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"........And so we see that the poetry fades out of the problem, and by the time the

serious application of exact science begins we are left with only pointer readings.”

Eddington



ABSTRACT

It is known that distillation tray efficiency depends on the liquid flow pattern, particularly for
large diameter trays. Scale-up failures due to liquid channelling have occurred, and it is
known that fitting flow control devices to trays sometimes improves tray efficiency. Several
theoretical models which explain these observations have been published.

Further progress in understanding is at present blocked by lack of experimental
measurements of the pattern of liquid concentration over the tray. Flow pattern effects are
expected to be significant only on commercial size trays of a large diameter and the lack of
data is a result of the costs, risks and difficulty of making these measurements on full scale
production columns.

This work presents a new experiment which simulates distillation by water cooling, and
provides a means of testing commercial size trays in the laboratory. Hot water is fed on to
the tray and cooled by air forced through the perforations. The analogy between heat and
mass transfer shows that the water temperature at any point is analogous to liquid
concentration and the enthalpy of the air is analogous to vapour concentration. The effect of
the liquid flow pattern on mass transfer is revealed by the temperature field on the tray.

The experiment was implemented and evaluated in a column of 1.2 m. dia. The water
temperatures were measured by thermocouples interfaced to an electronic computerised data
logging system.

The "best surface" through the experimental temperature measurements was obtained by the
mathematical technique of B. splines, and presented in terms of lines of constant
temperature. The results revealed that in general liquid channelling is more important in the
bubbly "mixed" regime than in the spray regime. However, it was observed that severe
channelling also occurred for intense spray at incipient flood conditions. This is an
unexpected result.

A computer program was written to calculate point efficiency as well as tray efficiency, and
the results were compared with distillation efficiencies for similar loadings.

The theoretical model of Porter and Lockett for predicting distillation was modified to predict
water cooling and the theoretical predictions were shown to be similar to the experimental
temperature profiles. A comparison of the repeatability of the experiments with an errors
analysis revealed that accurate tray efficiency measurements require temperature
measurements to better than + 0.1°C which is achievable with conventional techniques.
This was not achieved in this work, and resulted in considerable scatter in the efficiency
results. Nevertheless it is concluded that the new experiment is a valuable tool for
investigating the effect of the liquid flow pattern on tray mass transfer.
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1. INTRODUCTION

Distillation Is the most widely used method of separation.
Distillation processes account for between 2-3% of world energy
consumption. Currently much effort Is directed towards developing
less energy consuming methods such as membranes adsorption.
However, advantages of energy Integration involving the use of
waste heat means that distillation methods are still the most
widely used and are expected to remain so. The current world
recesslion plus demands for energy savings also means that most
capital investment now goes Into revamping existing equipment.
Taken all together, the need arises for tighter design and In the
words of Frank Rush [100] "... perhaps the greatest energy reduc-
tlon we can accomplish In the Immedlate future is to operate our
exlisting distillation systems more efficlently. We need to run our
distillation systems "leaner and harder"". All this amounts to a

need for better understanding of the distillation phenomena.

Devices abound for effecting good contact between vapour and |ig-
uild and thus separating the phases. Of these, the most common ones
are cross-flow trays consisting of bubblecaps, valve and sleve
trays fltted to columns. Column packings are less frequently used
than trays. Deslgners always prefer to use tested devices, an at-
titude that kept bubblecap trays in use long after they were known
to be more expensive than sieve trays [4,52,73]. Nowadays the
sleve tray |s preferred because of Its cheapness and design

rellabllity [18,31].



Small diameter trays (0.5m and below) might reasonably be desligned
on the assumption of completely mixed llquid, that is, the liquid
concentration Is the same all over the tray. It has been known for
many years that liquld concentration changes as the llqulid crosses
the tray. The early models used to describe the flow mechanism
were:

a) the exlstence of several well mixed pools, Kirschbaum
[58,59,60],

b) Plug flow of liquld especially for very large trays, Lewlis
[65], and

c) Liquid backmixling for sizes in between completeiy mixed and
plug flow, Diener [27]. However, all these are based on the as-

sumption that the tray flow path may be represented by a

rectangular shape.

More recently, theoretical models of tray efficlency have at-
tempted to take into account the shape of real trays, that Is;
clrcular columns, stralght downcomers and flow paths of changling
width. In some cases, particularly with large diameter trays, the
nature of liquid flow through the flow paths of changing width are
shown to have very significant effectson the overall tray
efficliency. In a series of experimental work carried out by Union
Carblde Ltd [130,131] it was revealed that substantial dis-
crepancles exlst between the predicted and obtalned tray

efficiencies of large trays.

Theoretical work on relating the changes in liquid concentration

accross the tray to the tray efficlency has gone as far as It Is



reasonable to go. By contrast, experimental Informatlion about the
concentration changes on large diameter distillation trays are
rare. The problems Involved in obtaining such information are
enormous. First, it Is difflcult to gain access to operating
columns in order to take samples of liquid on an operating tray
without Interfering with the process. This exerclise could prove
very expensive and involves high risks. It Is also not feasible to
simultaneously take a required number of samples, terminate fur-

ther seperation taking place and analyse the samples without high

iosses of accurracy.

The starting point for thls work Is the suggestion that large
dlameter trays might be Investigated In the laboratory by the
technlique of water cooling which Involves feeding hot water on to
a tray and cooling It by air forced through the tray perforations.
The water temperature Is measured at different predetermined posi-
tions on the tray. As shown In the following Section an analogy
exlsts between water cooling processes and distlillation. The
process of water cooling is dependent on alr enthalpy and water
temperature In much the same way as distillation or mass transfer
In general Is dependent on vapour concentration (or vapour
pressure) and lliquid concentration of the component of interest.
Thus this experiment holds the promise to break through the ex-
per imental barrier impeding further understanding of flow
mechanism on trays. If It Is possible to measure water tempera-
tures at many points and draw temperature proflles (lines of

constant temperature) analogous to Ilquid concentration profiles,



the existing theories may be checked and If they are found Iinade-

quate new and improved theorlies of tray efficiency may be

deve loped.

This work presents the first detailed study of this technique
using a tray of 1.22m (4ft) in diameter, that Is, of commerclal
size. This Is In fact the size of column used to generate practi-
cal distillation data by FRI, and In part of this work an attempt
has been made to reproduce, using alr-water, the flow behaviour

expected for some of the FRI test systems [102,103].

An advantage of the water cooling technique Is that the measure-
ment of water temperature may be made by thermocouples or platinum
resistance thermometers and the signals generated may besent to

electronic/computer Interfaces and data loggling apparatus.

This work describes the construction and use of the 1.22m (4ft)
dlameter test rig, the development of Interfaces and data logging,
the development of a statistical test fit technique for computing
the "best flt" for the temperature fleld on the tray and a method

of calculating point and tray efficiency.

It Is shown that the water coling technique provides a method of
Investigating liquid flow pattern effects on the temperature
(concentratlion fileld). Experiments show the effect of mal-
distributed flow due to poor Installation of tray and the effect

of flow control devices.



The determination of tray efficlency was unsatisfactory In this
work and thus led to a detalled study of the errors Involved and

thelr effect on the calculation of tray eficiency by the water

cool ing procedure.

A compar ison between the experimental temperature proflles and
temperature profiles theoretically predicted profiles are much

more stralight and symetrical than those experimentally detrmined.

The background to the work which was briefly outlined above Is

discussed in more detall in the |iterature survey which follows.



2. LITERATURE SURVEY

2.1 Introduction

Many more factors are now known to influence the performance of
distillation columns than previously thought. Initial research
Into distillation columns was confined to exploring stable operat-
Ing limits [29,30,52] and the description of the approprilate
mixing models on a distillation tray [37,82]. The concepts of the
models were derlved from experiments carried out on small
laboratory size trays. The flow behaviour of vapour/liquid mix-
tures on small trays Is such that there Is no loss of purpose by
representing their flow paths as simple rectangles. The dis-
crepancles arising from the use of the resultant models to design
large slize trays led to the discovery of the effects that tray
hydraullcs and liquld flow patterns have on the performance of
trays. The structure of bubbles which define the Interfaclal con-
tact area between the separating phases forms what Is now
descrlbed as the flow regime of the mixture on the tray. It seems
that the flow patterns of different flow regimes differ and thus
have disimlilar effects on the tray performance. The main point of
these studles Is that shape and size of tray can Influence the
flow pattern and efflciency on a tray. Consequently, some effort
has been made to employ flow control devices on trays. The effects
of these are also dlscussed in this sectlion. The analogy between
the water cooling theory and distillation theory which enables the

deve lopment of this project Is discussed in some detall.



2.2 Definitions of Efficlency Terms

The Murphree [79] concept of efficiency is a measure of the ap-
proach of the separating phases In contact with each other to a
state where no further separatlion takes place or to the equl-
Ilbrium state. This Iis the most used concept and as such |Is

adopted in this work.

2.2.1 Point Efficlency

The Murphree vapour point efficlency EOG’ measures the approach as

a ratio of the actual concentratlion change to the maximum possible
change at a point on a tray.

It Is expressed as:

where y2 and y1 are the compositlions of vapour leaving and enter-
*

ing the point on a tray, respectively. y is the composition of

the vapour in equlllibrium with the liquid xn, which Is assumed to

be perfectly mixed vertically along a vapour stream. Simllarly,

the liquid point efficlency Is expressed as:



where x2 and x1 are the Inlet and outlet liquid compositions

respectively while x* Is the ligquid concentration In equilibrium
with y which Is assumed to be constant along a horizontal plane
through the mixture. While It Is possible to Imagine a constant
llquid concentration along a short flow path of a vapour stream
that of a vapour concentration remalining constant along a liquid
stream Is less obvious. Consequently, the concept of a liqulid

point efficlency Is not often used.
2.2.2 Murphree Tray Efflciency

The Murphree vapour tray efflclency [79] Is the measure of the

ratlo of the actual to maxIimum possible concentration change for a

whole tray.

This is expressed as :

y, - ¥
EMV - -1--——§ 2.3
Y1 =¥
*
where ¥y = mxo + ¢ l:e, in equilibrium with liquid leaving the

tray.

The less frequently used liquid tray efficliency, EML is written as

o___1 2.4
EML - ;* -
0 1



Tray efficlency Is the Integral effect of Individual point ef-
filciencies over the whole active area of the tray. When
concentration gradients occur on trays (which Is common) tray ef-

ficlencies In excess of 100% may be found.
2.2.3 Qverall Column Efficiency

The state of the art definition ofthe overall column efficiency Is

the ratio of the number of theoretical trays NT to the number of

actual trays N required for a glven seperation In a column. That

Is:

EO - e 2.5
The overall column efficlency |Is developed In the following way;
I) The use of mass transfer characteristics Including the deter-

mination of overall transfer Inefficlents together with

Interfacial area to calculate the point effliclency, EOG'

i1) The calculation of Murphree Tray Effliclency, EMV from EOG

taking Into account the general tray design and a knowledge of the

llquid flow mechanisms on the tray.



I11) The calculation of the overall column efflciency, E0 from

the trays efficiencies and a knowledge of the ratios of the slopes
of the equllibrium line to the operating Iine.

The procedure can be set out as:

k
g
N e i s e
| > Eoa > Eyv > B
a tray des- overall
mass transfer sign separation

characteristics

The early models of flow patterns on trays all considered the lig-
uid flow along a path or channel of uniform width (l:e, they were
assumed to be ractangular In shape). The later models which ac-
comodated the circular shape of real trays with straight
downcomers are of more relevance to this work. Thus in the follow-
Ing sectlon a review of early (rectangular) models Is glven

followed by a more detalled description of the later models.

10



2.3 Early Models of Tray Efficlency

The early models of tray efflciency are based on two related
factors. The concepts were derived from descriptions of small
dlameter trays flow mechanisms and these were simply combined
with the mixing characteristics of the same to arrive at the tray

efflclency. A summary of these models Is given In Table 2.1 below.

2.3.2 Discussion and Conclusion on Early Models

Murphree [79] proposed complete mixing of liquld on the tray. For
the more widely known Lewis, Case | the liquid flow pattern was
assumed to be In ldeal plug flow. For each of these Cases the
relatlonship between point efficiency and tray efficlency is
different. However, by substituting the conditions of completely
mixed or ldeal plug flow Into the models described above the final
equations arrived at are similar. It is thus Implicit In these
models that the completely mixed and the ideal plug flow are the
limiting extremes. The models above have shown a progresslion of
mixing concepts developed to fully describe llquid flow behaviour
on a typical tray. Of these the Eddy diffusion (or Simple
Backmlxing) model remains the most widely accepted and forms the

basls for the design of current trays in practice.

11



2.3.1 Table 2.1 A List of Early Models of Tray Efficlency

1
t8y4s tBYL§ F38%)  Emv =& (SXP(AEGe) = D)
X - 1
wi ell E -
'tﬁari#?ﬁ) W n (%-— + E(E‘T) -1
oG
where Y - (Y)
o= oD n’o
Yn-1 = Upoy)
- 1
and EMV .
B85 tEPTIN]  a.For o< 1;
2
- soHT(g-zﬁ:—ﬂ:Eg‘g))*
EOG(1 - )
-1 _(d—1)(oc:1) +2E
cos™ (1 e e i

0G

where o and EMV remain same as Casell

In the speclal case that A= 1

solutions to Cases Il and |11l are

obtalned by a Taylor serlies expansion

12



Gaétreaux

?3 ?nnell

%é Vﬁatson

Mixge ?ogls

Emv 2Eog.n
— -ﬁ—( (1 + =25HMN1)
06

where n is the number of arbltrary
pool stages,with n = 1 being the
nearest to the liquid Inlet while
n=nIs the final pool at outlet.

For n = 1 or the complietely Mixed

Eool tray;
MV

== Y

0G

For n ——> 0o Ideal plug flow

EMV

- -‘x~——(exp(ze ) = 1)

c.f. Lewlis,Case |

Fwy (1 = F)
EOG OGIn(1 + A1 - )EMV)
X =X
where F = _D____EE_
X X
n+1
X is the equillibrium

eq

composlition of liquid
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John
Margngozls

(54]

a1

E
Recycle stream Y —E——(exp(AE /C) - 1)

foa  AFoq
ggefe the function C is deflined
¢ oI+l " °n
e,n+1 "'n
E 1
MV 1 o + =
Th4ara’ng of By 2 +(178) & OXP(®

T ot (X + (17B)

where B Is the mixing parameter

and o Is a parameter of the 2°

as o(= 38 ~ SQRT (—--2— + EOG )

4B B

EMV 1 = exp(= (n + Pe))

Eddy Diffusion e £
simpT6é Backmixing Eog (N + Pe)(1 + (n+Pe)/n)

where n = --(SQRT(1+4AE
Pe

G) -1

Po = 5 -Balh 1184LR Lha"

DB/U Is the mixing length
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F 5 _faxp(—xoe.t/tL).

Foss et Reslidence time MY i
61 EOG k!-exp(-kEOG.t/tL).
F(t) dt
F(t) dt

where F(t) dt Is the fraction
of liquid which remains for a

time between t and tdt and tL

is the mean resldence time of
liquid on the tray.The model
equation can also be represen-
ted by the Laplace Transform

of F(t),

L(F()) -[e“P'tF(t) dt

where P -)EOG/ tL

15



Diener

[27]

Diener's Equations Defn. of terms:
Ba¥STITheralgylse B - 401 - 00 Egg/(anEp) P
w
Po = o and b = = £2
D 2
Bl
I.For B <1 : c= = ;95097(1-33
E
MV (1 - 0. &

E = c(on+»EOG— {2 _ 2]+

where "T0G

b 2 2
© =6 ((b + ¢ )Sinhc _264033BC)
Pe
iil.For B > 1: 0&—(§~)SQRT(B—1)

W -y
EOG a(i+E0G—1)Ea2+b2}+UEOG

b...2 2
where Y=e ((b -c )Slna—zabgggg)

For the speclal case,A= 1;2A- 1
is expressed in powers of a - 1
by the Taylor series to yleld:

EMV 2.Pe2

E.- S((2 E.-(exp(-Pg) + Pe -1)
oG e, Peﬁ(z - Egg))
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Modified,Lewis

- a
Eog OG*gn/EOG+((E 1)/ EOG?

Ey 1}% +(2 ) ~1/(aE )T

where q = (¥ )=y, _4)4

Z =y - ),

1

note:a shift to centre-

line as origin.
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The overprediction of tray efficiency found in Industrial columns
that are based on this design method, is an outcome of the rectan-
gular configuration adopted by this and Indeed by other early
models. Other factors also hitherto omitted in design Include tray

slze and shape, liquid entrainment, by-passing, liquld residence

time and weeping.

All-together the fallure of the design methods dliscussed above
led to new thinking In tray design. It was recognised that shape
and size play an Important part In the design of large scale
columns and further, that different models may be required to
descr lbe systems operating In different "flow regimes" In which

elther the vapour or liquid momentum determines the structure of

the froth.

Models proposed for large columns are reviewed In the following

subsection.
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2.4 Design Methods for Large Trays

A detalled review of the Retrograde models by Bell
[9,10,11,112,113], the Channelling and Spray Diffuslion models by
Porter and Lockett [67,68,70,71,89,91,101] and the Developing Flow
Patterns model by Sohlo et al. [61,62,63,109,110,111] is made.
These models predict similar flow patterns and the deleterious
effects that the patterns have on tray efficliency. Applied to
large trays the models show the influence of size on nonuniform
flow of liquid across an operating tray. It Is pointed out that

experimental data is required to substantiate these models.

2.4.1 Model (Bel|

Veloclty distributions on a sieve tray were determined from
reslidence time measurements. The measurements were carrled out by
the fibre optic technique. Interpretation ofthe velocity measure-
ments Identifies two possible phenomena for |lliquid nonuniformities
In tray columns. These are described as I) the simple nonuniform
velocity flow distribution and I1i) the nonuniform velocity flow
distribution upon which a retrograde flow Is superimposed.
Retrograde flow is the term used when flow on the tray Is In the
direction opposite to the general direction of flow of liquid. The
presence of elither phenomenon can substantially reduce tray
effliciency. Experimental results obtained and hence the predicted
flow patterns conformed with observations presented In the film by
Keller and Yanagl [57]. The Initlal retrograde model assumed the

absence of transverse mixing. Later models were an extension of
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It Is further assumed that mass transfer takes place In both the
forward and retrograde flow paths. A material balance over an ele-

ment of froth Is derlived as:

2 2
=5 ?_iﬂ + 1 E..f.Q - a(g) éxn AE , 0 2.7
Pea'bq2 Pe_ 2 acg =3z°* 2E08%neT ¥n?) - :

where the Peclet numbers are defined as:

Wv
Pez = E— 2.8
r4
Wv_D.2
Pﬁﬁ= E;(iw) 2.9

E_. and E are the mixing coefficientsin the flow and transverse

z i

directlions respectively.

However, the axlal Peclet numbers for commercial scale trays belng
between 30 to 50 have been shown to have no significant effect on

tray efficlency and thus Pez Is Iignored.
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Assumptions for equation 2.7 are

a) No vertical liquld concentration gradient
b) Linear equillibrium over the concentration range on the tray
¢) Constant vapour and liquld rates

d) Constant point efficiency E across the tray

0G
e) Constant concentration of entering vapour
f) Constant froth density on the tray

g) Unidirectional (bulk) liquid flow In the axlal directlon

Introducing these assumptions Into equation 2.7 reduces It to

1 bzxn dxn i
Pog 3e2 AE)3z~ * ABpglXny1™ ¥p) = O £al?

A normallzed lliquid concentration xn Is deflined as:

*
X (z’E!) A
n n+1
xn(z’E') i : 2.4
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The equations for mass transfer both the forward and retrograde

flow paths become:

1 62xn bxn
e mmme = Q(E)g== + AE X =0 < 2.12
Pe!,1 65? 83z 0G'n §<B

; ozxn 8X_
e mmzm = Q(E)x== - AE~LXK. = 0 E< 2.13
P 3e 83z 0G"'n < p

The Boundary Conditions are specified as:

At the tray Inlet z = O:

KO8 = Xo  §< B 2.14

By symmetry at = 0

biﬂ‘ « B ” 2.15
Sq =0 §< F :

At the Impermeable column wall'ﬁ = 1:

aX
BEFI _ =0 g =1 2.16

At the Interface between the two flow paths E = B, the continuity

equation Is:

X X
B'Elgip - 5?9‘.8 8= P 2.17
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This condition assumes that the Peclet numbers In the two flow

paths are the same.

At the tray outlet z = 1

Xpp(1,8) = X (1,B - a«q - BN 2.18

This unusual condition provides for flow rotation taking place at
the outlet welr such that a flow path near the centre of the tray
rotates to a position near the wall. The scale factor & Is defined
as the ratio of the fraction of forward flow area Involved in

recirculation to the retrograde flow area.

Fluld mixing at the tray Inlet is between the fluld ensuing from
the tray above and that from the retrograde flow stream. The

resulting mass balance equation glves

1+ dX
X o 0 2.20
no 1+
X s the normalized mixing cup average composition of the filuid

mo

leaving the retrograde flow path.
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2.4.2.2  solutions of the Eguations

A normalized gas phase composition is defined as

Y (z.8) = -3 7 e 2,21
Yn-1" Yn+1

t
where yn_1 Is the vapour composition in equllibrium with the In-

coming liquid.

The definitions of the tray and point efficiencies are written In

the form:
Yo Y = Y1
Eyv ™ = = 222
N1 yn+1 yn+1
y (zr ) = y
and from E._ = —o b Lad 2.23
0G m(x _(z,g) - x*
n ’ﬁ n+1
one gets Yn(z,q) = EOG'xn(z'ﬁ) 2.24

To obtain the average composition of the vapour leaving the tray

?n, equation 2.24 Is averaged over the entire tray.

” .
¥, -fjjn(z,tr).dqu - Eoefjxn(z,t‘).dzdal 2.25
6 b © "0
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By the definition of the normalised liquld and vapour

composlitions:

*
Yo (&) = X (1,8) 2.26

To evaluate this requires knowledge of the average composition of
the liquld leaving the tray. The actual liquid leaving the tray Is

that flowing between EI- 0 and ﬁ== go. The average vapour com=-
position in equllibrium with this outlet liquld stream Is given by

the expression;

- ‘fig(ﬁ).xn(1,§)dq

= e 2.27
Yn1™ T¥a08)ag,
Dividing equation 2.25 by equation 2.27 taking Into account

¥
\qu(ﬁ}dei- 1 gives the tray to point efficiencies ratio as:

iy il‘xn(z &) .dzdg

="ee W 3 2.28
EOG fq(s‘) n( &) dE

This equation 2.28 |s solved by numer ical computation
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2.4.2.3 b Fi

Multiple fibre probes are used to detect such flourescent tracers
as uranine and Rhodamine - B which have a very rapld actlivation
and decay time. A schema for the method Is shown In figure 1 of
reference [9]. The probes are divided into two seperate bundles to
form a bifurcation. One limb Is used to conduct light from a mer-
cury lamp light source In to the liquid. The light exclites any
tracer passing through the fibre tip and causes it to flouresce. A
portion of the flourescent light Is conducted up the second set of
filbres In the other limb to a photomultiplier tube, It Is
amplifled, multiplexed and recorded as digital signals. In clear
liquid, the probes have a range of jurlisdiction of roughly 1 cm
radius and height, 4cm. The tracers also show | lInear
characteristics with concentration. The peak height of the output

signals Is computed as a function of tracer concentration.

A typlcal layout of the probes on one half of the tray Is
indicated by the numbers In figure 9 of reference [2] . It shows
the probes arranged on a rectangular grid. The tray Is assumed to
be symmetrical over the centre line. To determine the resldence
time distribution (RTD) a pulse of tracer was injected Into the
downcomer leading to the tray. The pulse response was simul-
taneously detected at each of the probes at short Intervals (1
second) and stored seperately. The RTD was worked out from the
concentration - live data for individual probes. To determine the
average veloclty distribution a pulse of tracer was rapidly In-

jected into one of the first row of probes. Only the pulse
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responses from the four probes In line with the injection points
were monitored at specified sampling rates. The average veloclty
of the fluid was calculated by dividing the distance between two
consecutive probes located In the same longitudinal (that Is

parallel to the flow axis) row by the difference in mean residence

time between the two probes.

2.4.2.4 Discussion of the RTD Results

It Is customary to consider the results In two forms. First, a
qual ltative representation of the flow patterns which 1llustrates
areas of nonuniformitlies on the tray is made. And second, from a
suitable model that approximates the flow patterns solutions of
the efflclency equations are treated In terms of the mixing

parameters Pe and the flow characterlsticsAEOG. A comparison of

the effliclency values Is made with those obtalined by the ’'simple

backmixing model’ outlined In the AIChE Bubble tray Design Manual.

The predicted flow patterns on a half tray of rectangular geometry
Is given In figure 4 of reference [9]. The complete effects of
varying the forward flow fraction (®), the fraction of retrograde
flow (P), Pe and the velocity distribution are gliven In some
detail elsewhere in reference [11]. In exper imental practice, It
becomes difficult to affect all the variables that are in a model.
Distillation runs carried out iIn a 8ft (2.4m) diameter column -
The results of RTD measurements are glven in figure 10 of
reference [9]. Although U-shaped proflles were observed the

presence of retrograde flow patterns were not obvious. Further
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experiments were carried out in a 5-tray capacity 4 ft (1.22m)
diameter alir/water simulator column using a sleve tray [11]. The
results Indicate flow nonuniformities on the tray. Here again
zones of high residence times near the wall are found thus sug-
gesting a tendency for stagnation but not necessarily retrograde
flow. There Is evidence that inadequate mixing within the Inlet
downcover can influence the tray flow patterns. There Is also con-
cluslve evidence that high vapour loads destroy the "pools" or the

stagnant areas formed near the wall.

Calculations for the tray efficlency were based on equation 2.28
taking Into account the observations for total forward flow ﬁ-1
and no retrograde flow &= 0. The Peclet numbers calculated were
In excess of 30 and could therefore be regarded as having the same
Influence as If they were Infinity. Figure 2.2 below Is a plot of
the ratlo of Murphree tray efficlency for a tray on which a llnear

velocity distribution to the idealized efficlency EMVO ob-

tained by assuming unlform velocity distribution with fractional

wall slip veloclty as the parameter.

