



















































































































































































































































































































































































































































































This variation in exponent values may reflect different
flow vectors even though the distribution of flow is
similar. The difference is however too small to extend

the analysis any further.

The length-wise variation within a 149.2 mm
baffle-spacing compartment was shown earlier in Section
V.3.1. The dimensionless transfer coefficient of each
segment changed along the compartment length. Therefore,
this suggests that the variation exists both within the
compartment and between compartments. Such a variation has
been unobserved previously and designers have always assumed
that the overall heat transfer coefficient remains constant
along the tube bundle and lengths. With length-wise
variation of the transfer coefficient, due purely to the
fluid flow charactéristics and not changes in the physical
properties, this would result in some small Size units
being under designed. This is because exchangers with fewer
compartments would reflect the effects of the end compartments
in the overall transfer coefficient. In large exchangers with
many internal compartments these end compartment effects
would not be noticed in the overall aggregated transfer
coefficient. However, the data reported in this chapter
arefor no-leakage bundles, whereas all the commercial
exchnagers have associated internal leakages. This
indicated the importance of leakage data, which are

examined in Section V.6 and in Chapter VI.
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V.4.2 Characteristics of the End Compartments

It is suspected in Section II.5 and shown in the
above sections that the end compartments do behave
differently from the internal compartment. It can be seen
from Figures V.17-18 that the inlet and outlet
compartments behave differently from each other. The
inlet compartment shows coefficients which are constantly
lower than the outlet compartment by about 10% over the
Reynolds number range examined. The reason for this
difference between two end compartments, which are
geometrically the same, is that with respect to the
fluid flow they are in fact different. The inlet
compartment has the fluid entering from the nozzle and
leaving from the outlet window zone, whereas the reversé
situation is obtained in the outlet compartment. The
different positions of flow entering and leaving affect
the magnitude and direction of the flow. Thus resulting

in different transfer coefficients.

The inlet compartment data for the 149.2 mm internal
compartment baffle-spacing configuration are also plotted
in Figure V.19. The data of both inlet compartments for
the two different bundle configurations agreed to within
the experimental accuracy and may be represented by a
single curve. Therefore, the adjacent compartments had no
effect on the inlet compartments. This same conclusion
is echoed in Section V.3 and suggests that the down-
stream compartments have negligible influence on the

upstream compartment. (Note that the Reynolds number used




to represent to inlet data for both cases was based
on the minimum free flow area of these compartments

and not the internal compartments).

The tentative length-wise investigation as presented
by Prowse (4), and set out in Figure II.3 showed a much
larger variation between the end and internal compartments.
The difference between the end compartments and the
fifth compartment was of the order of 125%, with
the latter showing dinferior values. The
differences observed by Prowse were much greater than

those shown in this section.

V.4.3 Comparison with Previous Data

The data from this work are compared with the

mass transfer data of Mackley (3), Prowse (4) and Williams (5).

End Compartments

The inlet and outlet compartmental data of Prowse (4)
are compared with the end compartment data of this work
In both cases the same experimental rig was used, and
the baffle-spacing, baffle-cut, baffle-thickness, baffle-
orientation, tube diameter, shell inside diameter, and port
shape and size were all unchanged. The measuring technique was

also the same 1in both cases.

All the available end compartment data, with
Bergelin type ports and horizontal baffle-cut, are shown
in Figure V.19. The difference between the inlet

compartments of this work, represented by data from two
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configurations, and Prowse (4) was about 48%. This

discrepancy was greater for the outlet compartments at
about 59%. The data from this work were chosen as the

base. For both cases the data obtained from this

work were higher than those obtained by Prowse.

These very large differences could not be explained by
shell-to-baffle leakage which existedin the model of
Prowse, or by any other physical means such as changes in
fluid properties etc. Re-examination of Prowse's
experimental procedure as set out in his Chapter V shows a
serious misapplication of the activation procedure. The
purpose of the activation process, (see Chapter IV.4.3),
was to electrolytically clean the electrode surface and to
remove the oxygen film by evolving hydrogen at its surface.
Prowse however instead appeared to have evolved oxygen

at the electrode surface, resulting in increasing further
the thickness of the oxide film. Hence, this greater

mass transfer resistance produced lower transfer coefficients.

Therefore, the data of Prowse are probably in error.

Internal Compartments

The 18.4% baffle-cut compartment data of Mackley (3)
are now compared with the corresponding data of this
work. Since Mackley's data were for the fifth compartment
from the inlet, the comparison is made for that compartment,
as shown in Figure V.20. The difference between the
data of Mackley and this work was12%, with this work

showing higher values. The combined error for both works

(* 8.6% for Mackley's data and * 6.5% for this work)would
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encompassed this difference, but an explanation was still con-
sidered to be necessary to explain this variation. The
effect of local uncontrolled leakage could perhaps account
for the variation, as this would reduce the effective

mass transfer flow streams hence lowering transfer
coefficients. The effects of shell-to-baffle leakage

are discussed further in Section V.6. As was suggested

in Section V.4.1 compartments three to six could all be
represeénted by one curve, thus indicating the unlikelihood
of compartment five having specifically high transfer
coefficients. The low coefficients obtained by Mackley

were also lower than for these internal compartments,

thus suggesting that either Mackley's compartment exhibited

local leakage or some other phenomena was causing this dif-

ference.

Mackley calibrated his variable area flow-meters with
water as the flowing medium. In this work flowmeters
were accurately calibrated with the electrolyte as the
flowing medium. It is shown in Appendix Al that the
water calibration curve predicted flowrates which were 5%
higher than those obtained from the eletrolyte calibration
curve. Thus, this would add to Mackley's experimental error, increas-—

ing it to £13.6%, and showing lower transfer coefficients.

A counter possibility could be that seeping of
electrolyte into the inner surfaces of the multi-electrode,
(see Section IV.3.3), could result in increasing the

transfer coefficients. This however was unlikely to be
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significant as the relevant flow area and flow rate

were small compared with the flow contacting the outer
surface. Furthermore, these ' inside surface areas

were coated with liquid Araldite.

The remaining baffle-cut and baffle-spacing config-
urations examined by Mackley and Williams are now compared
by expressing the characteristic flow area by A;. This
comparison is shown in Figure V.21 together with other
internal compartment data obtained in this work. The
data of Williams throughout showed lower coefficients by
27%. This may be due to internal leakage and associlated
inaccuracies in Williams experiments. The data of Mackley
correlated by the geometric independent correlation showed
disagreement with the present work to be dependent on
Reynolds numbers. The difference between the two
curves was 14% and 27% at Reynolds number of 200 and 104.
The geometrical independent correlation curve (G.I.C.)
had lower gradient than the correlation curves for internal
compartments with baffle-cut of 18.4% and baffle-spacing
less than 50 mm. This difference in the gradients suggested
that latter configurations had a greater alignment to
crossflow phenomena than the former. Similar differences
were also observed with the comparison of the overall

bundle average data, see curve II in Figure III.9.

Large Baffle-Spacing Compartments

The effect of large baffle-spacing is demonstrated
by the 149.2 mm long internal compartment shown in

Figures V.22 and V.23. No other data were available for

TN
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comparison at this baffle-spacing.

The surprising conclusion from Figure V.22 is that the
149.2 mm baffle-spacing compartment shows higher transfer
coefficients than the 47.6 mm inlet compartment. The
gradient of the former curve 0.48 is much smaller than the
latter curve (0.56) suggesting that the large spacing
compartment would become inferior at Rep > 104, As the
internal compartment data were only examined for Reynolds
numbers less than 3000, the curve cannot be extrapolated

much further beyond this Reynolds number.

The slope of this curve is also much smaller than
the geometrical independent correlation of Mackley's and
the 18.4 per cent baffle cut and 47.6 mm baffle-spacing
internal compartment tested here. This is shown in T'igure
V.23. The large baffle-spacing configuration has a gradient

of same magnitude as for the leakage cases.

The effect of parallel flow is further discussed
in Chapter VI. It wasstated in Section V.3.3 and V.4.2
that large internal compartment was only examined under
laminar and transition flow. Therefore, the low gradient
suggests a longitudinal flow over most parts of its

surface.

V.5 Overall Bundle Average Characteristics

The pressure drop, heat and mass transfer data
are now compared over the whole of the exchanger. The

previously recorded data of Deleware University were

-115-




used in these comparisons.

No comparison had previously been made between
the overall bundle average heat and mass transfer
coefficient data, previous comparisons having been
between the average transfer coefficients over a single
compartment and overall bundle. In this work the overall
transfer coefficients and pressure drops are determined
for each Reynolds number examined. Hence tﬁe performance

of the exchanger could be fully investigated.

V.5.1 Bundle Average Transfer Coefficient

As in the previous section the average transfer
coefficient could be determined by simply averaging
the transfer coefficients over segments or compartments.
This is because of the constant mass transfer driving force
existing at any point within the exchanger, as mentioned
earlier in Section V.4. Therefore, the bundle average
Adimensionless mass transfer coefficients weredetermined
by averaging the individual compartment values in the same
proportion as the ratio of compartment length to the

pundle length. These average transfer coefficient

were then plotted against Reynolds number. The characteristic

velocity incorporated in the Reynolds number was calculated
by using the flow area AI’ as described in Section III.4.1.
In order to compare mass transfer data with direct heat
transfer data, it is necessary for the boundary conditions
to be analogous, particularly the constant driving

forces in both cases. The heat transfer coefficients

were determined by using the logarithm Mean Temperature
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Difference (LMTD). Therefore, the heat transfer data

could only be compared with the mass transfer data if
the temperature changes for both streams were small.
This would mean the (LMDT) and the arithmetic mean
temperature, were almost comparable. In most of the

heat transfer data these two temperatures were quite sim-
ilar. This is discussed in greater detail 1in Section

VI.56.1.

Uniform Baffle-Spacing Compartments

The data of Brown and the present study are dis-

played in Figure V.24 for configurations with 18.4% baffle

cutdown and all baffle-spacings less than 50 mm. The

two half-bundle average transfer coefficients for the

present work were plotted and a mean line could be drawn through

the points to indicate the overall bundle average values.
Also shown is the experimental accuracy in this work.
Figure V.24 reveals good agreement between the data

of Brown and this work for Reynolds numbers above 800.

However, below this Reynolds number the two data sets

diverged with the present work showing higher coefficients.

At a Reynolds number of 200, the difference between them
was16%. The combined experimental error in the heat

and mass transfer data would make this difference barely
significant. In spite of this an explanation is needed
especially since the agreementwas sO good at higher
Reynolds numbers. Mackley had also observed this when

comparing his single compartment data against the bundle

average coefficients of (23).
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He attributed the discrepancy between heat and mass
transfer data to many possible phenomena. These
included, effects of comparing single compartment data
with overall bundle data, suspected different flow
characteristics in the end compartment, limitations of
the heat and mass transfer analogy at low flow rate
possibly due to natural correlation and uncontrolled

leakage existing in the heat transfer data.

