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The student exercises below are representative of those 
developed for the Yale graduate course, "Combustion for 
Synthesis and Materials Processing," described in the fall 
issue of CEE (page 228). Among other purposes, they demon­
strate that rather simple but quite rational calculations can be 
made to estimate approximately how large a combustion reac­
tor must be in order to produce, say, a metric ton of high­
value product every hour. Such preliminary design calcula­
tions are prudent first steps before considering more detailed 
follow-on calculations. They also develop a young engineer's 
intuition and provide interesting CS/MP examples of the im­
portant role of the ChE core subjects: chemical thermody­
namics, homogeneous/heterogeneous chemical kinetics, trans­
port phenomena, separation processes, and chemical reaction 
engineering. All notation is that of the author ( Ref 7, foe cit.). 
Educators interested in further CS/MP exercises can contact 
the author at Yale University or elect ronically via 
rosner@htcre.eng.yale.edu 

EXERCISE] 
Consider the combustor volume required for sulfur spray 
combustion at l.4 atm at the S(l) feed rate of 50 t/d. 

a) If efficient S(l) spray combustors can be operated at 
volumetric chemical energy release rates, < ci ;hem >, of 
about 2 MW/m3, then what volume should be provided 
for a 50 t/d unit? 

b) How does this average volumetric chemical energy re­
lease rate compare to that in a small oil burner for home 
heating? Or a gas turbine engine combustor (at 3 GW/m3 

at 30 atm) when corrected down to 1.4 atm? (cf. Fig. l , 
lac cit.) 

c) If the amount of excess air used is that required for the 
combustion product mixture to have a temperature near 
1400 K, then what will be the mean residence time (ms) 
in such a sulfur burner? 

d) Estimate the time required to heat up a 100 µm S(I) 
droplet from 415 K to 700 Kif the liquid heat capacity is 
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estimated as 0.28 cal/g-K and the density is 1.8 g/cm3
• 

e) Estimate the time required to burn a 100 µm S(I) droplet 
at approximately 700 K if the latent heat of S(l) vapor­
ization is 0.42 kcal/g and the ambient conditions are 
(1)02,oo = 0.232, T00 = 350K • 

f) What phenomena would lengthen the time required to 
completely convert all S(]) droplets beyond your esti­
mates from pruts "d" and "e" above? 

g) Is the combustor volume provided in part (a) likely to be 
adequate in this case? What would be the next steps you 
would recommend before "cutting metal"? 

EXERCISE2 
a) Does the successful growth of diamond films from gas 

mixtures containing CHig) and H(g) at 1 atm on 1200 K 
surfaces shake your confidence in the value of thermo­
dynamic principles to judge the feasibility of chemical 
syntheses, generally? (See reference 1, below.) Does 
combustion synthesis of diamond films under these con­
ditions violate the second law of thermodynamics? Dis­
cuss the broader implications of this recent discovery. 

b) Approximately 20 µm (volume equivalent) diameter dia­
mond crystallites (grains) are grown from rich C2H/O2 

flames impinging on 1200 K solid targets at p=l atm. 
How many carats are these? (I carat = 200 mg). How do 
they compare to the 30-mg diamonds synthesized (since 
1954) by GE Corporation at p = 30 kbar, T = 2200 K? To 
get a physical feel for this pressure, convert to the units : 
metric tons (force)/ (mm)2. 

c) Consider the phase equilibrium C(graphite) <=> C(diamond) 
in the single element system: carbon, from the viewpoint 
of the Gibbs phase rule. How many state variables are 
needed to define this system? 

d) We know that C2Hi(g) can be commercially synthesized 
from the pyrolysis of methane, CH/g), via a partial 
combustion process at acceptable yields. It is interesting 
that diamond film growth is found to be possible via the 
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fuel-rich combustion of either C2Hi(g) or CHig), but the 
maximum attainable growth rates (often expressed in 
microns/h) have been found to be larger for acetylene by 
factors of nearly 20. Considering the overall economics, 
how would you decide on which carbonaceous fuel to 
use if your goal is to grow commerically interesting 
diamond films? 