From the analytical solutions of the limiting case In reference
[10] It Is clear that the dual Influence of liquid mixing and
velocity distribution though Interrelated are distinguishable.

This may not also have a practical Interpretation.

Assuming Isotropic mixing, that Is Ez = Eﬁ’ It Is clear that axilal

and transverse dispersions differ by the 'geometry’ factor
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(D/2W)2. This means that in single pass trays transverse disper-

sion will always be more than axial dispersion, or PeE1 < Pez,

although both may be sufficlently high to have negliglible effect

on tray efficlency.

Crsss flow effects yleld higher values of EMV/EOG for high values

of ZEOG,typical of absorption systems than It does for distilla-

tlon systems where the value of hEo is about unity.

G
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2.4.3 Channnelling Mode| (Porter and Lockett)

The derivation ofthe flow model was based on observations taken
from two simple exper iments carried out on both single - and two-
pass trays. The "trays’ used were 4 ft (1.22m) and 8 ft (2.44m) In
dlameter. The first set of experiments Involved alr and water In
cross-flow In a single-pass 4 ft diameter sleve tray column. Cine
photographs of the movements of a dye tracer was recorded. These
are shown In figure 2 of reference [89]. Two separate liquld flow
patterns were apparent Iin distinct reglions of the tray. These con-
sist of a central reglion between the downcomers where the dye
movement and dlisappearance was rapld and to both sides of thils
reglon near the walls were areas where the dye persisted for rela-
tively long times. These observations were repeated over several

different conditions.

In order to separate the effects of llquld mixing by vapour the
second set of experiments were carrled out without any passage of
vapour. To do thils a 7 ft (2.13m) diameter wooden model was con-
structed to the shape of a distillation tray. The patterns of
llquid movements were determined by floating table-tennis balls on
the liquid surface. Thelr movements was recorded by cine
photography. The balls In the region between the downcomers flowed
straight across the tray with seemingly uniform veloclty while
those In the reglions outside the downcomers either remained stag-
nant or underwent gentle closed-recirculation patterns.

From these simple set of experiments the following conclusions

were drawn:
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i. Tray geometry Influences liquid flow patterns.

Il. Liquld channel ling occurs in the section of the tray between

the downcomers and Increases with decreasing downcomer area.

I11.Llquid channelling Is also dependent on liquld rate and the

ratlo of weir length to plate dlameter.

Iv. Channellling occurs In two-pass trays. The flow patterns
however differ depending on whether the flow of lliquid Is from

slde downcomers to central downcomers or vice-versa.

In what follows the derivation of the theoretlcal model based on
the above observations Is given. The model glives concentrations at
different points on a tray and when combined with the definition
equatlions of efficlencles, can be used to predict the Murphree

tray efficlency.

The model Is sometimes referred to as the ‘stagnant zones' model a
fitting description since the deleterious effects on tray ef-
flclency are mainly attributed to the presence of the stagnant
reglons of the tray. For clarity a schema of the reglons Is shown
In Flgure 2.3a. The active region describes that section of the
tray between the downcomers. The stagnant regions are those
regions to both sides of the active region up to the column walils.
The only Interchange of liquid between the two reglions Is by gas

agltation.
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2.4.3.1 Mathematical Development of the Theory

The Theory Is developed for a binary mixture.

Assumptions made are In two categorles.

a) The vapour and llquid entering the tray are each well mixed.
This Is clearly an oversimplification since In practice vapour
entering large trays Iis not completely mixed and Iiquid entering

the tray is Incompletely mixed Inside the downcomers.

b) Straight equllibrium |ine over the concentration change on the

tray.

¢) Constant point efficiency E.. over the tray.

0G

11. Assumptlions Speclific to the Model

a) The flow per unit width of welr Is unolform at all polnts In

the actlve reglon.

b) Bulk flow of llquid Iin the stagnant region Is zero.

c) Liquid mixing Is described by Eddy diffusion.

d) The Eddy diffusion coefficlent Is equal In both the flow and

transverse directions.
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The coordinate system used In the analyslis is shown In figure

2.3b.

Material balance on an element of froth shown schematically In

figure 2.4 ylelds.

Eor the Active Region
89 2 ' '
ne(6 73 * 2 ' - s o, (y1'y2)5'§"' = 829
Al dz PLPr oz tPLP¢

Where term |, the eddy diffuslon term, describes the transfer of

materlal through liquid mixing by the vapour;
term Il, the bulk flow term, describes the transfer of
material by liquid flow through the froth.

term 111, describes the transfer of material through the

passage of vapour.
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2 2 !
D2k 4 9Ky & (o et 0 2.30
®ow? 3z ? 1 727hep Oy
In the Stagnant reglons terms Il and IIl of equation 2.29 above

are the same In equation 2.30. However, the bulk flow term |l does

not apply In view of the assumption |lb made above.

A dimensionless concentration term X Is defined as:

X o mmmma? 2.31
X_I-- Xe

z=2/0D 2,32

w=w/D 2.33

2,=2/0D 2.34

W= W / 20 2.35

L w728 2.36
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G=G/ A 2.37
Pe = LD / (W.h.p 0.0.) 2.38

A=mG /L 2.39

Substituting the dimensionless terms into the balance equations

and rearranging gives:

For the Actlive Region

WD
e (= 4+ —=z) = = . .(==)X =0 2.40
Pe’au2  az2 dz 0G'A

and

For the Stagnant Reglons

2 2

13X d°X WD
=—(==% 4+ ==2) = AE..(==)X = 0 2.41
Pe au2 = 372 0G'A
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Boundary Conditions

The boundary conditions are shown in figure 2.5 below.

X =1 4+ 1-(%%)

W +n 7 Pe
inlet
z Y
AX ox
aﬁ-?hr ACTIVE REGION STABNANT, ‘V/SH'O
outlet
X 0«’
.y

FIG: 2.5 Boundary Conditions on a rectangular plate

a) At the liquld inlet; the Danckwerts' boundary conditions iIs

Invoked [24,25],

2w 0 NHow o ioien 2.42
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b) At the Impermeable column wall:

oX
5 " 0 2.43

c) At the liquid outlet:

gé =0 2.44
2.4.3.2 Relatlonship between the Flow Patterns, Point and Tray
Efficlency

The flow pattern equatlions 2.40 and 2.41 can be solved numerl-
cally, and by taking Into account the boundary conditlions they
yleld the concentrations on the tray, the point and tray

efficliencles.

Since there Is Incomplete mixing, llquid concentration X Is ex-
pected to vary across the tray and with It the vapour
concentration corresponding to the point for X. The average change
In vapour concentration leaving the tray can be obtalned by Inte-

grating;

mE
- 0G *
Y5~ ¥y —;-—ML}x - x,).dA 2.45

where dA stands for the integral over the whole bubbling area of

the tray.

38



The Murphree vapour tray efficlency is gliven as:

*
EW- (y2 - y1) / (y2 - yT) 2.46

»*
where y2 Is the concentratlion of the vapour leaving In equilibrium

with the mean concentration of the liquld leaving, le.

*

Y, = mX + b 2.47

Now §2, the leaving liquld concentration may vary across the wlidth

3
of the outlet weir, therefore the mean value of Yo Is glven by

% 1]"#/2 ,
Ya: = = (m.x, + b).dw 2.48
2 W W/2 2

Since y, x, xe, m, and b are all assumed to be constant the fol-

lowing relationship can be derived.

E W/z ]
EE! - lfx.dA / (1J‘ X,.dw ) 2.49

0G A -w/2 °
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Since A 02 no generality is sacriflced by reducing the dimen-
sionless group DW/A to the form W/D. The relationship given In
equations 2.40 and 2.41 express the tray concentration in terms of

the dimensionless groups QE and W/D. The ratio W/D which

OG'Pe'
glves a measure of the relative size of the stagnant zones to that
of the active reglion does not appear in the simple backmixing
theory. Typlcal concentration profiles are given In reference
[89]. The effect of decreasing the weir length and hence the ratio
W/D Is Increased stagnant reglons on the tray. Also Iincreasing

EOG’ creates concentration gradients In both the flow and

transverse directions of the tray.

2.4.3.3 Predictions of the Model

Scale-up effects are demonstrated in this model. On the large
diameter columns in commercial use there Is a tendency for chan-
nelling of the lliquid to take place which causes drastic

reductlons In tray efflclency.

For a fixed ratlo of welr length to column diameter In a glven
system there Is a maximum diameter (relating directiy to the Pe
number) beyond which cross-flow effects show no further Influence
on tray efflclency. At the maximum column diameter the contribu-
tion to tray efficiency due to crossflow effects Is counteracted
by the Influence of the stagnant zones. A plot of efficiencles
ratlo against column diameter predicted by this model Is shown In

figure 2.6 below.
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Diameter(ft)

W,D = 0.6;E0 = 0.75

FIG:2.p Predicted change in Plate Efficiency with Column
Diameter

The maximun tray efflciency occurs at relatively low values of Pe

(directly related to low D) at low values of AE . The max imum
0G
tray effliclency can also be obtalned for large trays when )E Is
0G
Increased.

Above a certain column diameter the tray efficlency could become

significantly less than the point efficiency.
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2.4.3.4 n h idt f

The width of the mixing zone Is a measure of the distance covered
by diffuslional mixing between the stagnant zones and the actlve
zone [89]. It Is assumed that the liquid In the stagnant zones Is
not replenished by liquld in the bulk flow. The liquid In the
stagnant zones tend to approach equlllibrium. Vapour passing
through the stagnant zones Is not enriched In the more volatlle

component of the separating mixture. This Is called vapour

bypassing.

A hypothetlc boundary Is defined, distance S$S=0.0, at the Interface

between the stagnant zones and the active zone such that at

*

S=0.0; X=X
also at a semi-infinite distance
S =o00; X=20.0
Assuming the diffusion term has no component in the flow direc-

tion, a relationship between the transport of the more volatlile

component and the distance S Is found to be

X
X o e eXP(=SQRT(=-z—20- ).$) 2.50
X" DeN PPy
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For a ten times reduction in concentration from the hypothetic
boundary Into the stagnant zone (a reasonable approach to
equl llbruim) the solution to the equation yleld a distance of be-
tween 1.0ft (0.30m) and 2.0ft (0.60m). This Is Independent of tray
dlameter. A well mixed pool Is estimated to have a length of
roughly 1.0ft , Williams, Begley and Wu [132]. This clearly shows
that for small trays where the stagnant zones occupy an Insig-
niflcant fraction of the tray (<<1.0ft) the width of the mixIng
zone will have no Influence on tray efficiency whereas on large
trays trays large stagnant zones are expected and therefore some
parts of the stagnant reglons will be replenished with the more

volatile component.

2.4.3.5 Further Observations of the Channelllng Model

The assumption of complete vapour mixing Is an oversimplification.
A study of the effects of lateral vapour mixing on distillation
tray effliciency Is presented Iin reference [69]. Vapour mixing in
the vertical directlion Is neglected. In reference [71] It Is shown
that the effect of vapour mixing is Insignificant In small trays
only. In large trays however, completely mixed vapour Is predicted
to give much higher tray efficlencies than unmixed vapour. The
reason Is derived from the concept of stagnant zones and how It
relates to the fractlion of vapour bypassing on the tray. I|f the
stagnant zones occupy a reasonably large fraction of the tray area
then clearly a significant fractlon of vapour bypassing would oc-
cur on the tray. This phenomenon is more |lkely to occur on large

trays. In a completely mixed case the lean vapour ensuling from the
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stagnant zones Is well mixed In the rich vapour thus resulting In
less severe losses In overall efficiency on the next tray. A
gradual reduction In tray efficiency due to the vapour will occur
on subsequent trays particularly If (by conventional arrangement
for single cross-flow trays) the stagnant zones lie one above the
other. In dealing with conventional large commercial trays, the
assumption of partial mixing of the vapour Is a realistic one and

Is often Invoked In the design equations [71].

2.4.4 Features of the Channelling and Retrograde Models

The good agreement between the concentration profliles predicted by
the <channelling model and those predicted by the retrograde model
warrants a comparatlive examinatlion of characteristic features of

these models. The Table 2.2 below lists the features.

An Important criticism of these models Iis that whether explicitly
or implicitly no conslderation Is given to such tray deslign fea-
tures as hole size and free area. It Is now established that hole
slze and free area may determine If the froth structure Is
"Bubbly" ,"Intensely Mixed" or "Spray". It Is expected that the
flow pattern for bubbly is different from that of spray. Although
a separate model for the spray regime has been proposed by Porter
and Lockett [91]1, the conditions that favour the cholice of the
channelling model Iin preference to this model are not obvious from
thelr model equations. The exclusive model for Spray Diffuslion Is

discussed In the following section
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Table 2.2

Comparative features of the Channelling and Retrograde flow models

Varlable

Channelllng Model

Retroarade Model

Tray Efficlency

MixIng Group(Pe)

Operating Varlia-
ble AE

0G

Lower tray efficlency
than the AIChE model
Assumed equal in all

directions.

Enhancement of tray
efficliency over point
efficlency Is hilgh

for high AEog

Steeped concentration
gradlents are predic-

ted for hilgh AEOG

45

Lower tray efficiency
than the AIChE

Slightly less in the
transverse direction
Predicts significant
enhancement of tray
over point efflicliency
where mixing Is more In
in transverse direction
The deleterious effect
of retrograde flow Is
most severe for hlgh

values of 2E0G and

vice-versa




Tray Shape and

Geometry (W/D)

Velocity Distri

-bution

Width of the

mixing zone

Scale-up

Scope

Stagnant zones to The worst cases of
Increase with low W/D veloclity distribution
hence lowered tray q(ﬁ) for high values of
efflciency. the welr length and

hence low (W/D)

- This parameter Is de-
termined by experiments
only, but measures the
extent to which tray
effliclency maybe
lowered

Plays an Important part -
in tray efficlency depe

ndent on the slze of

tray and hence stagnant

zones.

Stagnant zones to Increa -
se with Increase In tray
dlameter .At a dlameter a

above 3m a change over

to double-pass Is recom-

mended

Thought not applicable -

to Spray regime systems

*Note:"-" Indicate no obvious correlation to be gleaned from In

mode |l .
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2.4.5 The Spray Diffusion Model (Porter and Lockett)

Commerclal trays operating under conditions of low welr loads and
high vapour capacity often operate in the Spray regime. Since In
this regime the gas momentum is dominant over liquid momentum and
liquid droplets formed in this regime are dispersed In a gas con-
tinuous phase, It seems reasonable that the underlying flow
pattern should be described by a separate model from ones that
emphasize the bulk flow of liquid (with backmixing). A good under-
standing of the mechanism of llquid transport In thils regime Is

imperative. Exlsting proposals give conflicting conclusions.

The mechanism proposed by Porter, Safekourdl and Lockett [91]
report that "droplet concentration gradients" form on a typlical
operating tray. They form at the vicinity of the Inlet welr which
constitutes the source and diminish In concentration towards the
exlt welr or the sink. The movement of the liquid droplets Is by
random motion which Is analogous to a diffusion process. By con-
trast, Raper et al. [94,95,96,97] claim that llquid Is
successlively atomised In a serlies of backmixed zones along the
tray. In the flnal zone which Is close to the outlet welr the
droplets effectively jump over the weir into the outiet downcomer.
A similar observation pertaining to the droplets behaviour at the
outlet welr was purported by Zuliderweg and coworkers [137,49].
Raper et al. also report a pool of liquid that develops close to
the outlet weir causing retrograde (or backflow of liquid). This
mechanism at the outlet welir seems to have some additlional In-

fluence on the tray efficlency to the spray diffuslion process

47



Itself. The observations noted above throw up some further Impor-

tant questions.

In particular, Is the gas momentum sufficient to move all the lig-
uld across the tray and over the outlet welr?. Another puzzle Is
illustrated by the following analysis: It is possible to derive a
concentration versus distance plot along the centreline of figure
3 of reference [91]. This Is shown in figure 2.7. It Is shown that
the last 30% of the tray contributes only a relatively small
amount to the mass transfer process compared to the rest of the
tray. In the proposal of Raper et al. the region of backflow talls
off from the exit weir where the mass transfer would Infact be
minimal compared to that upstream of the tray. The authors claim
substantial influence on tray efflciency attributed to the mixing
behaviour In this reglon. This Is clearly Inconsistent with the

above analyslis.

The gas momentum In Iitself Is Insufficient to transport all the
liquld across the tray and over the welir. This fact Is Impliclt
In reference [91]. It Is possible that in the vicinity of the out-
let welir, a liquid layer Is formed which Is large and Is thus
forced across the welr in addition to droplets jumping from fur-

ther upstream.
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In view of these unanswered questions the model proposed by Porter
et al. would seem to give the reasonable guide to the nature of
flow patterns on In the Spray regime. The theoretical development

of the model is described below.

2.4.5.1 Derivation of the Spray Diffusion Model

An ldeal spray in which separate (that is no coalescence of) lig-
uld droplets are entralned upwards and move through various
trajectorlies at random Is assumed. This is to simplify the model.
Diffusion equatlions are described according to the theory of
Chandrasekhar [17]. The driving force to cause the liquid to flow

across the tray is the droplet concentration gradient.

A materlal balance over a differentlial element In a spray bed,

figure 2.8 Is made as follows;

the diffusion flux in the Z direction Is

'dn’
N ‘' =-D_ _p dw ——7 2.51
z es’L 32

A similar expression can be written for the w direction.

The following dimensionless ratios are deflined:

z =2/ 1 2.52
Wm Wz 2.53
heh/ h; 2.54
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A materlal balance on the element using equation 2.51 and the

dimensional ratios ylelds

—-E + --E = 0 2.55

Boundar tions

a) At the Iliquld inlet

h=1.0 2.56

b) At the liquid outlet

h = ho ; an arbitrary droplet hold-up 57T

c) At the Impermeable column

Sn- 0 2.58

where n Is the distance normal to the wall along which there Is no
further movement of drops. Normallsed solutions of the balance
equation glve the drop concentration profile as shown in figure
2.9. The mode! predicts "plug flow" behaviour for the drop con-

centratlion change across the tray.
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2.4.5.2 Predictions of Tray Efficlency In the Spray Reglime

Assumptions of the model are:

a) constant point efficiency E everywhere on the tray

0G
b) linear equilibrium relatlionship
c) well mixed vapour and llquid streams entering the tray

d) no concentration change in the vertical direction

A material balance for the more volatile component (assuming a

blnary system) within the froth element In figure 2.8 would glve:

D_p (S ------ + ——gp——= ) + G (y, -y,) =0 2.59

Recall the definlition of point effliciency:

E.. = —= - 2.60

A Peclet number for Spray Diffusion Is defined as:

P i smerit, _ 2.61
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Substituting equation 2.60 and equation 2.61 into equation 2.59

yields
2 2
*
0 {hoX) 0 é“'*’ - Pes(gz))EOG(x -x,) =0 2.62
dz Aw
Expanding :
ok S BRI SN e B wo_n g
2 2 dz 8z ° dwdw s'A 0G ’
oz w
5 2.64
where X = X - xe1 =
ndar ndl S
a) at the tray Inlet:
X = xI a constant 2.65
b) at the tray outlet:
X
= 0 Wehner and Wilhelm [129] 2.66
3z
a) at the Impermeable column wall:
OX
- 2.67
5 0
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The diffusional flux at the lliquid inlet may be wrltten as

L éh'
=== = D —_—— .
pr es( z')l 2.68

combining this equation with the definition equation for Pe , the

s
following relationship is obtained:
Pe = EZ(QDT) 2.69
i dz i

This Peclet number Is meant to represent a random mixing mechanlism
that describes the transport of liquid and the changes In mass
transfer due to liquid mixing. From equation 2.69 there Is a maxi-

mum possible value for Pes which Is found to be close to unity.

Concentration proflles calculated from the model are of the form
shown In figure 2.10. However, calculated Murphree tray efficlency
and hence the enhancement of tray efficiency over point efficliency
glves a pattern similar to that obtained by the AIChE. The small

values of the maximum possible PeS suggest complete mixing of the

llquid droplets while the predicted concentration profiles and the
enhancement of tray efficiency over point efficiency are in agree-

ment with those expected from plug flow behaviour.
This model, I|lke the others before it, also requires substantial

exper imental data to clarify some of the conflicting observations

made above.
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2.4.5 Developing Flow Patterns (Sohlo)

It Is expected that the positions on a tray where nonuniformitlies
actually commence would influence tray efficiency in different
ways [61,62,63,109,110,111]. This was considered to provide a pos-
sible explanation for exlisting discrepancies between some
experimental findings and the predictions of the flow pattern
models of Bell/Solarl and Porter/ Lockett, where the flow patterns
are generally assumed to develop early on, that Is near the tray
inlet welr. This observation adds yet another Interesting dimen-

slon to the study of flow patterns on trays.

The derlivation of the model equations Is given below and is fol-

lowed by an analysis of the Implications of the model.

2.4.5.1 Derlivation of the Mathematical Model

The general assumptions |isted In subsection 2.4.3.1 are invoked
along with that which states equal lliquid mixing In both the flow
and transverse directions. A rectangular tray geometry Iis employed

for convenlence.

The following dimensioniess quantities are deflined:

2 =2 Z 2.70

wew/W 4 i |
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X = —gm——mm 2.72
X = X
In
vz = vz/ v e
vw = vw/ v 2.74
Pe=Vvz/D 2.75
M =mG/L 2.76

The material balance over an element of froth Is glven as

1
G2t W52 T Vadr T Vwaw T Mot =0 277

The contlnulty equation may be used to relate the dimenslonless

velocity component as

avz , OV,
a—z'-'fﬁaw—uo 2.78
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Boundar i

a) at the liquid inlet

z=0 O0<w<1 X =1+ 2.79
V_Pe
Z
b) at the liquld outlet
zZ =1 0 <w< 1 g—é—-O 2.80

¢) at the rectangular walls (an uncommon assumption)

0<z <1 Tl 0 2.81

An axlal veloclty component normalised to the mean liquid veloclty

Is deflned as

Vz(z.w) = (1—Vs(z))fv(w) + Vs(z) 2.82

where fv(w) Is a functlion of the transverse liquld flow

nonuniformities. A uniform velocity distributlon corresponds to a

value of the slip velocity at the column wall: VS- 1 . When Vs = 0

the distribution is independent of axlal position and the dis-

tribution Is said to be fully developed.
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An equation for the transversed ligquid channelling in the special

clrcumstances of severe liquid channelling, Is given as:
2 3 4
fs(w) = 2.14 + 1.47w - 19.9%  + 29.83w - 13.47w 2.83

Varlous developling proflles were considered by the authors In
thelr analyslis. The results of the analyses are summarlised in the

next subsection.

2.4.5.2 Predictions of the Developing Flow Pattern Model

Large varlations In plate efficiency are prdicted for varlious con-
flgurations of the sllp veloclty dilstribution particularly for

large values of the Peclet number. It Is noted that the Peclet
number Is defined such that Pe & D which Implies that the large

values of Pe correspond to large trays.

It Is shown that even for |inear development the model predicts
high efficliencles even for large trays. Linear development Is the

nearest assumption to real operating trays.

By Imposing various proflles of transverse mixing the model
predicts that intense transverse mixing glves significant changes
(improvements) In the enhancement of tray efficiency over point

efflclency.
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The result of assuming a rapid development of nonuniformlities In
the model is an exaggerated effect of liquid channelling and hence

an underestimation of tray efficiency.

In small to medium slze trays, late development of nonuniformity
has little effect on tray efficiency. In large trays however, late

development can have significant Influence on tray efficlency.

2.4.5.3 Conclusion_on Developing Flow Patterns

One observes that the baslis for this model stems from the flow
patterns where the experiments were conducted under the Spray
regime for which an understanding of the shape of the flow pat-
terns currently presents the greatest problems. Flow patterns
reportedly develop qulite early under conditions where the liquid
loading Is hlgh and thus less |llkely to spray. It Is clear that
this approach will require experimental work covering a wide range

of condlitions In order to fully substantiate the claims of the

mode | .
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2.4.6 Conclusion on the Models For Large Trays

It Is concluded that while all the models discussed above, with
the exception of the Spray Diffusion model, reasonably account for
both the exlstence and the deleterious effects of nonuniformities
on tray effliciency, the equations representing them are not all

the same. The choice of the individual critical parameters also

differ.

The formulation of the Spray Diffusion model admits that It will
always be misleading to Isclate liquid flow pattern models from
the flow regimes for which they may be applied. Since flow regimes
describe the structure of the froth on a tray It seems reasonable
to expect that the structure would be related in some way to the
movement of the froth. Unfortunately research efforts Into the two
phenomena have not so far been properly coordinated. There Is a
meeting point between flow patterns on large trays and the flow
regimes In which they operate. This fact Is covered in some detall

in the paper published by Porter and Jenkins [90].

In the subsection following, the concepts of the flow regimes are

reviewed.
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2.5 Elow Reglmes

The basic distinction between the flow regimes is the structure of
the froth (or gas-liquid mixture) on the tray. The distinction is
often made between a predominantly liquld droplets structure and
one that Is not. Consequently, in the past, mention has only been
made of the droplet dominated Spray regime and otherwise, often

called the Bubbly or Emulsifled regime.

The proposed froth structures of the flow regimes are given In the
figure 2.11 below [137]. The Spray regime Is deplicted Iin filgure
2.11a while figure 2.11b shows the Bubbly or Emulsifled regime.
The difference in bubbles size distribution as well as the way In
which the bubbles cross the weir on the tray is illustrated In the

figures.

The Bubbly regime Is found Iin high pressure systems of low
molecular welght compounds. The Spray regime is assoclated with
low pressure systems (or vacuum) In which the compounds have high
molecular welghts. A new regime was ldentifled by Hofhuls and
Zulderweg [49] which represents intermediate pressures, froth
structure and froth flow, to those of the Spray and Bubbly
regimes. This was called the Mixed regime and Is representative of

atmospheric pressure systems.