In this comparison of overall bundle average
coefficients the first two effects had been considered,
and the effect of leakage in Brown's bundles were discussed
in Section V.5.2, thus leaving the influence of natural
convection and the limitations of the analogy at low Iflow
rates as possible explanations. Natural convection is
produced in heat transfer by fluid motion brought
about solely by differences of density created by temp-
erature gradients. The analogous situation in mass
transfer only exists where differences in density occur
due to the concentration gradients, which 1s not the
case in the present study. The analogy has been successiully
applied at low Reynolds numbers and in free convection,
to the electrchemical deposition of copper sulphate
systems (67). Some workers (61) also employed the present
electrochemical technigue at low flow rates and achieved
comparable results to the heat transfer data when using the
Chilton-Colburn analogy. This was, however, for simple

geometries such as Gauzes and Spheres.
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For the heat and mass transfer analogies to apply,
each system requires similar dynamic, geometric and
kinematic conditions. At low Reynolds numbers the
L.M.T.D.'s for Brown's data are different from the
arithmetic average temperature, thus dynamic and kinematic
conditions would be different for mass and heat transfer
techniquesf Therefore, the heat transfer data at low
Reynolds number were influenced by both flow distribution
and temperature distribution. Hence, the mass transfer
and heat transfer data could not be compared at low

Reynolds numbers.

Mixed Baffle-Spacing Compartments

The bundle average transfer coefficients are now
examined for the configuration comprising of mixed baffle-
spacing compartments. As the compartments were of different
baffle-spacings (149.2 mm for the internal and 47.6 mm
for the end compartments), they had different transTler
coefficients and Reynolds numbers for the same flow
rate. Therefore, a method was needed to enable calculation
of the bundle average transfer coefficients. These methods

are now developed.

The analytical method requires evaluation of overall
bundle average transfer coefficient and Reynolds number
from the compartmental values. As there is constant
concentration driving force throughout the exchanger it
is quite correct to aggregate the individual tube transfer
coefficient and calculate the half-bundle mean value. The

corresponding bundle average Reynolds number which
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represents all compartments is then calculated from
the weighted mean of the Reynolds numbers of individual

compartments, this is further discussed in Section V.5.2.

The graphical procedure is now outlined. The end
and internal compartment transfer coefficients are
separately plotted against Reynolds number based on
its compartment flow area, as depicted in Figure V.22.
The average transfer coefficients for each compartment
are then recorded from the curves at a single Reynolds
number. The weighted average is evaluated by combining
the compartment coefficients in the same proportion

as the ratio of their sizes to the half-bundle length.

The half-bundle average transfer coefficients
evaluated from both analytical and graphical methods are
compared against the geometric independent curve of
Brown (Curve II 1in TFigurelIlI.9). This is depicted
in Figure V.25. The Reynolds number used in this case

is based on the flow area AI’

Both the analytical and the geographical methods
produced similar coefficients. However, the analyticadl
method is much easier to use and thus shall be utilised
in later sections. The gradient of this curve (0.47)
is smaller than er the Brown data. Also, at low Reynolds
number the mass transfer data shows higher coefficients
than the direct heat transfer data. The difference
is however slightly higher for the mixed baffle-spacing

configuration than the previous uniform spacing configuration,
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shown in Figure V.24. TFor instance, at Reynolds

number of 300 and 3000 the mixed baffle-spacing correlation
showed transfer coefficients which were higher by 25% and
% respectively compared with the data of Brown (23).

At Reynolds number of 3500, the two curves were the same.

The difference could be due to comparing data at low
Reynolds number. The large balffle spacing compartment has
been shown to exhibit large variation in the distribution
of flow and hence temperature gradient. Thus showing poor
comparison between heat and mass transfer data. Also shown
in Figure V.25 is Mackley‘s'geometric independent correlation
curve for compartment data. It can be seen that the agree-
ment between this compartment average curve and the mixed

baffle-spacing bundle average curve is good. i

V.5.2 Overall Bundle Pressure Drop

Pressure drop measurements have been made for all

the runs previously described. These are compared

with the pressure drop data of Delaware University
(23-25). The dimensionless pressure drop factor shall be

expressed as:

= ()
p Lo

23
A
Foo= (22 40P (V.11)
2
u
where Hsrepresenﬁs the overall length of the exchanger.
This parameter is plotted against Reynolds number based
on flow area AI' An advantage of this factor over other

conventional friction factor is that Fp expressed 1n

equation V.11 is independent of velocity.
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Uniform Baffle-Spacing Compartments

The comparison of pressure dreop data from similar
configurations is shown in TFigure V.26. It can be seen
that the difference between the Brown data and this work is
insignificantly small and a single curve could represent
both sets of measurements. This difference is particularly
good when considering the pressure drop techniques used were
different. Mackley's explanation of low heat transfer
coefficients existing in Brown's bundle being perhaps
due to leakage is not supported. Figure V.26 also points
to the usefulness of defining the pressure drop factor by

equation V.11.

The only exceptions to this agreement are in the
Reynolds number range of 103 to 2000. Two points in
this range show uncharacteristically low values. No
definite explanation could be found for this difference
except that these points are erroneous. However, change
of flow regime over the surface has been known to produce
a sudden "dip' in the pressure drop versus Reynolds number
curves (68). Additional data are required before this can

be established.

These data are also compared with the geometrically

independent correlation (curve 2 in Figure I11I1.12) which

represents three configurations. This is shown in
Figure V.26. The maximum difference is 15% between the two
curves with the present data showing lower values. However

this difference should be within the combined éxperjmental
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error for the two correlations.

Mixed Baffle-Spacing Compartments

The configuration with mixed baffle-spacing compartments
requires a particular Reynolds number which represents the
overall pressure drop for such an exchanger. At same
flow rate Reynolds numbers for the end compartment are
higher than the 149.2 mm baffle-spacing internal compartments,
by the inverse ratio of their lengths. Therefore, overall
bundle weighted mean Reynolds numbers are determined by
averaging the individual compartment Reynolds numbers
throughout the exchanger length. This assumed that the
ratio of the end compartment to internal compartment
pressure drop 1s represented by the inverse ratio of their

sizes.

These data are all shown in Figure V.26. It can
be seen that the mixed spacing configuration surprisingly
shows overall dimensionless pressure drop values in agreement
with the configuration with the smaller spacings and thus
greater number of compartments. Again in agreement with
the smaller baffle-spacing configuration data, the data
from Run 4 shows low values of 'Fp' at low Reynolds

number, thus indicating the presence of the 'dip' in the

curve.

The 'dip' in the 149.2 mm baffle-spacing curve
2
occurs in the Reynolds number range of 800 to 10”. It is

thought that perhaps the micromonometer used in this work
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have improved the sensitivity of measuring pressure drop

at low flow rates and hence detected the presence of this
'dip'. Similar equipment was not available to Brown (23)
who used u-tube monometers which are known to be
insensitive at low flow rate. This 'dip' is thought to

show the change in flow regimes over the exchanger surface.

V.6 Influence of Shell-to-Baffle Leakage

In the previous sections of this chapter both tube-
to-baffle and shell-to-baffle leakages have been prevented
in the experiment discussed. However, numerous references
have been made concerning their possible effects indicating
their importance in any study of the shell-side transfer
coefficients. In commercial exchangers leakages are
necessary because of fipbrication requirements and removal
of bundle for cleaning purposes. The only reason for
studying the no-leakage pundles was to understand fully the
effects of baffle-cut and paffle-spacing, by making

the flow distribution "simpler'.

In this section exactly the same configiration was
studied as in run numbers 2 and 3, but the shell-to-baffle
seals were removed to give a clearance of 0.5 mm, thus
making the flow distribution akin to that in the industrial
exchangers. The reason for investigating only this leakage
stream was to differentiate the effect from the combined

lecakage case. In Chapter III, it was shown that although
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this stream contributed the least towards heat transfer,

it is none the less the main stream reducing the pressure

drop and heat transfer coefficient.

The dimensionless compartment average heat transfer
coefficient for the leakage case are plotted against the
Reynolds number based on flow area Am, as shown in Figure
V.27. From this it can be conculded that, firstly
leakage reduces the length-wise variation to within 10%
for the first four compartments tested, secondly the
coefficients are lower than in the no-leakage case and thirdly
the gradient of the line (0.5) is lower than for the no-

leakage cases.

It is shown in Figure V.20 that the compartments
variation of tranmnsfer coefficients for the first four
no-leakage compartments was 15 to 26% at Reynolds number of
500 and 104 respectively. With the introduction of shell-to-
paffle leakage the length-wise variationwas reduced by 16%
at higher Reynolds numbers. It is suspected that this
variation would reduce further with the introduction of tube-to-
baffle leakage. One reason for the reduction of compartment
variation with leakage could be that the increased longit-
udinal flow reduces the propagation of the end compartment

effects through the exchanger.

In Figure V.27 the half bundle average for no-leakage
and leakage configurations are both shown. The correlations
differed by 10% to 22% at Reynolds numbers of 500 and 10%

respectively, with leakage configuration showing lower
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transfer coefficients. This was expected as part of the fluid
would be '"lost' from the effective heat transfer streams

(see TFigure I1.2) to the shell-to-baffle leakage stream.

Also, the flow area used in the Reynolds number was no

longer strictly applicable.

In equation (III.2) the leakage flow area was accounted
for in the Reynolds number. This is used to modify the
data shown in Figure V.28 together with the no-leakage
data of this work, Bell's semi-leakage heat transfer data,

and the no-leakage geometric independent correlation.

No significant improvement between the no-leakage and
leakage correlations emerged when using the modified
Reynolds number. The comparison of direct heat transfer
data of Bell (37) (obtained from a configuration with
shell-to-baffle clearance of 0.53 mm) with this leakage
study, showed transfer coefficients in agreement for Reynolds
numbers higher than 1500. Below this Reynolds number
the two sets of data departed to the extent 22% at Re=b500.
This difference was suspected to be due to reasons

outlined in Section V.5.1.

The comparison of the overall bundle no-leakage
geometrically independent correlation and the sheéll-to-

baffle leakage data of this work shows good agreement

over all the Reynolds number range examined. Thus, by defining

the flow area by equation III.2 the shell-to-baffle leakage

is well accounted for by the no-leakage gecmetric independent

correlation.
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V.7 Conclusions

The following conclusions are made for the no-leakage

tube bundle arrangements discussed in this chapter: &;M

1) The repeatability of the experimental data is shown

to be within the experimental accuracy of = 6.5%.

ii) Comparison of individual tube transfer coefficient

data against Mackleys data shows agreement to within *10%,
suggesting similar flow distributions. It is also shown
that a greater proportion of flow penetrates the bundle as
the flow rate increases. However, the distribution patterns
of individual tubes obtained by Mackley and Williams are
much more complete compared with the twenty tubes investig-
ated in this study. This number was further reduced when

some cathodes malfunctioned.

11i) Length-wise variation is shown to exist both within
the compartment and between adjacent compartments of the

bundle.

iv) A tentative model is outlined which discriminates
between the different flow characteristic within a compartment.
This showed the inlet compartment to possess different
flow behaviour to the remaining compartments. This model
also shows a large variation in the distribution of flow

for large baffle-spacing compartments.

v) Examination of compartment average coefficients

shows:
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a) Inlet compartment with marginally higher transfer
coefficients than the outlet compartment, less than 10%.
This 1is explained by the acceleration and declaration of the

fluid at different positions.

b) Comparison of the inlet and outlet compartments
data with corresponding data of Prowse showéd inferior
transfer coefficients for the latter by 48% and 58%

repectively.

c) The difference between Mackley's fifth compartment
data and this work is about 12% and reduced at higher
Reynolds number, with Mackley's data showing inferior

values.

d) The length-wise variation between end and internal
compartments 1s shown to depend on flow rate, and the

difference increases from 12% at Rep=500 to 26% at Rem=10%.

vi) The overall bundle pressure drops and average
transfer coefficients are compared with Deleware University

data. These show:

a) good agreement for the transfer coefficient
data when the Reynolds number is above 800. At lower
Reynolds numbers the difference 1increases and this is
explained by the unanalogous boundary conditions. The
existence of temperature distribution becoming important

at lower Reynolds number is limiting the analogy.

b) Comparison of pressure drop data also shows

good agreement to within 5% of Deleware University data.
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c) The 47.6 mm and 97 mm compartment data shows

similar pressure drops.

vii) Some limited study is made for a configuration

with shell-to-baffle leakage clearances. This shows;

a) the length-wise variation reduced by 10%, and

b) lower transfer coefficients obtained than for the

no-leakage case.
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CHAPTER VI

VI Shell-Side Investigation in Leakage Bundles

VI.1 Scope of Experimental Work H

The baffles used here had clearances between the
baffle holes and the tubes and between the baffle
periphery and the shell-wall. The tube-to-baffle and
shell-to-baffle diametrical clearances were 0.5 mm and

2.2 mm respectively.

