Distillation Efficiencies on a Large Sieve
Plate with Small-Diameter Holes

The efficiencies of large-scale conventional distillation sieve
trays usually turn out to be lower than would be expected based
on small-column results suitably scaled-up. One of the reasons
for this is the presence of nonuniformities in the liquid as it flows
across circular trays from inlet to outlet weir.

Efficiency data from commercial-scale distillation columns
are less readily available than the large amount of data that
have been reported from studies of small-scale laboratory
columns. A survey of some of the available literature on large-
scale sieve tray efficiencies, where the column diameter is
greater than 0.45 m, is shown in Table 1. Often the design of
large columns has involved the use of predictive methods for
point efficiency and tray efficiency, the most used one being the
AIChE method summarized in the Bubble Tray Design Manual
(AIChE, 1958). it has been observed (Lashmet and Szczepan-
ski, 1974; Hughmark, 1971; Strand, 1963) that this method
often tends to predict tray efficiencies that are higher than those
found in practice. Since the AIChE method was established a
number of studies have been made of the effects of flow nonuni-
formities across conventional trays (Bell, 1972a,b; Porter et al.,
1972; Weiler et al., 1973). A considerable amount of effort has
been devoted to allowing for the effects of stagnant zones (Port-
er, 1972; Lockett et al., 1973; Lockett and Safekouridi, 1976;
Lim et al., 1974), but the problem of predicting the point effi-
ciencies that exist in the center of a large tray has received less
attention. One of the difficulties is that of measuring or inferring
such efficiencies.

The study described here involved the measurement of tem-
perature and composition profiles along a rectangular sieve tray
having 1.8 mm dia. holes, the object being to calculate tray effi-
ciencies and to infer point efficiencies. This type of sieve tray
material is used commercially in low-temperature, air-separa-
tion columns; the trays used in many small-scale point efficiency
columns have similar hole sizes. The system studied was metha-
nol-water, enabling a comparison with other reported results
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covering a wide range of composition. The rectangular form of
the tray was chosen to enable a reasonable liquid flow path
length to be used, about 1 m, and to avoid any problems with
stagnant zones.

Experimental
Equipment

A general flowsheet of the new experimental rig is shown in
Figure 1. The rectangular section distillation column B has
three trays with overall dimensions 1,067 x 89 mm, and 154
mm tray spacing. The sieve tray material is typical of that com-
monly used in the low-temperature, air-distillation industry, 2
mm thick aluminium with 1.8 mm holes; details are given in
Table 2. Double-glazed glass portholes are provided above the
middle tray to enable easy observation of the biphase. All the
hot surfaces of the equipment are insulated with 50 mm thick
glass fiber material and aluminium cladding. A detailed dia-
gram of the test tray, the middle one of the three, is shown in
Figure 2. This shows the location of the liquid sampling and
temperature measuring points .S. The temperatures 3 mm above
the liquid sampling points were measured using fixed thermo-
couples giving an accuracy of 0.1°C. The liquid samples were
drawn through insulated narrow sampling tubes set into the
floor of the tray. The tubes, which were as short as possible,
emerged from the column below the tray through valves.

The six equally spaced temperature/sample points gave good
profiles across the tray. In addition temperature readings and
samples were taken on the floors of the inlet and outlet down-
comers to the test tray, and samples were also taken from the
reflux liquid leaving the condenser and the return liquid to the
reboiler.

Column Operation

The column was operated at total reflux and at atmospheric
pressure, the boil-up rate being measured by a rotameter in the
reflux line. The column was run for 5 h to establish steady state
conditions, the temperatures being continuously monitored dur-

Vol. 32, No. 8 1383



Table 1.

