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The rate of hydrogasiflcation of low-temperature bituminous coal char with steam, hydrogen, and steam­

hydrogen mixtures was measured at conditions not previously studied in a novel, rapid-charge, semiflow reac­

tor system. Rates were measured at 1000 p.s.i.g. and at temperatures from 1700° to 2100 ° F. under 

conditions of very rapid coal heatup and very short exit gas residence times. The primary variables studied 

were temperature, degree of carbon gasification, and feed gas steam-hydrogen ratio. Data were ob­

tained for use in designing reactors for high-pressure, high~temperature steam-hydrogen gasification of 

low-temperature bituminous coal char. 

THREE basic problems have been encountered in the de­
velopment of processes for the conversion of coals to pipe­

line gas by destructive hydrogenation at high pressures: 

At 1300° to 1500° F. , the temperature range which permits 
the direct production of a gas of high heating value, the rate of 
coal conversion is rela tively low. 

An external source of hydrogen is required. 
The high heat release of the hydrogenation reactions cannot 

be utilized to the fulles t advantage; this creates a serious 
problem in the design of a reactor in which adequate tempera­
ture control and optimum process heat economy can be 
achieved . 

The first limitation has been partially overcome by using 
countercurrent reactor operation with a steep temperature 
gradient. The use of this operating scheme has be-en found to 
be effective for producing a gas of high heating value in a 
single step by d estructive hydrogenation at 2000 p.s. i.g . and 
1300° to 1700° F. (11). Several combined factors cause this 
countercurrent scheme to be preferred. First, at high levels 
of gasification, the hydrogasification rates of coals increase 
rapidly with increases in temperature; but at low levels of 
gasification , in the te mperature range of 1300° to 17'00° F. , 
these ra tes are nearly independent of temperature (1, 2, 6, 75). 
Second , a t a ll gasification levels, gasification ra tes are roughly 
proportional to the hydrogen partial pressure. · Third, the 
equilibrium methane content of the product gas decreases with 
increases in tempera ture. For exa mple, at 1700° F . and 1500 
p.s.i.a. , the maximum product gas methane concentration 
tha t ca n be obtained in the reaction of carbon with hydrogen 
is 47 mole %, while a t 2000° F., this value is only 28 mole %. 

In countercurrent operation, as now contemplated , a large 
excess of hydrogen co mes in contact with the relatively un­
reactive residue at the high-temperature end of the reactor. 
At the low-temperature end of the reactor , highly reactive feed 
char comes in contac t with the product gas. M ethane con­
centrations in excess of those predicted for the carbon-hydrogen 
reaction can be produced when the gas is in contact with 
slightly gasified coal char (14). T hus, the contacting of 
fresh char a nd product gas a t low temperatures, and spent 
char and feed hydrogen at high temperatures minimizes equi­
librium limita tions. Since th e rate of gasification is roughly 
proportional to the difference between the hydrogen partial 
press'me in the gas and in eq uilibrium with the char, counter-
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current operation also provides a maximum average hydrogen 
partial pressure and thus a maximum average gasification rate. 

Other variations of this basic countercurrent ' operating 
scheme might allow further increases in gas heating value or 
reductions in reactor size. For exa mple, residence time of 
the residual char, ' and thus hydrogasifier size, might be re­
duced by using an even higher temperature in the high-te m­
perature end of the reactor. 

Increase of the reaction temperature also offers an oppor­
tunity for reducing external hydrogen requirements. At 
1700° F. and above, it should be possible to supply part of the 
hydrogen req uirements by stea m decomposition reactions 
taking place simultaneously with the hydrogasifica tion reac­
tions. In addition to providing a source of " free" hydrogen , 
the endothermic steam-carbon deco mposition reaction should 
provide a means for temperature control by offsetting the 
exothermic heats of the coal hydrogasifica tion reactions. 

On the basis of the above considerations, it appeared tha t 
pilot plant studies of the production of methane from solid 
fossil fu els should not be limited to the low-temperature ra!1ge 
previously investigated , but should be ex tended into the tem­
pera ture range above 1700° F., where very rapid gasification 
rates can be achieved. However, before prototype pilot plant 
eq uipmen t could be designed to investigate such high-tem­
perature processes, it was necessary to obtain basic d a ta on the 
gasification charac teristics of the various solid fossil fuels under 
these ex treme conditions. No d a ta of this type were available 
because of the great difficulty of constructing high-tempera­
ture apparatus a nd devising experimental techniques capable 
of achieving the following three objectives: 

Attainment of temperatures in excess of 2000° F., at pres­
sures up to 3000 p. s. i.g. 

Temperature control in spite of the considera ble exo­
thermicity or endothermicity of the reactions of interest. 

Control and reliable measurement of reaction time. 

In the course of the studies conducted by the Institute of 
Gas Technology in its Basic R esearch Program and other 
studies, techniques had been developed which appeared to 
give an acceptable solution to these rrobl~ms on a laboratory 
scale (5,6) . These techniques minimized uncertainties resul t­
ing from the gasification of a batch fuel charge during heatup, 
as well as the uncertain solids reside-ncr times encountered in 



entrained-solids systems where the actual rate of flow of the 
solid fuel through the hea~ed zon~ cannot be measured dir~ctly . 

A study of availab!e equipment il1dicat!!d that the above­
listed techniques could be applied to a reactor capable of 
operating at the extreme conditions desired. A suitable 
reactor was designed anp built; consisting of an external 
pressure vessel operating at low temperature, ap electric~l 
resistance heat!ng system insulated from this outer . ~hell , 
and a thin-walled, hi~h-temperature, alloy ste<;l reactor tube 
with JIleans provided for balanced-pressure operation and fitted 
with a bellows to compensate for thermai expansion of the 
reactor tube. 