The thickness of the baffle was the same as for the
no-leakage case and equal to 3.18 mm. The inside diameter
of the shell and the diameter of the baffle for all leakage
runs were 134 mm and 131.8 mm respectively. The corr-
esponding orifice shape factors for the tube-to-baffle
and shell-to-baffle clearances were defined by:

7 = 2-b;ff1§ plate thickness (VI.1)
diametrical clearance

were equal to 12.72 and 2.89 respectively.

The tubes were allowed to settle on the bottom
of the baffle hole and similarly for the baffles in the

shell. The resultant eccentric baffle clearance are

Ty~



typical of those used in commercial exchangers.

The leakage investigations were confined to a baffle-
cut of 18.4% and, baffle-spacings of 47.6 mm, 66.6 mm,
97 mm and 149.2 mm. Mass transfer studies were made over
the whole of the bundle with the shell-side flow weaving
up and down and with side-to-side movement. As symmetry
does not exist across the axis (3) for the latter case,
the whole of the compartment was studied. This was
easily achieved by rotating the bundle through 180 degrees.
For up and down movement only one half of the compartments

was studied, as symmetry exists across the vertical axis.

Overall pressure drops were also measured for all

the configurations examined.

These investigations were carried out for electrolyte

flow rates in the range of 2 to 127 £/m.

VI.2 Repeatability of Experimental Data

The repeatability of experimental data was
demonstrated by comparing two experimental runs performed
at different times but with similar compartment geometry
and flow rates. The average transfer coefficients for
50 mm nominal baffle-spacing end compartments in the form

of (Sh/sct/3

) against Reynolds numbers are shown in i
Figure VI.14. The difference was within the experimental
accuracy of * 6.5%. Further demonstrations of the

repeatability of the data are shown later in this section
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with close agreement obtained when comparing compartment
data of similar geometry, hence demonstrating the
consistency of data when using the electrochemical

technique.

VI.3 Individual Tube Coefficients

Individual tube coefficients were studied to
provide insight into local flow behaviour within the
baffle compartment. These data were compared with
previous leakage and no-leakage data. The no-leakage

data are reported in Chapter V.

VI.3.1 Variation of Transfer Coefficient in the

Compartments with Leakage

The average transfer coefficients over each element
electrode within the compartment were used to show the
existence of length-wise variation along the tube in
the no-leakage case. The data from the 149.2 mm baffle-
spacing configuration were used to demonstrate this
effect. A similar study is now carried out for the

leakage data.

A number of selected tubeérfrom all sections of the
above compartment were chosen to show the individual
electrode value, as depicted in Figure VI.1l at a constant
flow rate. This figure also shows the average values
for each element section over compartments two and three.

4 5 . . . , . )
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All the examined tubes showed similar length-wise
behaviour, displaying higher transfer coefficients near
the baffles and lower transfer coefficients away from the
baffles. The comparable no-leakage investigation shows
in Figure V.1 the extremely low transfer coefficient
values in lee of the first baffle, but these increase

quickly towards the downstream central bhaffle.

With the introduction of leakage, segments in lee of
the first and second baffles (numbered 1 and 6 in Figure
VI.1 ) both showed higher transfer coefficients than the
mean value. This agreed with the findings of (45),

(46) and (47), as explained in Section 1I1.4.2. However
the remaining segments, 2 to 5 and 7 to 10 in Figure VI.1,
all showed similar behaviour to the no-leakage case. That
is, the transfer coefficients increased towards the down-
stream end of the compartment. This increase in the

second and third compartments was of the order of 40% and
33% respectively. Thus, leakage hud considerably reduced

the length-wise variation.

The transfer coefficients for segments immediately
upstream of the baffle (such as segments 5 and 10) showed
higher values compared to segments immediately downstream
of the baffle, such as segments 1 and 6. This could
be explained by acceleration and deceleration upstream

and downstream of the baffle respectively.

This study suggests that leakage reduces the length-
wise variation along the exchanger length, although the

local geometrical effects are not completely removed,

-T2
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as the presence of baffle are clearly evident.

VI.3.2 Distribution of Transfer Coefficients

Comparison with Previous Leakage Data

The leakage data of Mackley and this work are

compared in Figure VI.2. The agreement between the two
data sets was within & 10% inspite of the leakage clear-
ances being different. The spread of data was also within

+ 10%. Hence, suggesting that the flow distribution was
even for the leakage case in comparison to the no-leakage

case. This was also observed by (3).

Effect of Leakage

The effects of leakage are demonstrated in Figure VI.3,
which shows for two flow rates, the percentage difference
in the individual tube transfer coefficient values
between leakage and no-leakage data. Figure VI.3 shows lower
individual tube transfer coefficients with leakage at
both Reynolds numbers. TFurthermore, the difference
between the leakage and no-leakage cases increased as the
flow rate was increased. Similar observations were made
by Mackley (3). This effect could be explained by two
reasons; firstly, increased longitudinal flow in the
leakage case distorts the no-leakage distribution patterns
and, secondly, the overall flow area increases Irom the
no-leakage case due to the presence of leakage clearances
thus lowering the overall compartment average fluid velocity.
These points are further studied in the §bU0mHh9 _ section

(VI.4).
T4
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Comparison of 47.6 mm Leakage and No-Leakage Data

The distribution of transfer coefficients for the no-
l eakage cases were represented by a normalised value

within each compartment in Section V.3.2.

The present leakage data are compared with previous

leakage and no-leakage data in this form.

The ratio of normalised values for the 47.6 mm
baffle-spacing configuration are used to study the
e ffects of leakage. This is shown in Figure VI.4 for
four different flow rates.‘ It can be seen in this
Figure that the outlet window region and approximately
the outlet half of the baffle overlap region shows lower
values than the inlet half of the compartment. Furthermore,
as the flow rate is increased, the lower value region
also increases and encompasses approxiamtely half the
compartment. This suggests leakage streams induce higher
transfer coefficients relative to the compartment
average in the inlet half of the compartment than for the
corresponding no-leakage case. Thus, indicating the
useful contribtion of the tube-to-baffle leakage stream
by increasing the fluid velocity around the tube-to-
baffle clearance it reduces the eddy zones near the
paffle. However, the fluid lost from the main flow stream
through the leakage clearances in the inlet half of the
compartment results in lowering the transfer coefficients

in the outlet half of the compartment.
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As the flow rate increased, the effect of leakage

was shown to become more pronounced. This may be

explained by a greater proportion of total flow being lost
to the shell-to-baffle leakage stream and increasing
longitudinal flow adversely effecting the distribution
patterns in the leakage case, thus lowering the transfer

coefficients further.

The distribution patterns were unable to show the
flow character of individual tubes, thus the two possib-
ilities above cannot be investigated further using this
approach. The study of individual tube characteristics

may provide further insight into the flow behaviour.

VI.3.3 Characteristic Behaviour of Individual Tubes

The characteristic behaviour of individual tubes was
outlined in Section V.3.3 by fitting equation V.1
through each individual electrode element. A similar
procedure was used to treat the leakage data to give the
exponent and equation coefficient of equation V.1l. The
velocity used in the Reynolds number did not account for the
leakage streams and was based on the flow area, Am, as

used for the no-leakage data.

Characterisation of Exponent Values

The exponent values for the 47.6 mm baffle-spacing
configuration are diagrammatically shown in Figures VI.5

to VI.8 from the fifth to the outlet compartments. During
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this experimental study the two 25.4 mm long electrode

elements in compartments five and six were electrically !

connected together, thus each electrode was 50.4 mm long.

Examination of Figures V1.5 to VI.8 showed agreement
for the average compartment exponent values of the four
compartments to be within 5% of each other. Furthermore
there was no obvious trend in the variation of the compart-
ment average exponent values along the bundle. This
is unlike the no-leakage study which showed compartment
average exponent values Talling from the internal
compartments to the end compartments. This is further

discussed in Section VI.4.1.

Examination of individual tubes in the above figures
showed the majority of the tubes exhibiting exponent
values between 0.49 and 0.55. Also, with a few exceptions,
the variation of individual tube exponent values was
small at £ 7% from the average compartment value. There
were again no regions within a compartment which possessed

distinctive exponent values. A similar conclusion was

obtained for the no-leakage case.

A further effect of leakage can be seen by comparing
the leakage and no-leakage data in Figures VI.5 to VI.S8
and V.5 to V.12 respectively. It is found that the
compartment average leakage exponent values are always
lower than the corresponding no-leakage compartment
values. This is further discussed in Section VI.4. The

individual leakage values also shows less scatter than the
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no-leakage values. Thus, leakage reduces the variation in

the exponent values between individual tubes and also

the overall compartment value.

However, examination of all the exponent values
was unable to distinguish between crossflow and
longitudinal-flow regimes. The reasons were similar to the
no-leakage case outlined in Section V.3.3. Hence the
type of flow existing within the various regions of the

compartment could not be established.

Characterisation by Flow Magnitude

The coefficient values (a) for each electrode
expressed by equation V.1 were used in Section V.3.3
to characterise the fluid flow patterns existing
within the baffle compartment. These equation coefficients
were expressed as the ratio of local velocity to either
baffle tip crossflow velocity or window—flow velocity,
and described by equations V.7 and V.8 respectively. These
equations account for changing velocity from tube row
to row and the arbitrary velocity Vpy which was used to

correlate the data in equation V.1.

During the development of these models it was also
assumed that the exponents in equation V.l were approximately
equal to O.5. Previously in this section it was shown that
the leakage cases exponent values were lower than the no-
leakage case and closer to O0.5. Thus, the above assump-
tion is more valid for the leakage case than for the no-

leakage case.



The crossflow and longitudinal window-f1low velocity

ratios, as described by equations V.7 and V.8 are also

shown in Figures VI.5 to VI.8. Unlike the no-leakage

study where different regions were outlined by contours

of high and low velocity ratio values, the presence

of leakage produced no such characteristic flow regions.,
All the compartments studies with leakage showed similar
unsuccessful outcome using both Ulsamar's crossflow or
Pohlhausen's (8) longitudinal-flow models. However,

these velocity ratio values were reasonably well dis-
tributed about unity, hence suggesting that the models were
better applicable for the leakage case than for the no-

leakage case.

The leakage flow distribution diagrams showed the
baffle overlap region as having similar flow distribution
to the window zones. Whereas the no-leakage flow
distribution diagrams showed part of the baffle overlap
region having lower velocity ratio values than the window
zones. This suggested that leakage caused fluid to penetrate

equally into the bundle.