There are differences between the correlations (most are semi-

empirical) derived by varlous authors for the transition from the
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Spray regime. This Is thought to arise mainly because of the dif-
ferences In the techniques employed to measure the transition and
also due to differences In the ways that the regimes are
descrilbed. The methods used to &etermlne the transition and the
correlatlons derlved are |lIsted In Table 2.3. Some of these are

further discussed Belbw.

Table 2.3
Reference Method used Equip.Slize Correlation
de Gooderen Surface tenslion 4-1in dia -
[41] change
Shakov et al Pressure drop
[104] & entrainment
u-u
z h
Porter and Light transmis- 18x18(in) —_— = (——— )
Wong slon D u-u
[92] h h s
*6.7)+2.8
Burgess and Light transmis- 4ft -
Robinson [14] sion
K
_ Kd (Q-Q Un
PInczewsk | Electrical probe 30'5¢cm x61cm T i
¢t o
and Fell [86] K 0.0067 for
d=1.27cm.
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Table 2.3 cont.

fer thod d E Z | n
hLT pg
%giﬁgeand %|gnt transmis- 17x17.75(1In) g 1.5uﬁ(§:
0.5
*EB)
rber and Photographl -In h /d_= 1 35(9)0'33
@Zin Eegﬁn?qug ?Iasﬁ vessel L P : dp
u_(p./¢ )'5) 4
g g 'L
(=== 3075 0.59)
F(9 %)
pvo.s hL
Egg%ett - uv(az) = 0.36 a;.F
0,05 (gh »%"°
?glgg#ﬁesnd %Igﬁt transmls- - uV(a:) = 0.85—6;—htF
Port?r and Entra]nT?nt data 4ft a/b 0.5 =0.07
fsaﬁ ns correlation CopPy/ (0L - o))
General Symbols used (symbols specific to the ref. not included)

d hole diameter (units as In reference)
h liquid hold-up (units as In reference)
u gas veloclity

z,Z liquid hold-up

F F-factor

p density

subscripts

T at transition

V,g gas phase

L liguid phase

d hole
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2.5.1 Porter and Wong Correlation

The correlation [92], derived by the authors I|Is probably best
descrlbed as one which predicts the transition from the Spray
regime. It Is based on the changes observed by light transmitted
through a bed of consisting of a gas/liquid mixture. The |liquid
droplets that make up the spray bed are distributed in various
slzes In the space above the tray. Theoretically the droplets of
simllar size are expected to form a plane above the tray whose

height Is determined by their terminal velocity, Ut . Droplets

wlth a terminal velocity below Ut will rise above the plane and

then descend or get entrained In the gas stream. Drops of cor-

responding size and hence similar terminal veloclty to Ut will

form the hypothetlic plane. These are designated as the "large
drops". It was foound that for drops larger than 5.00mm diameter
the terminal veloclity becomes independent of slze. Coalescence
between rising and descending drops form even larger drops that
concentrate below the plane. The formation of larger drops Iin-
creases with Increase In the liguid flow rate (and thus liquid
hold-up) on the tray. At transition, multiple coalescence takes
place transforming the plane into the surface of a "bubbly"

dispersion.
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From the experimental findings of the authors the following cor-

rellation was derived:

0.5
h (1-A ¢, (g(p, /p.).1/U_)" ")
EE:E - 4.0 + 9(=——mit : _LA 9 g 2.84
hP¢ f
h T
or EE;E = 4.0 + Q(UE_:_UE) 2.85
hPs h = s

The general equation for the large drops terminal velocity Is

glven as:

p
UL s 6L, gy <O 2.86
A

where C.Is a constant(ft'/?)

Under laboratory conditions the following correllation was derived

P
U, = HsOilor) 0 2.87
t 05
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where,

Uh' gas veloclity through the holes (ft/s)

Af- fractional free area

Us- AfUh(ft/S)

Dh- hole diameter (In)

Pe= froth density(or liquid volume fraction)

hc e llquid holdup per unit area at transltion(in)

The methods of visual observations and the |lIght transmission
technique gave reasonable good agreement. The experiments were
conducted on a "statlc" column, that |s where there was no cross-
flow of liquld thus eliminating any effects that the Illiquld
momentum may have at the transition point. Although thls model was
used to predict the transition from Spray to Bubbly there Is no
quarantee that It may similarly be used to predict the transition
In the reverse direction, that Is from Bubbly to Spray. This Is
because the processes of droplet formation and coalescence are not
finely divided mirror Images. The hysteresis effects noted by
Shakov et el. provide the first real indicatlons that these

processes occur over a wlde range of conditions.
However, the approach adopted In the formulation of this model and

the findings therein were unique and provided useful experimental

results against which subsequent models were correlated.
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2.5.2 Prince Correlation
A simple approach based on pressure drop measurements was adopted
to develop this correlation [84]. The theory stems from the anal-

ogy of the Jetting processes at a single orifice [32,48,83,86,93].

For a fixed gas rate the variation of residual pressure drop with
llquld hold-up was examined. The reslidual pressure drop was

defined as

Pres = P1~ Pdp_ Rel 2.88

where PTIs the operating tray pressure drop

Pdpls the dry plate pressure drop

hclls the clear liguid helght

The liquid holdup Is defined as the dynamic head less the orifice
momentum effects (also referred to as the gas momentum recovery
[26]). The translition between bubbly and spray is said to take
place at the maximum value of of the residual pressure drop. Two
methods were used to determine the liquid holdup: a) the direct
measurements of dynamic head using manometers and b) gamma ray

absorptlion to determine dispersion density.
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The theory of the model is based on the behaviour of a single
orifice In which both bubbly and jetting take place. The bubbly
and Jetting processes are considered as froth and Spray
respectively. At the transition a simple correlation Is proposed
whlch may be used to describe the bubbly/spray transitlon on an

operating tray. This relation is given as:

E
h/dh = 1.5.Fr 2.89
*
or hT/dh- 1.5.e.Fr 2.90

*®
where the modifled Froude number Fr Is glven as

Fr m (=2-,oa0e)"" 2.91

and d _Is the hole diameter (m),
h_ls the liquid hold-up at the transition (m),

h Is the dispersion height at transition (m),
e Is the lliquid volume fractlion (equal to the dispersion

density In the alir/water system).
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Reasonable agreement was found between this correlation and the
transition results of Fane and Sawistowskl [32] for the distilla-
tion of benzene-heptane and heptane-toluene. It Is Interesting to
note that In thelr first set of results, Prince et al.[83] estab-
llshed a coefficlent of 1.5 for the modified Froude number while
in subsequent experiments a value of 1.7 was required to correlate
the same. This change Is Indicative of a slight shift towards an
Inciplent Bubbly regime. While the authors attribute this shift to
errors Inherent in the experimental measurements It may well be
that at translition the liquid flow rates cover a range of values
rather than occur at a single point. It Is necessary to make a
correct estimate of the clear liquid height in order to implement

the model.

The possibllty of the transition occuring over a range of condit-

lons Is conslidered In the next correlation.

2.5.3 Zulderweg and Hofhulis Correlation

Four separate flow regimes were identified [49,137]. Perhaps the
most significant implication of this finding is that for the first
time It Is suggested that the transition from Spray to Bubbly and
vice-versa occurs over a range of liquid flow rates for a flxed
gas rate. This implles that the Bubbly and Spray regimes may not
be representative of most operating systems as hitherto under-

stood.

The four regimes identified are as follows:
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a) Spray: domlnant Iin vacuum distillation systems

b) Mixed: dominant at atmospheric pressure distillation

¢) Emulsified: dominant at high liquid/vapour ratlios, that Is
pressure systems

d) Free bubbly: dominant in conditions close to the weeping

limit

These are represented in figure 18 of reference [49]. It glves a
plot of the load (or capacity) factor versus the flow parameter.
The weeping IImit was calculated from the widely used Falr cor-
relation [29,30,117], while the flooding curve was derived from
exper iments by the authors using alr-water. At the flow parameter
value = 0.1 a change in the slope of the flooding curve was ob-
served to coinclde with the polnt of transition to the Emulsion
regime. The newly Identified flow regimes are the Free Bubbly and
the Mixed regimes. In the Free Bubbly regime the bubble formation
occurs at the tray oriflce and since this Is consistently observed
only close to the weeping limit it thus has limlted practical
importance. By contrast the Mixed regime exhibits general charac-
teristics associated with both the Spray as well as the Bubbly
regimes. That Is, both the formation of bubbles and droplets ap-
pear to coexist In the Mixed regime. This |Is representative of
atmospheric sytems and most distillation systems are thought to

operate In this regime.

The correlation equations are given as

1) transition into the Spray regime
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0.5 0.85.9%%n! %A
U .(=2) = (CF) = -~ 2.92
9 h
2) transition Into the Emulsion (Emulsified) regime

U e

L5399 5 3.0n 2.93
U e L

g'g

The equatlon 2.93 for the transition Into the Emulsion regime

shows that by varying the welr height which Influences hL and by

varying the weir length the transition can be moved over a range

of conditlions from atmospheric to pressure distillation.

The criticisms of this model was made by Lockett In reference [68]
where the author found discrepanclies between this and other
models. It was thus pointed out that the relationship between

hL/ dhand Ug as proposed In this model is misleading particularly

at high gas velocities. This is because at high gas velocitles,
tray osclillation occurs and becomes significant to tray orifice

behaviour [13].
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Nevertheless, the model has distinguished separate flow regimes
which must henceforth be considered In the design of trays. In the
next correlatlion the effects of tray performance variables was
Introduced and conslideration given to the existence of the regimes

identifled In this subsection.
2.5.4 Porter and Jenkins Correlation

What |Is paramount to the designer is not so much the tray oriflice
mechanlisms at transition but rather knowledge of whether a par-
ticular combination of gas and liquid flow rates would result In
Spray, Mixed or Bubbly. Such a comblnatlgn is proposed by the
authors [90] by correlating the changes in certain variables at

transition In terms of the flow ratio number:

[
= (a/b)/U_(=—===- : 2.94
Y= (a/b)/ g(PL_ Pv)

Thils group which was defined by Hofhuis and Zuliderweg [49] Is seen
to be proportional to the ratio of the overall horizontal momentum
flux of the liquld to the average vertical momentum flux of the
gas (this definitlon was first glven by Fair and Mathews In
reference [117]). Use was made of the entrainment data of Lockett,
Splller and Porter [72]. Interpretation of the data showed that
the locus of the minima in the entrainment curves at flxed gas
rates was lidentical with the liguid hold-up at the transition from
Spray to Bubbly as measured by Porter and Wong [92]. The entraln-

ment data published by Sakata and Yanagi [102] for the
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distillation systems; cyclohexane-n-heptane at 165kPa (1.69bars)
was plotted in terms of the capacity factor and welr load with
entralnment rate as a parameter. It was shown that both the
entralnment points and the maximum capacity points for the system
may be correlated by a straight line passing through the origin,
flgure 2.12. At the lower end of the curve, |ie the points for the
alr water data of Lockett, Spiller and Porter derived to sult the
tray design of Sakata and Yanagli. The reciprocal of the slope or

more approprlately the value of the flow ratio number is:

= GAFBIIRAL., o it ) w 0:07 2.95
W sbp - Py

The curve represented by this slope was considered to be the tran-
sltion from the Spray regime to the Mixed regime and vice-versa.
The entrainment rates in the Mixed regime are, as expected, lower
than those In the Spray regime. No entrainment was recorded In the
Emulsion regime of reference [102]. However, the value of q)-
0.20, employed by Hofhuis and Zuiderweg was adopted for the tran-
sition from Emulsion to Mixed regime and vice-versa. [t must be
pointed out that the equations of the flow ratio group used by
these authors differs somewhat In general from that used by

Hofhuls and Zuiderweg. Hofhuis and Zuliderweg used the equation

e
V= (a/b)/(u_ (=9)%° 2.96

sb pL
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In alr-water systems this amounts to the same thing since,

OL>> Oy Or fL= PL_ Py 2.97

In distillation systems this does not always apply.

The real merlts of this correlation stems from the facts that:

a) At 80% flood there is good agreement between this correlation
and that of Hofhuis and Zuiderweg. The correlation is developed
along the entralnment results obtained from separate experiments
by Porter and Wong at the transition from Spray to Bubbly and ap-
plied to data from a commercial sieve tray.

b) It represents the first direct correlation with maximum
capaclty

¢c) It is a simple relatinship and thus requires only the fun-
damental knowledge of the denslities of the phases, the flow rates
and tray deslgn. Consequently, It is subject to quick and easy

veriflcation.

2.5.4.2 Application of the Correlation to Tray Desidn

A

This correlation is tallored to meet the designers needs In the

following way. He can speclify b and A( Us ). The equation for the

b

flow ratio group can be simplified to:
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W= X (E) 2.98
.5
where X = q/(U (meemsioe) 2.99

the bubbling area being:

A=2C* 02 2.100

where C Is a constant

Therefore, the flow ratio group becomes,

L‘J-X.DQ/ b 2.101

The ratio of welir length to tray diameter b/D has been used as a

deslgn parameter In the channelling models of Porter et al
[68,70,89].

Put b=ob /D

74



The system properties which may remaln practically constant for a
particular operation together with the operating variables gq and

Usb belong In the parameter X . It follows from equation 2.102

that by varying b one can traverse a range of flow regimes. |t
also predicts that for a fixed weir length b, In a particular sys-
tem, by Increasing the tray diameter the regime can change from
Spray to Mixed or even Emulsified. Lower values of the flow ratio
group are assoclated with small dlameter trays and from the equa-
tilon 2.102 a tendency to spray may also be expected. These
predictions prove to be consistent with the observations In normal

distlllatlion practice.

Where Y > 0.20, that is at high weir loads for large diameter
trays the value of the flow ratio group may be reduced by Increas-
Ing the number of passes on the tray, e.g, from single pass to
double pass. This Is illustrated by the total flows chart In
figure 14and flgure 15 of reference [80]. The flgures confirm
that the conclusions of Hofhuis and Zuiderweg that most trays
operate in the Mixed regime and that the Spray regime Is as-
sociated with low pressure distillation and small diameter trays
is valld. Further, the total flows chart of reference [90] shows
the diameters at which change over from single to two pass and
four pass trays are recommended in order to lower the flow ratio

group and thus Improve capacity.

Compar Isons between this correlation and the others shows llttle
agreement. These are Illustrated in figure 2.13. This desparity

seems to be of a fundamental nature. It may well be that the hole
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diameter, strongly emphasized in other correlations but con-
splcuously missing In this one needs further consideration.
However, It Is noted that the transitions Into the Spray regime
proposed by other workers is closer to the flooding limit thus

limlting Its application in real practice.

2.5.5 Discussion and Conclusion on Flow Regimes

Use of the Jet penetration theory to model the transitlion from
Spray to non-Spray appears to be strongly favoured by researchers.
Accordingly, the models are expressed in terms of the ratio of the
clear liquid height to the hole diameter, froth density and/or
physlcal propertles of the system. This requires a preclse predic-
tion of the clear liquid height for which there is at present no
accurate correlation. Both de Gooderen [40] and Zulderweg and
coworkers point out the possible effects of surface tension on the
performance of trays operating outside the Spray reglime.
Surprisingly, this is not given any treatment in the models pub-

lished In |lterature.
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Although Hofhuis and Zuiderweg succesfully correlated the data of
Pinckzewski and Fell [82] in certain conditions, It Is apparent
that at extreme values of weir l|loads and capaclity factors, Spray
Is predicted at the flow ratio group values exceeding > 0.20,

that is In the Emulsified regime.

The concept for representing the transition from Spray to Bubbly
as a reglion between the two regimes Is a new development in the
study of flow regimes. This was first introduced by Hofhuis and

Zuiderweg.

The analysls of Porter and Jenkins in which low welir loads are
assocliated with vacuum distillation and tend to Spray whille pres-
sure systems Emulsify Is consistent with the observations made In
literature. This fact was also used to arrive at the transition

lines by the authors.

The capacity of pressure systems Is limited by downcomer area
rather than entrainment as in low pressure systems. Downcomer
flooding Is sensitive in foaming systems, therefore the omission
of surface tension as a parameter in the transition from the Mixed

regime to the Bubbly regime is suspect.
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It is expected that liquid mixing is high in the Spray regime. |t
may be deduced that the underlying flow pattern will be unique and
with It the implications of flow regimes on mass transfer which Is

still unclear.

It Is fair to say that research into flow regimes has yet to catch

up wlth tray design methods.

In view of the |IImitations shown by the definitlons and observa-
tions of the flow regimes it is clear that vast amounts of
experimental work will be required to confirm or refute the

diverse claims made In flow regimes studies.

At present the evidence for the effects of flow nonuniformities
Is so strong that much has been done to develop flow control
devices on trays. Infact, the idea of flow control devices on
trays Is not entirely new since It formed the basis for some of
the early models by Lewis [64]. Some of the devices experimented

on In more recent times are discussed in the next Section.
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2.6 Elow Control Devices

It was predicted by Porter and Lockett [68,70]) that for medium
diameter trays (2-2.5m) It Is not necessary to achieve an optimum
liquld flow pattern. The sensitivity of efficiency to the liquld
flow pattern only begins to show at diameters larger than 3.0m. It
follows that for such size columns steps taken to improve the lig-

uid flow pattern would reap economic benefits.

There are three different tray modifictions known from publ ished
literature which have been developed to eliminate flow nonunifor-
mities at the sides of trays. These include:

1. The directional slotted sieve plate, developed and
patented by Union Carbide [130,131]

2. The step flow downcomer, patented by Porter [88]

3. The FRI| downcomer which consists of underflow gaps of

varying heights (from the centre to the sides of the tray) [135].

2.6.1 The Slotted Sieve Plate

Directional slots were punched into a sieve plate so as to direct
the passage of vapour across the plate. The nonuniformlity of Illg-

uld Is therefore removed entirely by the vapour momentum.
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More slots were made in the converging section of the tray and
towards the sides of the tray (column wall) than in the other
parts. The results for such an arrangement are predictable.

Improvements to flow were observed particularly in the converging

section.

However, this begets two relevant questions. First,can the point
efficlency rightly be considered to be the same in the slotted
reglion as it is In the perforated reglon?. And, to what extent

will the presence of the slots affect the lower (weeping) Ilimit?

The primary objective was to minimise flow nonuniformities and the

tests showed that this was achleved.

2.5.2 The Step Flow Dowmncomer

The device Is a modiflcation to the inlet downcomer. The top of
the downcomer Is, In general, of a conventional type since It Is
meant to fit the outlet downcomer of the tray immedlately above.
The bottom part Is half a cylindrical tube with the circular part
facilng the active area of the tray. If, as Is held by several
authors,flow nonuniformities originate from the uneven momentum
flux of the liquid Issuing from a straight downcomer then liquld
redistribution forced by the shape of the downcomer Is expected to

straighten the flow.

Dye studies were carried out by Safekourd!l [101] uslng this

device. The results reported were promising. The details of the

80



design, the application and results from this work are treated

separately, later In Section 7.

2.5.3 EFERI Downcomer

Fractlonation Research Incorporated, FRI, employed a slotted
downcomer with a small underflow gap at its centre and relatively
larger underflow gaps at the sldes. Details of the device are
glven elsewhere In reference [135]. Residence Times Distribution
Experiments were carrled out on the device. These showed that non-
uniformities at the sides of the tray were largely eliminated. The

slze of trays used were 1.2m (4ft) and 2.4m (8ft) In dlameter.

2.6.4 Conclusion on Flow Straightening Devices

The ultimate choice of a device is entirely an economlc conslidera-
tion since all the devices discussed have been shown to remove
nonuniformities to a satisfactory extent. Based on this consldera-
tion It may be Judged that the step flow downcomer Is an
attractive option since it Is of a simple design and does not re-

quire addlitional devices to the tray.

Up to this point In the literature survey, the work dlscussed has
been based on the experiments simulating mass transfer processes.
It was earller polnted out In Section 1, that difficulties In-
herent In mass transfer experiments are formidable and do Infact

lImit the scope of such experiments. In the next subsection, the
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water cooling theory which enables the analogy between mass tras-
fer and heat transfer to be made Is discussed. Thils, as was
earller stated, is the basis of the water cooling technique used

for the first time, In this work, to simulate mass transfer.

2.7 Water Cooling Theory

The water cooling theory considers the simultaneous heat and mass
transfer that takes place from the surface of a fllm of water In
contact with a flowing stream of alr. |t has wide Industrial ap-
plication and Is often used in the design of cooling towers and
refigerating systems. In this work It Is sought to Implement the
analogy between a water cooling process and mass transfer
processes such as distillatlion. The equations used to justify this

are discussed.

2.7.1 Derlivation of the Theory

The usual assumptions made In the development of the theory are
[74,119]:

a) that water vapour follows the Ideal gas laws(the
deviations may be treated as Insignificant),

b) that there is negligible loss of water through evaporation

and,

¢c) that ALL heat losses are carried through the passing
vapour and

d) the bulk-water state below the water-alr Interface Is at

substantlally the same temperature as the Interface, that means
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that the rate of transfer of heat through the Interface to the air

Phase Is negligible compared to that from the water to the

interface.

When a stream of alr Is passed through water, If evaporation oc-
curs the water looses heat as a result of the difference between
the vapour pressure of the water and that of air. It does so Iin
the form of latent heat. Sensible heat loss (or gain) would also

occur due to direct transfer by conduction between air and water.

An overall heat balance ylields

LAT = GAH 2.103

Earller works regarded the latent heat of evaporation and the sen-
sible heat transfer as separate entities. Merkel [75,76] first
proposed the concept of an overall enthalpy driving force by com-

bining the effects of both mechanisms simultaneously.

If one considers an element with an area dA, figure 2.14 by denot-
ing the interface by the subscript I, the bulk gas phase by G and
the sensible and latent heat transfer by S and L respectively, the
rate equations for the transfer of heat through the element can be

expressed as:
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a) For sensible heat transfer

da = ﬁG(T[ - Tg).dA 2.104

where hG Is a surface or convectlve heat transfer coefflcient.

b) For latent heat transfer

2.105

dq = KG(Di - DG).)t.dA

L

where}t is the latent heat of vaporisation of water, D the

humidity of the vapour and KG the mass transfer coefficient be-

tween the Interface and the gas bulk phase.

4

layer at
saturation

convection

, et §
evaporatiop ~~. 0 ,
' SRl L
| "'-;:':' Ed
I AP
) r l
i
i
| |
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bulk air stream
Figure 2.14 Mechanisms of heat loses from a water droplet
(culled from reference 119)
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Now, according to Merkel, the total heat transfer Is given by ad-

ding equations 104 and 105 to yleld:

qu = (hG(Tl - TG) + KG(Di - DG)7&).dA 2.106

Assuming that the latent heat remains constant in the temperature

range:

AT = TI = TG' 2.107

the overall enthalpy change in the gas phase Is given by,

Hy = He & (T, =T +7{(D| = D) 2.108

where cw Is the specific heat of water.

By substituting Into equation 2.106 one obtains:

dq, = I(G(HI - HG).dA = CwL.dTw 2.109

T

Separating like varlables:

K .dA dT
G _ . ﬁ'“‘l"ﬁ' 2.110
L.c, 1~ G

Integrating;
K_A dT
G_ . f 1 2.111
Lcw HI B HG
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It Is clear from this basic equation of heat transfer which was
first derived by Merkel that the It Is not self-sufficient and
therefore cannot be Integrated analytically. Numerical methods are
used. Usually the amount of water evaporated Is negligible or
neglected.

The theoretical simllarities between water cooling and distilla-
tlon have been made in literature, although there Is no known

publication of experimental evidence showing this [45,74,115]. For
Instance, the ratio Lcs/ KGa Is known as the "height of an equiv-

alent theoretical plate" ,H.E.T.P or often as "the height of a
transfer unit", In distillation terminology. In water cooling thls
represents the height required for the air to attain equl!librium
with the water, that is, the theoretical height required for
enough contact to have been made to saturate the air, leaving. In
thls case the number of transfer units, or the reciprocal of the

H.E.T.P Is gliven as,

dT K..a
| G'™m
CNJL =" T .Z = N.T.U 2.113

i G

The treatment of water cooling tower as a distillation column Is
best illutrated by Hutchinson and Spivey [53]. They derived an
overal|l heat balance equation over an entire N-trayed column which
Is of the form :

T,) = G.(HN - HN+1)

- G . | 2.114
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Once the overall heat balance |Is used to compute the water tem-
perature leaving the column (or It is given) It Is possible to do
a tray to tray calculations to determine the temperature gradient
across the column. Unlike mass transfer operations the feed point

for the water is always at the top of the column.

This analysis has only given a general similarity between the
methods of calculations for the two processes. It seems quite

reasonable to extend this to Include the concept of efficlency.

2.8 The Analogy Between Heat and Mass Transfer Characteristics

It was shown In subsection 2.2 that the concepts of efficiency are
derlved from basic principles In mass transfer through the reslis-
tances to mass tranfer in the individual phases. This In turn Is
affected by the froth structure and bubble size distribution which
are influenced by the rate of gas passing through the tray. The
mechanlsm of gas passage through the froth Is often approximated
by one of two models:

a) complete mixing Iin the vertical direction, glving, the point
efficlency as

E - NOG /7 (1 + N_.) 2.115

0G 0G
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b) the plug flow case, which gilves;

-N
0G
EOG =1 -8 2.116

The varlable NOG Is the number of overall gas phase transfer unlts

The analoque to this appears qulte frequently In water cooling

theory. It Is deflined as:

3
NOG- KGa thf(H - H) 2.118

It Is noted that for alr-water systems (humidiflcation and
dehumidiflcation) the overall coeffliclent of mass transfer Is

defined In terms of the humidity of the gas, it thus has the units

of kg/smstkg/kg).

Considering the Individual phase mass transfer unlts the "two-
film" theory may be Invoked. The following relatlonship can be

der lved;

NOG = kGa thf(y‘ -y) = kLa thf(x - xl)

*
= KGa thf(y =: ¥ 2.119
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Mass transfer reslistances can be derived by rearranging equation

2.119 to glve:

& y y
Losalandazdy w b p bl
KGa kGa Yl - Y kGa kGa yl y
*
y =Y
1 i
= + ( )
kGa kLa X - xl
1 m
= ——— o ——— 2.120
kGa kLa

Now to determine a similar expression for heat transfer the as-
sumption Is made that the surface heat transfer coefficient within
the llquld-alr interface Is numerically equal to the mass transfer
flim coefflicient. This Is the Lewls ’‘semi-emplirical’ relatlonshlip

[66,115].