Experimental 

.\pparatus. Figure 1 is a flow diagram of the system 
showing all major pieces of equipment and part of the control 
instrumen ta tion . 

Coal char was fed in single batches from a feed hopper, 
which was connected to the reactor by an air-operated, quick­
opening ball valve. A pressure equilization line was usee! to 
keep the hopper pressure equal to the reactor pressur!!. A 
second hopper contained a rotating drum-type feeder for 
continuous coal char feeding. 

Hydrogen was fep from a high-pressure gas storage system 
and was metered by an orifice meter. Hydrogen aow rates 
were controlled manually. Orifice differential pressures were 
sensed and converted to a 3- to 15-p.s.i.g. air signal by a differ­
ential-pressure transmitter. This air signal was then recorded, 
along with the orifice and reactor pressures, by conventional 
pneumatic recorqers: 

Controlled rates of steam fee~ were obtained py pumping 
water from a weig~ tank through a steam generator by a posi­
tive-displacement, adjustable-stroke, metering pump. The 
steam generator consisted of· a coil of stainless steel tubing, 
3/ 8 inch in outside diameter and 1/8 inch itl inside diameter, 
contained in an electric furnace . The temperature of the 
steam from the steam generator was' cCin~ro\led tnllnually. 
Superheated steam and hydrogen were preheated to reaction 
temperature in passing through the upper h'eating zone of the 
reactor. 

Exit 'gases from the bottom of the reactor were cooled by 
being passecj through a water~cooled stainless steel coil. Con­
densed steam was' collected in a high-pressure sigtit glass. 
To mlnimize loss of carbon dioxide or other dissolved gases in 
the condensed steam, the water was drained from ~he high­
pressure sight glass into a low-pressure flash chamber which; 
was vented into the low-pressure exit gas system, before water 
was drained from the unit. 

Exit gases ' were metered continuously by a wet-test meter. 
A small portion of this stream was passed through a recording 
densitometer (to aid in selection of sampling times) and 
metered with a smaller wet-test meter. To avoid dis~ortion 
of the reaction rate- time relationship because of backmb.;ing 
and gas holdup, which would occur if gas samples wcre taken 
after gas met~ring, the gas-sampli!lg manifold was ins'tallt-d 
in the exit gas line immediately after the pressure-reducing. 
back-pressure regulator, which was tised to control the reactor 
pressure. 

The reactor, shown in detail in Figure 2. was intt'rnally 
insulated and contained a stainless steel reactor tube which 
consisted of a length of P / .-inch ~ . P . S. , $chedule .40. Type 310 
stainless stecl pipe attached to two adapter fitting~ by pipe 
threads. This tube was heated electrically by a 23,'g-inch 
inside-diameter heater, containing three 8-inch-Iong zones. 
The heater was fabricated from a single length of heating wire 
which was tapped for three-zone operation. A balanced 
pressure was maintained on the reactor' tube by mean ' of an 
on-olT type pressure-bahincing system. The design and opera­
tion of this I'eactor have been fully described ( I ). Design 
followed closely that of reactors described by Wasilewski (13) 
and Ho<!ge .and others (9). 

~atisfactory oPeration was achieved at pressures up to 1000 
p .s. i.g. and reaction zone temperatures lip to 21000 F. Higher 
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Figure 1. Semiflow reactor system 

temperature operation ShOllld be possible by lise of higher 
temperature hea ters, sllch as silicon carbidc and refrac tory 
metal reactor tubes. Insu lation having a higher operating 
telTlperature limit than that of the insulation used here would 
also be required in the vicinity of the elec tric heater. 

An insert, fabricated from a length of I-inch I.P.S .. Schedule 
40, Type 310 stainless ste!!1 pipe, was installed withiJl the 
reactor tube to provide for containmelH a nd complete recovery 
of the co~l char ch<\rge . An integral thermowc1I. fabricated 
from Iis-mch I.P.S., Schedule 40. Type 310 stainless steel 
pipe, was loca ted axially within the insert and contained three 
Chromel-Alumel , magnesium oxide- insulated , 0.062-inch 
outside-diameter, Incond-sheathed thermocouplcs. The tem­
peratures sensed by these thermocouples were recorded at 
apPT?ximately I-second interval s by a' high-speer! iJotentio­
metnc-type temperature recorder. 

Reactor temperature~ were controlled by three on-off. 
indicating ~emperature controllers and three thermocouples 
located within the C~'nters gf the heating elements. Satis­
factory operation · was obtained with this type of thermo­
couple mounted in the ~Iectric heat<:rs as well as in the insert 
at reactor ~emperatmes up to 2100 0 F. Elec tric heater tem­
peratmcs were kept below 2300° F . to ensllre as 10nO' a heater 
life as possible. <> 

T~ble I. Analysis of Coal Char 

Salllple designation 
Type 

Source 
Particle size. U.S.S. sieve size 
Ultimate analysis. wt. % 

(dry basis ) 
Carbon 
Hydrog-en 
Nitrog-ctt 
Oxygen 
Sulfur 
Ash 

Total 

Pro>(imate analysis. wt. % 
Moisture ' 
Volatile matter 
Fi"cd carbon 
Ash 

Total 

.58.51 
Low-t('mp('ratlll·(·. bituminous 

coal char 
Consolidation Coal Co. 

....:16. +20 

76 .6 
3 .25 
1 .76 

10 .07 
086 
7 .46 

100 .0n 

0 .9 
18 . 1 
73 .6 

7 .4 
:t:100 .0 
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