The compartment average velocity ratio values for the
no-leakage case were approximately twice as high as those
for the leakage configuration. This may be explained by
two possibilities; firétly, the theoretical models may
be better applicable to the leakage case as the exponent
values were closer to 0.5 and, secondly the exclusion of
leakage flow area from the model would artificially lower
the ratio values by about 10%. Comparison of leakage and

no-leakage individual tube values in the window zoneg
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also showed lower value for the former. However, the

comparison of the leakage data with the no-leakage data

in the baffle overlap regions, which exhibits lower
velocity ration terms, showed similar magnitudes. This
again indicates the effects of the leakage streams to produce uni-
form distributions, as the low velocity ratio region

in the no-leakage case spread throughout the whole of

the compartment with leakage.

There were no regions within any compartment which
possessed distinct velocity ratio values consistently
throughout the bundles. Although, it can be seen that
the bottom window zone consistently showed lower velocity
ratio values than the window zone at the top of the bundle.
This may be explained by the excentric shell-to-baffle
clearance due to the bundle resting at the bottom of the

shell wall.

V1.3.4 Flow Behaviour for Verticle Baffle-Cut Configuration

The exponent and velocity ratio values for a configur-
ation with verticle baffle cut were determined. Similar
analysis as in the previous section were applied to obtain
the Tlow distribution patterns. These patterns are

shown in Figure VI.9 to VI.13.

Comparison of these Figures showed similar flow
behaviour existing in all the compartments. As in the
no - leakage compartments regions of high and low velocity

ratios were outlined. But, unlike the no-leakage case,
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the exponent values for the leakage configuration with
verticle baffle-cut were also able to distinguish flow
behaviour within each compartment. Further, these
regions were in agreement with those determined by

examination of the velocity ratio values.

In the low velocity ratio region, which occurred
at the bottom of every compartment, the exponent values
on average were much higher than those in the high velocity
ratio region, which occupied the window zones and remaining
top part of each compartment. The percentage difference
between average exponent values in these two regions was
approximately 21%, and is the same for all three compartments.
The same difference for the two end compartments was

approximately 10%.

The exponent and velocity ratio values in the high
region were similar to those in the no-leakage case.
However, the values in the low region were much different
with the exponent values being between 0.58 and 0.8 and
velocity ratio values lower than 0.5. The velocity ratio
model is only valid when the exponent value 1is around
0.5, (see Section V.3). Therefore, for some tubes in the
low region the velocity ratio (Ug/Ugy) could not be determ-
ined. These very high exponent values suggest longitudinal

or eddy flow existing in this region.

The existence of high and low regions indicates
greater proportion of flow passing through the top

part of the compartment and by-passing some tubes in the
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bottom of the compartment. The existence of these

regions, inspite of the presence of leakage, suggests an un-
aven distribufion of flow behaviour compared to the leakage
case with horizontal baffle-cut. Prowse also observed
this when analysing his data in the form of distribution

of transfer coefficients.

Vi.4 Compartment Average Coefficients

Similar to the no-leakage and semi-leakage cases
reported in the last chapter, the overall compartment
average transfer coefficients were determined for the
leakage cases from the individual tube values. The
average values were then compared with the previous
leakage and no-leakage compartment data. The compartment
coefficients showed the effects of tube-to-baffle and shell-
to-baffle clearances on the length-wise variation of the
transfer coefficient and effects of baffle-spacing. Also,
an attempt to correlate the averaged coefficients from

different compartment configurations was made .

VI.4.1 Length-Wise Variation of Transfer Coefficient

The variation of the transfer coefficient along the
length of a bundle comprised of uniform paffle-spacing
compartments were discussed earlier in Section v.4.1.
Also, in Section V.3.1 the variation of the transfer
coefficient along the tube but within the compartment
was demonstrated. The above geometries had baffle-

spacing-of 47.6 mm and 149.2 mm respectively, and with

-142-

T




A

)
AV

Sh
Sc1/3

(

COMPS.

OUTLET INLET*

6th 3rd»*

X

4+ 7th 2nd*
o]

@ 5th dthx

MEAN

16.5% EXPT.
ACCURACY

] |

102

10"

Figure VI.14 Effect of leakage on length-wise variation

along the

exchanger

103

Re

104

@ INLET=

length - for Run no. 6

COMPS.

OUTLET

O SECOND=* THIRD

MEAN

16.5% EXPT.
ACCURACY

Figure VI.15 Effect of leakage on length-wise variation
along the exchanger length for Run no. 8



leakage streams eliminated. However, in Section V.6 it
was shown that the introduction of shell-to-baffle

leakage reduced such a variation.

In this section leakage clearances were introduced

to simulate commercial exchangers. The data for compartments
with uniform baffle-spacing of 47.6 mm and 97 mm are shown
in Figures VI.14 and VI.15 respectively. The variation
of the transfer coefficient along the bundle length in

the 47.6 mm baffle-spacing configuration is shown in
Figure VI.14 to be within the experimental accuracy of

¥ 6.5%. A similar conclusion is also demonstrated in
Figure VI.15 for the 97 mm baffle-spacing configuration.

There was also little variation in the transfer coeffic-

ients for compartments in either the inlet and the outlet
halves of the bundles. This is particularly evident from
the overall bundle investigations at one flow rate; such
as, at 88.5 L/M and 18 %/m for 47.6 mm and 97 mm baffle-
spacing configurations respectively. The former case is
exemplified in the form of a histogram in [Figure vIi.le.
Also shown in this figure is the experimental error at
each elemental electrode. TFor this particular flow rate
the length-wise variation of the transfer coefficent along
the overall bundle length was within the experimental
accuracy. In a similar comparison made for the no-leakage
case the maximum difference was between -22% and +14% from

the bundle average value (see Figure V.16).

Unlike the no-leakage case where the length-wise
variation of transfer coefficient increased in this effect

with flow rate, the leakage configurations showed no
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change with flow rate. The individual tube study in
Section VI.3 also showed little variation in the gradient
value between different compartments and tubes within

the compartment. The value of the gradient for the

leakage case was closer to O.5 than for the no-leakage

case suggesting possibly greater amount of longitudinal flow.
Further, it was shown that the flow distribution between -
the compartments were similar and little variation existed
between the tubes within any compartment. This suggested
that the effect of the end compartments which were
previously suspected of causing length-wise variation

had been removed with the introduction of leakage. .

The increased longitudinal flow associated with the leakage

configurations is suspected to cause this.

In no-leakage configurations it was also shown that the
end compartments behaved differently from each other,
although this difference was small and less than 10%.

The effect of leakage was to reduce further this difference

to well within the experimental accuracy.

Mackley had also shown that leakage reduced the
effects of baffle-cut, i.e. the 18.4% and 25% baffle-cuts
showed identical compartment transfer coefficients. Thus,
further indicating the levelling of different geometric

parameters affected by leakage streams.

VI.4.2 Comparison with Previous Leakage Data

The data from this study were compared with the

-144-




data of Mackley (3). The leakage runs carried out in

this study are all tabulated in Table VI.1.

Mackley provided leakage data for two baffle-spacings
of 48.5 mm and 97 mm and two different leakage area sizes.
These data are depicted in Figures VI.17 and VI.18. The
comparison of configurations with baffle-spacings
less than 50 mm are shown in Figure VI.17. The data of
Mackley from 25% and 37.5% baffle-cut configurations are
also shown. It can be seen that the data from this work
lie between the two cases of Mackley. The shell-to-baffle
and tube-to-baffle clearances for this work were 2.2 mm and

0.5 mm respectively (see Table VI.1l). This configuration

showed transfer coefficients, consistently lower by 14%

than Mackley's configuration with shell-to-baffle and
tube~to-baffle clearances of 1.6 mm and 0.33 mm respectively,
and constantly higher by 8% compared to Mackley's configura-
tion with shell-to-baffle and tube-to-baffle clearances of
2.66 mm and 0.66 mm respectively. Mackley's data from

25% and 37.5% baffle-cut configurations with large
clearances were also tested. They highlighted Mackley's
conclusion that leakage reduced the effect of baffle-cuts,
(see Section 11.5). The corresponding data for the no-leakage
case were not correlated by the same curve, as the data

for 18.4% baffle-cut configuration showed higher values than

the remaining baffle-cut cases, (see Figure II1.8).

The differences between this work and Mackley's
studies were expected as the leakage areas were different.
These are further compared in Section VI.4.3. However,

when comparing the data for 97 mm baffle-spacing
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configurations, the difference between this work and

Mackley's was negligible and a single curve correlated

all the data. Thus, large baffle-spacing had removed

the effects of leakage clearances. Unfortunately, Mackley
did not investigate configurations with small leakage
clearances and large baffle-spacing, thus the conclusion
of the effects of large balfle-spacing on leakage clear-

ances could not be extended further.

If by increasing the baffle-spacing the effects of
different leakage areas were removed, then this would
suggest that the increased longitudinal flow caused by

increasing the baffle-cut would also have a similar effect.

VI.4.3 Comparison with No-Leakage Data

The leakage data were compared with the no-leakage
data discussed previously in Section V.4. As the length-
wise variation in the leakage configurations had been
nullified, the average from all the compartments in the
bundle was used in these comparisons. The techniques
described in Chapter III to account for leakage

streams were used.

The effect of semi-leakage clearances was discussed
in Section V.6. It was shown there that the effects of
shell-to-baffle leakage stream were comparable to the
no-leakage configurations, listed in Table I111.2, when
the leakage area was accounted for within the Reynolds
number. The configurations listed in Table III1.2 were

correlated by the geometric independent correlation
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curve, and 1is also depicted in Figures 1IV.17 and’IV.18.

All the leakage data shown in these figures were recalculated
by modifying the Reynolds number for each configuration by using equation
111.2, and is shown in Figure VI.I9. It can be seen that the large
baffle-spacing geometries of both this work and Mackley's were correlated
to within * 5% of the geometric independent no-leakage

curve.

The configurations with nominal baffle-spacing less
than 50 mm were all correlated on a single curve different
from the above geometric independent curve. Similar results
were also obtained in Figure III.11. However, for the
small baffle-spacing case semi-leakage data of both this
work and Bell et al (37) were correlated with the geometric
independent curve. This suggested that the tube-to-baffle
leakage stream was causing this difference and was not
satisfactorily accounted for when using equation III.Z.
Also, the small baffle-spacing correlation had a lower
gradient than the geometric independent correlation
curve. This meant that the stream affecting the correlation was
doing so by re-distributing the flow and changing the flow pattern
within the compartment. Thus the tube-to-baffle stream by the action
of longitudinal jetting flow was much more likely to affect
the flow distribution patterns away from the no-leakage
configuration. As the Reynolds number was lowered, these
longitudinal jetting flow streams through the tube-to-
baffle clearances would result in smaller tube lengths being
effected. This explained the smaller differences between
the no-leakage and leakage cases at the lower Reynolds

numbers, (see Figure VI.19). In large baffle-spacing
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compartment a smaller proportion of the tube length was
effected; thus the resultant departure from the no-leakage

correlation was negligible.

VI.4.4 Effects of Different Baffle-Spacing Compartments

The effects of baffle-spacing have already been
discussed earlier in this section, however, only a few
selected cases were introduced. In this section, all the
leakage data with different configurations examined are
reviewed and compared with the leakage and no-leakage
data presented earlier in the form similar to Figure VI.19.
Compartments with baffle-spacings equal to 47.6 mm, 66.6 mm,

97 mm and 149.2 mm are studied.

A1l internal compartment data outlined above are
plotted in Figure VI.20 with the Reynolds number modified
by equation III.Z2. It can be seen that all the data
were again correlated onto two separate Curves. Compart-
ments with baffle-spacing higher than 97 mm were correlated
with the no-leakage geometric independent curve. However,
the data for a compartment with baffle-spacings less than
66.6 mm were correlated with the data for configurations
with nominal baffle-spacing of 50 mm tested in Figure VI.19.
This suggested that the 66.6 mm baffle-spacing compartment
was also influenced greatly by the tube-to-baffle
leakage stream. Hence compartments with haffle-spacing
from 66.6 mm to 97 mm would possibly show the reduced

effect of tube-to-baffle leakage streams.

