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Part 11. Stripper Design using Jet  Impingement Nozzles 
Experimental data on vacuum-spray stripping of sparingly soluble gases 

from aqueous solution using hydraulic nozzles were presented in part I of 
this communication. Mass transfer was shown to occur primarily from the 
thin liquid sheet issuing from the nozzle tip in semiquantitative accordance 
with an analytical model based on laminar flow behavior. 

Jet impingement hydraulic nozzles offer the advantages of simplicity 
and low operating cost in vacuum-spray stripping. An empirical niodel for 
the turbulent flow regime has been developed to facilitate incorporating 
jet impingement nozzles into a vacuum stripper design. The results of an 
economic analysis comparing other types of industrial vacuum strippers 
with the proposed design of a jet impingement vacuum stripper show the 
latter process to compare very favorably in terms of estimated equipment 
size and cost and in expected operating cost. 

SCOPE 
In part I of this paper, experimental vacuum-stripping 

data for jet impingement hydraulic nozzles operated in 
the laminar regime were shown to be in satisfactory agree- 
ment with a model predicting that mass transfer occurs 
solely during flow through the thin circular sheets which 
expand radially from such nozzles. It was thus demon- 
strated that, owing to the very short diffusional path 

Correspondence ciincerning this paper should be addressed to  Scott 
Lynn. Stuart G. Simpwn is with Union Carbide Corporation, Tarrytown, 
New York. 

created in these thin Iiquid sheets, a high approach to 
interphase equilibrium is achieved before sheet disruption 
occurs and subsecpent dispersed droplet motion begins. 
The laminar model does not allow, however, for the de- 
velopment of complex flow patterns within the sheet and 
so is not capable of predicting the stripping that occurs in 
the turbulent regime. 

In  the laminar regime, stripping from the sheets Formed 
by jet impingement nozzles is quite sensitive to flow rate. 
In the turbulent range of operation, however, as noted 
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in part I, this sensitivity is not observed. This change is 
thought by the authors to be caused by diffusion enhance- 
ment, due to turbulent eddy motion, which increases with 
flow rate and so counteracts the decreased residence time 
of fluid in the sheet before atomization occurs. Since it 
is important to stable plant operation that stripping per- 
formance be independent of throughput over a reason- 
able range of flow rates, industrial jet impingement strip- 
pers would be operated in the turbulent regime. 

One goal of this work was to develop a design model 
to predict turbulent stripping performance of jet impinge- 
ment nozzles. The purpose of the model is to provide a 
conservative prediction of the stripping efficiency attain- 
able with any impingement nozzle and, conversely, to 

provide a method of nozzle design for any duty such that 
flexible plant operation would be possible while the 
specificd stripping performance is maintained. 

A second goal was to compare vacuum stripping of 
sparingly soluble gases from aqueous solution using an 
industrial scale impingement stripper with other avail- 
able processes. Accordingly, a configurational design has 
been proposed and evaluated that would meet Office of 
Saline Water specifications for degassing seawater feed 
to desalination plants. Fixed capital investment and total 
annual operating costs for the proposed jet impingement 
vacuum stripper have been compared with those for more 
conventional equipment designed to the same specifica- 
tions. 

CONCLUSIONS AND SIGNIFICANCE 

The model developed by Hasson et al. (1964) for trans- 
port to a laminar expanding sheet of liquid has been ex- 
tended to include gas stripping from sheets created by 
jet impingement hydraulic nozzles throughout their nor- 
mal range of flows, that is, turbulent and semiturbulent 
as well as laminar. The model developed predicts sheet 
radius as a function of flow rate, jet diameter, and liquid 
properties during the laminar range of operation. Turbu- 
lent stripping performance is predicted by using the em- 
pirical observation that the degree of stripping remains 
approximately constant when Rejet exceeds the critical 
value for transition to turbulent flow. 

This model provides a convenient procedure for de- 

signing impingement nozzles for any required stripping 
duty. The model is felt to be conservatively valid for 
aqueous systems for the range of orifice diameters and 
flow rates tested (which would include most cases of 
practical interest). I t  would serve as a useful point of 
departure for other systems. 