Large-Scale Sieve Tray Efficiencies

Col. Hole Free Weir Path
Dia. Dia. Area Height  Length
System m mm % mm m Reference
n-Propanol-sec-butanol 1.8 4.76 — 254 0.61 Mayfield et al. (1952)
Acetic acid-water 0.46 3.18 8.7 38.0 0.25 Jones and Pyle (1955)
Acetic acid-water 0.46 3.18 6.7 38.0 — Rush and Stirba (1957)
MIK-water 0.46 3.18 6.7 143 — Rush and Stirba (1957)
Ammonia—air-water 0.91 "3.18 9.2 25.4 — Johnson and Marangozis (1958)
x0.076 —-101.6
n-Heptane—toluene 0.45 10.0 16.0 75.0 — Zuiderweg et al. (1958, 1960)
n-Heptane-MCH 0.45 10.0 16.0 75.0 — Zuiderweg et al. (1958, 1960)
Benzene-toluene 0.45 10.0 16.0 75.0 — Zuiderweg et al. (1958, 1960)
Ethanol-water 0.75 2.54 9.8 20.0 - Kirschbaum (1962)
Methanol-water 0.98 4.0 4.2 40.0 0.76 Kastanek and Standart (1967)
Ethylbenzene—styrene 0.80 12.5 14.8 38.0 0.54 Billet (1967)
-19.0
Methanol-cthanol 0.61 3.18 6.4 0 0.61 Shore and Haselden (1969)
x0.305 -76.0
Ammonia-air-water 1.22 12.7 7.9 51.0 0.81 Nutter (1971)
CO,-air-water 0.91 9.5 10.8 76.0 0.61 Thomas (1976)
x0.30
O,-air-glycerol 0.91 9.5 10.8 76.0 0.61 Thomas (1976)
x0.30
Benzene—n-propanol 0.46 6.35 12.8 25.4 — Anderson et al. (1976)
-76.0
n-Propanol-toluene 0.46 6.35 12.8 254 — Anderson et al. (1976)
~76.0
Cyclohexane~heptane 1.2 12.7 8.0 51.0 0.76 Sakata and Yanagi (1979)
i-Butane-n-butane 1.2 12.7 8.0 51.0 0.76 Sakata and Yanagi (1979)
Cyclohexane-heptane 1.2 12.7 14.0 25.0 0.76 Yanagi and Sakata (1981)
-51.0
i-Butane—n-butane 1.2 12.7 14.0 25.0 0.76 Yanagi and Sakata (1981)
-51.0
Methanol-water 0.59 4.8 9.0 50.0 0.37 Lockett and Ahmed (1983)

ing this period. The boil-up rate, the temperatures, and the froth
height were noted and then liquid samples were collected in the
usual way. About 15 runs were carried out, mostly at a constant
vapor phase F-factor over a range of test tray compositions. A
few additional runs were made at a different F-factor but con-
stant composition. Samples were analyzed using chromatogra-
phy, giving an accuracy of +0.0026 mol fraction.

Theoretical Model

A number of models have been proposed to represent the
behavior of the biphase on an operating tray, the object being to
derive relationships between point efficiencies and tray efficien-
cies. The concept of eddy diffusion has been used in this study to
model the observed profiles across the tray, and hence infer
point efficiencies from these observations. This model has been
used previously in an analysis of low-temperature air-distillation
columns (Biddulph, 1975b) and a detailed analysis and deriva-
tion was given. The use of this model to infer point efficiencies
by matching predicted composition profiles to those measured in
the experiments requires a knowledge of the extent of mixing
present in the liquid phase on the tray.