The end compartment data were compared with the
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no-leakage and leakage data discussed above. These are
shown in Figure VI.21. Both the inlet and outlet compart-
ments are indicated for each geometry. Again, all the data
were correlated on two separate curves described earlier

in Figure VI.20. The data for inlet and outlet compart-

ments with baffle-spacing of 97 mm were correlated onto

the geometric independent correlation curve. There was no

difference between the inlet and outlet compartment

values. Similarly, the inlet and outlet compartment
data with 47.6 mm baffle-spacing were correlated on the
same curve as the remaining leakage data with baffle-

spacing less than 66.6 mm.

The above comparisons indicated two important
features attributed to leakage bundles. Firstly, the
difference between the inlet and the outlet compartments
was negligible; whereas the no-leakage casds showed transfer
coefficient for the former compartments higher by 10%
than the latter compartment (see Section V.4.2). Secondly,
the correlation of the 47.6 mm baffleuspacing compartment
data, showed that the geometry of any compartment did
not effect the flow behaviour of its adjacent compart-

ments. A similar conclusion was also made in Section V.4.2.

Vi.4.5 Effect of Baffle-Cut Orientation

An experimental investigation of baffle-cut
orientation was made by rotating the bundle comprised
of two end and three internal compartments with 47.6 mm

and 97 mm baffle-spacings respectively. In each
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compartment forty tubes were investigated instead of the
twenty in all other experimental runs. The data for

each of the internal and end compartments were plotted

in the form of compartment average dimensionless transfer
coefficient against Reynolds number based on flow area

AI,NEW’ and is shown in Figure VI.22.

Figure VI.22 shows no length-wise variation of transfer
coefficient along the bundle, as the agreement between
compartment averages is within the experimental accuracy
Thus, the inlet and the outlet compartments are defined

by the same correlation.

Again the data for the end and internal compartments
were correlated by the two separate curves shown in
Figure VI.19. The internal compartments were represented
by the geometric independent curve, Curve II Tigure II.8,
while the end compartments were correlated by the leakage
curve for compartments with baffle-spacings less than
66 .6 mm. Therefore, the compartment average transfer
coefficients for the horizental and verticle baffle-
cuts were similar and not influenced by baffle-cut

orientation. Mackley (3) also obtained a similar conclusion.

The negligible effect of baffle-cut orientation on
compartment average transfer coefficients highlights an
important design feature. Baffle-cuts with side orientation
are widely used in industrial exchangers in order to
remove trapped liquid so as not to contaminate the
following batch or cause build-up of pressure in
upstream equipment. It is shown here that side orientation

-151-




would not reduce the compartmental average transfer

coefficient. However, side orientation produces maldis-
tribution of flow within the compartments (see

Section VI.3.2) which may not be desirable. Hence
distribution plates may be necessary to overcome this

problem.

VI.5 Overall Bundle Examination

The overall bundle transfer coefficients are discussed
in this section. It was shown in Section VI.4.1 that
no significant length-wise variation existed along the
bundle length, thus average compartment data could be
compared against the overall bundle average data. The
compartment average data of Mackley and the direct heat
transfer bundle averages obtained by Deleware University

workers were used in the comparisons.

The procedure outlined earlier in Section V.5 was
used to determine the average coefficients for bundles

with uniform and non-uniform baffle-spacings.

The correlation method discussed in Chapter II1

and Section VI.4 were used for correlating the data.

VI.5.1 Comparison with Previous Leakage Data

The leakage data of Mackley were previously plotted
together with the no-leakage data in Figure VI.9.
However, it was shown there that only large baffle-spacing
leakage data were correlated with the no-leakage

correlation curve while all the configurations with




baffle-spacings less than 66.6 mm were correlated

by a single curve different from the no-leakage case.

The comparison with direct heat transfer data of
Holzman (24,25) is now attempted. Unfortunately, Holzman's
data were limited to one baffle-spacing equal to 48.5 mm.
The data for configurations with nominal baffle-spacings
less than 70 mm are plotted in Figure VI.23. The
overall bundle average data for mixed baffle-spacing
compartments in the bundle were obtained by a weighted
average of the Reynolds number as described in Section

V.5.2.

Figure VI.23 shows the mass transfer data to be
represented on a same correlation curve. Further,
this curve was the same as that shown in Figures VI.19
and VI.20, correlating all compartment data with nominal
baffle-spacings less than 70 mm. Also shown in Figure
VI.23 is the no-leakage heat transfer geometric independ-
ent correlation curve. Data from three different con-
figurations studied by Holzman were in disagreement with

the present work. These three cases of Holzman's

were correlated within £ 16% and 19% at Reynolds numbers
of 300 and 7000 respectively, about the geometric
independent no-leakage heat transfer curve. A similar
disagreement was also noticed by Mackley when comparing
his data with Holzman's using jm versus Rem diagrams.
Mackley suggested this was perhaps due to the internal
compartment showing different flow behaviour to the

end compartments. Thus comparison between his data and
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Holzman's would be inaccurate. In Sections VI.3.3 and

VI1.4.1 this hypothesis was dismissed as all compartments

showed similar flow behaviour.

The difference between data of Holzman and this work
was difficult to explain as all the mass transfer
data of Mackley supported this work, while the heat transfer
data of Bell (37) agreed with the former data. TFurther,
the disagreement between the two sets of data was consid-
erable showing particularly in the gradient of the
correlation curves In view of the above factors the
disagreement was considered to be between the mass and

heat transfer mechanisms.

A possible explanation for this disagreement could be
due to the boundary cenditions not being analogous. In the
case of mass transfer constant concentration driving force
was ensured throughout the exchanger by the bulk and surface
concentrations remaining unchanged. However, in the heat
transfer case the temperature driving force was assumed con-
stant throughout the bundle if the logarithmic mean
temperature difference (L.M.T.D.) and arithmetic average
temperature difference (M.T.D.) were approximately equal.

At higher Reynolds numbers the maximum percentage differ-
ence between the two temperature differences was found to

be quite small (3 2.5%), while at lower Reynolds numbers

this difference was of the order of 13%. When comparing

the semi-leakage data of Bell and Fusco (37) they also showed
similar values at high Reynolds number but a maximum

difference at low Reynolds number was 17%.
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The increase in difference at lower Reynolds

numbers was also shown in the no-leakage data of Brown (23).

The agreement between the no-leakage heat and mass transfer
coefficient data was shown to decrease at lower Reynolds
numbers, see Figure V.23. For higher Reynolds numbers in
no-leakage configuration concordance of L.M.T.D. and M.T.D.
(3%) was reflected in good agreement between the heat and
mass transfer coefficient data, (see Section V.5.1). However,
as was reported above for leakage configurations, the

agreement between heat and mass transfer data was poor at

high flow rates too, inspite of good agreement between the
L.M.T.D. and M.T.D. A poséible explanation for this
irregularity is that at high flow rates, a greater propor-
tion of flow passes through the shell-to-baffle leakage
clearances. The enthalpy of this fluid stream remains
unaltered from that of the inlet fluid stream. Therefore,
this stream reduces the difference between the average
temperature of outlet and inlet streams. Thus, although
the difference between L.M.T.D. and M.T.D. is small,

the local mean temperature difference would change consid-

erably along the length.

The logarithmic mean temperature difference is
strictly applied to countercurrent parallel flow, although
the Deleware University workers and others have used it
to determine heat transfer coefficients in their heat
exchangers. For no-leakage bundles particularly at high
flow rates the distribution of fluid magnitude and temper-

ature are fully accountable by L.M.T.D. However, for
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leakage and low flow rates the unpredictable by-passing

of fluid between tube-to-baffle and shell-to-baffle
clearances distorts the mean temperature driving force
along the exchanger length. Therefore, unless the
temperature driving force is constant throughout the
bundle ds for a theoretical isothermal heat exchange, the

heat and mass transfer coefficient data cannot be compared.

This shows that the heat transfer data are influenced
by local flow and temperature distributions, with the
latter distribution itself dependent on the local flow

distribution.

VI.5.2 Effect of Baffle-Spacing on Overall Transfer

Coefficients

The effects of different baffle-spacing configurations
were studied by comparing overall transfer coefficients
against no-leakage configurations. All the leakage
configurations studied, including side orientation data
are shown in Figure VI.24. The overall bundle transfer
coefficients for the mixed baffle-spacing compartments
was obtained by simply averaging all the transfer coeffic-
ient values within the exchanger,as described in Section
V.5.2. A single average value for the Reynolds number
at corresponding flow rate was also determined by a weighted

average of the Reynolds numbers in all the compartments

present in the bundle again as described in Section V.5.1.

Figure VI.24 shows all the leakage data examined in

this work being correlated on two curves. This was
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irrespective of the considerable diversity in the

examined configurations including data from many differ-
ent baffle-spacings compartments, for inlet and outlet
halves of the bundle, uniform and mixed baffle-spacing
compartments and two baffle-cut orientations. The two
curves were as described in Figure VI.19 for a single
compartment. Thus, the data were only separable by baffle-
spacings between 66.6 mm and 97 mm. There was no effect

of baffle-spacing outside this range.

As in Figure VI.19, the overall bundle average transfer
coefficient data for baffleFSpaoingS less than 66.6 mm
were correlated on a lower curve, while the remaining
configurations were correlated by the geometric independent
curve, (see Table II1.2). Bundles with mixed baffle-spacings
did not affect the above conclusion. This was expected
as a greater proportion of each tube was experiencing
flow distribution similar to that in the internal
compartments, hence the overall effect represented the

internal compartments.

This supported the earlier conclusion that leakage
reduced the length-wise variation along the bundle, thus
bundle average data were comparable with compartment

average.

This also suggests that Reynolds number based on

flow area A successfully correlated overall bundle

I, NEW
average transfer coefficient data onto two curves. Diff-
erent baffle-spacing compartments existing in one bundle

were also correlated by determining the bundle mean
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flow area.

VI.6 Overall Pressure Drop in Bundles

Overall pressure drop measurements were made for
all the leakage runs previously described. These were
compared with similar leakage data of previous workers,
and also the no-leakage data discussed in Section V.5.2.
The pressure drop meaasurements were re-expressed in the
form of dimensionless pressure drop factors defined in 3

equation V.11.

VI.6.1 Comparison with Previous Leakage Data

The leakage data were compared with the data obtained
from a similar bundle geometry by Holzman (25). The
pressure drop data of Holzman used in these comparisons

were obtained from his isothermal runs.

Holzman investigated three different shell-to-baffle
leakage clearance arrangements, however the baffle-cut,

baffle-spacing and tube-to-baffle clearances were fixed

at 18.4%, 48.5 mm and 0.33 mm respectively.

The comparison between the 50 mm nominal baffle-
spacing data of the present work and Holzman's is shown
in Figure VI.25. It can be seen that the present data
agreed well with those from Holzman for the case with
shell-to-baffle and tube-to-baffle clearances of 1.6 mm and
0.33 mm respectively. On average, the present data were
approximately 20% higher than Holzman's configuration with

largest shell-to-baffle clearances.

e
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These comparisons suggested that the present config-

uraticn, with diametrical shell-to-baffle and tube-to-
baffle clearances of 2.2 mm and 0.5 mm respectively had
higher pressure drops than would be predicted by Holzman
for the same configuration. This difference could be
explained by numerous factors such as, uncontrolled leak-
age, trapped gas in the metal exchanger of Holzman, trapped
gas in the pressure impulse lines, and tube-to-baffle
leakage area. However, the experimental error existing in

both measurements would encompass this difference.

