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The mechanism of coke formation on silica-alumina cracking catalysts was studied by analysis of cracking 
experiments with seven pure hydrocarbons at  445' C. and n-hexadecane at  500" C. under a variety of 
process conditions. Coke deposits were isolated from selected catalyst samples for infrared spectral 
examination. Aromatic skeletal vibrations were observed a t  1580 to 1590 cm.-' Although the cokes 
were low in hydrogen content, it was possible to identify -Ctlz, -CH3, and aromatic -CH groups by 
infrared absorption in the C-H stretch region. Mechanism of coke formation involves initial adsorption 
of hydrocarbons followed by chemical reactions of adsorbed materials. The latter include condensation 
reactions followed by hydrogen elimination either by direct dehydrogenation to form hydrogen gas or by 
a hydrogen transfer process. Coke formation in fixed beds i s  shown to b e  a complex function of length of 
cracking cycle and feed rate. 

N THE catalytic cracking of petroleum fractions, carbonaceous I materials gradually accumulate on the surface of the 
catalyst. These deposits tend to lower the cracking activity 
of the catalyst and must be periodically removed by burning. 
Since coke represents a loss of desired products and subsequent 
regeneration supplies a major part of heat to the process, 
factors leading to coke formation are of great commercial 
importance. 

In  view of the wide range of reactions occurring in catalytic 
cracking (4, 5, 8), the mechanism of coke formation has become 
difficult to establish even when working with pure compound 
feeds. Nevertheless, certain generalizations may be made. 
The catalysts normally used have high surface areas and, con- 
sequently, adsorb significant amounts of hydrocarbons even a t  
elevated temperatures (2). Highly unsaturated hydrocarbons 
of high molecular weight are adsorbed preferentially. This 
effect accounts in part for the previously recognized fact that 
aromatics have the highest coke-forming tendency ( 7 ,  3 ) .  
I n  addition to adsorption, however, the aromatics can undergo 
chemical reactions on the surface, such as condensation and 
hydrogen elimination. The latter reaction can proceed by 
olefins interacting with adsorbed aromatics to form paraffins 
and hydrogen-deficient coke (7). In  general, the coke- 
forming tendencies correlate fairly well with hydrocarbon 
basicities and, therefore, are apparently governed by a carbon- 
ium ion rather than free radical type of mechanism (7).  X-ray 
diffraction studies of recovered coke deposits have shown that a 
portion of the coke has a structure of a turbostratic, random 
layer lattice (6) .  No three-dimensional true crystallinity was 
present, but the individual layers were similar to graphite. 
The remaining material was amorphous. 

The present investigation is concerned with a more intensive 
study of coke formation on silica-alumina cracking catalysts. 
The coke deposits from various pure compound feeds were 
separated from the silica-alumina catalyst and examined by 
infrared spectroscopy. The effect of nickel poisoning on coke 
formation was also studied. A second part of the investiga- 
tion was devoted to a study of process variables such as cycle 
time and feed rate on coke deposition using n-hexadecane feed. 
Over a wide range of conditions, these variables had a more 
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complex effect on coke deposition than found in earlier studies 
over a narrower range (9). 

Experimental 

All the data in this report were obtained with fixed beds of 
13% A1203-87'% Si02 cracking catalyst. The catalyst had a 
surface area of 382 sq. meters per gram. A portion of this 
catalyst was poisoned with nickel by slurrying in a solution 
of Ni(NO5)Z. The slurry was then dried, pilled, and calcined 
at  538' C. for 16 hours in air. Analysis of the material showed 
O.lyo NiO by weight. 

Sulfur Vapor Bath Unit. This unit consisted of a small (10- 
to 20-cc.), fixed-bed glass reactor enclosed by a constant boiling 
sulfur vapor jacket (445' C,). The catalyst was charged to 
the unit and allowed to equilibrate a t  the bath temperature. 
Initially, water (steam) was passed over the catalyst to remove 
air from the reaction chamber. The hydrocarbon was then 
fed to the unit. After the desired cycle time, the flow of 
hydrocarbon was discontinued and the catalyst stripped with 
steam for 5 minutes, and subsequently discharged for analysis 
of the coke deposit. The liquid product was collected in a 
room temperature water-jacketed vessel. The gas product was 
collected by downward displacement of MgS04-saturated 
water. 