The model developed has been used to design jet 
impingement nozzles for a vacuum-spray deaerator for a 
50 MGD (2 100 kg/s product rate) desalination plant. A 
prototype of the design has been built and tested satis- 
factorily. The design is more compact than a conventional 
packed column using steam stripping and would be ex- 
pected to have lower operating costs. 

Degassing is an important operation in the chemical 
process industries. A specific example of its significance 
is in the control of dissolved oxygen and carbon dioxide 
in the seawatcr feed to multistage flash and niultieffect 
evaporation desalination plants. l'hese gases must be re- 
moved to protect process equipment from corrosion and 
scale formation due to deposition of insoluble carbonates. 
In this case, process economics dictates reduction of dis- 
solved oxygen and carbon dioxide to lcss than 5 p,p.b. 
and 1 p.p.m., respectively (Hunter et al., 1967). 

Sulfuric acid may be used to  adjust the pH of seawater 
to 4.2 so as to convert more than 99% of the bicarbonate 
ion to free carbon dioxide that may be removed in a de- 
gassing tower. Acid costs for this method are low (Elliott, 
1969), and hence economic feasibility depends upon very 
efficient degassing. Simultaneous oxygen removal may also 
be achieved, and since oxygen removal is a problem equal 
in importance to scale control, the method has significant 
potential advantage over the processes. 

Di Luzio et al. (1965) have demonstrated virtually 
complctc degasification of acidified seawater by counter- 
current vacuum steam stripping under partial vacuum in 
a 200 mm diameter tower packed with two 1.5 m beds of 
25.4 mm porcelain Berl saddles. However, Hunter et al. 
(19G7), in reviewing this and other deaerator designs sub- 
mitted to the Office of Saline Water, considered them to 
be unsuitable because of high stripping steam require- 
ments and/or high pressure drop. 

Thc high rate of mass transfer attainable in the ex- 
panding liquid film which extends a short distance from 
the outlet of a hvdrnulic nozzle (as reportcd in part I 
of this paper) make this form of contacting the basis for 

an interesting design alternative to conventional stripping 
processes. A simple, compact stripper design may be 
v isua l id  in which a three-dimensional matrix of expand- 
ing liquid films is produced by a set of aligned, closely 
packed nozzles. Spray formation would not be important 
in such a device; with pioper design there would be suffi- 
cient mass transfer occurring within the expanding films of 
liquid. High specific capacity could thus be achieved. Jet 
impingement nozzles ale particularly suited to this appli- 
cation because of their simple construction and low op- 
erating cost. 

The stripping performance of an impingement nozzle 
increases with increasing flow rate to a maximum coin- 
cident with the onset of turbulent flow in the expand- 
ing liquid film. Subsequent performance is relatively in- 
sensitive to flow rate increase. This latter phenomenon is 
particularly relevant to the design of a stripping process, 
since a high turn down ratio may be attained without loss 
of design performance and without creating equipment 
iedundancy. The transport model developed by Hasson 
ct al. (19G4) and used in part I to analyze the per- 
formance of jet impingement nozzles operating in the 
laminar regime cannot be applied in any straightforward 
manner to predict turbulent stripping behavior. Their 
model relies upon a prior knowledge of the length 
(radius) of the liquid film and accounts for mass transfer 
solely by moIecuIar diffusion. Thus, in order to facilitate 
design of an impingement stripping process, complete 
modeling of all transport processes occurring in the ex- 
panding liquid film created by jet impinrjement is needed. 

The objectives are: modeling of the fluid mechanics of 
sheet formation so that the radius of an impingement sheet 
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Fig. 1. Weber number a t  atmospheric pressure for impingement sheets 

in laminar flow: 

Symbol Nozzle 
v 1/16 P1 
0 1/16 P1-5 

1/16 P2 
A ss1-2c 

can be predicted as a function of flow rate, liquid prop- 
erties, and nozzle parameters; modeling of the stripping 
efficiency in both laminar and turbulent flow as a func- 
tion of the same variables; and devising a procedure for 
nozzle design for use in a process to achieve a desired 
stripping duty. 