2.8.1 The Lewis Number

The Lewis number Is a measure of the ratlo of the diffusivity to
the conductivity of the flIm of molist air at the Iinterface. These
quantities are represented Individually by the Schmidt and Prandtl|
numbers, such that by definition ;

1% w28 2.121
Pr
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or R =y et

-t 2.122

Since the film layer Is difficult to establish and hence the cor-
responding variables, the relationship is often expressed In a

more general form:

Lo o o Z1%m)
p(,7z,)
h /c
I” “pm
or Le = ——————
pD,7z,
hI
or Le = —5——— 2.123
Kec¢
pm

where hI Is the surface heat transfer coefficlent at the Interface

and K' Is the mass transfer coefficient from the interface to the
bulk air stream. The physical meaning of these equations Is that
within the flIm surrounding the water surface the transfer of mass
or material and that of heat occurs at equal rates. Both processes
are not Influenced by the exterlar conditions of the surrounding

bulk fluids .

The value of the Lewis number Is between 0.9 and 1.0 but for most

practical purposes, It suffices to use unity.
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2.8.2 The Resistances In Heat Transfer

Similar expressions to those of mass transfer can be drawn for
binary mixtures In which heat transfer takes place between the
surfaces. The notations used are not universal, but rather are
chosen In order to show the comparisons with the corresponding

forms for mass transfer.

A heat flux through the surface may be represented thus:

A *
Q= KTa thf(H = H) = hwa'thf(T - TI) = kTa'thf(Hj_H) 2.124

The resistances follow;

*
1 ) 1 (H* _ H) ) 1 ((H - HI) - (H - Hl))
KTa kTa HI - H kTa HI - H
H - H
1 -
= e (1 #+ m—————a=)
kTa HI - H
Ht H
1 i
= oo= 4 pe=(—z-——z-)
kTa hwa T - TI
1 m
- E—a + E—a 2.125
T w

ety e 2.126
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The equation 2.126 is that of the slope of the lines from the
"start-to-finish" points on the operating line up to the satura-
tion Ilne for a glven process.

In practice the task of determining the transfer coefflclents,KGa

and KTa Is a formidable one. Often it suffices to base the deter-

mination of the point efficlency on the general equations

The llquid concentration term in mass transfer is analogous to the

liquid temperature term In water cooling.

It seems that the basis Is set for implementing the water cooling

theory to simulate mass transfer In a trayed column.

2.9 Conclusion on Literature Survey

The review of |lterature In this work leads to certaln conclu-

slons about tray design methods.

It Is now fully established that the early models falled to take
Into account the effects of such features as shape and flow
nlonuniformities on efficiencies. The resulitant equations are an
oversimpllflication that assumes a rectangular configuration for
the lliquid flow path on the tray and thus overpredicts tray ef-

ficlenccies In large trays.

92



The models appllicable to large trays were proposed by the authors:
Porter and Lockett [68,70,71,89]; Bell [9,10,11,112,113,114];
Sohlo et al.[61,62,63,109,110,111]; Kafarov et al.[55] and others.
They all seem to predict nonuniformities on tray sides and account
for the effects of such nonuniformities on the tray effliciency.

The parameters emphasized however, differ.

The Spray diffusion model of Porter and Lockett [91,101] suggests
that under conditions where the froth structure may be described
as Spray, this and not the channelling model must be used. The

other models make no such distinction.

The specifications of points of transition between flow regimes In
trays Is still not well correlated. This problem Is one of dis-
agreement on what constitutes the transition as well as methods
employed to Identify It. Perhaps the answer to this Is the broad

band of conditions that make up the newly ldentified Mixed regime.

The experimental observations of Weiler et al.[130,131] were
carrled out under the prescribed Spray regime of Porter and
Jenkins. The findings represent an interesting coincidence with
the observations of Raper et al.[94,95,96,97] particularly In the

shape of the RTD |llnes towards the tray outlet.
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It Is noted that the derlivation of the developing flow patterns of
Sohlo et al. was partly gulded by the experimental findings of
Weller et al..The authors, however, failed to acknowledge that the
exper iments were carrlied out under conditions that favour Spray.
Flow patterns in the Spray regime cannot be generalised with those

outside It.

The evidence of retrograde flow and stagnancy were scant on trays
of 1.2m and 2.4m diameter. These findings confirm the observation
that at Intermediate diameters and below, flow nonuniformlties do

not show clearly.

There Is discrepancy on the tray size above which It Is recom-
mended to swltch over from single to double pass so as to minimise
flow nouniformities. 3.0m Is recommended by Porter and Lockett
while Smith and Delnicki [118] found that flow nonuniformities do
not show up In columns below 5.0m in diameter.

The latters experiments were carried out under vacuum. This author
belleves that the discrepancy arises from the separate flow

regimes for which the different approaches are applicable.
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The evidence presented Iin lliterature on flow straighteners are
promising. However, since they represent a fundamental change to
tray design they must be applied over a wider range of sizes and
flow conditlions before firm concluslions can be made on them. A
proper assesment of their viabllity must be carried out along

economlic |lInes.

It has become clear from this literature survey that further In-
sight Into tray design methods would only be possible when the
exlisting models can be substantiated with experimental data. The
difficulties Iinvolved In extracting such data have already been

stated In Sectlion 1.

In the latter part of the review, the application of the water
cooling theory to simulate distillation was Investigated. The main
thrust of thils work Is concerned with the evaluation of the water

cooling technique to provide the much needed experimental data.
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3. P THE PR M

The I|lterature survey has shown that further development of the
tray efficlency models (and the authenticlity of the existing ones)
Is somewhat inhibited by lack of experimental data to test the
effects of llquid flow patterns on mass transfer. |t has been
shown that the technique of water cooling offers a promising al-
ternative for obtaining such data. However, work Is required to
develop and evaluate the technique. This work Is presented below.
Most of what Is described Is concerned with the development of
the technique and the calculation procedures. This iIs followed by
a program of work and the use of the technique to determine tem-
perature profliles on conventional trays and trays fitted with flow

stralghtening devices.

A 1.22m (4ft) diameter column was considered large enough for
plloting. It Is of commerclal scale and although at this size It
Is already predicted that channelling will not have much effect on
tray effliclency, significant effects on concentration profiles may

be expected.
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The plate chosen Is a Sleve Plate having 12.7mm (1/2In) holes, 8%
Free Area, and 26% downcomer area, all meant to be the similar to
the FRI tray used in reference [102], both because it Is the most
common tray In practice and for the added possibllity of comparing
results from reference [103]. Detalls of the Tray are gliven In the

Table below.

Table 3.1 Tray Design Detail

Column Dliameter (m) 1.22

Tray Spacing,(Test Tray to Top) (mm) 800
Perforated Tray,thlickness (mm) 1.5

Edge of Hole facling Vapour flow (description) sharp
Hole Diameter and Spacing, (mm x mm) 12.7x41.0
Outlet Weir:height x length, (mm x mm) 75 x 940
Downcomer Area, m2 0.13
Effective bubbling area, (ma) 0.8554
Hole Area, (m2) 0.0715
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3.2 | h ter t TT

The following procedure was adopted:
3.2.1 Development of water cooling theory and prediction of ex-
pected temperature profiles. Will the technique provide a method

of evaluating exlsting theoretical models?.

3.2.2 Development of temperature measurements and data logging.
There was the need to make as many measurements at as many parts
of the tray as possible so as to establish a tray temperature

fleld.

3.2.3 Data processing to determine the "best" lines or surface of

temperature measurements.

3.2.4 Methods of calculating tray efficlency and point efficiency

were developed.

All of the work described above was required to develop the simple
Idea of water cooling to the point where It may be used to test

trays.
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3.3 Experiments on Trays

These Include :

3.3.1 Tests of the effects of flow patterns on temperature
proflles

a) Maldistributed flow

b) uniform flow on a conventional tray and

¢c) the effects of flow control devices

3.3.2 Tests on a conventional tray

Flow rates were set to simulate the hydraulic conditions ofmsome

FRI tests and to explore differences between different flow

regimes as shown by the temperature profile.

3.3.3 Calculation of point efficiency and tray efficiencles

3.3.4 The Evaluation of Repeatability and the effects of measure-

ment errors.

Finally;

3.4 A Comparison of Experimental Temperature Profiles with those

h hannelling Mod f d

The major experimental work and the Impllicatlons of the findings

are described below In the sequence given above.
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4. DESCRIPTION OF THE APPARATUS

The water cooling experiments described in this section were
carried out in two separate stages. In the preliminary stage, the
results of temperature measurements led to the conclusion that
serlous Iimprovements In the method of data collection as well as
the distributlion of air and water Into the column, were required.
Thus the column was completely revamped. First, a description of
the column rig used for the preliminary experiments is given. This
Is followed by a detailed description of the main physical changes
in the revamped column. Experimental evidence from the two ar-
rangements are given separately. Other experiments relevant to the

water cooling technique are discussed In this section.

All alr-water experiments were carried out in a 1.22m (4ft)
diameter column. The column was 4.0m high and had an average wall
thickness of 6.3mm. The capaclty was 4 trays at an average tray
spacing of 0.61m. Steel rings, 51mm x 6.3mm were fitted along the

Internal wall of the column to serve as tray supports.

The column was made of polymethylmethacrylate, trade named
Perspex, which was tansparent thus enabling visual observations
Into the column to be made. The trayed section of the column was
covered at the top by an entrainment separator (also called the
demister) and a bullt-in removable PVC (Polyvinyl-chloride) alr
duct. The bottom section of the column constituted the sump. The

mater lal of the sump was therefore made of strong glass relinforced
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PVC and had an average wall thickness of 12.7mm. This was of rela-
tively higher thermal resistance than perspex and thus suitable
for the retention of hot water In circulation during the water

cooling experiments. The sump had a capacity of about 1.00m3. 1t

was covered from the trayed section of the column to prevent air

from coming into contact with the recycled water.

The main test rig is shown in figure 4.1. A flow sheet of the test

rig is glven In figure 4.2.

4.2 Peripheral Egulpment

A centrifugal fan wlth the capacity of 2600kg/s was used to supply
alr to the column. Due to its high decibel level, the fan was
placed some 20m away from the column Iin a separate room. The dis-
charge of the fan was Introduced to the column (tangentially)

through a rectangular duct of cross-section, 46cm x 46cm.

4.2.2. Water Pump

A centrifugal pump |ifted water from the sump to the top of the

column. It was operated below full capacity at only 0.00—1.14:(10-3

m3/s. The maximum possible capacity of of 7.58x10-3m3/s was unat-

talnable because of the extra head required due to the height of

the column. The discharge from the pump was passed through three
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separate pipes fitted with rotameters to monitor the rate of water

golng into the column.

4.2.3. Steam Generator

A steam generator with a capacity of 120psi was used to supply

steam for general purpose use In the bullding. It was tapped from

the main line at 80psl| for use in the water cooling experiments.

4.3 Material Feed Lines into the Column

Since the development of this technique was intended to determine
the liquid flow patterns on trays all necessary precautions had to
be taken to ensure that material fed Into the tray tested was well
distributed at entry. The precautions taken are described for each

material.

4.3.1 Alr

The tangential Introduction of air Into the column resulted In the
alr streams swirling as they approached the test tray. These ef-
fects were minimised by fitting two sieve trays below the test

tray.

The existence of rectangular elbows In the air duct from the fan

to the column resulted Iin wavelike osclllations of the alr stream

as It approached the column. A perforated mild steel plate was
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shoved Into the duct both to regulate the flow of air as well as

to dampen the oscillations.

To asslist control at low flow rates, a wooden plank was used to
cover a fraction of the fan suctlion area. This also acted as a
safeguard agalinst back pressure which could lead to permanent
damage to the fan.

Close control of alr flow was effected downstream by fltting a

simple butterfly valve close to the column.

4.3.2. Water

The discharge from the pump could be passed through one of three

pipes described below.

Pipe Internal Dlia. Orifice Dla. Flow Rate Range
-3
1 76.2(3.0in) 38.1(1.51In) 0 - 0.303x10
-3
2 76.2(3.0In) 50.8(2.0in) 0.303-1.518x10
-3
3 203.2(8.0in) 152.4(4.0in) 0.758-7.583x10

The distribution of the water / steam mixture into the test tray
was effected by passing it through an inlet downcomer packed with
51mm Pall rings to a height of 500mm. The packing was held at a

clearance of 200mm from the tray floor.
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4.2.3 Steam

Steam was tapped from the main steam line in the laboratory and
sparged into the sump when filled with cold water. The final sec-
tion of the steam |Iine was made of a 0.7m long, 12.7mm diameter
perforated copper tube. The tube was sealed at the end. This last
section was flitted into the bottom of the sump with a clearance of
S5Omm from the sump floor. Effective mixing of steam In the sump
was achieved due to the perforations In the tube as well as the

turbulence created by the water recycled into the sump.

4.3 ment f ratin nd tems Varli

The essential variables required to implement the water coolling
technique fall Into two separate groups. The alr water flow rates
may be called the operating variables. Water temperature and air
enthalpy are grouped as the systems variables. It Is assumed that
under all the conditions for the experiments In this work other
physical properties of the system such as viscosity and density
did not change significantly. The procedure for the measurements

of these variables is described individually.
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4.3.1 Measurements of Air Flow Rates

A pitot tube was located at the longest straight section of the
ailr duct. The change in the liquid head h, due to the passing air
was read from the manometers of the pitot tube. The air velocity

Us was calculated from the equation :

U=4/2.9.AH 4.1

where g is the acceleration due to gravity ( 9.81m/52)
The correct equation for the superficial air velocity through the

sieve tray lIs:

U, = c2.9.MH 4.2

where Cd. the discharge coefficient for the sieve tray Is

Cd = 0.66, [26].

The pltot tube fitted to the air duct, was calibrated against
another pitot tube by doing a traverse across the top of the
column. In brlef, 220 Individual measurements of point veloclty

were taken, at points on a square mesh for each of 10 flow rates.
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An example of such measurements Iis presented in Table A:B4. The
resulting calibration curve Is given Iin figure A:B1. From these
measurements, the total air flow was calculated and this was used
to calibrate the single pitot tube in the duct. The correct values

of the load factor, csb are plotted against the calibrated pitot

reading in the duct in figure A:B2.

4.3.2 Measurements of the Water Flow Rates

The water flow rates were measured by rotameters fitted to the
discharge plipes. These rotameters were callbrated In an earller

work by Norton Company [80].

4.3.3 Measurements of Temperature

Since temperature was the main variable in the development of this
work certain specific steps were taken to ensure that It was
satisfactorily determined. The steps taken were:

1. to obtaln an accurate measurements device

il. to employ a simple device that would fit into the tray

without undue interference to flow
i1i. to obtain a sufficient number of measurements on the tray

iv. to make an adequate location of measurement points to rep-

resent a temperature field corresponding to the liquid In the

bubbling (active) area of the tray and,
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v. to ensure that the measured quantity was the temperature
of the alr-water mixture on the tray and not, for Instance, that

of the tray floor or of the air.

The thermocouple was used to measure temperatures. The ther-
mocoup les used were of the type "K", that is an alloy of Nickel-
Chromium / Nickel-Aluminium (Ni-Cr/Ni-Al). These have fast
response and are also relatively cheap. In the preliminary work
they were handmade from 0.48mm thick wires and encased In plastic
sheaths. Readings of the thermocouple voltages were recorded from

a manually operated Potentiometer System [28].
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The Potentiometer System was made up of a selector switch unit
with a provision for 20 thermocouples, a thermocouple placed Iin an
ice-bath to serve as the cold junction, and a medium grade port-
able DC Potentliometer equiped with a battery operated detector
which served as the null deflector. The thermocouple voltages were
registered by the Potentiometer and recorded manually. The volt-

ages were converted to temperatures using standard calibration

charts [128].

Figure 4.3 shows the locations of measurements points on the tray.
The thermocouples were laid horizontally across the tray at a
clearance of 100mm from the tray floor. They were supported by
narrow steel rods. The tips of the thermocouples were held a mere

15mm from the tray floor by tying them to studs welded to the

steel rods.
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4.4.Discussion of the Results of the Temperature Measurements.

Table 4.1 below, lists the voltages and corresponding temperatures
in °C for a typical experliment carrled out under the conditions
specified. The temperatures are shown In their respective loca-
tions on the tray In figure 4.4a. The arrangement, a 4 x 5 array
enables cross plots of temperatures agalnst distance for each row
to be made as shown Iin figure 4.4b. From these plots coordinates
of constant temperatures were derived and joined together on a
tray geometry to give the lines of constant temperatures or what
henceforth became known as temperture proflles. An example is
shown In figure 4.4c.

Table 4.1 Thermocouple Voltage and Corresponding Temperature

Conversion based on reference [127]

Csb=0.092 m/s; a/b = 0.960E-2 m3/sm

Couple No. VYolts x 107° I°C _ Couple No. volts x 107° 1°¢C

1 1.472 36.80 11 1.354 33.85
2 1.7058 42.63 12 1.285 32.13
3 1.684 42.10 13 1.280 32.00
4 1.564 39.10 14 1.343 33.58
5 1.369 34.23 15 1.422 35.55
6 1.407 35.18 16 1.442 36.05
7 1.370 34.25 17 1.341 33.53
8 1.451 36.28 18 1.341 33.583
9 1.521 38.03 19 1.437 35.93
10 1.520 38.00 20 1.425 35.63
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The main advantage gained from using this measurement equipment
was that it offered the prospects, at this Initial stage of the
work, of testing the technique by using very cheap and avallable
equipment. The lessons learnt from the findings are best sum-

marised In the following sub-section.

4.4.1.1nferences from the Temperature Measurements.

It could be inferred from the results that:

I. the temperature drop across the tray in the low llquid
rates of the Spray regime could be as high as 12°C and as low as 3
C Iin the Mixed regime. The Iimplications of this are dlscussed
later.

i1. the potentiometer pointer was unstable In the Spray
regime. The pointer was oscillating rapidly over a wide range of
readings and thus Judgement had to be made to ascertalin the mean
reading.

ill. Irregular patterns of temperature profiles were prevalent
with this set up. Irregular proflles is used to describe proflles
that elther Intersect or cross In places on the tray geometry.

iv. The method of data collection and recording was time con-
suming, tiresome and prone to errors of judgement. Although the
voltage response of the device was fast the process of estab-
lishing a mean reading for a thermocouple and manually recordling
thls was about 15 mins. for all 20 thermocouplies particularly for

the Spray regime.
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V. Too much judgement was required to draw the temperature
profiles. Since only the transverse direction was used to cross-
plot the temperatures on the tray It was implicit in this that
errors In the longitudinal (or flow) direction were assumed to be
relatively small. There is no evidence to support this thus making

this assumptlion another possible source of error In the analysis.

The conclusions drawn were that:

1. from the apparent Instabillity of the temperatures In the
Spray regime, the temperatures detected could be that of the pass-
ing alir Jets and Intermittent bridges of liquid under the
thermocouple tips.

ii. from the irregular patterns It can be concluded that poor
distribution patterns emanated from the entering streams of air
and water.

il1i. the handmade thermocouples were Inadequate (callbratlon Is
given In Appendix B, Table A:B2) to conflidently determine the tem-
perature profiles In the Mixed regime where the overal |
temperature drop across the tray was relatively low (3 C In

places).
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4.6 Reconstruction of the Column Rig

The conclusions drawn from the preliminary equipment led to a com-
plete revamping of the whole column rig. The column was revamped
speciflically to meet the following requirements:

I. to remove uncertainties about poorly distributed air and
water entering the tray.

il. to further improve the poslitioning of the thermocouples so
as to avold direct contact between the gas jets Issuing from the
tray holes and the thermocouple tips

111. to use more thermocouples on the tray with better ther-
mocoup le accuracy.

Ilv. to develop a method of measurements of the inlet wet-bulb
temperature Inslide the column.

v. to develop data logging to give time averaged, and if re-
qulred, time dependent measurements of temperatures on the tray.

vi. relocation of the steam entry point at the top of the
column thus bringing It closer to the test tray than from its pre-
vious location inside the sump.

vii. to make other relevant changes to the rig

The physical changes made to the column to achleve these require-

ments are dlscussed in turn below.

112



4.6.1 |mprovement on the Distribution of Alr and Water

I. Alr distribution

51imm Pall rings were packed to a total height of 910mm directly
above the air inlet point in the column above the sump. This was
In addition to the two distribution trays preceding the test tray

as shown In figure 4.2,
i1. Water distribution

A PVC pipe, 76.2mm internal diameter was attached to each side of
the main feed pipe inside the inlet downcomer. Two holes were made
under each pipe and in the main pipe so as to enhance the dis-
tribution of the water entering the downcomer. This was In
addition to the packing inside the downcomer described In subsec-

tion 4.3.2. This is shown in figure 4.5.

distributor hole
(variable size)

EHRMRI_—-column wall

downcomer apron

\

_.\

A\

FIG:4.5 Water Distributor Pipe
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4.6.2 Development of Positioning of Thermocouples.

In the preliminary tests carried out the results were in agreement
With the conclusion made In reference [120], that whenever the
thermocouple tip was immersed in the froth (usually at below

15mm), the temperature gradient in the vertical direction within

the froth remained negligible.

The thermocouple stem was placed on the tray floor at the point
where the measurement was required. Then, the last 5mm to the tip
was bent and held upwards. As much as possible this was carefully
situated at the centre of the trlangle of holes on the tray, that
being the furthest location from the direct gas Jets, as shown in

figure 4.6 below.

Figure 4.6 also shows the new locations on the whole tray. In all,
24 were placed In the bubbling area of the tray. At 0.19mm thlck-
ness these were thinner than the handmade ones. A 25th and 26th
thermocouple was placed in the inlet downcomer and on the outlet
welr respectively. The whole set of thermocouples were supplled by

commercial manufacterers [20].

4.6.3 ment of the Wet-Bulb Tem

It was required to measure the wet-bulb temperature Inside the
column In order to determine the enthalpy of the alr In the
column. A speclal device had to be used for this, to avold

entrainment, weeping and leakage which often occur Inside worklng
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columns. First, preliminary work was carried out to determine If,
following the basic concepts of wet-bulb thermometry, there is a
minimum air velocity below which radiation effects would give mis-

leading results [15,16].

4.6.3.1 Determination of the minimum velocity to measure the

Wet-bulb temperature.

A simple bench scale experiment was carried out in the laboratory.
Alir was supplied from a vacuum pump Into an alr channel made of
PVC tubing. The alr flow was controlled by adjusting a T-tube
fltted to the air channel. A thermocouple with its tip wrapped
Iinside a wick was used to measure the wet-bulb temperature Inside

the channel. Two dry-bulb thermocouplies were located before and

after the wet-bulb.

The results obtalined at different laboratory condltions (different
days and times of day) are plotted agalinst a range of alr
velocities in figure 4.7. The alr velocities were those within the

expected range of the water cooling experiments.

When there Is no air flow across the wick, Us = 0.0m/s the re-

corded temperature Is that of the moist wick and practically equal
to the water temperature. The plots show that the wet-bulb tem-
peratures were below this temperature and also well below the dry
bulb temperatures. At veloclitles above 1.0m/s no further changes

in the wet-bulb temperatures occured.
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All the water cooling experiments were carried out at column su-

perficial air rates above 1.0m/s.

4.6.3.2 Wet-bulb Measurements inside an Operating Column.

A Vapour Sampler was first developed and satisfactorily employed
by Kastenek and Standart [56], to eliminate entrained liquid In
vapour samples taken from operating distillation columns. In this
work, the vapour sampler was slightly modified and converted for
use as a wet-bulb measurement device.The working of the ther-

mocoup le vapour sampler is described below.

Additional enthalpy is picked up by an air stream Iin which water
droplets are entrained. The measured wet-bulb temperatures would
be those that approach the saturated air temperatures. The func-
tion of the vapour sampler is to eliminate all but the minutest of

the droplets. A diagram of the sampler Is given In figure 4.8.

It consists of two horizontal concentric cylinders. A large outer
cylinder Is made of PTFE (trade name for polytetrafluoroethylene)
and has an openling, a third of its circumference, across the whole
of Its length. It serves as the molst air inlet. The air streams
spiral through the cylinder and emerge via a narrow slit Into the
inner cylinder. A deflector plate Is attached to the far side of
the slit in the Iinner cylinder. This helps to divert the air
streams Into the slit. When large droplets implnge on the PTFE

wall, they coalesce and fall and are drained out of the sampler by

gravity.
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A pool of water into which part of the wick is Iimmersed is held in
one end of the Inner cylinder. The wick's thermocouple Is placed
downstream of the slit. The dry bulb Is placed at the sampler
Inlet. The other end of the inner cylinder is fitted with a long
PVC tubing extended out of the column.

The outer cylinder is held by thick PTFE rings at both ends.

Both long exposure of the wick and high air velocities around It
could result in the equilibrium conditions between the air and
water required for the wet-bulb maesurement. To malintain high
velocities the PVC tubing from the inner cylinder was connected to
a fan outside the column. This arrangement resulted In the pool of
water being dried up from the wick such that the temperatures re-
corded were approachling the dry-bulb. To overcome this problem a
narrow copper tube was fitted to the pool to replenish the water

at required Intervals.

4.6.3.2 Qther Wet-Bulb Measurements

Other measurements of the wet-bulb were made to cross check the
measurements for the water cooling experiments. These include:
| . Measurements of the temperatures of a wetted tray by
passing alr for an infinite period
1. Measurements of the wet-bulb outside the column using a
sl ing psychrometer
i11. Measurements of the wet-bulb inside the column with air

only.
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4.7 Development of Electronic Interfacing for Data Logging

The Potentiometer System was replaced by an electronic Interfacing
system [122] which was connected directly to the rig. It was
capable of speeding up the whole process of data collection, data
treatment and storage. A peripheral device was used to convey the
thermocouples signals to the interface unit. Another peripheral
device was used for storage. The components that make up the

electronic Interfacing unit are described below.