This unit was used for a series 
of cracking runs at  500' C. to study coke formation as a func- 
tion of process variables. I t  consisted of a stainless steel 
reactor capable of holding a fixed bed of u p  to 30 cc. of catalyst. 
A constant temperature over the length of reactor was achieved 
by immersion in a fluidized sand bath. The procedure and 
method of collecting products were identical to those for the 
sulfur vapor bath unit. 

Isolation of Coke Deposits for Infrared Examination. 
The coke deposit was isolated from the catalyst by dissolving 
the silica-alumina matrix with K O H  solution at  room tem- 
perature (6). The finely ground carbonized catalyst was 
stirred with 200 ml. of a 50 weight '% K O H  solution for 
2 hours. Another 200 ml. of solution were added and the 
mixture was allowed to stand. Carbonaceous residue floated 
on the liquid surface and was separated by decantation and 
filtration. The deposit was then thoroughly washed and dried. 

For infrared examination, the recovered coke deposits were 
finely ground with a mortar and pestle, thoroughly mixed with 
KBr by grinding, and pressed into a KBr pellet. Infrared 
spectra were obtained with a Perkin-Elmer Model 221 infra- 
red spectrophotometer. Although transmission of infrared 
radiation through the pellets was very low, reasonably good 
spectra could be obtained by increasing source intensity and 
slit width and also by attenuating the reference beam. The 
spectra revealed that small amounts of catalyst were still 
present in the coke deposits. 

No change in surface area occurred. 

Fluidized Sand Bath Unit. 
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Table 1. Preparation of Carbon Deposits on 13% AhOa-87% Si02 by Catalytic Cracking of Pure Hydrocarbons at 

n-Butyl- I-Methyl- 2-Methyl- n-Hexa- 1 - Hexa- 
445' C. and 0.4 V./V./Hr. 

Feed Decalin Tetralin benzene naphthalene biphenyl decane decenc 
Cycle time, min. 32 28 32 30 34 60 60 

Product distribution, wt. 7, on 
Conversion, wt. 70 98 91 78 86 67 71 100 

feed 
Gas 9 11 22 3 5 51 65 
Liquid other than feed 64 74 51 67 54 13 23 
Coke 25 6 5 16 8 7 12 

Carbon on catalyst (C), wt. 70 7.80 1.72 1.20 4.50 2.77 2.39 4.64 
Coke aromaticity, A m / A ~ a o  1.03 0.92 1.35 1.23 1.55 0.51 0.47 

Results 

P u r e  Compound Studies a t  445' C. Various pure com- 
pounds were passed over the 13% AlD-87% Si02 catalyst 
a t  445' C. and 0.4 v./v./hr. (liquid volumes of feed per volume 
of catalyst per hour) to prepare carbonized samples for sub- 
sequent infrared examination. Product distributions from 
these experiments are included in Table I. By treating with 
K O H  as previously described, the carbonaceous residues were 
separated from the silica-alumina catalyst and examined by 
infrared spectroscopy. Typical spectra are shown in Figures 
1 and 2. The fresh, uncarbonized catalyst shows a broad 
infrared absorption band centering around 3500 cm.-l which 
is due to stretch vibrations in hydrogen-bonded OH groups on 
the catalyst surface and in the adsorbed water. A strong band 
also appears a t  1640 cm.-l which is due to a hydrogen-oxygen 
band vibration in the adsorbed water. The catalyst also has 
strong infrared absorption bands below 1200 cm.-l which are 
due to Si-0 and A1-0 linkages. Some absorption in this 
region was observed on all the coke samples, indicating the 
presence of small quantities of catalyst remaining in the coke 
deposit. An example of this can be seen in the spectrum of 
coke from 1-methylnaphthalene (Figure 2), which has such 
bands at  1170 and 1080 cm.-l 
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Infrared spectra of coke deposits from 13% 

Obtained by cracking various compounds at 445' C. and 0.4 v./v./hr. 

The fundamental C-H stretch region from 3100 to 2800 
cm.-' was of most interest in characterizing the coke deposits. 
Aromatic -CH absorption was observed a t  3050 cm.-l 
Methylene groups were seen at  2930 and 2860 cm.-l and in 
certain instances, hydrogen atoms in methyl groups were 
detected a t  2970 cm.-l A relatively intense band at  1580 
to 1590 cm.-l, not to be confused with the water band a t  
1640 cm.-l, was also observed on the coke samples. Figure 2 
shows this band in coke from 1-methylnaphthalene. This is a 
frequency characteristic of aromatic skeletal vibrations. Since 
it was fairly strong in comparison with the combined intensities 
in the C-H stretch region, the coke deposits must be low in 
hydrogen content, indicating a high degree of condensation 
toward a pseudographitic structure. 