MODELING OF JET IMPINGEMENT SHEET FORMATION 

Sheets produced by impingement nozzles show three 
distinct types of flow (laminar, transitional, and turbu- 
lent) which were discussed in part I. 

In the laminar range, in theory, sheet breakup occurs 
(Squire, 1953) because of hydrodynamic instability at 
the rim when the surface energy approaches the kinetic 
energy. 

We ( = p , - )  u2s*im '"1.0 

Fraser et al. (1962) examined this criterion for sheets 
formed by fan-spray nozzles. They found that We was 
1.6 to 3 for sheets formed in air at atmospheric density 
(1.2 kg/m3). At lower air densities the value of the 

Weber number increased gradually until, at an air dens- 
ity of approximately Z x kg/m3, the value of the 
Weber number increased rapidly up to about 5. Fukui 
and Sato (1972) also observed that sheets formed by 
direct impingement of two jets did not achieve the theo- 
retical maximum length, indicating the Weber number 
for such sheets was greater than 1. Taylor (1959), how- 
ever, found that We = 1.0 fit his data for laminar shcets 
produced by single jet impingement nozzles. 

Taylor (1959) also found that approximately 20% of 
the jet velocity is lost by kinetic energy dissipation in 
the impingement process. The radial velocity of the sheet 
u was observed to be constant and is thus approximately 
80:; of the jet velocity. The thickness of the sheet can 
therefore be related to its radius and the velocity of flow 

through the nozzle by the equation of continuity: 

Combination of Equation (1) with Equation (2) gives 

0.8 pQ2 

&Ddo2uR 
We = (3) 

The value of We is thus a measure of the sheet radius 
for a given nozzle, flow rate, and set of fluid properties. 

Figure 1 shows Weber number defined by Equation ( 3 )  
for laminar jet impingement sheets plotted against pres- 
sure drop ( a  measure of the flow velocity) for four 
nozzles. A design criterion of We = 1.4 was selected, 
in preference to one of the form We = f ( A P )  indicated 
by the dashed line in Figure 1, as a conservative approx- 
imation. The characteristics of the nozzles listed in Figure 
1 are given in Table I of part I.  It should be noted that 
the dependence of We on p and u that is predicted by 
Equation (3)  was not effectively tested. All of the aqueous 
solutions had very similar densities. The addition of 10 
p.p.m. Neodol did not appear to affect R for a given value 
of Q, but the time of flight may have been too short for 
the surfactant to affect the surface tension. 

This correlation of laminar sheet size is applicable up 
to the point where the transition to turbulent ffow be- 
gins. The transition is assumed to start when the sheet 
first takes on a ruffled appearance. This occurs at a par- 
ticular flow rate for each nozzle and corresponds to an 
increased Weber number. Ranz (1959) discussed a gas- 
phase Weber number to account for aerodynamic insta- 
bility causing the transition. A similar approach was 

JOrifice Diameter (mm''2) 
Fig. 2. Correlation of Rejet a t  onset of sheet turbulence with orifice 

diameter for jet impingement nozzles: 

Symbol Nozzle 
0 1/16 PI 

v 1/16 P2 
1/16 P3 
SSI -2c 

A 1/16 P1-5 

+ 
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Fig. 3. Correlation of sheet size with flow rate and nozzle diameter: 

Symbol Nozzle Orifice diameter 
0 1/16 P1 1.05 mm 
A 1/16 P1-5 1.55 mm 

1/16 P2 2.16 rnm 
X 1/16 P3 3.2 mm 
V ss1-2c 1.22 rnm 

found to give very poor correlation with data in this 
work. Further investigation did reveal a correlation be- 
tween the jet Reynolds number at the onset of turbulence 
and the nozzle diameter. The jet Reynolds number was 
defined as 

(4) 

The results of this correlation are shown in Figure 2, 
from which the criterion for transition to semiturbulent 
behavior in the sheet is given by the dimensional equation 

Rejet,crit = 3.5 x 10' do" ( 5 )  
The critical Reynolds numbers determined are in good 
agreement with those observed by Fraser et al. (1962) 
for fan-spray nozzles. 