4.7.1 Components of the Interfacing Unit.

The Interfacing unit Is made up of three main components that In-
clude 1) the controller, i11) the IEEE-488 bus and 1ii) a Microllnk
internal bus. A comprehensive Informatlon flow sheet Is presented
in figure 4.9.

I. The controller used Is a microcomputer, because It Is com-
patible with the I1EEE-488. In addition, as a computer, It can also
be used to perform calculations, such as the conversion of voltage
signals into temperature, and real timing for various purposes;

i1. The IEEE-488 bus has the facllity to communicate (to and
fro) Information to the controller. It Is equiped with 16 lines
which handle data acquisition, information relay and control (e.g;
timing);
I11. The microlink interface is an external module which I's
adaptable to the IEEE-488. It handles the Tc-16 (nomenclature)
temperature monitor which selects the thermocouple, does multl-

plexing and voltage ampliflcation to achieve high preclislon.
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4.7.2 Peripheral Devices

The peripheral devices include:

i.An isothermal box with provision for 16 thermocouples, including
a reference one, was located close to the test rig. The box was
made of die-cast aluminium and |ined with polystyrene for
Insulation. A platinum resistance sensor bullt into the box served
as the reference thermocouple. The Isothermal box was connected to
the microlink through a ribbon cable assembly. A more detalled
description of the box Is given In Appendix C

l1i. A cassette tape drive was connected to the computer
(controller) to collect, store and retrieve data.

ili. A printer was used on-llne to output information into

hardcopy.

The equations used to convert voltages Into temperatures In C are

given In Appendix C.

Detalls of a computer program written to collect data are also

glven Iin Appendix C, program C1.
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4.8 mper ] from the Revamped

The temperature profiles measured from the revamped tray are shown
In figure 4.10. The skewed temperature profiles shown In the
figure iIs evidence of nonuniform flow patterns on the tray. Dye
studies were carried out on the tray by blocking the holes with a
thin white surface thus enabling the path of dye to be visuallsed.
The dye movements showed that the tray was not "level". It may be
noted at this point that the detection of nonuniformity In the
flow pattern by means of the temperature profiles In Itself
provides Jjustification for Investigating temperature profiles by
water cooling. It had been reported in llterature that thls
amounts to a malalignment or an out-of-levelness of the tray which
can arise durlng installation [120]. This fact led to further

precautions belng taken to level the tray.

4.8.1 Methods used to Improve Tray lLevelness.

The tray support rings were adjusted according to

a.visual observations from I. a spirit level (not sensitlive

enough) and 1i. dye movements from water only experiments and

b.further measurements of temperatures for evidence of skewness
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Other precautions taken Include i. an examination of the outlet
welr for levelness at all points across the length and I1.
measurements of distances between the inlet downcomer and the out-

let weir to ensure equidistances along all lines parallel to the

flow axis.

None of these modiflications completely removed the maldistributed

liquid flow as shown by the skewed shape of the temperature

profliles.

4.9 Th f rs to Restor mmetrical Temperat Profil

Although the modifications succeeded In achieving reproduction and
improved confidence In the temperature measurements the profliles
were still unsymmetrical. It would seem that as far as placement
of the tray on the support ring could be done, sufficlient care was

already taken with the modifications described above.

However, the lack of symmetry was finally solved by providing two
equal slze spacers between the bottom of the downcomer and the
tray floor. The spacers were 14mm high. These are shown In figure
4.11. Thls caused the temperature proflles assoclated with the
flow patterns to be symmetrical as expected. A symmetrical proflle
Is shown In figure 4.12. Figure 4.13 and flgure 4.14 are tempera-
ture proflles In the Mixed regime and Spray regime respectively,

from the level tray.
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4.10 Additional Experiments

4.10.1 Measurement of Uniformity of Flow Over the Weir

There Is no record In published |literature, where consideration
was gliven to the possible variation of flow of liquid per unlit
length across the outlet welr. This Is always assumed to be

uniform. This may yet be another important factor In the flow pat-

terns across trays.

A project was devised for thils work, in which the flow across the

weir was Investigated.

A compartmentalised box, approximately the length of the welr was
built to fit Into the outiet downcomer. Holes were made at the
bottom of each compartment so that "all" llquid crossing the welr
passed through the box and out through the holes. The presence of
the holes meant that a head of liqulid always formed inslde the
box. The liquid flow rate through each compartment was estimated

from the head of liquid formed.
The box Is shown in the figure 4.15 below.
In the following sections the method of calculatlions and inter-

pretation of the results from the water coolling apparatus

described in this section Is dealt with.
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S. DATA PROCESSING

The temperature measurements were made on the tray so as to repre-
sent a temperature fleld. In order to "best fit" the temperature
measurements to the hypothetic field an interpolation technique
was required. Further, the determination of the wet-bulb tempera-
ture described in Section 4 and hence the air enthalpy meant that
the efficiencies could be determined for the water cooling
process. In this section the calculation method used to derive the
temperature profiles on the temperature "field" Is desribed. This

is followed by a description of the calculation method for

efflciency.

5.1 ion he Temper r rf Problem

The problem Is a three dimensional one, with the dimensions as:
the direction of flow of liquld, the transverse directlon, and the
temperature (or height) as the dependent variable. It Is assumed
that the column wall is an Impermeable membrane and that the tem-
perature gradient across it is negligible, compared to that across
the tray. The temperature gradient across the outlet weir Is also

assumed to be negligible. These are represented mathematically as:

|.for the column wall g; = 0 5.4
daT
i1.for the outlet weir s - 0 5.2
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where T |Is temperature and r Is distance across the tray in the
radial direction ( r=0.0; at tray centre) and z is the distance In
the direction of flow of liquid (at the inlet downcomer / bubbling
area Interface : z = 0). A diagramatic representation of the

boundary conditlions is shown in figure 5.1.

It may be noted that similar boundary conditions are used in the

models of mass transfer on circular trays.

5.2 th f r n

Traditionally, the methods favoured for approximating curved |ines
and surfaces Involve the use of straight |ine segments and planar
polygons [8]. Two related difficulties were always encountered.
First, the resulting Iimages were objectionable even for very fine
line segments or polygons at the borders between adjacent
polygons. Also, they required excessive amounts of computational
storage which often were fixed and thus not flexlible. The more
modern methods developed to overcome these limitations include i.
the Hermitlite Interpolation and Coons Surfaces [21], 11. Bezler
Curves and Surfaces [12], and iii. Beta-Spline Curves and Surfaces

[8] and iv. B-Spline Curves and Surfaces [22].

The ultimate choice of B-Spline Curves and Surfaces for this work
was based on Its increasing application to solving Engineering
problems and the added convenience of a tested Computer Package

[81] adaptable for use in the University Mainframe Computer.
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FIG:5.1 Representation of the boundarv conditions
used in the calculation method

X- temperature measurement point
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5.3 b -Spl rv nd ET

Although a computer package was used for the spline curves and

surfaces In this work, it Is appropriate to describe the method.

5.3.1 Description and use of Splines

Splines are devices used by draftsmen and shipbuilders to draw
curves [8]. They attach welghts to the spline, which essentially
is a thin plastic material, to obtaln the right distribution so as
to make the spline pass through all the points required. The
translation of this physical device Into a calculus problem was
first attempted by Schoenberg [106]. The author showed that the
curvature of the spline may be approximated by a second derivative
while minor flexes or deflections can be described by the first
derivative of a polynomial. Often a close approximation to such a
function can only be attained by using a high degree polynomlial
but then this results In oscillations In the function. The spline

approximation method is devised to minimise this.

For a cublc spline a set of cubic polynomials Is passed through
each point of the function. The object Is to achleve continuity In
the slope and the curvature at the boundaries between adj]acent
points. It Is thus required that the first derivative which glves
the slope and the second which gives the curvature be numerically
equal at the boundary. This condition Is satisfled by the cublic
spline. Its other advantage Is that It can accomodate a multiple —

valued curve or surface. Surfaces are infact two dimenslional
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curves. The degree of continulty at the joints between segments
and the borders between surface segments can be controlled by the
spline without affecting the whole function. This Is called local

control. This flexibility makes for very efficient computation

[21,43,46,64].

5.3.2 Mathematical Development of Splines

Definition

A spline function S(x) of order n (or degree n-1) with knots x1,x2
,...,xn, is a function possessing the following two properties.

1.1n each of the Intervals

X < x1; xj_1< xj 3 €] = 2,30 5M) ;xm < %,

S(x) Is a polynomial of degree n-1 or less

2. S(x) and its derivatives of orders 1,2,...,n-2 are
cont inuous. There Is discontinuity In the (n-1)th derivative at

each of the points x = xJ,J U Y- Sepm— | |

Consider a cubic spline or n = 4, degree 3. This has a unique rep-

resentation In the form [35]:

3 K h 3
S(x) = 20&: + Zﬁ,:“ = Aol 5.3
=1

k=0

126



where Ll B 1“ :

Suppose that x lies within some finite boundary, a < x < b, then
the left-hand sum In equation 5.3 provides the cublic polynomial in

the interval a < x < x1 and the right-hand sum provides a discon-

tinuity In the third derivative at each knot and a different cubic
polynomial in each of the intervals. In order to determine the

coefficient of the spliline o and;a as represented in the equation,

the observation equations employed tend to be numerically
unstable. A further difficulty arises from a loss of accuracy due
to cancellation in the matrix of S(x). B-Splines were developed

primarily to overcome these problems [23,44].

B-splines or Cubic B-splines differ from cubic splines Iin that In
the latter only four adjacent Intervals between knots have a non-

zero value. A cubic B-spline Ml(x) Is defined as a cublc spline

and x, which Is zero outside the

with knots x X oXi_orXi=1? i

i-4” "1-3

X <X <X, .
range -4 i

Due to this condition only elght Knots (2x order) are introduced

to the functlon. In practice they are often chosen to colinclde

with the end values of the function.
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5.3.3 Bicublc B-splines For Surface Fitting

A bicublic spline S(x,y) is a function which is a bicubic polyno-

mial of the form:

3 3 t
> Ta P
0 »

S=

—

which has continuity up to the second derivative everywhere within

a given area of the function.

In Its bicubic B-spline notation, setting the knots for x as
x1,x2.....xh and for y as y1,y2,...,yk, the equation is glven as a

set of cross-products of one function from the other set, thus:

h+4 Kk+4
s(x,y) = 2. > o M, CON () 5.6
= =

As with the cubic B-spline each set of knots |Is augmented with 4
additional knots at the ends of each range. They are agalin non-
zero over a limited range only. At any given point (x,y), only 16

basis functlions are non-zero.

Suppose the data points are (xr,yr,fr) the observation equations

would be:
h+4 Kk+4
> = a M (xON (Y = r=1,2,...,m 5.7
=1 J=1
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A cubic spline with knots x_ ,%x_.,...,X

1% h has a unique representation

In the range a < x < b of the form defined by Schoenberg [106] as,

h+4
S(x) = F_!1 o, M, (X) 5.4

Ml(x) Is often normal lsed.

5.3.84 The Importance of Knots in Evaluating Splines.

Knots are arbitrary boundaries for the polynomial arcs or
segments. They are specified and must fulfill the only condition
that they be in a non-decreasing order. In specifying a set of
knots over a polynomial of order k, the same value cannot appear
more than k times. When a knot appears more than once It Is called
a multiple knot. Specifying too many knots in a splline curve to
Improve accuracy can also lead to discontinulty. The method of
cholce of knots within a given range of data Is by trlal and error
and by a graphic examination of the behaviour of the curve ( or
surface). It is useful to choose knots in segments where the shape
of the curve or surface Is suspected to be nonuniform. So in this
work as much as possible the knots were chosen close to the ex-
pected boundar ies between the "active and stagnant" zones of the

tray.
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In the matrix notation this maybe written as

AY =f 5.8

with A as a matrix having m rows and (h+4)(k+4) columns. Equation
(3.7) of reference [46] shows the form of matrix A. It shows that
each observation matrix of A Is a rectangular matrix of a band
form. The advantage of this peculiar band form matrix Is that use

can be made of the Householder Transformations [50] to solve for

matrix A.

It Is adequate to evaluate bicubic B-splines as individual one
dimensional cublc B-splines and to find the product as In equation

5.6 above.

5.3.5 Methods of Evaluating B-Splines

A general way of expressing equation 5.4 Is the form:

S(x) = c.M_ (x) 5.9

such that S(x) Is expressed as a |inear combination of B-splines

Mnl(x).
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It can be proved that the relation [22]:

P PRl Yt 14 Mool i o P Mot
ni X, — X :
i I-n
holds for all values of x.
The following conditions apply:
In general;
M X < X
ni I-n |
Mo ¢X2 = l 0 otherwlise w11
1/(x, — % ) X < X < X
- J J-17’ J-1 J
And H1J(X) l 0, otherwise 5:12

For any order n, the relation In equation 5.10 can be written in a
trlangular array. However, by using equation 5§.11 and equation

5.12 some of the elements become zero.
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Thus for the range xi_3 < X < Xi_3 and n = 4 the following form

evolves:

My i
Mo, -2
MiLi2 M3 i1
M2,1—1 M4,i 5.14
4 i M3, |
Mol
M

by using equation 5.10 It gives;

0
My -2
MiLi-2 M3, i1
Ma, -1 M 5.15
0 My |
0 0

Since all the terms on the right side of the equation 5.10 are
positive or zero, the problem of cancellation Is eliminated. The

equation for Mnl(x) Is reduced to that of a |Inear combination of

the terms In the array of equation 5§.14. Each of the elements on

the right of the array is obtained by the two elements Immedlately
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to its left. Thus M2 Is obtalned from O(M = 0) and

» 1 =2 1,1-3

M, j~p and so forth. This method ensures that there is numerical

stability, consequently, it is called the stable method.

Once the evaluation of the B-Splines Ml(x) for a curve or the
product of B-Splines for Ml(x).Nj(x) for a surface Is complete

these then form the matrix A In the observation equations. The

equations are then evaluated by the least-squares solution method.
5.3.6 The Least-Squares Solution of the Observation Eguation

The least-squares solution of the observation equation Involves a
cumbersome evaluation of complex matrix algebraic equations
resulting in vast amounts of substitution and ellimination which
often tends to become unstable. In dealing with substitution in
matrix algebra the process Is further complicated by the rank
status (full or deficient) of the matrix. The rank of a matrix is
defined as Its maximum number of linearly Independent row vectors
[34]. Now In observation equations derived from Engineering prac-
tice and as indeed is the case in the water cooling experiments it
is common to find that data is Irregularly spaced. This results In
the matrix being rank deflclent. Thus the solution developed for a
full rank case is slightly modified to accomodate the rank defi-

cient case. The method is further explained below.
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5.3.6.1 Solution for the Full Rank Matrix A
The observation equations are:
Avs=f 5.8

Conslider A to be of size m x n (with m > n) with the vectors
having n elements and f,m elements. Use is made of the Householder
Transformations [50] to reduce the matrix to an Upper Triangular
form which drastically simplifies the solution. To do this the
matrlices A and f are premultiplied by a serlies of orthogonal

matrices [42], thus;

1]
QA=U= (.6!.) {matrix notation} 5.16

and Qf=yv 5.17

where Q@ Is the orthogonal matrix m x m such that
QTQ = | ( dentity matrix ! 1
¥H8 {rgnspoga o¥ mat?lx 8}
and U1 Is an upper triangular n x n matrix of full rank . The

elements of the last m — n rows of U are all zero. The least-

squares solution is then given by,
-1
i 5.18
X U1 v1

where v1 denotes the first n elements of v. The sum of squares of

residuals is gliven by the sum of squares of the last m - n ele-

ments of v.
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The solution Involves a process of column interchanges and back

substitution. The Householder Matrices Q are discarded once they

have operated on A and f.

5.3.6.2 Solution for A Rank Deficient Matrix A

Golng back to the observation equations 5.8 above the method of
solution for a rank deficlient case sets out to eliminate or at
least minimise the deficlency of the original matrix. The remain-

Ing matrix can then be solved as that of the full rank case above.

Suppose the matrix A has rank r < n or is n - r defliclent. Upon
reduclng the matrix to Its upper triangular form by the normal

column interchanges and substitution, the reduced matrix takes the

form:

U= (crrcons ) 5.19

where U1 Is an upper triangular matrix r x r of rank r and U, Is

anr x (n - r) matrix
The rank deficlency Is dealt with by setting to zero all the coef-

flclents of the observation equations YI corresponding to the last
n - r (permuted) columns of U.U1 becomes the upper trilangular

matrix described in equation §.16 above and v conslists of the

first r elements of v.
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The residual sum of squares is given by the sum of squares of the

last m - r elements of v.

5.3.7 Development of Curve Fitting Program

It Is clear from equation 5.10 Its accompanying array equations
5.14 and 5.15 and the matrix form of 5.8, that employing a least
squares solution to fit polynomial splines to a number of data
points requires a vast amount of calculation. Evaluatlion of the
observation equations 5.8 In thelr matrix representation, by the
least squares solution presents yet a different mathematical
problem. This Is a linear algebra problem whose translation into a
computer program demands some expertise In computational tech-
niques and programing. In spite of these difficulties, the
increasing use of splines In modern engineering applications [35]
has brought advanced solutions to these equations. Computer
packages [81] are now available which can be used to generate
splines to fit curves and surfaces with good accuracy. The com-
puter program written, Integrating the spline package Is glven

elsewhere In Appendix C, program C2.
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5.8 Calculation of Point and Tray Efficiency

Recall the definition equations of efficiencies for the water

coolIng process:

I. at a point on the tray, the point efficiency is,

out Hln
EOG - e 5.20
H -H
in
and ii. over the entire tray the tray efficiency is,
H H
E.. = -2uf __In &3
MV =
H - H
out In

*
H is the equlilibrium enthalpy of the In contact with the water

leaving a point on the tray. For a glven water temperature T, the

E 3
corresponding H can elther be calculated from:

E3 [

H =mT+c¢ 5.22

or read from a pshychrometric chart [85].
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The spline Interpolation technique described in this section

enables the calculation of T at any point on the tray to be made

*
and hence the corresponing H estimated.

It Is assumed that the enthalpy of the alr entering the tray H

in

Is everywhere the same. The value of the H|n is determined from

the wet-bulb and the dry-bulb temperatures of the air stream.

An overall heat balance was made on the tray to determine the

average enthalpy of the moist air leaving the tray, nout

5.8.1 Qverall Heat Balance on the Tray

To make the overall heat balance on the tray the following assump-
tions were made:
I. Negligible water loss through entrainment and evaporation
from the tray,
ii. Unlform enthalpy of the alir entering the tray,
ill. Uniform temperature of the water within the Inlet
downcomer ,
iv. Negllgible heat loss through the column wall,
v. Uniform flow of water per unit width across the outlet

welr, and

vi. Negligible temperature gradient across the tray / water

Interface.
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The balance equations are:

L.c.AT = G.AH 5.23

or .C. - T -G (A - d
LeCelTin = Toue? = 6 Houe— Hip) 9224

rearranging,

—

=H + L/G)e(T ~-T

Hout™ Hin ) 5.25

out

5.8.1.1 Estimation of T
out

Toutls the average temperature of the water crossing the outlet

weir. Assumption iv. above, for uniform flow across the welr is
made. The spline Interpoliation technique was used to calculate the

temperatures at specifled Interval lengths across the welr and

thus an average value Tout was determined by dividing the in-

tegral (obtained numerically) by the welr length.

5.8.3 Calculation of Tray Efficiency

The definitlion equation of tray efficlency water cooling was ear-

ller given as:

g o -out __In 5.26
Mv T T
out in
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a*
where Hout Is the enthalpy of the alr In equilibrium with the out-

let water temper T .
emperature Tout Hout was determined from standard

psychrometric charts for corresponding values of fout'

Houtwas calculated from equation above and Hlnwas determined as

described In subsection 5.4.1 above.

5.8.4. Calculation of Point Efficiency

The definition equation for point efficiency water cooling Is,

Hout L™
E P SO 5.20
G W _n
In

This equation was Invoked to calculate the efficiency for a vast
number (500) of temperature polints on the tray. The average value

was calculated by numerical Integration methods [37].

5.8.4.1 Development of the Calculatlion Procedure for Point

The equation for point efficiency above can be rearranged as:

*
- - 5.27
H - EOG (H H. )

Hout in in
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The average outiet enthalpy over the entire tray is gliven as:

I=Z

=% H dw.dz 5.28

H
out 0 W=0 out

The value of Houtcan be obtained for each point on a predetermined

grid on the tray, by equation 5.27 above for a given value of

point efficlency, EOG' These were averaged according to equatlion

5.28, by Iintegrating over the tray and dividing by the tray area.

The trapezoldal numerical Integration method was used [38].

Now, nout was also obtained from the overall heat balance In equa-

tion 5.25 above.

Since at any point Hout depends on the value assumed for EOG’ the

method of calculation Is by trial and error adjustment of EOG'

unti| agreement Is reached between the two values of Hout

In the sections following an outliine of the experiments Involving

the water cooling method Is discussed. This Is followed by a dis-

cussion of the results.
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6. PROGRAM OF EXPERIMENTS

A program of experiments was drawn up to determine the use of the

water cooling technique for investigating:

1. The effects of the liquid flow patterns on tray mass transfer.
That Is, can the effects of the flow patterns on mass transfer be

shown by changes in the temperature profiles?. And,

2. Point and Tray efflciency

These will be described and discussed separately.
6.1 The Effects of Liquid Flow Patterns on Tray Mass Transfer

Stichimalr and Weisnam [120] satlisfactorily employed temperature
measurements on small trays to detect and thus improv$tray out-

of-levelness. It has been shown In Section 4 of this work, that
skewed temperature profliles were assocliated with "malaligned"
trays only. It is concluded that the measurements of temperature
profiles provide an adequate means for investigating tray Instal-
lation and mechanical design. Further, temperature profiles from a
3mm holes sieve tray were carried out (and reported elsewhere in
reference [3]1) In this rig. The results showed that areas of the
tray where cold water was observed were shown to correspond to
areas of the tray where the dye tracers used was retalned for

relatively longer periods than the others.
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From these observations it Is to be expected that the hydraulic
behaviour and therefore the Ilquid flow pattern on a tray can be

represented by the temperature profiles from a water cooling

exper iment.

6.1.1 Temperature Profile Experiments

a. In all temperature proflile experiments the minimum air flow
rate was set above the Incipient weeping lIimit so as to avolid
weeping. Random weeping is common in real trays and If this hap-
pens the enthalpy of the incoming air can no longer be uniform.

This would have unpredictable effects on the temperature profiles.

b. Some FRI| systems were simulated. A system Is defined here as a
family of points along a line of constant flow ratio number, that

Is;

(a/b) / (Csb) = § a constant. 6.1

Unllke In practically all distillation systems, the ratio of air

to water denslities pV/pL (In the variable csb) remalns constant.

It Is noted here that no account is given in published |lterature,
where the approach using the flow ratio number has been adopted In
simulating distillation systems using alr and water. Thls approach
is akin to distllling under total reflux or at a constant reflux
ratlo, that Is, L/V. Here the FRI systems were simulated simply by

adjusting the flow rates of air and water, see reference [90].
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c. Flow rates were chosen to Investigate differences between the

temperature profiles of separate flow regimes. The recommendation
for the transition between the flow regimes was based on the cor-
relation using the flow ratio number in reference [90]. The limits

of the experimental flow rates are indicated in figure 6.1 below.

d. The effects of flow control devices on the liquid flow patterns

were Investigated.

6.1.2 Experimental Procedure

The following procedure was adopted for each experiment carried

out;

I. Switch on electronics system at least 15 minutes before start-

up. Thils Is recommended by the instruments manufacturers [122].

Il. Start air fan and set butterfly valve position to correspond

with the required value of alr flow rate.

Ii1. Start water pump to lift water to test tray and set the rate

to required value.

iv. Introduce steam Into water circulating through the pipe to the

test tray.
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V. Run computer program to display temperatures on the VDU (visual

display unit or computer screen) and observe for changes in

temperatures.

vl. Reduce steam valve as the tray Inlet temperature approaches 40

C and observe for further changes.

vii. AdJust steam valve till temperature at tray Inlet Is steady

to 0.5 C for five minutes.

vill. Check for no change In wet-bulb temperature.

Ix. Feed data sampling commands Iinto computer and retrieve data
(can set number of runs;time Intervals between runs ;averagling
option over total number of runs made and coarse display on the
VDU of shaded areas represnting temperature range - Incorporated
Into program by courtesy of reference [2]. An example of the flnal

measurements Is glven In Appendix B, Table A:B3.

6.1.3 Experimental Results on Temperature Proflles

The temperature profiles shown are typical of the two regimes In-
vestigated In this work, thus: figure 6.2 shows the proflies for
the Mixed regime while figure 6.3 and figure 6.4 are both repre-
senting the Spray regime profiles. In figure 6.4, the profiles are
identified as those of an Intense Spray regime. It Is worth noting
here that the U-shapes In flgure 6.4 for Intense Spray are a new
phenomenon whose shape bears a resemblance to the U-shapes

hitherto Identified with the Bubbly and MIixed regimes only. The
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rest of the experimental data Is given in Appendix A. The tempera-

ture profiles are further discussed below.

6.2 Measurement of Unlformity of Flow QOver the Welr

The procedure for the experiments follows from the description of

the apparatus made and described In subsection 4.10

The water outlet hole made at the bottom of each compartment, was
varled by Inserting Into It rubber bungs fitted with copper tubes
of required slizes. The copper tubes were Individually calibrated
In each compartment, in order to relate the helght of lliquld the-
rein directly to the flow rate of liqulid passing through the hole
for each tube slize. A scale was attached to each compartment wall

to measure the helight of liquid within.

The box was carefully lowered into the downcomer. The column was
run at different alr and water flow rates. The flow rate per unit
width was found by dividing the flow rate corresponding to the
height of llquid by the width of the compartment. No steam was

used.
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6.2.1 Results of Measurements of Flow Over the Weir.

The results of the measurements are shown In part In figure 6.5 to

figure 6.10.

