maintenance. Clean, active calalyat is exiremely important for responsive dew point or carbon
potential control,

Similarly, if the gas coolers are not operating efiiciently, sooting will oceur due to the carbon reversal

reaction. This typically takes place outside the retort causing a restriction in the outlet piping and the piping
to the furnace causing back pressure to occur and 4 lass of flow.,
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