By rearranging Equation (3)  and substituting the 
definition of Rejet [Equation (4)], one obtains 

R 0.8pzReje? 
( 6 4  -= 

do l6upWed, 

For p = 1.0 X 10-3N s/m2, u = 72 x 10-3 N/m, 
p = 1.0 x 103 kg/m3, and We = 1.4 

R 
- = 0.50 x Rejet2/do (6b) 
d0 

Equation (6b) would be expected to hold for aqueous 
solutions having physical properties near those of water 
and for flow rates up to the point where turbulence be- 
gins, as indicated by Equation ( 5 ) .  At that point, by 
substituting Equation (5)  into Equation (6b),  one ob- 
tains 

(6~) R - = 60 (Rejet 2 Rejet,crit) 
d0 

For flow rates above Qcrit, it was found experimentally 
that the extent of stripping remained constant. For model- 
ing purposes it was decided to assume that the sheet 
radius also remained constant at flow rates above Qcrit, 
despite the fact that this was a gross over simplification 
of the fluid mechanics of sheet formation. Sheet dimen- 
sions calculated using Equations ( 6 b )  and (6c) are com- 
pared with actual sheet measurements in Figure 3. It  is 
seen that for all of the nozzles Equation (6a )  is followed 
quite well until the value of Rejet2/d, is reached at which 
R / d ,  = 60. At higher flow rates the sheets become tur- 
bulent, and the value of R begins to decrease. 

MODELING OF THE EFFICIENCY OF STRIPPING 
WITH IMPINGEMENT NOZZLES 

In the laminar regime of sheet behavior the laminar 
transport model for vacuum stripping (Hasson et a]., 
1984) applies well, as shown in part I of this paper, with 
the assumptions that ?&he& = ujet and that the effective 
sheet radius is 0.8 of the radius at atmospheric pressure. 
The approach to equilibrium is given by the expression 

By substituting Equation (4) and the physical properties 
of water, one obtains 

52 r 
or-' 

Equations (7a)  and (7b)  apply up to Q Qcrit. The 
sheet radius is calculated from Equation ( 6 b ) .  

Consider now the stripping occurring during turbulent 
sheet behavior, that is, at flow rates above Qcrie as de- 
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Fig. 4. Vacuum stripping from turbulent sheets formed by jet im- 
pingement nozzles. Experimental data compared with turbulent sheet 

model: 

Symbol 

A 

x + 
V 
Q 
0 

System 
C02/H20 
C02/H20 
COz/H20 
COz/H20 
C02/HeO 
COz/seawater 
Freon 114/H20 
n-butane/HzO 

Nozzle Orifice diameter (mm) 
1/16 P1 1.05 
1/16 P1-5 1.55 
1/16 P2 2.16 
1/16 P3 3.2 
8B1-9C 1.9(avg) 
ss1-2c 1.22 
8B1-9C 1.9(avg) 
8B1-9C 1.9(avg) 
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fined by Equation (4) .  It has been found empirically 
that the stripping remains constant at a value correspond- 
ing to the crltical flow rate; thus it can be concluded that 
the effective values of R / d ,  and Rejet remain constant 
at the values corresponding to Qcrit. Thus, by substitut- 
ing for R / d ,  and Hejet,crit in Equation (7b) the values 
from Equations (6c )  and ( 5 ) ,  one obtains 

8 
ci - C0Q 2 

a =  = 1 - - exp 

Equation (8) applies for supercritical flows. Note that 
the term D/d,"z is dimensional, so that the value of the 
numerical constant within the brackets depends upon 
the units used, 

In Figure 4 the impingement stripping model sum- 
marized in Equations (713) and ( B ) ,  evaluated for the 
carbon dioxide/distilled water system at 20°C for 1.0, 
1.5, and 2.0 mm impingement nozzle orifice diameters, 
is compared with stripping data for carbon dioxide/ 
distilled water, carbon dioxide/seawater, Freon 114/dis- 
tilled water, and n-butane/distilled water systems. Data 
for systems other than carbon dioxide/distilled water were 
normalized for differences in the molecular diffusion co- 
efficient using Equation (8) and the diffusivities in Table 
1, so that direct comparison could be made. The extent 
of this adjustment can be seen by comparing Figure 4 
with Figure 8 in p u t  I of this paper. 