2

At high liquid loading ( > 0.45 x 10 m3/s) channelling at the

centre of the weir is high. This reduces at intermediate flow

rates, but then at low liqulud loading ( < 0.06 x 10_2m3/s), there
is less liquid flow at the central part of the weir and more Iliqg-
uid at the sides. It was thought that the reason for this is
partly due to the method used to measure the flow. As such
stronger concluslions can only be made from further experiments and
perhaps by employling smaller size compartments. The experiments

are currently undertaken in this laboratory [3].

6.3 Discussion of Results on Effect of the

W ttern on Tr M Transfer

The theoretical work by Porter and Jenkins [90], suggests that
there would be differences between concentration profiles for the
Bubbly flow, that is, the Mixed and Emulsifled flow regimes and
that for the Spray regime. The shape of the profiles in the Spray
regime is expected to be stralght (or flat). Furthermore, the con-
centration profiles would remain the same everywhere along a
systems line. The correlation equations given by the authors for
the transition between the varlious flow regimes is strictly ad-

hered to In this work.
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This Is displayed on a welr load versus capacity factor plot in

flgure 6.1.

6.3.1 Definition of U- and Stralight (Flat) Profiles

In practice, a varlety of shapes of profliles can occur for any
particular experiment on a tray. It seems reasonable to define and
Illustrate the criteria used to describe a single or group of

profiles as U-shaped, Straight (or Flat) or otherwise In this

work.

Note : Proflile reference llne Is not always parallel to the weir.
The profile reference line Is a straight |line, drawn from the
beginning of a profile on the side of the tray, to where It first

terminates on the tray.
The criterla used were:

~

1. An Ideal straight profile Is one that Is parallel to the

profile line and satisfies criteria 3 below.

2. From figure 6.11a above, when;

a> (1/3 * b) 6.2

the profile Is conslidered as U-shaped.
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3. From figure 6.11a above, when;
a < (1/3 = b) 6.3

the profile Is considered as straight.

4. Profiles that dip Into the outlet welr are potentially U-

shaped, and are labelled as such, see figure 6.11b above.

5. Others, |lke the W-shape Is shown In figure 6.11b above.

6. For a group of profliles, when greater than 50% of the tray area
is occuplied by profiles that could be described by any one shape,

then the general pattern on the tray is labelled as same.

In the next subsection the flow patterns for the flow regimes are

discussed separately using the criteria above.
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6.3.2 Temperature profiles in the Mixed Reglme

A mixture of flow patterns shown by the temperature profiles were
evident In this regime. They were predominantly U-shaped but flat
and Irregular (W ) shapes were also observed. At the gas flow
rate, Cs

=1.75m/s), the temperature profiles

. = 0.0605m/s (or Us

b
are distinctly U-shaped although at the tray inlet flat proflles
are observed. This Is shown Iin figure 6.12. By lIncreasing the
llquid rate the shape of the profiles Is affected In the second
half of the tray only. These are shown in figure 6.13, to be rela-
tively more U-shaped thus suggesting that the relatively high
llquid momentum In this regime Is Insufficlent to overcome the

retrograde (opposite flow) forces often thought to emanate from

the weir.

An Important feature of the Mixed regime profiles is that at low
gas rates the profiles are sometimes Iirregular and skewed, Inspilte
of the precautions taken to level the tray during Installation.
These are shown In figure 6.14 and figure 6.15. Since out-of-
levelness of the tray as well as poor distribution of liquid from
the Inlet downcomer result In skewed temperature proflles, the
observation suggests that trays operating at low gas rates will

tend to become out-of-level during operation.

The predominantly U-shapes and other shapes found together In this
regime further suggests that there might be reglons on the tray of
differing flow patterns. Temperature profiles have been found

showing lower temperatures along the centre-line. This observation
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Is unexpected but It iIs thought that this can only happen due to
the effects of the gas passing through the froth. If one accepts
that oscillations In the air stream can occur then the assumption

of uniform flow of alr is no longer tenable. It is unclear how the

osclllations will affect the overall flow patterns on the tray.
6.3.3 Temperature Profiles in the Spray Regime.

The temperature profiles In the Spray regime were predominantly
straight (flat) In shape although U-shapes were also ldentifled.
It was found that as the liquld rate was Increased thus bringing
the conditlons towards the transition lIine between the Spray and
the Mixed regimes, the fraction of the tray area occupied by the
stralght profiles was Increased. At the vicinity of the outlet
welr the shapes of the profiles became nonuniform. Large cold
regions (corresponding to low values of water temperature) were
observed at the tray sides. In figure 6.16 the profiles occupyling
most of the tray are straight in shape while the fraction of the
tray occupled by these Is seen to decrease as the liquld rate Is
Increased in figure 6.17. The presence of nonuniform flow patterns
near the outlet weir is a feature of the temperature profiles con-
sistently shown on this tray. This suggests that there Is some
reaction of the welr which persists in all the flow regimes
Invest igated. This seems to confirm the notlon that the welr reac-
tion does Influence the flow pattern of liquid on a tray. However,
the fact that these are restricted to the last half of the tray
also means that this Influence may have limited signiflicance on

the overall tray efficlency since at the outlet of a typlcal
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operating tray the least transfer of mass (or Iin this case, heat)
takes place. Other straight profiles found in the Spray flow

regime are shown In figure 6.18 and figure 6.19 below.

6.3.3.1 Discovery of Severe U-Shapes In Intense Spray

Perhaps the most outstanding revelation of the temperature
profiles In the Spray regime is the discovery of U-shapes In con-
ditlons which are described here as Intense (or severe) Spray.
These are shown In figure 6.20, fogure 6.21 and flgure 6.22 below.
There Is channelling of the liquid through the central part of the
tray, leaving large chunks on both sides of the tray at relatively
low temperatures. The proflles at the tray sides also suggest that
the liquid thereln is well mixed. Therefore In this regime, tem-

perature gradients in the directlion transverse to flow are small.

it is worth pointing out here that the conditions where this
phenomenon were prevalent, are furthest from the transition curve
and also close to flooding. Entrainment from the tray Is expected
to be quite high. The significance of these conditions Is that
they represent the penultimate stage to flooding by entrainment or

blowing.
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The profiles demonstrate that blowing actually commences or is
most from the central part of the tray. Therefore the loss of ef-
ficlency assoclated with high entrainment and due to the presence
of large areas of cold (low transfer of heat (or mass)) liquid on

the tray sides is expected, thus making these operating conditions

unattractive.

This work provides the very first evidence of this kind which
shows the existence of intense U-shapes in a cross flow tray
operating Iin the Spray regime. The fact that this was dliscovered
from temperature proflles only and remained undetected from the
conventlional methods of visual and photographic studies, further

Justifies the use of this technique and Its advantage over others.

6.3.4 Conclusion on Temperature Profiles.

The test carried out here are the first demonstration of the
theoretical concepts of the llquid flow patterns on trays. In so
doing they also support the Porter and Lockett channelling theory
although a more detailed Illustration is made later In Section 10
of this work. The evidence thus far lead to the conclusion that U-
shaped temperature profiles are assoclated mainly with the Mixed
regime while Straight temperature profiles are associated with the
Spray regime. A new regime called the Intense Spray regime Is
discovered. This |Is deplcted by U-shaped temperature proflles
which hitherto were assoclated only with the Bubbly (and Mixed )
regimes. These occur In conditions where the welr load Is low. A

mixture of flow patterns shows up In both the Spray and the Mixed
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regimes. If one bellieves that the Mixed regime represents a tran-
sltlon between the Spray regime and the Bubbly (or Emulsified)

regimes then this mixture Is not totally unexpected.

In the next sectlion, further advantage Is taken of this technique

to investigate the effects of flow control devices on flow

patterns. The control devices used are compared to the standard

tray fitted to the column In the conventional form.
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7. ELOW CONTRQL DEVICES

In large trays where nonuniform flow patterns are known to produce
a significant reduction in tray efficiency, the use of certaln
flow control devices to straighten flow and hence Iincrease ef-
ficlency, show encouraging results [88,101,130,118]. Straight flow
patterns represent an approach to the ideal plug flow and thus
enhance the tray efficiency over point effliciency. Flow nonunlfor-
mities or flow patterns that are not straight are not expected In
rectangular trays. Rectangular designs ensure that the momentum of
the liquld Is, at Ieast In principle, equal at all points along
the flow path length which are equidistant from the welr. A
natural solution would seem to be to build columns that are rec-
tangular In cross section. However, this will pose several
mechanical problems. For Instance, for any given throughput and
hence tray size, the thickness of the material needed to malntaln
the required stress Is several times more In a rectangular column
than 1t is In a circular one. Further, the material of construc-

tion of columns |Is steel which Is costed on the basis of its

welght. The use of thick materlals of steel will not only drasti-
cally Increase caplital cost but will substantially make
installation more difficult. This means that trays will continue

to be bullt In clrcular columns.

The two maln sources generally believed to be responsible for non-
unlform flow of liquid on circular trays are; |. the
maldistribution of the liquid ensuing from the dowmcomer and II.

the reactlon of the outlet weir to the liquid Impinging directly
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on It [9]. The relevance of the source to tray efficlency was
first pointed out by Sohlo et al. In a serles of publications

[61,62,63,109,110,111].

The two sources are investigated In this work by employing two
separate flow control devices. The first Involved the use of a

Stepflow Downcomer and the second employed a Uniform Gap under the

Outlet Weir.

7.1 The Stepflow Downcomer

Most columns In Industrial use employ sloped or stepped
downcomers. Particular care |Is taken to fit the top of the
downcomer Into the exlisting arrangement of the tray above It.
Often the bottom Is made stralght and parallel to the outlet weir.
The distribution of the liquid leaving the downcomer onto the tray
Is such that the highest flux occurs In the central part leaving
the low momentum flux at the tray sides. When designing sloped and
stepped downcomer this is based on the top, and the bottom is
somet Imes required to be not less than one half that of the top.
However, the straight bottom means that it is designed for Ilqulid
back-up Inside the downcomer and not for liquid distribution from
the downcomer onto the tray. The design of the Stepflow Downcomer
takes Into account the liquid distribution factor. The fact that
the area of the bottom Is designed for 1/2 the top means that the

back-up effect Is also accounted for.
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A schema for the expected distribution from the Stepflow and the
Stralight (stepped or sloped) downcomers Is shown In figure 7.1a
below. The contact between the downcomer and the column wall is
tangentlial. The shape of the bottom of the downcomer is clrcular
(elllptical In this work). The clearance between the tray floor
and the downcomer was set to a height of 15mm. An even distribu-
tion of the liquid momentum flux is expected from the downcomer.
Since the test tray was the top tray In this simulation column the
cylindrical shape of the top of the Stepflow downcomer used In

this work was thought to have little relevance to the distribution

from thereof. The Stepflow Downcomer Is Illustrated In figure
71D,
7.2 Modification Involving A Uniform Gap Under the Welr.

A tray arrangement which includes a uniform gap under the outlet
welr Is an imperative from the suggestion by Sohlo et al., Bell
and, Kafarov et al. that the source of the nonuniformlties may be
traced to the outlet welr. The nonuniformities are seen as
evidence of the reaction of the outlet welr to the Impact of the
liquld flowing from the tray onto the outlet downcomer. The flow
nonuniformities are thought to develop upstream from the weir with
the severest nonuniformities supposedly showing up nearest to

their source.

If the welr reaction theory Is true then It can be expected that
the presence of a uniform gap between the weir and the tray floor

will minimise the nonuniformities. The presence of the gap also

157



a. The expected Distribution Pattern from a Steplow Downcomer

~ A unique top
section

\\\““ah ﬂf///’.qm—m__uThe effective

Stepflow
5 TR Downcomer

b.The Stepflow Downcomer

FIG:7.1 A schema of the Stepflow Downcomer



means that a "source" and "sink" may coexlist in a froth layer at
the top and the bottom of the weir respectively. The potential
fraction of liquid In the retrograde flow Is forced through the

gap. A schema for this arrangement is shown In figure 7.2 below.

It Is significant to note that no evidence Iis reported In pub-
lished literature, where a uniform gap under the outlet weir is

used to eliminate nonuniformities on the tray.

7.3 EX Imental ram

Water cooling experiments described in Section 6 above were
carrled out on a standard tray. The experimental conditions were
chosen to cover both the Spray and Mixed regimes. The same set of
conditlons were repeated with the tray arrangement altered to In-
clude the uniform gap under the welr and the Stepflow Downcomer

separately.

For all the experiments carried out It was assumed that;

I. the distribution of the air entering the tray was even,

1. the distribution of water inside the Inlet downcomer
(Including the Stepflow Downcomer) remalned even throughout an
exper imental run and that

I11. the test tray was level

158



uunTo) ®Yy3z uTt Juswabueaxe ATsM BYF ILpun den g°L:91d

(T23eM JO MOTJ ©3BOTPUT SMOIIY)
1ToM @yl Iapup deo ayz jo uerd ¥ °q 1ToM oyl xepun deo ayl Jo maTA o1bue uy ‘e

Iawooumogq——
100714 Aexg,

x00T4d Aexy,

de waojTun——
deo wxoytun— ¢

ITOM — fp=

Aeayg, IToM
aaoqe aoedd | 4
TTEM UUNTOD ——i~

TieM uunTol - i~




7.4 Discussion of the Results

It is convenient to discuss the results of the flow patterns ob-
tained here In terms of those found in the standard tray under
similar conditlons. The temperature proflles compared were der |ved
in conditions within the Spray regime and the Mixed regime only.
Two examples of the profilies In each regime are discussed, the

rest of the results are given elsewhere in Appendix A.

7.4.1 Results of the Stepflow Downcomer compared to Standard Tray

Channelling of the liquid producing U-shaped profiles were ob-
served late on the tray fitted with the Stepflow Downcomer as
shown In figure 7.3b. By comparison, the proflles from the
Standard Tray are U-shaped, late on on the tray, these are shown
In figure 7.3a. For the second set of conditions shown in figure
7.4, the liquid rate Is doubled while the gas rate Is held
constant. The resulting temperature profliles from the Stepflow
Downcomer tray are comparatively more straight than those from the
Standard tray. However, the distinction Is more obvious In the
last half of the tray approaching the outlet weir. Here, the non-
uniformities In the Stepflow Downcomer tray are more pronounced
and show unusual reclirculating patterns In the central part of the
tray. This phenomenon Is characteristic of the tray sides where
the liquld flow rate Is expected to be relatively lower than that
at the central part. The fact that this appears at the central

part as well as on the sides suggests that the expected
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redistribution of the liquid momentum flux aimed at straightening

the flow all over the tray was achieved.

A simllar comparison between the profiles from the two trays can
be drawn from the two sets of proflles In the Mixed regime. The
channeling of liquld and hence the U-shapes found in the Standard
tray are straightened out in the early part of the tray which is
fitted with the Stepflow downcomer. However, the nonunliformlities
formed at the tray sides occur much earlier on on the Steflow tray
than on the Standard tray. These are shown In flgure 7.5a and
figure 7.5b below. As the liquid rate is increased and the gas
rate held constant, In figures 7.6a and 7.6b, the similaritles
between the profiles from the two trays Is less clear. U-shaped
proflles are recorded on both trays. The tray flitted with the
Stepflow downcomer develops U-shapes earlier than the Standard
tray. The significance of late or early development of nonuniform
profiles was pointed out by Sohlo et al.. The consequence of the
nonunlformities on tray efficlency Is expected to be less when
nonuniformities develop and are restricted to the last part of the

tray.
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It Is clear that the minor differences between the Stepflow tray
and the Standard tray are Insufficient to have serious Iimplica-
tions on tray efficlency for the size of tray used In this work.
Scal Ing-up larger trays found in Industrial practice, these ap-
parently minor effects may be larger and have much bigger
influence on the overall flow patterns and thus the tray ef-

ficlencles of the trays.

7.4.2 Results of the Gap-Under the Qutliet Weir compared to the

tand

By creating a uniform gap under the outlet welr when the tray Is
operated under conditions where the liquid momentum remains
dominant over the gas momentum, the llquid streams approaching the
outlet welr are expected to be channelled through the gap. If thls
happens then only a Iimited amount of mixing will occur with the
liquid In the direction transverse to the flow axls. The tempera-
ture profliles would then be expected to be uniform. Some of these
effects were observed on this tray, but particularly under condl-

tlons of low liquld rates.

At the low liqulid rates In the Spray regime the temperature
profiles from the modified tray are shown Iin figure 7.3C. These
are similar to those obtalned from the Standard tray, shown In
figure 7.3a. The first half of the tray Is dominated by stralight
profiles but the profiles In the second half of the tray change
into U-shapes. As the lliquid rate Is increased, the temperature

profiles shown In figure 7.4c and figure 7.4a are less similar.
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The U-shapes obtained from the modified tray start early on on the
tray and dlip sharply on approach to the outlet welr. Although some
cold reglions at the tray sides could be found, the presence of the
sharp profliles peculiar to the modifled tray suggest that the
"gap" is responsible for this. The "gap" may even reduce any
variation In the flow of liquid per unit width of weir as the lig-

uld leaves the tray, but the results from here are insufficient to

deduce this.

As the liquid rate Is Increased further and the tray operated In
the Mixed regime the general shapes of the temperature profiles do
not show any detectable differences between the two trays. The
profliles shown In flgure 7.5a and figure 7.5¢ are similar. It Is
inferred that in this slize of tray, the effects of this modiflca-

tion are too minor to draw any conclusions from them.

7.5 Conclusion

The main thrust of the experiments here Is that for the first time
a system s property has been measured on trays fitted with flow
control devices. All previous studies have been based on visual
observations and photographs of dye movements. With regards to the
expected changes in flow patterns due to the flow control devices

It Is clear that the results were Inconclusive.

only minor differences could be seen between the temperature
profiles of the Standard tray and the trays fitted with flow

stralghtening devices In this work.
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The U-shapes picked In Intense Spray were also found Iin the tray
fltted with the Stepflow Downcomer even where they did not show up
in the Standard tray. The presence of nonuniform and recirculating
flow patterns across the Stepflow Downcomer tray at a zone paral-
lel to the weir Is Interesting. This Is not seen with the Standard
tray. It suggests that some flow control may have been obtalined
with the Stepflow tray although ironically, at low liquid rates.
As the liquid rates are Increased to the Mixed regime the flow
patterns from both trays become similar. The use of the Stepflow
downcomer to straighten flow cannot be expected to yelld sig-
niflicant beneflts on trays of this size. Thils |Is somewhat
confirmed In this work. However, further confirmation Is glven to
the viability of this technlique to Investigate the expected ef-
fects of flow straighteners on flow patterns. Applied to larger

trays more firm conclusions may be arrived at.

The changes to the liquid flow patterns on a tray In which a
uniform gap |Is created under the weir are Iimited to the regions
of the tray which are near the outlet welr and also to conditions
of low liquld rates. This leads one to believe the notion that In
an operating tray there forms an accumulation of liquid at the
outlet weir whose existence influences the mechanism of flow of
[iquid over the welir. At the relatively high liquid rates of the
Mixed regime the flow patterns on both the Standard tray and the
tray with the uniform gap under the welr are similar. This sug-
gests that any accumulation of Illquid at the outlet welr and / or
Its effects on the flow patterns Is Insignificant at high welr

loads. The concluslon that can be drawn here Is that larger trays
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and possibly different tray designs would be required to ob-
serve,if any, real changes occur In the flow patterns of trays
fitted with flow straightening devices. This follows from the ob-
servations made In this work that the shapes of the temperature

profiles found In the standard tray were also evident on trays

fltted with these devices.
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8. EXPERIMENTAL DETERMINATION OF EFFICIENCI

The new calculatlon methods for point and tray efficlencies
described in the Section § and Section 6, were implemented using
the temperature measurements on the tray. A comparison was made
between theoretical estimates of the efficiencies and those found
by the method of water cooling. The effects of the variable . =
mG/L on efficiencies for water cooling was Investigated. Some FRI
systems were simulated and the effliciencies compared with those

disclosed In the FRI data [103].

8.1 riment low Rat

The flow rates were chosen for a large number of conditions in the
Spray and Mixed regimes. This was done to Investigate whether the
expected differences exlst between the efficliencies due to the
flow regimes. Further exper iments were carried out to simulate
certain FRI conditions disclosed In the data. The cholice of FRI
systems simulated was |Iimited by the following: |. conditlons
above the weeping limit for alr-water and Ii. to enable com-
parisons to be made between the tray efficiencies for water
cooling and those of the FRI whose efficlenclies were estimated.
These meant that only three systems were simulated. They Include
the 27.6kPa (0.27bars), 34.5kPa (0.35bars) and the 165kPa
(1.65bars) cyclohexane-normal heptane. Other FRI systems In the

data are provided In reference [103].
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8.2 Tray Efficiencies In Spray and Mixed Regimes

In Table 8.1 the tray efficlenclies and related variables are
listed for conditions of both the Spray and Mixed reglimes.
Theoretical tray efficlencles calculated by the methods of AIChE
and ldeal plug flow, are also listed In the Table. Again for these
theoretical estimates use was made of the point efficlencies and

the parameters measured In this work.

The tray efficlenclies are between 60.0% and 125.0%. Higher tray
effliclencies are reported In literature. Reference to the Table
shows that In general the tray efficlencies are lower In the Mixed
regime than they are in the Spray regime. This observation Is con-
trary to those found for mass transfer operations. In mass
transfer operations tray efficiencies are expected to go up with
liquid loading. However, as stated earller mass transfer opera-
tions involving distillation are two-filimed control and are thus
expected to show a different behaviour from the single (total gas)
flim control in water cooling. This Is explained In the following

way.

In the Spray flow regime where the gas momentum Is domlinant over
the !lquld momentum coupled with the large 12.7mm (1/2in) hole
size tray discrete droplet formation is favoured. It Is llkely
that the structure of Spray In the space above the tray serlously
affects the water cooling process and hence the overal |

efflclency.

166



L"16 @°6¥1 G°L9
S'6G @°¢€L L'L¥
ezL ST I¥lL TgL
Lol 8 €Ll ¥°99
Lzl ¥°60l ZT°IL
2°G6 ¥°L6 6°8S
z°86 8°68 1°@9
gLl g£°zZelL T°89
L°T6 €£°@8 6°SS
L°L6 6°8L ¢£°LS
8¥l ¥ LLL ¥°CL
8'96 +¥°6L 6°SS
991 Z2°€21 L°LL
601 S48 L°I9
¥°86 ¢£°8L 8°96G
ZSL s'ell ¥'eL
8°GL 6729 ¥'L¥
6'66 ¥ LL £°9§
8°¢8 8799 G'6¥

. ' % d‘90_d° o AN
TOAN TAAN, 1490 d190_d'AN,

6°0S
8 0¥
G99
6°€9
e eL
§°09
6°€9
0°GL
6°19
0°¥9
0°¥8
¥ v9
S €6
£°ZL
1" L9
9-98
6°¥S
8°L9
9°8¢

§°96
1°69
1°¥C1
¥ gol
g otl
(-1
(A1)
Z°L6
8°9L
8°9L
8 LLL
6 LL
9°LLL
6°L8
8°8L
PA ]
1 "8G
"L
L°29

¥°96
@9
8 L0l
Z2°¥6
Lgol
g o8
g£°z8
L°L6
8°¥L
€ LL
g 90l
6°¥L
29l
£°G8
S§°9L
¢ tel
L709
9°6L
0" +9

3

8°+9
L9Y
0°6L
8°¢CL
L-z8
8799
¥°89
8°LL
9°69
1°G69
6°06
L7L9
0 86
8°¢€L
S'89
G°26
¥°9S
£°69
6 09

®°90

s§a|duUs|2l}43

L°S £€€62°C l9lee @ GL.@°0 "
¥'SL ¥0e6L° 1 l9leo’e0 G090°0 "
£°6 L¥SE° L tifeo'0 GSl6o'0 "
v'8 BO¥L "L tifeo'@ SLLe"0 "
6°@lL 6006°0 ¥8¥00°0 GSL60°0 "
t'6L ¢£668°0 zige0'0 GO90'0 "

2°21L wog9L°0 ¥8400°'0 GLL0°'@ Apuids
2°'Z1 6S.9°¢@ G¥900°@ Gl60'@ SuUDJ]
9°2Z 9G6G°0 ¥8v00°90 GO90°0 "
8°LL 92%LG"@ Gv900°0@ GSLLO°0O "
6°¢€l ©0Ol¥s°0 o0800°0@ Sl60°0 "
L°6l L8S¥°@ 99800°0 SLL0°0 "
'Ll Bosv'e L9600°@ Gl6@°@ "
9°'¢€C 69vv°0 S¥900°@ Ge90°'0 "
Z°'8L 6lB8g"@ L9600°@ GSLL@ 0@ "
@'zl egic’e0 691le'@ GSlL60°9 "
6°GC LlSg@ 99800°0 GS090°0 "
0°LL 6SlE°0 691100 GL.0°09 "
6°¥Z 786Z 0@ L9600°@ GS09@°@ POXIN

od ¥ Aus\nEvn\v s/w’ 9 suw|boy

|pol}edoay] pup |pjusw|Jiedx3 | g 9|qD]



Entrainment which Is expected under these conditions and which has
a deleterious effect on efficiency Is not present on this single
test tray. All this suggests that the importance of gas residence
time on efficiency for water cooling is a lot more than It may be
for mass transfer. This phenomenon is probably responsible for the
trend between efficlency and gas loading being opposite to the

establ Ished theories which are based on mass transfer.

A further comparlson between the calculated tray efficlencies and
those determined from this work proves the point that, although
the Simple Backmixing concept oversimplifies the flow patterns in

general this effect is minimal on trays of this size.