EXERCISE3 
Consider the preliminary design (sizing) of a 25 t/d acety­
lene synthesis reactor (near-plug-flow, axi-symmetric) to 
operate at near-atmospheric pressure. Based on preliminary 
laboratory data, it appears that the partial oxidation of pre­
heated methane using oxygen, followed by approximately I 
ms. cracking at about 1800 K (before a water-spray quench 
to 350 K) leads to a product stream with about 8 mole pct. 
acetylene vapor and, unavoidably, produces solid carbon 
soot at the rate of about 50 kg/t C2H2. Preheating both 
(unmixed) reagents to about 900 K is considered the highest 
safe temperature choice to avoid autoignition upstream of 
the burner block/flame-holder. Make a self-consistent pre­
liminary choice of all essential dimensions in the course of 
answering the following specific questions. 

a) If the overall stoichiometry of the partial combustion of 
methane is CH4(g) + ( l/2)Oi(g) • CO(g) + 2 Hi(g), then 
estimate the individual Oi(g) and CHig) mass flow rates 
(kg/s). 

b) Before turning to the turbulent jet mixing-diffuser sec­
tion, estimate the required dimensions of a stable burner/ 
flame-holder, including the channel diameters, number 
of channels, and open area fraction. Also select the down­
stream "cracking chamber" dimensions. For these pur­
poses use the following tentative estimates: flame speed, 
Su (rich CH/O2) = 28 emfs at 298 K, I atm; d Rn S/d Rn 
T" = 1.86 for methane/air; (L/U)cracking section = 1 ms. What 
factors should govern the channel (hole) lengths? (cf. 
Fig. 4, Loe cit.) 

c) Is the heat of partial combustion [CHig) + (1/2) Oi(g) 
• CO(g) + 2 Hi(g)] sufficient to raise the preheated 
mixture of methane and oxygen from 900 K to the crack­
ing temperature of 1800 K without the addition of auxil­
iary oxygen at the burner/flame-holder location? Tenta­
tively, neglect the possibly appreciable heat losses to a 
(water-cooled?) burner/flame holder. 

d) Estimate the heating value of the solid carbon removed 
from this unit if it could be recovered and burned to 
COi(g). 

e) What factors dictate the quench water-flow-rate require­
ment? What spray velocities and drop sizes should be 
used? (cf. Fig. 4, Loe cit.) 

O How would your choices of dimensions change if you 

Winter 1998 

opted for a synthesis reactor operating at 5 atm? For this 
purpose, note that the effective order of the methane 
oxidation corresponding to previously observed Su(p)­
data for combustion with air is about 1.4. 

g) Returning to the turbulent jet mixing-diffuser section, can 
you provide a rough estimate (bound?) of the required 
length, the transverse dimensions (diameters) for the 1 
atrn device? For all of the above items, spell out and 
defend all further assumptions you introduce. 

EXERCISE4 
The surface of one C60 molecule contains 20 hexagons and 
12 pentagons. Based on the presumption that the C-C bond 
distance in C60 is close to that in the graphite crystal (1.42 A) 
estimate 

a) The surface area of one C60 molecule. 

b) The effective diameter of one C60 molecule. 

c) Use the result in part b to estimate the Fick molecular 
diffusion coefficient of C60 with respect to CO/g) at 
2100 Kand 100 Torr (via hard-sphere kinetic theory) . 

d) Compare the specific surface area (m2/g) of C60 to that of 
commercial activated carbon as well as flame soot (con­
taining non-porous primary particles of30 nm diameter). 
What conclusion(s) do you draw from this? 

e) Extrapolating from the information provided in the re­
cent review of Howard (1992), suppose that C60 could be 
produced in a 100 Torr benzene/O2 combustor at a yield 
of 0.5 pct. of the fuel carbon. If the burner C/O ratio is 
about 0.9, use the present costs of benzene ($/kg) and 0 2 

($/std. m3
) to 

1) Estimate the fuel cost per kg. of C60 produced and 0 2 

cost per kg of C60 produced. 

2) Estimate the pumping cost per kg of C60 produced. 

3) Compare the sum of these costs to the actual present 
cost per kg. of C60. 

4) Is a combustion process currently used (by Aldrich, 
Hoechst AG ... ) to produce research quantities of 
C60? What intrinsic advantages would a combustion 
synthesis process have over rival (electric spark and 
laser pulse/graphite feed) methods? 

0 Use the reported equilibrium vapor pressure of crystal­
line C60(s) to estimate the frost point temperature of C60 

in the abovementioned synthesis flame. Is a paitial de­
sublimation separation method feasible for harvesting 
C60 in this case? 
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