In  view of the difficulties inherent in infrared spectroscopy of 
solids, it is not possible to determine the amount of the various 
-CH groupings on a quantitative basis. The relative aroma- 
ticity of the coke can, however, be estimated from the ratio of 
the absorbance a t  3050 cm.+ to that a t  2930 cm.-' Values of 
this ratio are included in Table I. The coke deposits obtained 
by cracking the normal C16 fiydrocarbons have a significantly 
lower ratio than deposits from the other hydrocarbons. This 
probably reflects some adsorption of these high molecular 
weight hydrocarbons. Decalin and Tetralin gave deposits 
intermediate in aromatic -CH content. The cokes obtained 
from cracking of n-butylbenzene, 1-methylnaphthalene, and 2- 
methylbiphenyl had the highest aromatic character. From 
these results, it is apparent that infrared spectroscopy can be a 
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Infrared spectrum of 1 -methylnaphthalene coke 
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Table II. Effects of Nickel Poisoning 
Catalytic cracking of pure hydrocarbons at 445' C . ,  0.4 v./v./hr., and 30-minute cycle time on 13Tc A1203-877c SiOz 

Cow. to Lighter Coke, Wt. 7c Cj-Gas, Wt. C Z - C ~  OleJns, 
Prod., Wt. 7c on Feed on Feed Hs, Wt. yo on Feed Wt. 7c on Feed 

Wt. qC ]Vi0 0 0.1 0 0.1 0 0.1 0 0.7 0 0.1 
Decalin 36 43 25.5 32.6 9 .5  10.9 0.125 0,349 4.28 2.22 
Tetralin 40 37 5 . 9  8 . 2  11.4 13.5 0.177 0.611 1.29 1.52 
n-Butylbenzene 60 60 4 .6  6 .1  22.3 20.8 0.178 0.437 2 . 5 2  2.85 

n-Hexadecanea 62 71 6 .7  8 . 2  51.4 61.9 0.086 0 :  i s6  8.38 11.5 
1 -Hexadecenen 87 86 11.8 12.9 65.1 66.1 0.091 0 .198  14.8 15.7 

1-Methylnaphthalene 20 20 16.2 16.6 3 . 3  2 . 0  0.085 0.430 0.44 0.20 
2-Methylbiphenyl 20 . .  7 . 7  . . I  5 . 2  . . .  0.215 0.48 . . .  

a 60-minute cycle time. 

useful tool in characterizing and distinguishing between various 
coke deposits even though the actual hydrogen content may be 
low. 

An analysis of the product distribution in Table I shows that 
under the given set of operating variables Decalin gives by far 
the highest yield of coke. This may be due in part to the high 
conversion level, since previous work has demonstrated that 
coke yield increases exponentially with conversion ( 9 ) .  The 
ease of crackability of Decalin is probably due to the presence 
of tertiary carbon atoms in the structure. The coke-forming 
tendency in Tetralin is very similar to that of n-butylbenzene. 
The compounds with two aromatic rings give more carbon than 
monoaromatic compounds with the condensed ring structure 
such as those present in 1-methylnaphthalene having a higher 
coke-forming tendency. In  the case of the normal C I ~  hydro- 
carbons, the presence of the double bond increases the crack- 
ability of the compound and causes a corresponding increase 
in the coke make. 

To  understand the effect of trace metals on coke make, pure 
compound cracking studies were made on a catalyst poisoned 
with 0.1% NiO. Summarized data on conversion and product 
distribution are listed in Table 11. In general, the relative 
changes in cracking behavior from one catalyst to the other 
were similar for all compounds investigated. 

In delineating the effects of nickel, it is seen that the poisoned 
catalyst causes on the average about a 20% increase in coke 
formation and nearly a threefold increase in hydrogen make 
on a weight per cent on feed basis. The total conversion, Cs- 
gas, and C2-C4 olefin production are nearly the same for both 

Table 111. Carbon Formation as a Function of Particle Size 
(137, A1203-87yc Si02 at 500" C . ,  0.44 v./v./hr., 60-min. cycle 

time) 
Particle Sire 990 to 700to 420to 300to 250to 150to 75 to 

Range, Microns 2360 990 700 420 300 250 150 
Wt. y, carbon 

oncatalyst ( C )  4.01 4.02 3.78 4.02 4.07 4.02 3.93 

Table IV. Constants a and n for Equation C = af" 