Unfortunately, no other baffle-spacing data were
available from similar exchanger arrangement for further

comparison with the remaining configuration studied here.

VI.6.2 Comparison with No-Leakage Configurations

The no-leakage data for configurations with baffle-
spacings of 47.6 mm and 149.2 mm were compared with

corresponding data from leakage configurations.

Figure VI.25 also shows the no-leakage data for
configurations with nominal baffle-spacings of 50 mm. This
was discussed in Section V.5.2 and shown in Figure V.26.

It can be seen that all the leakage cases showed lower
pressure drops than the no-leakage case, and this difference
increased with increasing leakage clearances. Similar
conclusions were also drawn from Figure I1II1.13 leakage

and no-leakage data for this work was 67% at Re ;=8000.

This difference reduced slightly at lower Reynolds numbers

and was 55% at ReI=5OO. The no-leakage case was chosen as

~TRQ.
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the base. The increased departure at higher Reynolds

numbers can be explained by greater proportion of the

total flow being "lost" from the main stream (stream B

in Figure I1.2) through the leakage clearances which has

low flow path reistance. Most of the "lost" fluid escaped
through the shell-to-baffle clearance. At low flow rates
the overall pressure drop through the exchanger was

small, thus the differential fYesistance. between leakage

and no-leakage cases were indifferent. Therefore, same
proportion of the total fluid did not pass through the leak-
age clearances at low flow rates compared with higher

flow rates.

The leakage and no-leakage configurations with mixed
baffle-spacing compartments were also compared, and are
shown in Figure VI.26. Again, the procedure outlined
in Section V.5.2 was used to account for different sized
compartments existing in the same bundle. The overall
bundle Reynolds numbers were calculated by a weighted
average of the individual Reynolds numbers of every comp-
artment in the bundle. The difference between the leakage
and no-leakage pressure drops again changed with Reynolds
number, and were 46% at Reynolds number of 4000 and almost
insignificant at Reynolds number of 600. The no-leakage
case was chosen as the base. These differences were much
smaller in this case than for thé 47 .6 mm baffle-spacing
configuration. Thus, suggesting configurations with large
baffle-spacing compartments had smaller difference

between the flow resistances of the leakage streams and
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sStream B in Figure 11.2.

In Section II1.3.2 an attempt was made to account
for the leakage streams by modifying the measured
pressure drop with equation III.4. The leakage data for

47.6 mm, 66.6 mm, 97 mm and 149.2 mm baffle-spacing

configurations were re-expressed and are shown in Figure
VI.27 by using a modified form of equation 11I1.4:

FpL
¥Dy, corr T (1-AL). 4)2
I

(VI.1)

the leakage area was for the shell~to-baffle leakage
clearance only. For non-uniform baffle - spaced compartments
the bundle average flow area AI’ was determined by a
weighted average, similar to the Reynolds number, described
above. All the cases examined showed remarkable agreement
thus indicating the correctness of equation VI.1 in account-
ing for leakage. Another interesting pointer to the

successful correlation was when comparing leakage and no-

leakage configurations with baffle-spacings of 47.6 mm

and 149.2 mm. These results indicate the presence of
disturbance in the curve at approximately same Reynolds
number range of 103 to 2000. This was also indicated to

a small extent by the data of Holzman for the 1.6 mm shell-
to-baffle clearance case. (Note: this method has increased

the gradient of the leakage curves to agree with the no-

leakage cases).

The success in correlating the leakage data whilst

only using shell-to-baffle leakage .area in equation VI.1
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highlighted the importance of this leakage stream compared

with the tube-to-baffle leakage stream. A similar conclusion
was outlined in Figure II1I1.13, where no significant
difference resulted in the pressure drop even when the
tube-to-baffle clearances were doubled. This attribution

of the tube-to-baffle leakage stream was surprising, espec-
ially since the total leakage flow-area for this stream

was always higher than for the shell-to-baffle leakage
stream. One possible explanation for the apparent insensit-
ivity of the tube-to-baffle clearance is that, as the flow-
resistence is proportional to the frictional surface area,
the total area for all the tubes was approximately five

to six times greater than for the shell-to-baffle cases.

Figure VI.26 also shows correlation of data from
different baffle-spacing configurations. Therefore,
equation VI.1 not only accounts for leakage areas but also

baffle-spacing.

VI.7 Conclusions

Following conclusions are made for the leakage

tube bundle arrangements discussed in this Chapter.

i) The repeatability of the experimental data
is shown to be well within the experimental accuracy of

* 6.5%.

ii) Leakage caused lower transfer coefficients
by as much as 40% in places within the compartment compared
to the no-leakage case. Leakage also produced much more

even flow distribution compared to the no-leakage case.




iii) The flow characteristic model proposed in

Section V.3.3 was unable to discriminate between different
regions within the compartment, contrary to the no-
leakage case. Although regions with high and low velocity
ratios were shown for the verticle baffle-cut orientation.
The model also showed how leakage caused the fluid to pen-
trate equally into the bundle for the horizontal baffle-
cut orientation, and uneven flow distribution for the
verticle baffle-cut orientation. The latter case showed
the bottom region of the compartments being by-passed

by the flow.

iv) Examination of compartment average transfer

coefficients showed the following:

a) No length-wise variation along the exchanger
length, with comparison between compartments
lying within the experimental accuracy. The
length-wise variation within a compartment
was shown to be reduced by the presence

of leakage stream.

b) The effects on many parameter including,
baffle-cut, baffle-cut orientation and
compartment position (i.e. end or internal)
were comparable with the no-leakage when
Reynolds number was based on flow area
AI,NEW' Further, the effects of shell-to-

baffle and tube-to-baffle clearances were also

correlated when baffle-spacing was greater than
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v)

97 mm. For configurations with baffle-spacings
less than 66.6 mm all the above parameters

were correlated on a separate curve. Out-

side the range of 66.6 mm to 97 mm, the baffle-
spacings had no effect and all the configurations
examined lay on either of these two curves.

This difference is due to the baffle-to-tube

leakage.

Examination of the overall bundle average transfer

coefficients showed the following.

a)

b)

vi)

A1l data lay on two curves outlined in IV above,
when using AI,NEW as the flow area in the

Reynolds number.

Comparison of this data with heat transfer data
from Deleware University Research programme

showed no agreement. This was expected to be due

to non-analogous boundary conditions, particularly
the mean driving forces and temperature distribution

along the exchange length.

Examination of overall bundle pressure drops

showed the following:

a)

A1l leakage cases showed lower pressure drops than
the no-leakage case, and this was further

lowered as the leakage areas increased. This
difference was shown to depend on Reynolds

number.
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b)

Comparison of all leakage and no-leakage data

of Deleware workers and this study were
correlated by a single curve, (see Figure VI.27)
when Reynolds number and dimensicnless pressure
drop factor were based on flow area AI. (This
was corrected to AI* for configuration with

mixed baffle-spacing compartments).
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CHAPTER VII

GENERAL CONCLUSIONS

The suitability of the electrochemical technique
for rapid data acquisition is demonstrated by approx-
imately 10,000 local measurements of mass transfer
coefficients. Thus, providing valuable information for
the stream analysis computer models. The data has also

highlighted some interesting conclusions.

VIiI1.1 The No-Leakage Case

(a) The examination of compartment average transfer
coefficients shows a length-wise variation of transfer
coefficients between adjacent compartments of the
bundle. The difference between the end and internal
compartments is shown to be dependent on flow rate
and increases from 12% to 26% as the Reynolds number

increases from 500 to 104,

(b) The individual tube transfer coefficients and

the flow characteristics as described by the model shows
that:

(1) a  greater proportion of flow penetrate the

bundle as the flow rate is increased,

(ii) the inlet compartment possesses different flow

characteristics compared with the remaining compartments.

(iii) a large variation exists in the distribution of’ flow

within the large baffle-spacing compartments, and

(iv) the variation of transfer coefficient along



the compartment length.

(c) The comparison of both transfer coefficient
and pressure drop data with previous data obtained from
direct heat transfer work and the electrochemical techniques

revealed the following:

(i) Agreement for the internal compartment
mass transfer data of this work and similarly data of

Mackley .

(ii) The overall bundle average mass transfer
coefficients for this workband for the heat transfer

studies also shows good agreement at Reynolds numbers

above 800. This agreement became poor at lower Reynolds
numbers and is explained by unanalogous boundary

conditions.

(iii) The overall bundle pressure drop data for
this work and Delaware University research programme

shows an agreement to within 5% for similar geometries.

VII.2 The Leakage Case

(d) The effect of semi-leakage configuration
shows the length-wise variation to reduce by 10% from the no-
leakage case and further examination of two total
leakage configurations shows no length-wise variation

throughout the exchanger length.

(e) The individual tube transfer coefficients and

the flow characteristics as described by the model shows:
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(i) Leakage reduces the transfer coefficient

value by as much as 40% in places compared with the no-

leakage case.

(ii) Leakage streams also produced even flow
distribution and thus the model was unable to dis-
criminate between different regions of the compartment.

This is unlike Tfor the no-leakage configurations.

(iii) The flow characteristic model shows mal-
distribution of the flow in verticle baffle-cut config-

uration.

(d) The comparison of leakage transfer coefficient

data with previous data shows:

(i) Good agreement for the compartment average

transfer coefficients for this work and data of Mackley.

(ii) There is no comparison between the overall
bundle average mass transfer coefficient data and
corresponding direct heat transfer data. This is inspite
of the very good agreement achieved between the overall
pressure drops for all the flow rates. This disagreement
is explained by unanalogous driving forces and 1is the
extension of the no-leakage case at lower Reynolds

number.

ViIl.3 Correlations for the Shell-side

The following conclusions are made about the

correlation of present and past shell-side data.

- 14£Q 0




(g) The compartment average transfer coefficient

data from many configurations with different baffle-

cuts, baffle orientations, compartment position (1.e.

end or internal), compartments existing in non-uniform
bundle, baffle-spacings (outside the range 66 mm to 97 mm),
tube—to-baffle and shell-to-baffle clearances and baffle
thickness for both leakage, semi-leakage and no-leakage
are correlated on two curve when using Tlow area Ay ,NEW.

These curves are represented by baffle-spacings less

1

than 66.6 mm and greater than 97 mm. The difference
is attributed to the tube-to-baffle lcakage stream
effecting the Tlow patterns in smaller baffle-spacing

compartments.

(h) The examination of overall bundle pressure drop
data Tor a total of eighteen different configurations
studied by two authors using different fluids for
leakage and no-leakage cases shows a good correlation by the

procedure outlined in Chapter ITI.
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CHAPTER VIII

Recommernidations For Future Work

The following recommendations are made for future

work :

(1) More detailed investigations of different

geometrical configurations in leakage and no-leakage

bundles are regquired to show:

(1)

(ii)

(iii)

(iv)

(v)

(vi)

if their data are correlated by

methods described here,

more individual tube transfer coefficient
data to improve the flow characteristic
model,

the affects of length-wise variation and
attempt to explian what is causing

this (local velocities measured by

L.D.V. technique may be useful)

what happens between baffle-spacings

of 66 mm and 97 mm in the leakage case
and how tube-to-baffle stream effects
this,

the effects of different port types on
both pressure drop and transfer
coefficient,

the effect of various commercially used
impingement baffles on the distribution
of flow particularly for the vertical

baffle-cut.