The ability of the model to correlate data for varying 
nozzle orifice diameters and liquid diffusivities is shown 
in Figure 4. The model provides a conservative design 
estimate of the performance of jet impingement nozzles 
in vacuum stripping. It is felt to be valid for any aqueous 
system from which a physically dissolved gas is to be 
stripped but should be used with caution outside the 
range of orifice sizes and liquid flow rates tested in part I. 
The model has not been tested for nonaqueous systems. 

NOZZLE DESIGN 

Equations that can be used for nozzle design follow 
directly from the stripping model developed above. By 
inverting Equation ( 8 ) ,  the orifice diameter required for 
a particular efficiency of stripping a for an aqueous sys- 
tem with diffusion coefficient D is 

53 x 1061) 
n-2 

8 

(9) 
-In [- (1 - a)] CD3" 

Equation (9) holds for flow rates 

TABLE 1. DIFFUSION DATA FOR SYSTEMS IN FIGURE 4 

System D25.c References 

C02/H20 d .  9 0 x 10-9 m2/s Vivian and King 
( 1984) 

( 1968) 
Duda and Vrentas 

Tham et al. (1967) 
n-C4Hio/HzO 1.1 )< m2/s Wise nnd Houghton 

Tham et al. (1987) 
Witherspoon and Bonoli 

(1966) 

( 1969) 

(1955)" 
Freon 114/H20 1.0 x 10-9 m2/s Wilke and Chang 

0 Correlation. Diffusivities at other temperatures were calculated by 
assuming Da/T = constant. 

Q 5 0.27 C01'2d03'2 (10) 
The approximate spray radius from the model is found 
from Lquation (6c)  

R - 60 do (11) 
and the minimum pressure drop to produce this level of 
operation can be determined from hquation (2) ,  noting 
that 

so that 

Equation ( 9) thus provides a rational, conservative model 
for designing an impingement nozzle for any duty in an 
industrial vacuum stripper. Equations ( l o ) ,  (ll), and 
( 13) provide operating information. 

PROCESS DESIGN AND ECONOMICS 

The design of a stripping process that uses impinge- 
ment nozzles was undertaken nrstly to compare the pur- 
cliased cost of the proposed equipment with that for 
other available designs for a 50 hlGD ( 2  100 kg/s) de- 
salination plant, and secondly to estimate the total an- 
nual operating costs €or such a deaerator. Design spec- 
ifications for the deaerator for the 4 460 kg/s seawater 
feed to the desalination plant are given by Hunter et al. 
(1967). 

Conceptual Design of the Stripper 
Full details of the design proposed for the impingement- 

nozzle deaerator are given by Simpson (1975). Salient 
points are summarized here. The design envisioned uses 
a conventional vacuum vessel set horizontally. Inside the 
vacuum vessel, arranged on a triangular pitch, are pipes 
running parallel to the axis of the vessel, similar to those 
in a shell-and-tube heat exchanger. The pipes are set 
into a tube sheet at one end and capped at the other. 
Nozzles are set in rows along the tops and bottoms of 
the pipes, at a sufficient distance apart (0.2 m)  to allow 
coherent sheet foimation, so that at each nozzle location 
one nozzle points vertically upward and another vertically 
downward. Water is fed to the pipes and thence to the 
nozzles from a header. Degassed water collects in the 
bottom of the shell and is pumped out from there. Alterna- 
tive designs might be imagined. Various polymeric ma- 
terials were specified for nozzles, impingement plates, and 
pipes. All other materials would be of plastic-coated mild 
steel. 

Staging of the Process 
The design specifications call for oxygen and carbon 

dioxide remaining in the degassed seawater to be reduced 
by 99.93 and 99.0% of their feed concentrations, respec- 
tively. Oxygen is the limiting component despite the 
fact that it is stripped more efficiently than carbon dioxide. 
Thus, by stripping oxygen to the required level, carbon 
dioxide is simultaneously removed to a greater extent 
than required. 