Feed V./V./Hr. a, Wt. % n 
(Fixed bed of 137, A1203-87% Si02 at 500" C.) 

n-Hexadecane 0 . 2  0.049 0.97 
0.5 0.11 0 .86  
1 0.16 0.78 
2 0.22 0.70 
5 0.29 0.60 

10 0.31 0.52 
20 0.29 0.44 

East Texas light gas oil 0 .5  0.25 0.82 
2 0.52 0.70 
5 1.05 0.42 

10 0.90 0.41 

catalysts. Thus, on the 0.1% NiO poisoned catalyst, the 
increase in coke formation is primarily due to the dehydrogena- 
tion activity of the nickel on the adsorbed material rather than 
to hydrogen transfer between olefins and adsorbed hydro- 
carbons. The coke deposit also should be more hydrogen- 
deficient than that obtained from the unpoisoned catalyst. 
This is apparently the case, since we were not successful in 
obtaining good infrared spectra in the C-H stretch region on 
the coke samples from the nickel-containing catalysts. 

Although much can 
be learned concerning the mechanism of coke formation by 
cracking of various pure compounds, it is perhaps of equal 
importance to determine the effect of other variables such as 
particle size, cycle time, and feed rate. Previous work (9) 
has shown, for example, that the carbon formation expressed 
as weight per cent on feed increases exponentially with con- 
version level. Also, when expressed as weight per cent on 
catalyst (C), the carbon make followed the relation 

Process Variable Studies at 500' C. 

C =  a t "  (1) 

where a and n are constants and t is the cycle time. No de- 
pendence on feed rate was observed at  least in the range of 0.6 
to 1.2 v./v./hr. Also, the constant n had a value near 0.5 
indicative of a diffusion-controlled process. 

In  the catalytic cracking process, 
one can postulate that perhaps only the outer periphery of the 
catalyst particles is active in coke formation. If this were the 
case, the weight per cent carbon on catalyst should decrease 
linearly with the reciprocal of the particle radius. An experi- 
ment was conducted in which the fixed bed consisted of a 
mixture of various particle sizes of catalyst. At the end of a 
cracking run with n-hexadecane, the particles were separated 
into fractions by screening and each fraction was analyzed for 
weight per cent carbon (Table 111). No dependence of 
carbon make on particle size is observed over a wide range of 
75- to nearly 2400-micron particles. Thus, the coke deposit is 
evidently distributed uniformly throughout the internal struc- 
ture of the catalyst. This conclusion is supported by earlier 
electron and light microscopical studies of carbonized catalysts 

EFFECT OF CYCLE TIME AND SPACE VELOCITY (V./V./Hr.). 
With n-hexadecane as feed, the weight per cent carbon on 
catalyst was determined as a function of cycle time and space 
velocity. Data are plotted in Figure 3 covering a range of 0.2 
to 20 v./v./hr. and 1- to 60-minute cycle times. By regression 
techniques, the data were found to be best represented by 

log C = -0.2666 log2 (v./v./hr.) + 

EFFECT OF PARTICLE SIZE. 

(6). 

(0.5485 - 0.2666 log t )  log (v./v./hr,) + 
0.7838 log t - 0.7958 (2) 
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Figure 3. 
n-hexadecane at 500" C. 

Carbon formation on 1370 A1203-8770 Si02 from cracking of 
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Figure 4. Weight per cent carbon on catalyst as a function of bed length 

n-Hexadecane at 500' C. and 60-minute cycle time. Numbers indicate v./v./hr. 

This equation was used to plot the lines in Figure 3. The 
points represent the actual experimental data. 

Thus, over a wide range of variables, the coke make is more 
complex than originally thought. Some dependence on space 
velocity is clearly observed. However, for a given space 
velocity, the increase in carbon as a function of cycle time 
follows very well the relationship given by Equation 1. Table 
IV lists the values of the constants a and n a t  various values of 
space velocity. The constant n varies in value from 0.4 to 
nearly unity and only in certain regions does it have a value of 
0.5, indicative of a diffusion-controlled process. 