Mixing Studies

The mixing characteristic on small hole size sieve trays have
been extensively studied previously (Biddulph, 1975a), but it
was felt to be desirable to measure actual mixing characteristics
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on the present tray. This was done using the system water-steam
with a sodium nitrate solution tracer injection. An injection tube
was installed immediately above the liquid sampling point near-
est the outlet weir, and samples below the injector and upstream
were taken to establish the extent of back-mixing. The level of
sodium ions in these samples was measured using atomic
absorption, the background level of sodium in the inlet water
also having been measured. The well-established method of
Barker and Self (1962) was used to estimate that Peclet num-
ber, and hence the value of the eddy diffusivity. The variation of
tracer level with position gave good linear relationships, as
required by the eddy diffusion model, and the result was a mea-
sured value of 0.0013 m?/s for the eddy diffusivity under condi-
tions of similar loading to those used in the distillation experi-
ments. This result agrees well with earlier air-water simulation
measurements, those indicating a value of about 0.0015 mz/s.
Using the hydraulic conditions existing during the distillation
experiments, a Peclet number of about 39 was established from
the measured eddy diffusivity value. This result indicates that
conditions are approaching plug flow on this tray, and a small
variation in Peclet number, perhaps due to slightly different
vapor velocities in different runs, will not greatly affect the pre-
dicted composition profiles.

Results

The above theoretical model was used to predict composition
profiles across the test tray for a series of runs at different com-
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Figure 1. Schematic flowsheet of experimental equip-
ment.

positions. The point efficiency value used in the model was var-
ied until a good match was achieved between predicted and
measured profiles, and this was then taken as the correct point
efficiency operating during that run. Figure 3 shows these com-
parisons for eleven different runs. The equilibrium data of Mari-
puri and Ratcliff (1972) were used, as reported thermodynami-
cally consistent by Gmehling and Onken (1977), together with
the enthalpy data from Reid et al. (1977) and Kern (1950). It
can be seen that the comparison of shape between the experi-
mental points and the model lines is good. The composition pro-
files reported by Lockett and Ahmed (1983) show a similar
form.

Table 2. Tray Details

Weir length 83 mm
Liquid flow path 991 mm
Tray spacing 154 mm
Hole diameter 1.8 mm
Percentage free area 8%

Outlet weir height 25 mm
Inlet weir height 4.8 mm

The tray efficiencies calculated from the experimental and
the model values are shown in Figure 4. The mean liquid compo-
sition X on the try was calculated from:

X=/0"XW¢1W (1)

where Wis the relative position on the tray. The results in Figure
4 show efficiencies at two different values of vapor phase F-fac-
tor, and no detectable variation is apparent. Most runs were car-
ried out at values of F-factor of about 0.6. Observation of the
tray behavior indicated that very little entrainment was occur-
ring, and the predicted level of entrainment (Fair, 1963) was
less than 2%. This would have a negligible effect on the effi-

~ciency (Rahman and Lockett, 1981). Furthermore there ap-

peared to be no weeping present.

The experimental liquid temperature profiles across the tray
are shown in Figure 5. These measured temperatures were com-
pared with the bubble point temperatures, and this comparison
is shown in Figure 6. The bubble point temperatures were calcu-
lated taking into account the nonidealities in the phases, the
form of calculation having been described previously (Dribika et
al., 1985). The comparison showed that the liquid on the tray
was within +0.2°C of the bubble point, justifying the usual
assumption. The temperatures in the downcomers indicated that
slight vaporization was occurring, similar to the observations of
Ellis and Shelton (1960) and Lockett and Ahmed (1983), who
also used methanol-water. This was due to variation of tempera-
ture from tray to tray producing heat transfer. The results
shown in Figure S illustrate that the effect on the efficiency is
very small, the average difference between measured and pre-
dicted values being about 2%. This agrees with the conclusions
of Lockett and Ahmed (1983).

The tray efficiency results shown in Figure 4 confirm the pre-
dictions from the model that very high efficiencies are possible
in the region of low methanol concentration. This is due to the
large value of the equilibrium line slope in this region, resulting
in steep concentration gradients across the tray, and conse-
quently considerable enhancement of tray efficiency over point
efficiency. Similar observations have been reported by Hubner
(1972) for isopropanol-water, by Hay and Johnson (1960) and
Lockett and Ahmed (1983) for methanol-water, and by Shilling
and Beyer (1953) for ethanol-water. The values measured in
this study are generally higher than those in earlier studies due

Figure 2. Detail of tray showing sample/temperature points.
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Figure 3. Liquid composition profiles across tray.

to the length of the liquid flow path and the small hole size giv-
ing higher point efficiencies. Furthermore the rectangular sec-
tion used avoided any detrimental influences due to flow nonuni-
formities.