Impingement nozzles of a practical design cannot 
achieve the specified removal level for oxygen in one 
stage under normal operating conditions. The maximum 
oxygen stripping that can be achieved with nozzles of 
practical diameters in a single stage at 32°C (the sea- 
water feed temperature) is approximately 01 = 0.99, 
which is not adequate to meet the above specifications. 
The deaeration must therefore be staged. I t  can readily 
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TABLE 2. DETAILS OF PROCESS STEAMS FOR A TWO-STAGE DEAERATOR FOR A 50 MGD DESALINATION PLANT 
Feed First stage Outlet First stage vapor Second stage vapor 

seawater sump seawater Mole fraction Flow rate Mole fraction Flow rate 
Water (kg/s) 4 460.4 4 458.0 4 455.5 0.916 2.43 0.994 2.47 

31.3 1.88 x 10-4 0.83 Oxygen (g/s) 32.1 0.857 0.025 6.65 x 10-3 
Carbon dioxide (g/s) 449 35.4 1.39 0.064 413 2.61 x 10-4 34.0 

Temp. ( “ C )  32.0 31.7 31.4 31.7 31.4 
Pressure (kN/mz) - - - 5.13 4.65 

Nitrogen (g/s) 54.1 1.03 0.025 0.013 53.0 5.58 x 10-3 1.01 

Argon (g/s) 2.14 0.103 2.52 x 10-3 3.24 x 2.02 1.28 x 10-5 0.10 

eavoter coolant I t I 
t 

Degassed Seowoter 

Fig. 5. Process flow sheet. 

be shown, however, that the design that can meet prod- 
uct specincations with the fewest number of stages will 
be the most economical to build and operate. Taking 
the same approach to equilibrium for the limiting com- 
ponent, oxygen, in each stage of a two-stage deaeration 
requires D( to be 0.974. The resulting nozzle orifice diam- 
eter, assuming a discharge coefficient of 0.9, is do = 1.5 
mm [Equation (9)  1, and the impingement sheet radius 
is R L 80 mm [Equation ( 11) 1, l h i s  orifice diameter 
was considered reasonable, since prefiltering is carried 
out in all desalination plants. A process flow sheet is 
shown in Figure 5. Note that a two-stage steam ejector 
vacuum pumping system with appropriate condensers 
is used, Full speciscations for all piocess equipment are 
given by Simpson (1975). 

Enthalpy and Material Balances 

A rangc of operating pressures exists for achieving the 
desired two-stage stripping. As the pressure in either 
stage is reduced, there is a resultant flow of water vapor 
and desoxbcd gases from that stage. Sensible heat loss 
by the processcd scawater rises as the vapor flow from 
each stage is increased, due to increased rate of water 
cvaporation. Optimum operating conditions were found 
to correspond to the lowest total vapor load and occur 
when the amount of water vaporized in each stage is 
about the same (Simpson, 1975). Details of process 
streams for optimum operating conditions are presented 
in Table 2 .  

Selection of Nozzle Flow Rate 

For dcsign purposes it was assumed that feed seawater 
was available at 100 kN/m2 absolute ( 1  bar).  Under 
steady state operation, with the total pressure in the 
vacuum cham1)crs being approximately 5 kN/m2 absolute, 
a n:itural clifferential pressure of 95 kN/m2 is available, 
whereas the valiic of AP,,,j,, is 40 kN/m‘. Taking a pres- 
sure drop  cross the nozzles of 67 kN/m2 to allow for 
possilde eiitry losses results in a flow rate per nozzle of 
18 ml/s (0.3 gal/min). 

A one-stage prototype of a jet impingement nozzle 
dcaerator of the dcsign described above was built and 

tested by Rasquin (1977). The deaerator contained twelve 
nozzles and operated at a flow rate of about 240 ml/s 
(3.8 gal/min). The oxygen content of the feed was 5 
p.p.m. Oxygen stripping was 92 to 94% for feed at  
temperatures of 19” to 20°C when the chamber pres- 
sure was 3.7 to 4.9 kN/m2. The approach to equilibrium 
exceeded 97 %, the design value. 