Along the accumulated length of a fixed bed of catalyst, the 
effective space velocity (v./v./hr.) decreases from a very high 
value a t  the bed inlet to that of the over-all run a t  the outlet. 
With this principle, the weight per cent carbon on catalyst as a 
function of bed length can be calculated from the data in 
Figure 3. A plot of this type is given in Figure 4 for n-hexa- 
decane at 500" C. and 60-minute cycle time. At any given 
space velocity, a maximum occurs in the weight per cent carbon 
curve. This fact was confirmed by visual inspection of the 
bed and also by conducting separate cracking experiments in 
which various fractions of the bed were analyzed for weight 
per cent carbon. With increasing space velocities, the position 

at  which this maximum occurs moves from the inlet toward 
the outlet of the bed. These phenomena demonstrate that 
carbon deposition involves a more complex process than just 
adsorption because the latter would predict high carbon at  the 
inlet with gradual diminution toward the bed outlet. 

From these same cracking runs, product distributions were 
obtained. Figure 5 shows these distributions on a weight per 
cent on feed basis as a function of conversion level. A similar 
trend is observed both with the hydrogen and C& paraffins. 
However, the olefin production follows an entirely different 
behavior and even begins to decrease at  high conversion levels 
and coke makes. These observations constitute further proof 
that coke production occurs by dehydrogenation of adsorbed 
molecules. This dehydrogenation can occur either by simple 
loss of hydrogen or by hydrogen transfer to unsaturated hydro- 
carbons. 

To  determine the influence of feedstock type on the relation- 
ship of cycle time and space velocity to per cent carbon on 
catalyst, a series of cracking runs a t  500' C. was made with an 
East Texas light gas oil feed (Figure 6). At any given set of 
conditions, the per cent carbon on catalyst is higher than with 
n-hexadecane. However, the same general relationship 
exists in that maxima occur in the curves of weight per cent 
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Carbon formation on 1370 Al203-87% Si02 

carbon us. space velocity. 
included in Table IV. 

Values of parameters a and n are 

Conclusions 

I n  the catalytic cracking process, carbonaceous materials 
gradually accumulate on the surface of the catalyst according 
to a mechanism which involves initially adsorption of either the 
reactants or products, followed by chemical reaction of the 
adsorbed material to produce surface deposits of much lower 
volatility. In  view of the fact that aromatics are generally 
much more strongly adsorbed than more saturated hydro- 
carbons, it is reasonable to expect them to have the highest 
coke-forming tendency. Once adsorbed, the molecules 
undergo various condensation and hydrogen elimination 
reactions to form deposits of progressively higher molecular 
weight, lower hydrogen content, and lower volatility. 

Infrared spectroscopic techniques have proved to be of 

particular value in defining the structure of coke deposits 
isolated from silica-alumina catalysts. The presence of con- 
densed ring aromatic structures has been clearly observed by a 
band at 1580 to 1590 cm.-l Even though the hydrogen con- 
tent of the coke deposits is fairly low, reasonably good spectra 
have also been obtained in thz C-H stretch region, permitting 
the identification of -CHI, -CH2, and aromatic -CH 
groups. The relative amount of these various groups depends 
to some extent on the pure compound feed. The deposits ob- 
tained from cracking Clg normal hydrocarbons were decidedly 
more paraffinic than those obtained from aromatic feeds. 

The elimination of hydrogen from adsorbed hydrocarbons 
can proceed by two different mechanisms. One of these 
involves direct dehydrogenation to produce hydrogen gas and 
occurs predominantly when metal contaminants such as 
nickel are present on the catalyst surface. Under the same 
experimental conditions, a catalyst containing 0.1 yo NiO 
produced 20% more coke and three times as much hydrogen 
as an uncontaminated catalyst. This increase in coke make 
was not accompanied by any change in olefin production. 

An alternative mechanism for hydrogen elimination involves 
the transfer of hydrogen to an unsaturated acceptor molecule. 
Olefins have been shown to assume the role of acceptor mole- 
cules. Thus, in the catalytic cracking of n-hexadecane at 
various process conditions, the production of Hz, CI-CI 
paraffins, and coke on a weight per cent on feed basis increased 
exponentially with conversion level. On  the other hand, the 
olefin production changed but little and even began to de- 
crease a t  high coke makes or conversion levels. This effect 
illustrates the transfer of hydrogen from adsorbed material 
to the olefinic gases producing paraffins and a hydrogen- 
deficient coke. 