8.3 Tray Efficliencies for Simylated FRI Systems

Estimates of the tray efficlencies for the simulated FRI systems
are |Isted In Table 8.3 below. Of the three systems simulated the
27 .6kPa and 34.5kPa cyclohexane/n-heptane corresponds to the Spray
regime while at 165kPa the conditions are those of the Mixed

regime.
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Table 8.3 Simulated FRI Tray Efficlencies

Distiilation Mixture : Cyclohexane/Normal Heptane

System Csb(m/S) q/b(ma/sm) EM!_ EM&FRI)
27.6kPa  0.0500 0.00177 85.7 71,3

" 0.0695 0.00242 106.7 80.9

" 0.0960 0.00322 83.1 T2
34.5kPa  0.0833 0.00242 118.9 75.3

* 0.0670 0.00233 127.0 78.0

" 0.0715 0.00258 122.2 77.9
165kPa 0.0875 0.00645 106.7 Q7.4
165kPa 0.0975 0.00725 83.1 96.7

The efficlenclies are plotted agalnst gas loading In Figure 8.%
below. The trend Is the same for both the distillation systems and

the simulated systems. Above Csb = 0.07m/s the tray effliclencles

decrease after going through a maximum at the lower gas rates.
However, the discrepancies is as high as 52%, being hligher from
this work than the distillation systems. Further, the reported FRI
efflclencles show a definlte Iincrease with the liquid flow rate
for the two systems at 34.5kPa and 165kPa. This Is not observed

with the efflicienclies from this work.
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8.4 Expected Point Efficlency from Semi-empirical Correlatioons

It Is reasonable to precede the discussion on experimental point
efflclencles, with an analysis of point efficlencles estimated
from the principles of heat and mass film transfer coefficlents.
Semli-emplirical relatlonships that relate efficiency to flim coef-
ficlents and Iinterfaclal area were obtained from |literature and
applled to the water cooling process. The assumption of gas film
control was agaln made use of. The classic assumption in the

theory that the dimenslionless group, the Lewis number, Is equal to

unity is Invoked. Thus:

where cw and cpm are the specific heats of water and moist alr
respectively expressed In kcal/kg C. KOG Is the overall coeffi-

cient of heat transfer, air side (kcal/kg C) and K Is the overall

coefflclent of mass transfer In the air phase kg/sm2

Next, use Is made of the semi-empirical relationship of Sharma and

Gupta [105] for which for alr-water systems K, = k_, = 0.063 m/s

G G

(assuming gas fllm control):

’

note the units ; K = KG'pG (kg/mzs)

- 0.0756 kg/m°s
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From the Lewis equation above, noting that cw- 1.0 kcal/kg C

KOG- K cpm 8.2

For saturated air cpm' 0.45 kcal/kg C

Therefore KOG' 0.0756 x 0.45

= 0.03402 kcal/kg C

In water coollng processes It may be stated that the number of gas

flim transfer units:

HOG' KOGa 8.3

from which:

E..=1 - exp(-Ho

0G ) 8.4

G

L

By assuming that a = 25 m2/m3 from reference [105] It is deduced
that the point efficlency water cooling Is In the reglon (because
of the above assumptions) of 60%. This value Is similar to the
"mode" of point efficiencies determined Iin the experiments In this
work. The results of the water cooling point efficlenclies are dis-

cussed Iin the next subsection.

8.5 Results of Point Efficliencles.

Point efficlencles determined from the water coolling experiments
are llsted In Table 8.2 below. The table includes values of the

essentlal parameters used to calculate the point efficlency.

171



Table 8.2 Experimental Point Efficliencles

3

Regime C_ m/s a/b m™/sm T °C ?ou=c H pkeal/kg Ej.  AE,.
Spray 0.0640 0.1490 38.30 26.26 12.05 86.6 .773
" 0.0695 0.1100 40.43 27.59 12.20 64.4 .770
" 0.0775 0.1610 42.17 29.67 12.03 65.5 .502
" 0.0900 0.2500 44.35 31.31 12.42 98.96 1.027
" 0.0660 0.2128 39.32 31.37 10.97 59.70 0.955
" 0.0490 0.2150 40.54 29.90 11.68 81.61 0.886
" 0.0745 0.4260 42.00 31.78 12.06 96.34 0.803
" 0.0560 0.2660 42.20 32.91 11.60 65.57 0.658
Tran. 0.0695 0.4730 42.18 34.76 12.30 70.90 0.496
Mixed 0.0560 0.4260 42.90 35.63 11.32 77.29 0.484
" 0.0560 0.6380 41.30 35.81 12.00 86.90 0.363
" 0.0727 0.9750 37.29 33.71 11.59 80.54 0.286
" 0.0560 0.8510 40.10 36.34 11.86 80.31 0.252
" 0.0745 0.8670 36.96 32.16 10.67 89.11 0.406

172



A simple plot of point efficiency E against the flow ratio num-

0G
ber is shown in figure 8.2. Taken as It Is the graph Is difficult
to discern, because the polnts are scattered and regular patterns
are not apparent. For Instance, it is unclear why at the flow

ratio number Y = 0.053 m-1 the disparity between the two point

efficlencles EOG- 82.1% for Csb= 0.0915m/s and q/b = 0.484 X

3

10 %n3/sm and E. .= 66.7% for C,,= 0.0605m/s and a/b = 0.322 X

oG b

2

10~ m3/sm Is as large as It Is. On the other hand, reference to

v= 0.021 m"1 where the flow rates were repeated (by coincldence)

give two simllar point efficiencies at E .= 64.7% and 65.5%. This

confusing set of experimental results leads to further analysis

and compar isons of the results with theory.
8.6 Comparisons Between Experimental and Theoretical Efficlencles

The effliclencies determined experimentally as well as those calcu-

lated from theoretlical models are listed In Table 8.1

Use was made of the EOG determined In this work and calculated

from the computer program to calculate the tray efficiencles by
the graphical method recommended in reference [1]. The mixing
parameter or Peclet number were estimated from the correlations
given In the reference. The agreement between tray efficlencies

calculated In this way E and those determined In this work

MV ,AIChE

173



0o ¢

SH3LSAS AVHdHS 3 03XIW ¥0d4 AONIIJ1443 INIOde2 8:914

1-81X A ¥3GUNN 011VY MO
_ @8°| 89'1 @yl ezl 00| 08" 09’ o’ 07’ 00"
. ?
|
| I
_ 0l
| _
_ 07
JH1938 a3axIW I JHI93Y AVHdLS
“ -oc
_
| b
I +
. 0S
‘ ﬂ
+ =
+ ) _ . . 9
. - 4 2 41t ¥
% * I 4 0L
+ o+ “ n
+ by ok 08
. ++ | +
+ * _ 06
!
+ + t

001

903 ' 1ON31J1443 INIOd



leads one to conclude that the experimental tray efficiencles are
within reasonable |imits. Also It shows that the performance of
this tray Is simlilar to that of a "Simple Backmixed" tray. It has
already been polnted out that Iinspite of the shapes of the flow
patterns which are nonuniform, the effects of such on tray ef-

ficlencles is not significant on this size of tray.

There Is a remarkable difference between the water cooling operat-
ing variables and those for the mass transfer and In particular
distillation systems. Unlike in distillation, a particular system
in water cooling is defined simply by keeping a constant reflux
ratio or L/V and Awould remaln fixed. This variable D\ occurs as
an independent variable In the equations for efficlencles and may
therefore have considerable and uncontrolled effects on efficiency

for water cooling.

Now, It Is difficult to represent the peculiar flow patterns found
In this work by a model which would enable the effect of A on ef-
ficlency to be calculated analytically. However, suppose that this
effect may be eliminated by a method of calculation or
computation. This can best be explained by means of the plug flow

model. One might Imagine an experimental determination of EMV at

some arbitrary value of 4 which may be connected to the value of

EMV which would have been obtained had Abeen equal to unity. That

. The relative changes In efflciencies can be
'8 Eyy, =1 9
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demonstrated by an approximation using the calculation procedure

In the following way:

I. the point efficiency, E Is calculated as described In subsec-

0G

tion 5.‘.4 and

Ii. tray effliclencles, EMV are calculated for the normal value of

and then for = 1.

The varliation shown, Table 8.1, between the two values of EMV for

each experiment Is due to the . effects.

The procedure may be extended to the point efficlency, EOG' The
calculation may proceed thus:
i. Starting with an experimental estimate of E calculate the

MV’

EOG by the plug flow model. One recalls that for plug flow:

1
EMV -?I(exp(.EOG) - 1) 8.5

and,

Il. Now assume A= 1, that Is

EMV = eXp(EOG) -1 8.6

to calculate EOG'
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It Is Implicit In this procedure that the point efficliency EUG is

assumed not to depend on A which would be true only for a totally

gas flimed controlled system. The overall mass transfer unit equa-

tlions,

el Rl & 8.6

For gas fllmed controlled systems, NL >> NG

NOG ~ NG' therefore independent of A,
NG = NOG = —-|n(1 - EOG) 8.7
and, EOG = In(1 + EMV) for A =1 8.8

In mass transfer this assumption does not hold since NG".c, NL.
There is an Iinteresting Inference that may be gleaned from the

values of point efficienclies, E Iin the Table, particularly when

oG
the values which Iinclude the dependence on ) are compared with
those calculated for plug flow with A = 1. The highest dis-
crepancies, 22% (compared to 10% or less) are shown for the
exper imental point efficlencies of 90% and above. Thls dlscrepancy
suggests that for the water coolling process, point efficlencles as

high as 90% are outside reasonable limits.
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The effects of ) on the efficiencies can be judged from the Table

8.1.

Consldering that EMV exper imental, was used to calculate the plug
flow version of EOG for A= 1, It Is noted that Irrespective of

th
e ratio EMV/EOG experimental, the difference between EOG,pf for

)&- 1 and EOG,exp is of the same order of magnitude and cannot be

correlated with the experimental value of AE is always

0G,exp

greater than EOG =1 for all A< 1 and vice-versa for A > 1. The

fact that the varliations observed are of the same order of mag-
nitude irrespective of changes Iin ) suggests that the assumption
of gas fllmed control is a valld one. The consistent discrepancy
Is a result of the plug flow mode!l employed. This model may be
more sultable for high )Aor Spray and hence the relatively lower

difference between the two point effliciencies.

A simllar conclusion may be drawn for tray efficiencies shown In
the Table. However, the pattern is different in that,

for A>1, EMV,eXpt < EMV,pf for A =1

A<1, for A =1

EMV,expt # EMV,Df

177



An attempt has been made to demonstrate the effects . might have
on tray efficlencies. Although it Is difficult to represent these
effects by an adequate model that describes the flow patterns
found In this work, nevertheless it is shown by using the lideal
plug flow model that X affects efficiencies In the same way except
where the point efficiencles exceed 90%. This suggests that the
true point efficlencles are below 90X for water coollng
exper iments. By Its definlition, point efficlency cannot exceed
100%.

8.6 Conclusion

Based on existing knowledge efficiencles determined by the water
cool ing experiments and the calculation methods Involving spline
approximation are within expected Iimits. However, point ef-
flciencles as high as 90% and above show unusually large
discrepancies once compared with those predicted by established

theoretical methods. All values above this range are not rellable.

A compar Ison between the experimental and theoretical efficliencles
using the lIdeal plug flow model for which total gas fiim control
Is assumed (putting A= 1, to underline no effect of A) shows that
there is no correlation between changing values of ) and the mag-
nitudes of the difference between the two efficlencies. This leads
to the concluslion that the assumption of total gas film control

for water cooling Is correct.
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Now, although certain trends may be detected, nevertheless there
Is a disappointing scatter In the results of the efficlenclies.

Thus further experiments and calculations were carried out to ex-

plain this.

These Include:

i, experiments to measure liquid hold-up at 20 different polints

on the tray

11, an analysls of the repeatabllity of experiments and
1ii, an analysis of the effects of measurement errors on the cal-

culations of point and tray efficlencles.

These are described in the next section.
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9. BACKGROUND STUDIES ON EFFICIENCY DETERMINAT ION

It was pointed out in Section 8 that large unexplained differences
were found between the trends In the efficlencles determined In
thls work. The object of this Section Is to present further ex-
perimental findings relevant to efficlenclies, and to explain or
trace the source(s) of the discrepancies In both the experimental
methods and the calculation procedure used. In the second part of
this Section the discrepancies are investigated by using some

basic mathematical methods for errors analyslis.

Measurements of liquid hold-up on the tray were made In order to
examine changes In polint efficlency with this parameter; repeated
exper Iments were Investigated for reproduciblility of liquid flow
patterns; and finally, errors analyslis on water coolling ef-
ficlencles were determined. The results of these studies have far
reachling consequences on the viablility of this technique for

simulating distillation systems.
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9.1 Llguld Hold-up Measurements

An assumptlion made In this and all published calculation methods
is that polnt efficlency Iis constant everywhere on an operating
tray. If thls Is not so then the calculation methods adopted so
far may be Iinadequate. It is known that point efficiency depends
strongly on gas residence time which In turn depends on the |liquid
hold-up. Thus In these experiments the liquid hold-up was deter-

mined from 20 positions on the sieve tray used for this work.

9.1.1 r Li ~ rem S

20 Stainless Steel tappings were welded flush with the tray floor
at the locations displayed In figures 9.1 to 9.3. The tappings
were connected through PVC tubings onto separate glass manometer
tubes, bore 4mm. The manometers were placed on a wooden board
fixed to the laboratory wall at the helight of the test tray. A
manifold was used to link the glass manometers to the vapour space
above the test tray. The PVC tubings were led out of the column
through several holes made in the column wall so as to minimise
alr maldistribution caused by a pack of the tublings. Gaps in the
column holes were fllled to prevent air from leaking out of the

column.
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9.1.2 Experimental Procedure

The manometer |ines were cleared of alr bubbles by purging them
with large quantities of water under pressure. The |Ines were then
filled with water the indlvidual static zeros (datum) recorded for
each manometer. Passing alr through the test tray resulted In a
slight drop In the manometer readings from thelir static zero
positions. This later reading was taken preceding every exper imen-
tal run and recorded as the effective zeros, [26]. Three fixed air

rates were chosen corresponding to capacity factors, C = (0.0605

sb
(fig.9.1), 0.0775 (flg.9.2), and 0.0815m/s (flg.9.3). Six or Seven

different water rates were used for each gas rate.

9.1.3 Experimental Results

The experimental results are displayed Iin figures 9.1 to 9.3. The

average values were calculated by fitting a spline to the hold-up

values at the indlividual measurement points. A Slmpson's method
[38] was used to Integrate over the tray area and the average
found by dividing the integral by the tray area. Llquld hold-up
correlatlons in |lterature are listed in Table 9.1. In Table 9.2
the values resulting from the correlations are given together with

the average values found In this work.
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9.1.4 Discussion on Liguid hold up Experiments

There |Is generally good agreement between the correlations In
llterature and the values determined from this work. It Is worth
noting that the method adopted by Hofhuls and Zuiderweg [49] In-
volved the Integration of the froth density In the tray bed.The
froth density having been obtalined by the gamma ray absorption
technique. The good agreement found here underiines the observa-
tions made by Payne and Prince [93] that for clear llquid helght
the cheap and relatively simple dynamic head measurements also

used in this work will suffice.

One of the features of these measurements Is the disparity of the
values found at the points on the tray. Under low liqulid rates

2 2 3

q/b-0.161x10— m3/sm and 0.322x10 “m°/sm the average hold-up
varlation between the Inlet (first) row and the outlet (last) row
Is often quite negligible. The polnt measurements at the tray
sldes and at the inlet and outlet rows suggest a bulld up of llg-
uid for most of the flow rates In the experiments. This
observation may explain the consistent cold reglons found towards

the outlet welr and the tray sides In the temperature profiles

measurements.
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Table 9.1 Some Hold-up Correlations

Authorlref] Hold-up Correlation Unit
ggq§ef7ind hL- 0.24 + 1.74L + 0.0372W ft 1.74m x 0.34m
- 0.012UG

L gal/min.ft of welr, W-in,

UG -ft/s
BikBYe rtray P 1:Q%03qD 1M~ 0-05F o086 | Mag
Design Man- area
ual [1] L gal/min.ft of welr, W-in,

F ft/s (Ib/fta)o'5

.6w0.5P0.25b-0.25 5

0.2
MRz M " O @)% %
£3)] 4 J 3
{0.25 < W < 100mm}

W-m, P-m, b-m

H855}f49?d hL - goggawFo.saw + 0.03L In

Note: "Symbols app!lied here only"
L - Liquid flow rate over weir
W - weir height

UG— superficial gas velocity

P - pitch
b - welr length

F - F-factor U./p.

FP - flow parameter
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There Is no obvious correlation between the Individual point
measurements of liquid hold-up (fig.9.1 to fi1g.9.3), and the point

efflciencles determined In this work and discussed In Sectlion 8.

Table 9.2
{1 l1d= from M ment nd LI tur r | |
hL (cm)
-2 3
Source Csb m/s q/b x 10 m /sm
0.161 0.322 0.484 0.645 0.806 0.967 1.200

Thesis 3.39 3.45 3.83 4.10 4,49 4.69

B/S 3.23 3.52 3.80 4,09 4.38 4.66

AIChE 0.0605 3.54 3.87 4.20 4.8 5.19 5.60

H/Z 3.03 3.61 3.99 4.28 4.53 4.74
Thesis 2.88 3.43 3.53 3.83 4.04 4.09 4.40
B/S 2.59 2.88 3.17 3.45 3.74 4.03 4.38

AlChE 0.0775 2.88 3.21 3.54 3.87 4.20 4.53 4.94

H/Z 2.85 3.39 3.76 4.03 4.26 4.47 4.69
Thesls 1.84 2.25 2.52 2.71 2.83 3.36
B/S 2.07 2.36 2.65 2.93 3.22 3.51
AlChE 0.0915 2.66 2.99 3.32 3.65 3.98 4.39
H/Z 3.25 3.60 3.86 4.09 4.27 4.49
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9.2 Repeatability of Temperature Measurements

The question whether the experimental measurements of temperatures
were reproducible is one that has far reaching consequences to the
conclusions that may be drawn from this work. Posslible causes for
nonreproduciblity of the experimental observatlions are:

I. faulty measurement techniques (devices),

Ii. errors In the measurements of indlvidual parameters (use of

devices) and

I11. Instabiiity In the experiment.

It Is the object In this sectlion to Investigate causes |. and 1|1
above. The question of instabllity inherent in the experiments was
dealt with In subsectlion 4.4. It |s assumed that all other errors
are similar In magnitude for all repeated experiments. The Inves-
tigation Is carried out by repeating a number of experiments over
a broad range of flow rates In the Spray regime as well as the
Mixed regime. Each experiment was repeated after a time Interval
(usually up to and beyond 24hrs). The procedure used was the same

as that described In subsection 6.1.
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9.2.2 Interpretation of the Results.

Since no efforts were made throughout these experiments to ade-
quately control the temperature of the water entering the test
tray, thils temperature could vary for each experimental run.
Further, changes In the wet-bulb temperature and thus the cooling
driving force could change from one experiment to another. To

overcome this problem the results of the temperature measurements

were normal Ised thus;
A reduced temperature deflined as

t -t
wb
T = pm———zo- 9.1

F o Ye Y

was used. This meant that for the all experiments the reduced tem-
perature at the Iinlet was automatically set to unity and all

temperature measurements represented as a fraction.

A further simplistic approach was used to compare the repeated
temperature measurements. In this, the difference between the
reduced temperatures at each point on the tray was treated as an
Independent variable. It Is thus implied that the effects of the
nelghbour ing points on the temperatures of any point are the same
over a repeated experiment. An analysis of variance is made and is
confined to the difference between the reduced temperatures the-
reby Isolating all other possible effects. A statistical test of
conflidence at 95% confldence level Is carried out [116]. The

results of the analyses are |isted In Table 9.3 below.
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Table 9.3 Statistical Errors Analysis

Flow Rates
2..3
A : Csb (m/s) B : g/b x 10 (m /sm)

(1) (2) (3) (4) (5) (6)
A: 0.0635 0.0695 0.0695 0.0695 0.0975 0.0695

B: 0.110 0.161 0.473 0.484 0.742 0.766

Tm,‘l’c 39.89 41.30 41.80 41.20 35.93 37.44
twb’;‘c 20.33 19.69 22.74 23.15 20.02 19.51
Tm’;c 40.57 38.25 42.74 42.74 36.33 38.43
twb’;,’c 20.60 17.11 24.57 24.07 19.96 20.51

U -8:883° 88739 -8:084% .8:8848 -8:8878 ~8:888s4

VarEbTr) 0.00205 0.00943 0.00242 0.00452 0.00082 0.00043
)

Note: subscripts | Is initial measurement

Il Is repeated measurement
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9.2.3 Discussion of the Results

Numbers on the tray locatlons corresponding to measurements points
as shown In figures 9.4 to 9.9. The nomenclature is such that
I.the top reduced temperature Iis due to the Inltial experimental
run, ri and the bottom reduced temperature is due to the repeated
exper imental run, rf. In the second set of figures, the reduced
temperature difference between the Initial and final measurements
at a point and the varliance calculated for that position are
displayed. At the top, the value displayed Is that of the dif-

ference, Tr— TrI - Trf’

At the bottom, the value displayed Is the varliance, Var(ATr).

A predictable trend may be seen from the reduced temperatures
diplayed. First, it Is appropriate to allocate the flow regimes to
the various condlitions of the experiments. Figures 9.4 to 9.6,
are for conditions In the Spray regime. Figure 9.7 lles on the
transition line while figures 9.8 and 9.9 are In the Mixed regime.
A cursory look at the values shows that the maximum drop In the
reduced temperatures across the tray occurs In the Spray regime by
as much as 50% and is below 30% In the Mixed regime. While this Is
not meant to reflect reproducibility, the magnitude of the frac-

tional drop Is relevant to the magnitudes of the errors incurred.
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It may be noted that the difference between the reduced tempera-
tures of the repeated experiments show very good agreement. This
Is more so In the Mixed regime where the temperature drop Is below
30%. The worst case of nonreproducibility occured in the Spray
regime, figure 9.5. This Is particularly poor at the outlet which
may be due to the approach of the water temperatures to the wet-
bulb temperature. However, It Is worth noting that the difference
between the wet-bulb temperature is exceptinally high for this
measurement at 15%. The variance which represents a measure of the
deviation from the mean is generally 4 x higher In the Spray

regime than It Is In the Mixed regime.

9.2.4 Conclusion on Repeatablility of Temperature Measurements

The agreement between the reduced temperatures over repeated ex-
per Iments confirms the rellabllty of this technique when used to
determine temperature profiles on a tray. Although smaller tem-
perature changes generally occur In the Mixed regime than In the
Spray regime, the results are more rellable In the former than In
the latter. This Is probably because the temperatures in the Mixed
regime unlike those in the Spray do not approach the wet-bulb tem-
perature of the Inlet alr. However, the results of the repeated

temperatures in the Spray regime also show reproducibility.
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It Is expected that In view of the reproduclblility of the tempera-
ture measurements, the tray efficlencies will also be
reproducible. This leads to a reevaluation of the water coolling

efficiencies In the next sectlion.

9.3 luation of Reproducibil

The conditions shown to reproduce temperatures on the tray were
evaluated for tray efficlencies to Investigate, If like tempera-
tures, tray efficlency Is also reproducible. The procedure for
repeating the experiments was outlined In subsection 9.2.2 above.
The method of calculation of tray efficiency Is approximated In
this section. It involves the arithmetic averaging of the tempera-
tures at the outlet row of thermocouples to determine the outlet
temperature, knowledge of the Inlet temperature and the flow rates
to determine X .The heat and material balance equation derived

later In subsection 9.4.2 as:

TIn
E '[f' - 1] Q.22
o)

I
MV© A
Is used. But the same was applied to repeated experIments there-

fore errors inherent In the simplification are assumed to be the

same for each experiment.

The results obtained are listed In Table 9.3 below.
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: R xper iments for T Efficlen

3
Esb(m/s) q/b(m™/sm) A t g t E A

m
—

0.0635 0.1‘101’1(’.}—2 2.748 38.89 26.43 20.33 74.3

40.57 26.66 20.60 83.5 9.2

0695 0.161x10°2 2.055 41.30 31.48 19.69 40.5

o

38.25 26.56 17.11 60.2 19.8

0.0695 0.473x10_2 0.699 42.74 35.01 24.57 105.9

41.80 34.94 22.74 80.4 25.5

0.0695 0.484x10° > 0.684 41.20 35.03 23.15 75.9
42.74 35.53 24.07 92.0  16.1

.0975 0.742x10*2 0.626 36.33 32.53 19.96 48.3

o

35.93 32.02 20.02 52.1 3.8

0.0695 0.766x10 2 0.432 37.44 33.49 19.51 65.4

38.43 34.15 20.51 72.6 .2

It Is notlceable that the tray efficlencies calculated here are on
the average lower than those determined by the computational
method used elsewhere in this work, see subsection 8.1. Two re-
lated reasons are responsible for this, namely 1. the simple
averagling of the outlet row temperatures to represent the outlet
temperature of the Ilquid leaving the tray decreases the value of
T and i1. the location of the outlet row of temperatures Is about
100mm (or 13% of the flow path length) from the outlet welr from

where the liqulid actually leaves the tray.
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All this amounts to an underestimation of the overall drop In lig-
uid temperature across the tray and thus a lowering of the overall
tray effliclency. However, since this procedure Is applled to the
repeated experiment It Is convenient to assume here that the er-

rors due to this will be the same for each experiment.

The results of the calculated tray efficlencies and the cor-
responding difference between the values of each repeated
exper iment show an Interesting trend. Half of the six (6) condi-
tions examined show good reproduclbllity since the difference
between the tray efficienclies Is below 8%. These are condltions of
both low and high liquid rates. At intermediate liquid rates the
disparity between the tray efficlencles Is large at between 14%
and 26%. The tray efficlencies are thus not reproducible. The most
serious case of nonreproduclibllty corresponds to the least values
of wet-bulb temperatures of the air entering the tray. This sug-
gests that the tray efficlency Is more sensitive to the wet-bulb

temperature than It Is to temperature profiles on the tray.

An errors analyslis carrled out In the next subsection should

clarify this a little further.
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9.4 Anal

The errors analysis made In thls sectlon was Intended to |-
lustrate the sensitivity of the efficiencies to the parameters
measured in this work. The lliquld flow pattern was simpliflied to
the ideal plug flow model so as to show the relationship between
the point efficiencles and the point measurements of temperatures
on the tray. The model used for tray efficiency was derived from
the usual heat balance on the tray. Typical values of Individual
parameters were substituted Into the model equations along with
some arblitrary margins of error. The comblned effects of the er-

rors on efficiencies was estimated from the model equations.