The proposed design is more compact, by about a 
factor of 2,  than most of the commercial designs utilizing 
packed columns that were proposed for the same service 
(Hunter et al., 1967). The most important cost improve- 
ment is the elimination of the stripping steam for the 
packed column designs. A recent study has shown, how- 
ever, that it is also advantageous to carry out vacuum 
stripping with packed columns operated in two stages 
without stripping steam (Rasquin et al., 1977). 
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NOTATION 

c =  
C D  = 
D =  
do = 
AP = 
Q =  
Qcrit = 

R =  
Rejet = 

We = 
u =  

solute gas concentration, kg/m3 
nozzle discharge coefficient 
molecular diffusion coefficient, m2/s 
orifice diameter, m 
pressure drop across nozzle, N/m2 
liquid flow rate per nozzle, m3/s 
liquid flow rate per nozzle at onset of turbulence, 
m3/s 
sheet radius, m 
jet Reynolds number [see Equation ( 4 ) ]  
flow velocity in expanding sheet, m/s 
Weber number (defined in text) 

Greek Letters 

a 
8 = sheet thickness, m 
p 
p = density, kg/m3 
(r 

Subscripts 

i = inlet value 
o = outlet value 

Superscripts 

- = averaged value 
* = equilibrium value 

= approach to equilibrium, = (Ci -To)/(Ci - C,”) 

= viscosity, N s/m2 (kg/m s)  

= surface tension (energy), N/m (J/m2) 
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Pyrite Oxidation in Aqueous Ferric Chloride 
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The rate of pyrite oxidation in aqueous ferric chloride was determined 
for two distinct solid particle systems: industrial grade pyrite and coal parti- 
cles containing pyrite. The oxidation rate for the pyrite particle system was 
found to increase significantly with increasing temperature (40° to 100°C), 
ferric chloride concentration (0.1 and 1.0 M), and pyrite loading (2 to 20 
g/l); the rate decreased with increasing particle size (-325 to 140 mesh). 
Agitation did not have a significant effect, and a kinetic model was developed 
and fit to the experimental data. 

For the coal particle system used in this study, the most important vari- 
able was particle size, The oxidation rate of pyrite in coal smaller than 325 
mesh was much greater than in larger coal particles. The effect of tempera- 
ture (80° to 100OC) on the oxidation of pyrite in coal was not significant, 
nor was the effect of pretreatment with 0.1N hydrochloric acid. Approxi- 
mately half of the detected ferric iron reduction was attributable to pyrite 
oxidation; the balance arises from other coal reactions. 

SCOPE 
The chemical treatment of pulverized coal with aqueous 

solutions of iron salts is reported (Hamersma et al., 1973) 
to be capable of complete removal of inorganic 

tailed kinetic studies are needed to provide a basis for 
optimum reactor design. 

In  the study reported here, oxidation rates in aqueous 
solutions of ferric chloride were measured for two distinct 
solid particle systems: industrial grade pyrite and coal 

particles containing pyrite. For the former, the effects of 
temperatwe, ferric chloride concentration, reactor %itas 
tion, particle size, and solid loading were investigated. For 

size, and dilute acid pretreatment were examined. 
All experiments were carried out isothermally in a well- 

stirred batch reactor. Samples were taken at selected time 
intervals and analyzed for ferric and ferrous iron. The 
kinetic data for the pyrite particle system were used to 
develop a kinetic rate model. 

sulfur (pyrite) in residence times of the order of hours. De- the Particle the effects Of Particle 

CONCLUSIONS AND SIGNIFICANCE 
The oxidation rate for the pyrite particle system was 

found to increase significantly with temperature, ferric 
chloride concentration, and pyrite loading; the rate de- 

Maryland 20742. parameter kinetic model 

creased with increasing particle size, while agitation did 
not have a significant effect. The experimental data for the 
pyrite particle system were empirically correlated over a 
wide range of operating conditions by the simple two- W. E. King, Jr. is at the University of Maryland, College Park, 
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