The production of coke in fixed beds of catalyst over wide 
ranges of cycle times and space velocities was found to be 
more complex than that indicated by earlier studies over a 
narrower range (9). At various given cycle times, the coke 
make expressed as weight per cent on catalyst (C) is not com- 
pletely independent of space velocity. The curves of C us. 
space velocity generally exhibit maxima. Since, in any given 
cracking run, various fractions of the bed experience different 
space velocities, this observation means that carbon laydown 
is not uniform throughout the length of fixed bed. Maximum 
carbon laydown occurs a t  an intermediate section of bed. 
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This effect is related to the complex mechanism of coke 
formation which involves adsorption as well as condensation 
and hydrogen elimination reactions. 
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ADDITIONAL VELOCITY OF SOUND 

MEASUREMENTS IN WET STEAM 
W .  G .  E N G L A N D ,  J .  C .  F I R E Y ,  A N D  0 .  E .  T R A P P  

Department of Mechanical Engineering, L'niversity of Washington, Seattle, Wash. 

The velocity of sound in wet steam decreases slightly with decreasing quality under conditions of "fog flow" 
of the steam. Analysis indicates the decrease of velocity to depend upon the extent of liquid area in con- 
tact with the vapor and suggests that the liquid evaporation, expected for an isentropic expansion of wet 
steam, does not occur. Therefore the density of rapidly expanding wet steam may be greater than the 
density expected from an isentropic calculation. For calculations of the critical flow rate of wet steam, 
these results supply tentative values of the velocity of the vapor phase and the maximum density of the wet 
steam. 

EASURED values of the velocity of sound in wet steam were M reported earlier ( 7 )  and their relation to the critical 
flow of wet steam was discussed. These earlier measurements 
showed the velocity of sound in wet steam to be essentially 
independent of quality, markedly greater than the isentropic 
sound velocity except a t  very high quality, and approximately 
equal to the velocity in dry saturated steam. These results 
indicated that, a t  critical flow, the vapor portions of wet steam 
were probably traveling at  the velocity of sound, in agreement 
with Reynolds' interpretation of the critical flow phenomenon 

These results suffered from two primary shortcomings. 
The experimental error of velocity measurement was of the 
order of +4% and the wet steam was partly separated, with a 
portion of the liquid flowing down the walls of the test section. 

Further measurements of the velocity of sound in wet steam 
have now been made wherein the experimental error was 
reduced to about .tlyo, the wet steam was only slightly 
separated, and the measurements were extended into the 
superheated steam region. 

Apparatus and Procedure 
The experimental apparatus included a steam-water mixer, 

a test section, a rarefaction wave generator, and electronic 
apparatus to measure wave velocity. This apparatus was 
essentially similar to that described by Collingham ( I ) ,  except 
that major changes were made in the steam-water mixer and in 
the electronic apparatus, and minor changes were made in the 
test section and the rarefaction wave generator. 

A schematic diagram of the steam-water mixer is shown in 
Figure 1. Hot water a t  high pressure was delivered to the 
calibrated water spray nozzle. High pressure steam, of about 

(3 ) .  

0.99 to 1.00 quality, was supplied to the calibrated steam 
nozzle. The high velocity steam leaving the nozzle was 
directed countercurrent to the water spray in order to atomize 
the liquid to very small droplets. 

The mixing chamber was a 6-inch pipe tee of large volume, 
so that the larger water droplets would separate and drop to 
the bottom of the chamber where they could be drained off 
via the excess water drain. The exit pipe from the mixer to 
the test section extended about 2 inches inside the mixing 
chamber, so that only water droplets suspended in the steam 
would be carried into the test section. The mixing chamber 
was fitted with a sight glass, so that the excess water drain 
valve could be adjusted to keep a very low water level in the 
chamber. Variation of steam quality to the test section was 
obtained by varying water nozzle pressure, steam nozzle 
pressure, or water nozzle size. This mixer provided wet steam 
of quality between 0.20 and 1.00 and with the liquid almost 
entirely suspended as minute droplets within the vapor ("fog 

An electric heater, with variable transformer control, was 
installed in the high pressure steam supply so that super- 
heated steam could also be supplied to the test section. 

The schematic diagram of the test section is shown in Figure 
2. Steam from the mixer entered at  the top, passed vertically 
downward through the straight test portion, and left through 
the test section pressure control valve. The straight portion 
of the test section consisted largely of rubber steam hose 2 
inches in inside diameter. 

The arrangement of the rarefaction wave generator is 
sketched in Figure 3. Sheet plastic disks of various thicknesses 
and materials were clamped in the union. Vacuum was 
applied to the upper chamber until the disk burst. Bursting 
of the disk generated a rarefaction wave traveling downward 
through the test section and a compression wave traveling 
upward into the upper chamber. The upper chamber was 
fitted with a wave reflector and glass wool-packed wave 
trap to disperse and dissipate the compression wave. A thick 
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