(vii)

(viii)

the 'dip' in the pressure drop versus
Reynolds number plot near the transition
Reynolds numbers,

a model of local velocity profile
calculated from the transfer coefficient
data. This can then be used to determine
the change in the analogous driving
force gradient and hence account for the
leakage heat transfer data. In this way
a better mean temperature driving

force might be found compared to LMTD.
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Nomenclature
Symbol Title Units
a Equation coefficient
A Shell-side flow area m?
AI Minimum crossflow area at the 5
baffle edge m”~
Ar npw (ArtAp) n’
AL Baffle leakage area m2
Ag n " Minimum crossflow area at nth row
’ of tubes m?
Am Minimum crossflow area at centre 9
row ol tubes m
A , Maximum croésflow area m Cross-
max - 9
flow zone m
A Minimum crossflow area 1in cross-—
min 2
flow m
AgB Shell-to-baffle leakage area m
ATB Tube-to-baffle leakage area m2
W Free flow area in the window zone m2
b Equation coefficient
BC Baffle cutdown %
BS Baffle-spacing mm
C,Cp Specific heat evaluated at bulk o
temperature KJ/Kg C
Cb Bulk ferricyanide ion concentration Kg mole/m3
d, do,dt Tube outside diameter m
Dek Equivalent hydraulic diameter
defined by Kern m
D, Dy, Diffusion coefficient m? /s
Dl’DS Shell inside diameter m
F Faraday's constant c/kg mole
FB Correction factor for bypass

stream
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Title
Correction factor for leakage

Correction factor for number of
tube bundles

Correction factor for window zone
Shell-side fluid mass velocity
Crossflow mass velocity

Mass velocity defined by Kern
Heat transfer coefficient

Bundle average shell-side transfer
coefficients

Electrical current
Limiting (or diffusion) current

Thermal condictivity evaluated
at bulk temperature

Mass transfer coefficient
Characteristic length
Baffle overlap
Baffle-spacing

Total exchanger length
Exponent

Exponent

Number of tube rows in crossflow
zone

Rate of mass transfer
Valency of an ion (equal to 1)
Tube Pitch

Overall pressure drop

Corrected overall bundle pressure
drop for leakage

Shell-side fluid volumetric flow
rate

Units

kg/mz/s
kg/mg/s
kg/mz/s

kw/mZOC

kw/szC

A

A

w/moC

m/s

m

kg mole/mzs

N/m
N/mz

m3/s



Symbol

S/B

t /b

Greek Symbols

a

n

u

Uw

Title

Cathode surface area

Total surface area of tubes in
exchanger

Shell-to-baffle leakage diamet-
rical clearance

Tube-to-baffle leakage diamet-
rical clearance

Temperature of fluid

Fluid velocity

1/83 (Vpin * Vmax * V)

Ideal bundle crossflow velocity

Shell-side velocity based on
flow area Am

Shell-side velocity based on
flow area Am

Shell-side velocit¥ pased on
flow area (Amz.Aw) /3

Shell-side velocity based on
Py
area (Am.Aw)2

Shell-side fluid mass flow rate

Orifice shape factors

Effectiveness factor

Kinematic viscosity, u/p

Fluid viscosity evaluated at bulk

temperature

Fluid viscosity evaluated at wall

temperature

Fluid Density evaluated at bulk
temperature

Standard deviation
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m

mm

mm

m/s

m/s

m/s

m/s

m/s

m/s

kg/s



Symbo1l

Title Units

Angle between fluid flow and
surface Rad

Dimensionless Groups

FAp

av

Je

Nu

Pr

Re

Re. ¥

Sc

Sh

St

Subscripts

Av

B

c
Comp, Av

eff

Pressure drop factor

Ap dBD
UL
Individual tube transfer

j-factor

Compartment average transfer
j-factor

Crossflow zone average mass
transfer j-factor

Heat transfer j-factor, blzv.PrZ/B
P
Mass transfer j-factor, Ke 52/ 3
Y
Nusselt number, %?
Prandtl number, E?B
<
: VP
Shell-side Reynolds number, o

Average Revnolds number over the
bundle for the bundle with
different baffle-spacing
compartments

Schmidt number, S
pDv
Sherwood number, Eﬁg
Dv

Stant mber b
anton number, cov

Based on Vav

Bund1§ bypass stream
Based on V¢

Compartment average value

Effective value



Symbol

ek

max

min

NL

Title

Based on equivalent hydraulic
diameter defined by Kern

Heat transfer process

Based on flow area AI

Based on flow area (AI+AL)
Based on Kern's interpretation
Local effects

LLeakage case

Mass transfer process

Based on Ay’

Based on Am

ax
Based on Amin
Without baffle leakage
Overall value
Based on A

w

Based on Vy

Based on Vz
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APPENDIX 1

Calibration of Flowmeters

Two variable area flowmeters of sizes 65 and 18
(metric) were used to measure the electrolyte flow rate.
In order to increase the accuracy of the results, the
error in the flow rate had to be reduced. This required
calibration of the flowmeters with electrolyte as the
flowing media., The previous users, Mackley, Macbeth and Prowse
all used water for the calibration runs and applied the
resulting curve for determining the electrolyte flow.
The physical properties, especially viscosity of the two
fluids would effect the accuracy of the flow rate. A
better technique was needed to increase the accuracy of

the flowmeters.

The following procedure was used to calibrate the
flowmeter with electrolyte as the flowing medium. A
direct calibration of the flowmeters using the electrolyte
instead of water was hazardous and costly, especially
because of the very high flow rates involved. The following
indirect method was found to be satisfactory. The Rotameter
Manufacturing Company calibration techniques (76) were used
to generate calibration curves for the two flowmeters with
the electrolyte physical properties. The two equations

of interest were:

- Al-
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o ap 4
I = Log {Kiv ETE?ET 107} (A1.1)
and
r o= x. w(o-p)
r 2 o0 (A.1.2)

where v p 0 w are the fluid kinematic viscosity, fluid
density and float weight all in c.g.s. units. K1 and

K2 are instrument constants which vary with its size.
The co-ordinates I and Fr were used with the empirical
correlations provided by (76) to produce the calibration
curve. The points for calibration curves are shown 1in

Tables Al.,1 and Al.2 and the curves depicted in

Figures Al.1-2 for Rotameter sizes 18 and 65.

Two tests were made to check the accuracy and the
correctness of this technique. TFirstly, the experimental
calibration data of Mazar (77), using three different
concentrations (1 m, 5.38 m, 7.62 m) of sodium hydroxide
solution in Rotameter sizes 7 and 24, were compared with
corresponding curves generated from the above technique (76).
As the flow rates were small in Mazar's case, experimental
investigation was safely attempted. The agreement between
the analytical and experimental data of (76) and (77)
respectively was within the experimental accuracy of 1%.
Secondly, the present Rotameters were experimentally
calibrated with water as the flowing medium, and compared
with the corresponding curve obtained analytically. The
agreement between the analytical and experimental data
was again within the experimental accuracy of 1%. Hence

the analytical procedure for each fluid and flowmeter

tested accurately predicted the experimental calibration

' Wa)
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data.

The difference between the water and electrolyte
calibration curves was of the order of 5% with the

electrolyte showing lower values.

TABLE (Al.1) Analytical Calibration of Rotameter
Size 18, using Electrolyte as Flow Medium

Scale Reading 0.1

oM 6.8 9.9 12,8 15.4 18,1 23.2

Flow Rate

. 9. . .
I/M 1.0 2.9. 3.9 4.8 8 6.9 8.8

TABLE (Al.2) Analytical Calibration of Rotameter
Size 65, using Electrolyte as Flow Medium

Scale
Reading 0.1 3.1 6 8.7 11.3 13.8 16.2 18,7 20.8
CM

Flow
Rate 10.9 39 58 78 98 117 137 156 176
L/M

 E—
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APPENDIX L

Pretreatment of Electrodes

Previous users found that chemical polarisation
was an occasional problem when operating with the ferri-
ferrocyanide system, particularly if the electrode surfaces
were not pretreated before operation. A series of
pretreatment processes proposed by Lisenburg et al (75),
have since been adopted. Mackley extended Eisenburg's
procedure for the pretreatment of the nickel anode and
cathodes. He found that satisfactory results were
obtained by polishing the electrode surfaces with a fine
emery paper. An activation process was then performed by
evolving hydrogen at the electrode surface, The current
density used for this cathode activation was 0.1 mA/mmZ
for five minutes. This same procedure was used in the
present study. The operational anode was also pretreated by
using an activation anode during the activation process.

The former electrode being connected to the negative

terminal.

After a series of experimental tests the tube
pundles was removed. In order to pretreat the electrode
surface an alternative to the polishing treatment was

required so as to avoid disassembly of the bundle. This

-pA4-




was done by thoroughly rinsing the tube bundle with
distilled water to remove any traces of electrolyte
and then immersed in a 10% solution of hydrochloric
acid for 1 to 2 minutes. After removal, the bundle

was again thoroughly washed with distilled water prior

to replacement in the shell,
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Accuracy of Experime

APPENDIX A3

ntal Data

The accuracy

(Sh/sct/3

of the mass transfer coefficient and

) data reported in this work were derived

from the estimated accuracies of the electrolyte

solution physical property data and of the experimental

measurements made.

given bhy:

I,

The mass transfer coefficient is

I,

K =
M
SCb

neF (TL,d)CyneF

(A3.1)

and the dimensionless transfer coefficient groups by:

( Sh y = Kmd
SCl/B Dv

The possible random

term are now determi

(1) Concentration
(2) Diffusivity Dy
(Independent ©
Temperature)
(3) Tube diamteter
(4) Limiting Curre
(5) Electrode leng
(6) Surface Area S
(7) Velocity (1i.e.

Rate) V

Sc

-1/3

and systemic

ned:

+
Cb T
+

f
d +
nt Iy, +
th L *+
+
Flow *

.Y~

(A3.2)

error in each compartment

0.001

0.008

0.003

0.004

Mazar (77),

Eisenberg (59)

Micrometer limit

(Measurement and
Fluctuation)

Measuring Limit
Measuring Limits
(Calibration accuracy

and Fluctuations in
Flow)

Prowse (4)




8) Kiematic viscosity n + 0.02 Mackley (3)
(Independent of Temp- ,
erature)

By summation of constituent errors, the accuracy

of the mass transfer data is estimated.