Point Efficiencies

The effective values of point efficiency that were deduced
from matching the model to the profiles are shown in Figure 7.
The efficiencies are fairly constant over most of the composition
range, with a slight reduction at low concentrations of methanol.
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Figure 5. Temperature profiles across tray.

The very high tray efficiencies in this region are therefore due to
the enhancement factors discussed earlier. Variation of vapor
phase F-factor within the range studied produced no significant
effect on point efficiency. Similar variations in efficiency were
reported by Lockett and Ahmed (1983) and Hay and Johnson
{1960), although at lower values. The higher values found here
are attributed to the smaller hole size providing a greater liquid-
vapor interfacial area. This is substantiated by comparing these
results with those of Haselden and Thorogood (1964) for a 1
mm hole size laboratory-scale column operating under similar
flow conditions on the system nitrogen-oxygen.

This comparison, made in Figure 7, shows very similar high
values of point efficiency. This seems to confirm that high point
efficiencies are characteristic of these small hole size trays. It
therefore should be possible to achieve very high tray efficien-
cies, similar to those shown in Figure 4, in conventional commer-
cial-scale columns incorporating these types of tray. However,
plant experience has been that in columns operating on nitro-
gen-argon-oxygen at pressures around atmospheric, tray effi-
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ciencies do not achieve these very high levels, and this must be
due to the other factors mentioned earlier.

The froth heights were also measured during the present
experiments, and the variation with composition is shown in Fig-
ure 8. The accuracy of these measurements was only perhaps + 1
cm, but the trend is fairly clear. This effect may have been due
to increasing liquid loading necessary to maintain a constant
vapor phase F-factor.

Efficiency Predictions

The AIChE method of prediction of efficiencies was applied
to this situation. The point efficiencies predicted are shown in
Figure 7, and it can be seen that the predicted values are very
much lower than those measured. Some deficiencies in the
AIChE method have been discussed by Lockett and Ahmed
(1983), but an additional reason here seems to be in not having
accounted for the influence of the small hole size. Stichlmair
(1978) developed a predictive method for point efficiencies tak-
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Figure 8. Froth height vs. mean liguid composition.
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ing into account surface tension effects and flow regime. The
predictions using this method are also shown in Figure 7. The
values are higher than those from the AIChE method, but still
lower than the experimental values, probably because the
method also was not based on small hole size data. The enhance-
ment factor of tray efficiency over point efficiency is very simi-
lar for predicted and measured cases, which is not surprising
since the AIChE predictive method is also based on the eddy dif-
fusion model and does not include any factor for nonuniformities
in flow. The high experimental tray efficiencies are due to the
high values of point efficiency. The AIChE predicted tray effi-
ciencies, shown in Figure 4, show values which are, fortuitously,
quite similar to the order of value actually experienced in large
columns with trays of this type. However, these values have been
arrived at by the incorrect route, and not by correctly including
the contributing factors. Since the severity of the reduction in
tray efficiency due to stagnant zones is a function of column size
and tray configuration, this must either be included in any pre-
dictive method or, better still, the stagnant zones should be elim-
inated.

Conclusions

The experimental and theoretical study described here has
demonstrated that sieve trays with very small holes can give very
high point efficiencies. The high tray efficiencies reported here
should be achievable on conventional commercial-scale trays,
and the fact that they are not generally this high illustrates the
detrimental effects of nonuniformities in liquid flow and stag-
nant zones. This gives an idea of the incentive to improve the
hydraulic behavior of circular-section trays.
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