9) Schmidt number Sc=(ﬁTl + 5 per cent
Thus for Scl/3 v + 1.7 per cent
10) Mass transfer coeff-
icient Kp t 1.7 per cent
11) Dimensionless + 6.5 per cent
transfer coefficient
(Sh/Scl/3)
12) Reynolds number : + 4.1 per cent
(QX)”
n
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TABLE A4.1 CONFIGURATIONS EXAMINED IN THIS PRESENT WORK

RUN | BC | NO.OF NO.OF | FLOW | CLEARANCES | COMPARTMENT BS
NO. | % COMPART- | COMPS.| TYPE |S/B | T/B| END |INTERNAL
MENTS STUDIED ol -
TP -
1 ]18.4 8 1 to 4|poTToM | 0.5 0 |47.6 47.6
2 |18, 8 1 to 4| n 0 0 |47.6 47.6
3 | 18. 8 5to 8| 0 0 |47.6 47.6
4 |18. 4 1 to2] 0 0 147.6 149.2
6 |18. 8 1 to 4f 2.2 | 0.5147.6 47.6
7 1 18. 6 1 to 6] o 2.2 | 0.5 (47.6 66.6
8 |18. 4 1to 4| v 2.2 | 0.5 197 97
9 |18. 5 1 to 5| SIDE =10 9 | 0.5 147.6 97
SIDE
10 |18 4 1to 4| P~ 1y9 0.5 [47.6 149.2
L O mOM . £s - L -
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TABLE A4.2 RUN NUMBER 1

REYNOLDS

COMPARTMINT AVERAGE Sh/Sc U, BUNDLE Av.
NUMBER INLET | SECOND | THIRD | FOURTH (Sh/sc b, )
1596 29.9 32.8 33.3 31.9 32.0
2670 41.3 42.7 15.5 43.2 43.2
3730 48.0 48.5 49.9 45.1 47.9
4350 52.9 54.6 58.6 54.8 55.2
6750 64.9 70.7 72.9 65.2 68.4
TABLE A4.3 RUN NUMBER 2
COMPARTMENT AVERAGE Sh/Scly BUNDLE Av.
Re INLET | SECOND | THIRD | FOURTH | (Sh/Scls)
312 14.4 16.2 16.9 16.2 15.9
316 13.7 15.8 16.5 16.2 15.5
811 23.4 25.5 26.8 26.9 25.6
2048 38.9 43.7 46.2 46.2 43.7
3755 57.8 G4.2 66.7 67.1 63.9
4332 67.8 72.3 74.3 70.2 71.1
6750 76.4 - 94.6 96.3 89.1
7883 - 88.2 109.5 | 107 90.0

TABLE A4.5 RUN NUMBER 3

Re | COMPARTMENT AVERAGE Sh/Sc /s
OUTLET [ SEVENTH | SIXTH |FIFTH
805 | 24.1 27.5 | 28.2 | 28.1
2133 | 43.6 48.3 | 51.6 | 48.7
4332 | 60.5 68.6 | 75.2 | 72.8
6200 | 82.9 85.1 | 99.1 | 95.8
8070 | 87.5 | 103 111.6 [107.5

RUNDLIE Av.
Sh / Se }’ 3

102.4

26.9

48.1

69.3

90.7




TABLE A4.6 RUN NUMBER 4

Rep, | _(Sh/Scl4)Av.Comp. Rep Sh *
END | INLET SECOND | INTERNAL | Sel% Re ™
768 | 21.9 15.5 245 17.1 | 368
1543 | 36.6 21.67 492 25.4 | 730
3286 | 47.6. 32.2 1048 36.1 | 1554
3797 | 54.9 31.6 1210 37.4 | 1795
7510 | 80.0 49.0 0395 56.8 | 3551
7784 | 71.5 44.0 2483 50.9 | 3680
TABLE A4.7 RUN NUMBER 6
(Sh/Scav. COMPARTMENT sh
Rep, qﬁEEEEEQSGTgi‘55517555_“*3rd*/6th T ath*/5th | Sc/y
171 6.96 7.07 7.27 7.33 7.16
318 9.54 9.85 10.3 9.63 9.83
732 14.9 15.9 16.1 15.4 15.6
1467 19.9 21.0 21.3 20.2 20.6
2468 29.3 30.4 30.9 29.6 30.0
4042 34.3 36.1 35.6 33.0 34.8
7046% 49.4 51.5 52.0 54.1 52.2
7382 50.9 52.3 52.8 50.3 51.6
10350 62.8 67.7 63.6 63.3 64.3
TABLE A4.8 RUN NUMBER 7
Rep COMPARTMENT (Sh/Sc/s) Rep, Sh "
oD [FINGEL—Tong#/th | Sra*/gth | INTERNAL | Scyp e wew
171 6.76 6.64 7.46 122 6.98 92
638 12.9 12.2 13.6 455 12.9 343
1467 21.9 20.6 22.2 1047 21.6 787
3668 34.3 32.0 35.0 2618 33.7 | 1970
6091* 45.6 45.9 47.2 4347 46.3 | 3670
8396%* 56.1 52.1 56.7 5990 54.8 | 4500




TABLE A4.9 RUN NUMBER 8

Re INLET* /OUTLET ond* /3rd | o
m (5h/g0
(Sh/ScH#) Av. )
Q|
I
158% 7.47 8.0 7.79
309 10.5 9.98 10.2
726% 17.6 19.0 18.3
735 18.6 18.5 18.5
1735 30.2 8.6 99.4
2633 37.3 36.2 36.7
3510 43.7 42.1 42.9
4690* 50.1 53 51.6
TABLE A4.10 RUN NUMBER 9
Re (Sh/Scys) Av. Re,, Sh -
b | INLET | SECOND | THIRD | FOURTH |OUTLET |INTFRNAL | Scp. | I
653 | 14.4 | 14.75| 13.4 | 13.4 | 14.8 | 320 13.9 | 328
3170 | 36.0 | 31.2 | 31.8 | 32.3 | 39.6 | 1555 33.3 | 1591
6673 | 52.8 | 51.0 | 50.0 | 49.7 | 57.4 | 8275 | 51.5 | 3350
coo7 | 65.4 | 65.3 | 63.7 | 63.8 | 59.9 | 4870 | 63.7 | 4980
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TABLE A4.11 RUN NUMBER 10

Re (Sh/Sc) Av. Rem‘-ﬁ Sh M;;—i:w-
END | INLET/OUTLET | SECOND/THIRD | INTERNAL | Sc¥y I, NEW
624 14.3 . 9.86 198 10.97 186
1500 24.8 17.7 477 18.7 447
3170 33.7 24.75 1007 27.0 1177.5
5505 45.6 33.1 1750 36.2 1640
9927 69.2 49.3 3154 54.3 2960
638* 13.6 10.1 203 11.3 190
1500% 23.0 16.7 477 18.3 447
5570% 39.3 32.4 1769 34.2 1660
3265% 33.2 25.2 1037 27.2 973
9810%* 58.9 45.4 3118 48.6 2925

TARLE A4.12 RUN NUMBER 2 - PRESSURE DROP DATA

REYNOLDS |  PRESSURE AE%;
NUMBER Rep ER?ggN/M 5
300 0.53 0.096
2044 0.66 0.12
2586 2.126 387
3670 5.32 .968
4879 9.56 1.71
6089 14.61 2.66
7298 21.3 3.88
7966 24.7 4.5
8591 28.3 5.15
9258 33.1 6.02
9926 37.61 5.85
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TABLE A4.13 RUN NUMBER 4 -~ PRESSURE DROP

RFYNOLDS NUMBER | AP N/M* | o Fp
END | INTERNAL | x 10¢ X 16°
1440 | 480 - -
1956 | 652 - -
2475 | 825 667 | 1183 1.21
3797 | 1170 2.20 1781 4.0
4629 | 1543 4.13 2213 7.5
5826 | 1942 6.33 2785 | 11.5
7509 | 2328 9.20 3527 | 16.7
7784 | 2541 11.20 3702 | 20.4
8223 | 2741 12.80 3931 | 23.3
8859 | 2953 14.67 4235 | 26.7

. 9498 | 3166 17.20 4540 | 31.3

10695 | 3565 22.13 5112 | 40.3

TABLE A4.14 RUN NUMBER 6 - PRESSURE DROP

-

Re AP (N/M?) XF%56 .gLig rr f
179.4 14.7 0.027 0.084
353 39 0.071 0.222
811.7 147 0.268 0.838
1538 4 70 0.855 2.68
2649 580 1.056 3.32
1444 29 00 5.280 | 16.50
7562 6911 12.580 | 39.5
7562 7460 13.580 | 42.55
10852 13220 24.07
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TABLE A4.15 RUN NUMBER 7 - PRESSURE DROP

| Re_ e AP N/M? L “rf_cgl?

END I x 10% x 10° x 106
171 99 .0137 0.025 0.068
624 362 .055 0.10 0.274
1470 852 .219 0.40 1.00
3670 2130 1.316 2.30 6.55
6240 3622 3.480 6.33 17.30
8403 4877 5.923 10.78 29.33
Ref* = (Mep pneovnr ” ey p)

FL,CORR = F,
1 - Asp
[ 0.33(2A

—_

v A ) -

TABLE A4.16 RUN NUMBER 8 ~ PRESSURE DROP

Re,, ReI FL FL,corr AP N/M?
x 106 x 106 x 10°
165 118 0.018 0.04 0.01
315 226 0.04 . - 0.022
743 533 0.286 0.637 0.157
743% 533 0.375 0.834 0.206
1815 1302 1.48 3.3 0.814
1815%* 1302 1.37 3.05 ’ 0.752
2723 1953 2.97 6.61 1.63
3630* 2600 4.28 9.53 2.35
i 3630 2600 4,48 9.97 2.46

-Al4.




TABLE A4.17 RUN NUMBER 9 - PRESSURE DROP

—
Re... Re,, Re* |0P N2 | T L, corr
x INTERNAL [ x 103 x 10° x 10°
328 161 163 0.024 .0437 0.106
636 308 317 0.059 107 0.261
636 308 317 0.058 .107 0.26
1395 684 694 0.255 464 1.13
1395 684 694 0.26 473 1.15
2543 1248 1266 0.628 1.14 2.78
2543 1248 1266 0.642 1.17 2.84
3160 1530 1573 0.883 1.61 3.9
3160 1530 1573 0.9 1.65 4.02
6672 3232 3322 3.4 6.19 15.04
9925 4808 4940 6.973 12.7 30.8
9925 4808 4940 7.21 13.1 31.9
ReI* = 0.2 (SI‘{QI,IN@‘E}{NAL+2RGI,EI\ID)
TABLE A4.18 RUN NUMBER 10 - PRESSURE DROP
Re, Re, r_;el* AP r}'/yz r, L corr ]
END | INTKRNAL x 10° x 10° | x 10
1503 480 540 200 0.364 0.8
2080 667 745 .325 0.592 1.3
3170 1015 1136 721 1.31 4.8
4240 1360 1520 1.187 2.16 4.8
5505 1765 1974 1.99 3.62 8.0
6652 2133 2390 2.844 5.18 11.5
| 10770 3170 3865 6.017 | 11.0 23.55
Rep* = %e(Rep uun t Req poppuar,)
I,
FL,corr - 1 - -ASB £'4 I?z
AL Ar,mrmmj J
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TABLE A4.19 FLOW AREAS

BC(%) 18.4 25 31 37.5 43.7 BS(1mm)
FLOW AREA
AM 1896 1896 1896 1896 1896 48.5
Al 2543 2740 2693 3395 3105 48.5
AW 1152 1660 2220 2870 3400 48.5
For different baffle spacings the flow area is determined by
multiplying the above flow areas by the ratio (BS/48.5).
TAPLE A4.20  FLOW AREAS - LEAKAGE
Rey ymy BS(m) | BC(%) S/Bmm | t/bmm | AR | Asp | AL
3217 48.5 18.4 1.4 0.33 361 | 209 574
3776 48.5 18.4 2.66 0.66 741 | 392 | 1133
3790 48.5 25 2.66 0.66 685 | 364 | 1050
4265 48.5 37.5 2.66 0.66 552 | 317 870
3088 48.5 18.4 0.53 0.33 365 80 445
3508 48.5 18.4 3.38 0.33 365 | 504 865
3246 48.5 18.4 1.6 0.33 365 | 238 603
3481 47.6 18.4 2.2 0.5 557 | 330 887
TABLE A4;21 FLOW ARFAS - SEE FIG. 111.4
BS(mm) BC(%) AA AB' Ac' A
48.5 18.4 2955 3380 2083 2643
48.! 25.0 3250 4690 1928 2740
48.5 37.5 4550 9298 2310 3395
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