9.4.1 Derivation of the ldeal Plug Flow Mode! for Polint Efficiency

A heat balance was made over an element of froth on the tray. The
assumptlons made are that, there Is::

I. no liquid mixing In any direction

i1. negliglble transfer of heat between the froth and the tray
floor and

i11. there Is uniform flow of liquid across the width of the tray

at any distance from the tray Inlet
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A schema of the element of froth is shown In figure 9.10 below.

Incremental g,H, Ilquid temperature

element of froth

length, dz \\\\‘\u_ incremental length

- 5 D g N
//’?jh:j/ 0 U 2% 0 ﬁt? SRR o

changes, dt over an

g, Hy

Figure 9.10: Froth Incremental Diagram

Symbols used are:
| Is llquid crossflow in moles/unit width of flow path =L/W
g Is vapour flow through the froth In moles/unit area of tray
= G/(WZ)
t Is liquid temperature at distance z from the liquid Inlet

H1, H2 are the enthalples of air entering and leaving the

froth a distance z from the inlet.
A heat balance on the element would glve:

l.dt = g.(H, - H,).dz 9.2

The saturation alr enthalpy In equlilibrium with the llquid of tem-
perature t, (with no temperature gradient In the froth vertical

direction) Iis:

'

H* =mt + ¢ 9.3
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Consider the wet-bulb temperature twbas the temperature of the

liquld saturated with (or In equilibrium with) the entering

vapour, such that;

r

H1 = m twb + C 9.4

The definition of point efficiency Is gliven as, see subsection

5.4,
H, - H
2 1
E e e 9 . 5
0G H* - H
1
or
(H, - H.,)
EOG = -Tg--__l___ 9.6
m(t -1t )

Rearranging :

b) 9.7

the heat balance equation 9.2 above then becomes:

l.dt = g.Ej..m .(t -t ).dz 9.8
Separating the variables,
d: - (mlg).EOG.dz 9.9
t -t
Put
- Z 9.10
£~ 5
dZ = 2 dz 9.11
e 2
-t - 9.12
Tt -t
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dT = dt 9.13

and conslidering the deflnitlion:

Equation 9.9 can be solved to yelld:

dT
~[_T B E-‘Dtijzjz 9.15

T. =t -1 1
0 0 wb
In TIT ot ¢t = Eoel 9.16

in in wb 0

Therefore, the final equation becomes:

T
o
TT; = exp( EOG) 9.17
TO
where 0.0 < 7= < 1.0

In

9.4.2 Model for tray efficlency

The Murphree tray efficiency water cooling is defined as:

H, — H
1 2
E = —cm———c——— 9.18
et Hy = Hout
where,
* '
= 9.19
H out m Tout 8

An overall heat balance gives

H. - = - e
G-(H2 H1) L.c.(tout tln) 9.20

(Note, for water, ¢ = 1.0kcal/kg).

- :
- i : — X 9.21
Hout H1 " (tout wb)
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Substltuting Into equation 9.18 above, and rearranging, ylelds:

Tin
'[T- - 1] 9.22
o

M=

mv

Errors analysis are based on the models represented by equation
9.17 and equation 9.22. These are rules that govern the errors of

a product, a quotient, a coefficlent and an exponent [121,124].

9.4.3 Derivation of the Equations for Errors Calculations
Assign: ©s = sf(s) 9.23

where, ©s Is error (or deviation) Iin s and f(s) Is the fractlional
error in s. For convenience, this shall be expressed In percent-

age. The following common laws of errors are invoked, reference

[121]:

X=a+b 9.24

f(X)= ————m———— 9.25
Now, the equation for polint efficlency:

E_ = —tin(s) 9.26

0G A

where s takes the value;

o
- = 9.27
b

E, = =5 (=== ) 9.28
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So: f( EHV - -T-:_E- 9.29
and f(EOG) = f(In(s)) 9.30
Put, g = In(s) 9.31
and, p=1-s5s 9.32

By the logarithmic series expansion,

In(s) =1 -p + 1/2(0)2— 1/3(p)3+ 1/4(p)4- Vi & 9.33

It is reasonable to truncate after the fourth polynomial, on ex-

panding, this gives:

g = In(s) = 4 -10s + 2032-433+ s4 9.34

Bg
f(EOG) = f(g) = —a

_ -106s + 40sbs —12s%6s + 3s°8s

4 -10s + 2052- 4sa+ 54

9.35

Next, assume that the absolute error in all thermocouples Is the
same, that Is

Stln = 6tO e Stwb = rec 9.36

The calculations yleld the results tabulated Iin Table 9.5 below.

The accuracies of the thermocouples used In this work Is set at
0.3°. This Iis deduced from the calibrations carried out In
Appendix B. The results above also show the expected margins of

deviations In efflciency for other arbltrary errors In temperature

measurements.
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The fact that errors in point efficliencles are far less than those
for tray efficiencles Is probably due to the separate models used
to evaluate each one. Essentially, two measurements only, the tray
inlet and outlet average water tempertures are responsible for the
disparity. By operating the logarithmic function on the measure-
ment varlables used for the point efficlency calculations, the
corresponding errors are also reduced. By contrast, the procedure
for tray efficlency is based on direct estimates from the Iinlet
and outlet temperature measurements. In consequence, the mag-
nitudes of the resulting errors are higher than its true value.
The true value can be obtained by Integrating the errors at

several polints along the flow axls.

The results show that there is a strong dependence of the correct
estimates of both the point and tray efficiencles on the accuracy
of temperature measurement. This In turn Is dependent on the over-
all temperature drop across the tray. That Is, the expected
accuracies are much higher in certaln flow regimes than others.
From Sectlon 4, and subsequent experiments of temperature proflles
in Section 6 and Section 7, it was clear that the overall tempera-
ture drop in the Mixed regime is much lower than it Is in the
Spray regime. Higher temperature drops can also be expected In
large trays due to thelr long llquid flow paths. Therefore, both
large trays and operations Iin the Spray regime will yleld rela-
tively more rellable estimates of water cooling efficlencies than

small trays and operations in the Mixed regime.
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With regards to the thermocouples employed in this work, the cal-
culations show that, at r = 0.3°C, they cannot be expected to glve
reliable tray efflclencles particularly In the Mixed regime.
However, both point efficiencies and tray efficlencies within the
Spray regime : should be accurate to within 10%. At r = 0.1

°C, or less, water coollng efficlencies can be estimated to high

levels of accuracies.

9.5 Conclusion

The work carrled out In this Section Is consistent with the normal
procedure for evaluating tray performance and hence leads to the
following conclusions:

i. the tempeartures obtained from the water coollng experiments on
a sieve tray are repeatable. These are best demonstrated using the
reduced temperature concept,

I1. to determine both tray efflciency and point efficlency to ac-
ceptable levels of accuracy, temperature measurements must be
within 0.1°C (or a tenth of a degree). Temperature measurements
wlith tne equipment used In this work, give r = 0.3°C and thus are
expected to result In high losses of accuracy In efficiencles,
lii. In the Spray regime, where the temperature drop across the
tray Is higher than that In the Mixed regime, the relative ac-
curacies fo water cooling efficlencies are better than those for
the Mixed regime. It Is expected that for large trays, the ac-
curacy would be good because of expected large drop of temperature

across the tray. This Is due to their long liquid flow paths,
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iv. experiments for which the filow variables were repeated give

different efficlency results. Efficlency reproducibllity Is there-
fore unsatisfactory, but this Is clearly due to the errors in the
measurements of temperature.

v. the liquid hold-up measurements give similar results to the
correlations In |iterature. Assuming therefore, that these are
accurate, no direct relatlonship was detected between the gas

phase point efficiencies and the liquid hold-up on the tray.
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10. MPA N OF T TEM R FILES WITH TH

EDI M N R R_AND L

In Section 2 it was stated that the current theoretical models for
large trays all predict similar liquid flow patterns on trays. In
this section the channelling model was nominated and its equations
transformed to predict temperature profiles. Due to Its simplicity
the parameters used were few and as easy to determine in the tem-
perature mode as they would be Iin the usual concentration mode.
These required an estimate of the point efficiency for water cool-
Ing, which is not necessarily the same as that In the mass
transfer process. The point efficiencies determined In the water
cooling experiments were ploughed back into the Porter and Lockett
channelllng model for a single tray to calculate the flow pattern

and tray efficiency.

10.1 Theory and Asumptlons

It is expected that processes that determine both temperature and
concentration profiles on a tray depend on the liquid flow pattern
and develop In the same way. The analogy between the processes of
heat and mass transfer enables one to conclude that temperature
proflles derlved from a water cooling experiment will be similar
to the concentration profiles of a mass transfer experiment. The
driving forces are |. concentration gradient for mass transfer and
1i. enthalpy change for water cooling. Thus In mass transfer equa-
tions, x the mole fraction of a component In the llquid phase and

y, the mole fraction of the same component In vapour phase can be
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replaced by T, the water temperature of a point on the tray and H

the enthalpy of an alir stream passing through that point,

respectively.

The assumptions are similar to those made for the channelling
model, applied to a single cross-flow tray, that is:

a. the alr and water entering the plate are each well mixed,

and

b. the equllibrium line or the air saturation temperature Is
straight over the temperature range in the experiment. The equa-
tlon of the saturation line Is given as

H* = m'T + b

The Justification for this Is demonstrated In the plot of satura-
tion temperature agalnst the saturation enthalpy shown In figure
A:B3.
And finally,

c. the point efficlency for water cooling Is assumed to be

constant over the plate. This Is deflned as:

*
= - - 10.2
EOG (H2 H1)/(H H1)
or from equation 10.1 above,
= - ' - 10.3
EOG (H2 H1)/m (T Ts)
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where Ts Is the saturation temperatureof the Inlet alr,

d. heat transferred through the tray Is neglligible compared
to that transferred through the passing vapour.

e. the water flow rate per unit width of weir Is constant.

This is gliven by the equation:

L =L /W 10.4

The Implications of this assumptlion was Investigated in subsection

6.2,

The derivations of the model in Its mass transfer form was
described In subsection 2.4.2.1. The water coollng analogue Is
derived from mass and heat balance equations over an element of

froth shown In figure 10.1. The model equations for each flow

stream are also Indlicated In the figure.
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h n n

a. by symmetry, at the flow axlis;

wW=20 0 <z <1z g5=0 10.5

b. at the liquid Inlet, the widely used Danckwerts [24,25]

mass balance equations ;

1 dT
at z = 0 0<W<W1 T+-1+$5.(EE

) 10.6
c. at the Illqulid outlet, It |Is assumed that there is no air

circulating Inside the downcomer

oT
at z = 21 0 < w < w1 =" 0 10.7
d. at the Impermeable column wall, It Is assumed that the

wall material has poor heat conduction such that:

oT
= .8
&n 0 L

The assumption of negligible heat conduction across a column wall
of poor (or good) heat conduction iIs Investigated by making the
appropriate heat balance over an element of froth and column wall,
later in subsection 10.4. A simple equation which only requlres

knowledge of the conductivity of the material Is derived.
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10.2 Mathematical Development of the Model

The predictive equations are based on a heat balance over the dif-
ferentlal element on the tray, figure 10.1 below. The equations of
the model are given for each reglion separately as:

a. for the active region;

2 2 L '
0l & Tyl s s wf s o
dw dz OLPF 3z OLPF

b. for the stagnant regions;

2 2
0, ST 9Ty i, M-S -0

2 2 1 2 10.10
dw dz heP Pk

It Is noted that L1 used in equatlion 10.9 above accounts for the

speciflic heat of water which is 1.0 Btu/Ib®F. The equations 10.9
and 10.10 above, are solved numerically by finite difference
methods Iin the way described In reference [67] . The predicted
temperature profiles resulting from the solution of the equations

are shown in figure 10.1 to figure 10.3.
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By integrating the predicted water temperatures at a predetermined
number of points on a grid on the tray, and by integrating the
exit water temperature over the width of the outlet weir to obtain

the average temperature of the water leaving the tray, a final

equation for the EMV / EOG is derived as:
E w/2
Y . %:J\T.dA / [%j T aw'] 10.11
0G A -w/2

When this equation is applled to the active region of the tray
only, it reduces to the equation of the Simple Backmixing Model

which is expressed as :

Ewv _ 1 - exp[-(n_+ Pe)] , exp(n) - 1 i6.45

Eog (N + Pe)[T + (n + Pe)/n] ~ nl1 + n/(n + Pe)] '
where,

1 + 4?\'E
Pe 0G

B g=l  (mee—peeess) = 1] 10.12a

and,
- - 10.12b
A =mGA./ LA =%A ./ A
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Solutions to equation 10.12 were sought In the manner described In
reference [67]. A computer program written by the author to
predict concentration profiles [67] was adopted and transformed
into one to produce temperature proflles. The most significant
change to the program involved the replacement of the parameter x

by T. The results obtained are shown in figure 10.2b to figure

10.4b below.

10.3 Dliscussion of the Results

In comparing the temperature profiles obtained by experiment with
those predicted using the Porter and Lockett Channelling Model the
essentlial parameters used are the same. These include, A derlived

from the flow rates chosen.}EOG from the calculation procedure

using the air enthalpy and point measurements of water tempera-
tures on the tray and the design ratio W/D = 0.77 for this tray.
In Table 10.1 the conditlons used together with the tray ef-

ficiencles found by experiment E and by the predictive method

MV,e’

EMV ¢ are given. The temperature profiles are shown in flgure

10.2 (a&b), figure 10.3 (a&b), and figure 10.4 (a&b).

Going by the definition of types of profiles In this work all
three pairs with the exception of the exper imental profiles of
flgure 10.3a are considered as flat. The temperature profiles
determined by experiment are very similar to those predicted by
the model. In both sets of proflles small dead or cold zones
emanate from the sides of the tray at the outlet weir. U-shaped

profiles are ldentified In the last half of the tray In figure
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10.3a. That at A= 0.596 and a flow ratio group of W= 0.08, this
Is close to the transition |line to the Spray regime has been
proven Iin this work to have some significance to the shape but the
predictive profiles do not show that distinction. The channellling
model| Is sald to be valld for systems In the Bubbly/Emulsifled
regime and to have limited application to systems In Spray. The
experimental temperature proflles in the Spray regime in flgure
10.4a are similarly flat to those for the model In figure 10.4b.
The medlum size of tray as well as the relatively high W/D are
both expected to enhance straight profiles. Although In the water
cooling technique, the value of A Is much higher In the Spray
regime than It Is In the Mixed regime, It will appear from the
temperature proflles that the low values of the Pe number have
stronger Influence on the shapes of the profiles which are flat in
this regime. This |Is because high values of the operating

parameter%EOG are expected to cause U-shapes rather than flat

profiles while low values of Pe which means intense mixing have an

opposlite effect.

However, taking the comparisons a little further on account of the
general findings from this work It Is recalled that whereas the
mode! does not predict severe U-shapes or indeed U-shapes for this

design except for values of AEOG larger than those used here,

these U-shapes were also found In the exper Iments.
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Table 10.1 Tray Efflclencles:Channelling Model & Experiment

Figure Regime o an E”” EHV !

10.1 Mixed 0.374 92.5 102.2 106. 36
10.2 Spray 0.596 65.6 74.8 76.97

1 7 4 4

A noteworthy outcome of the comparisons made between the predicted
channelling effects and the experimental profliles Is the tray
effliciencies found. The values of the tray efficlencles obtained
by experiment is about the same as those derived from the model,
Table 10.1. From the point of view of the technique used here the
method is completely vindlicated. Together with the close compara-
tive values found by using the AIChE and the plug flow models
discussed earlier In Sectlon 8, the findings here lead to the con-
clusion that the flow pattern on a medium size (1.22m) tray may be
approximated by the plug flow model. But perhaps for this slize of

tray, It Is more Important to determine the point efficlency

accurately.
10.4 Investigating the Amount of Conductive Heat Transferred
£ th jlumn Wall

The assumption that negligible heat transfer occurs through the
column wall Is not a general one. It depends strongly on the
materlal(s) of construction of the column. The object of this sec-
tion Is to show that for a perspex column this assumption Is

vallid.
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To do this, a hypothetical elemental strip of the froth through
which the heat transferred by vapour passage is equivalent to the
total quantity of heat transferred through the column wall Is
considered. The fraction of the tray occupled by the "strip" Is
directly proportional to the fraction of heat loss from strip com-

pared to tray.

A heat balance over an element of the froth Including the section

of the column wall adjacent to the froth shown In figure 10.4 Is

made.

First the assumptions are that:
I. uniform temperature throughout the froth within the strip,
1. negligible heat transfer to the column wall by conduction
through the edge of the tray,
i11. uniform enthalpy of the alr entering the tray and,
Iv. heat conductlon through the column wall Is In the direc-

tlon of the plane of the tray only.

213



TTRM
SpTSUT—

IiTe

TTeM

suotjenba soueTeq jeay UuT pasn

TTeM uUWNTOD PuR Y3OX3 JO JuUBWSTS TRTIUSISIITA G 0T:9TJ

ut

10073 Aeal

A

aprsano—

{umvcson
Y3013

B Arexytqre

no



The model equation for air Is

= AS.G .AH 10.13

where G Is the gas flow rate per unlt area of tray kg / mzs. An

overall balance through the element yellds:

L1 .C. © =G .AH 10.14

where L1 Is the liquid flow rate per unit area of tray kg/mzs. For

a unit length the area of the strip is given as:

- *
As 1.0 * x

where x is the thickness of the strip (assumed rectangular).

The model of heat transfer through the column wall is glven as
o -©
Qar 15 K '!'¥R‘El£ 10.15
a wall
where thwall Is the wall thickness (m).

Rearranging;

o -
Y. - atr __.K 10.16
thyait 6 AH
i . % -'ealr K
P A
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The maximum value of x is evaluated by consldering the highest

possible difference In eh - 0O and the lowest value of L_.c.AT

alr 1

possible from this work, simultaneously.

a. Alr temperature outside the column is minimum at &

air™ %€

; =
rm-rm

21.0°%. Take a highest wall temperature ﬁh = 37.0° equivalent to

the water temperature at the immediate vicinity of the wall. A

highest possible difference &, - eh = 16.0°C |Is found.

Ir

b.Q = L1 .c. A ; ehln = 2° was found In the experiments In the

Mixed regime.

L, .¢ = (0.16 - 1.5)x10_2 X 4.2

Q =L, XcCXo  =1.344x10 2Kk
min 1,m min
¢. Constants: i. wall thickness thwall' 0.003m (1/8 )
ii. K = 1.0 - 15.0x10_8kJ/s m K, reference [123].
pers

substituting these values Into the equation for x yellds

_l16.0  15.0 x 10~°

0.003 1.344 x 1072

- 5.6x10"2m

or X = 5.6 cm
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So under the worst (and least probable) conditions the heat trans-
fered through a column wall of perspex is under 10% of the total
heat loss through vapour passage, which Is substantial. However,

If one <considers the true value of KDBT‘S to be 10 to 15 x less

than the value assumed for the calculation above [123], the tem-
perature difference across the wall to be half of that given and a
temperature change across the tray to be up to 5x that used, then
the real width of the strip would be of the order of magnitude of
0.056cm, which is negligible compared to the tray radius. That Is,

the wall effects have an Insignificant effect on the overal!l flow

pattern on the tray.

10.5 Estimation of the Model Parameters

The parameters W and D are fixed by the tray design.

The values of point efficliencies were those found In thls work.
The slope of the equilibrium line, m Is derived from the saturated
alr enthalpy - water temperature plot given In figure A.%3. The
values used for the plot were obtained from standard psychrometric

charts.

The height of the froth was estimated visually, Its lower Ilimit

belng the height of the clear liquid on the tray.
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The estimate of the froth density posed the greatest problems.
Thls Is generally defined as the ratio of the volume of clear lig-
uid on the tray to the volume of the froth and is thus

dimenslonless. It Is always in the range 0.0 < pf < 1.0. Low

values of this parameter are expected in the Spray regime while
higher values are associated with the Bubbly regime. For all prac-
tical purposes it suffices to use the ratlio of the clear Iliquid

height on the tray to the total height of froth, that iIs about

0.3.

Eddy diffusivity De, liquid phase Is estimated by the correlatlion

recommended in the AIChE Bubble Tray Design Manual [1].

Eddy diffuslivity vapour phase was more difficult to determine
confldently. There Is a limlted amount of Information avallable In
literature on thls parameter. This may be because vapour mixling
between trays Is considered to play an Insignificant role In the
performance of trayed columns. However, the viue of 0.093 (0.1
sq.ft/s) square meters per second Is recommended In reference [71]

and was adopted In this work.
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10.6 Conclusions

The model equatlions for concentratlion profiles In mass transfer
can be transformed to predict temperature profliles on a slieve

tray.

Temperature proflles predicted from the equations all show "semi-
plug flow" with no distinct stagnant regions on the tray. This
conforms with the predictions for concentration proflles for a
medium size 1.22m diameter tray. The experimental temperature
proflles are similar In shape to those predlicted by the model.
However, the theory does not predict severe U-shapes of the type

found In Intense Spray, see Sectlion 6.

The assumption of an impermeable wall In mass transfer theorles is
only valld In water cooling when poor conductivity materlals such
as perspex are used to construct the wall. This does not con-
stitute a major drawback to the technique since for metal walls In

Industrial use, the walls can be extensively lagged.

The exper imental tray efflclencles found agree with those from the
channelling model thus vindicating the use of the water cooling
technique for simple tray simulation experiments. Of far greater
Importance Is the conclusion that up to this size of tray emphasls
must be on the accurate determination of point efficlency rather

t h a n f | o w p a t t e r n
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11. DISCUSSION

The use of water cooling to investigate the performance of trays
Is a new technique for simulating distillation processes. It
enables certain questions hitherto unanswerable by the traditlonal
methods of study Involving mass transfer variables only, to be
determined In a consistent manner. These traditional methods have
proved unsatisfactory due malnly to the practical Ilimitations to
the determination of the variables. These |Iimitations do not arlise
when the water cooling technlique I|Is used. It |Is found that there
Is no Interference to the flow of material or to heat (and mass
transfer) processes on the tray, when the water cooling devices
are installed. The Iimplications of the results to tray design
theory are discussed In this sectlon. The Identifled |Imlitations
of the technique follow from the iIncoherence In the patterns of

the results. These are further discussed in this section.

11.1 The Liquid Flow Patterns Related to Tray Performance

The serious gaps that exist in tray studies were conslidered by
Porter and Jenkins [90] to be partly due to lack of an adequate
classificatlion of variables agalnst which the performance es-
timates can be made. The classification adopted by the authors was
also used by Zuiderweg [137]. Thus the flow ratio number was suc-
cessfully used to correlate the vast FRI data. The result which
separates the Spray regime, the Mixed reglime and the Bubbly or
Emulsifled regimes has been applled to the water coolling technique

in this work. The temperature profliles have shown different flow
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patterns for each flow regime. Thus the flow patterns In Spray are
flat or stralght whereas those In the Mixed regime are U-shaped.
This distinction shown by the temperature profiles Is given In

Sectlion 4 and Sectlion 6.

The Implications of the distinctlion to tray design Is far
reaching. First, It Is now established In |iterature that the
structure of froth on the tray which hitherto formed the baslis for
distinguishing flow regimes has strong influence on the magnitude
of the point efficiencies and would therefore require specific
methods of estimation for each flow regime. This then demands that
the flow regimes be confidently Identified and distingulished and
then, to fit to It the appropriate model for point efficiency. The
point efficlency together with the flow pattern are used In the
calculatlion equations for tray efficiency. The experimental
results from this work go some way to confirm the notion, at-
tributed to Porter, Lockett and Safekourdi, that separate flow
patterns exlst for each flow regime, and that as a result, no
single general ised model can be used for all flow conditlons or

systems.

It was pointed out by Lockett [69] and also by Porter and Jenkins
[90] that the correlations given in literature for the transition
from the Spray regime are nearly all completely different.
Evidence of this Is presented In figure 2.13, Sectlion 2. To the
exclusion of other correlations, the results from this work show-
ing that the flow patterns for the Spray regime are different from

the ones In the Mixed regimes, Justify the use of the Porter and
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Jenkins correlations. Admittedly, the other correlations do not
identify a Mixed regime to be between the Spray and Bubbly
regimes. There Is no evidence In published |iterature, known to
this author, which shows distinctive flow patterns for separate
flow regimes. Further, there is as yet no evidence of work Involv-
ing the flow regimes by the correlations of Porter and Jenkins.
What makes this unique correlation of particular Interest to this
author Is that, the transition from Spray to Mixed was derived
from the entralnment data of FRI and Is based on the flow ratio

group classificatlion.

It was discovered and described In Section 4 and 6 that under
Intense Spray conditions flow patterns remniscent of severe chan-
nelling are found. Since thls occurs particularly In condltlons of
low liquid rates and high vapour rates, high rates of entralnment
are expected. Thus, this phenomenon precedes column flooding by
entrainment and can therefore be used to a) simulate the point of
Inciplent flooding In a distlilation system and b) determine the
mechanism of flooding by entrainment; that Is, It may be detected
that llquid disappears from certain areas of the tray earller than

others.

It was pointed out in Section 9 that A changes over a wide range
in water cooling when flow rates are altered while In mass trans-
fer changes In system properties compensate for changes In flow
rates within a particular system such that the range of A Is
limited. However, It Is predicted in both the channelling and the

retrograde models described In Section 2 that U-shaped profliles
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will increase with the operating parameter AEOG, that Is, effec-
tively with JA. Since this Is Irrespective of the flow regime of
the system, the discovery of the severe U-shapes in Intense Spray

conform to thls prediction because under these conditions " Is

high.

There is no question that It Is only a matter of time before flow
stralghtening devices will elther be built Iinto trays and columns
or trays desligned for flow stralghtening. An easy check for a
device chosen can be made by applying the water cooling technique
to It. Although the devices tested In thls work and described In
Section 7 showed only minor and Inconclusive evidence for their
effectiveness, nevertheless flow patterns from the trays were ob-
tailnable and the reasons for the unclear results are attributed to

the slze of the tray.

11.2 The Effect of Flow Patterns on Tray Design and Installation.

An Immedlate benefit of the technique could be the results In
Section 4, where the experiments showed that when an operating
tray Is even slightly tilted, or the gap under the inlet downcomer
is nonuniform, the corresponding temperature profiles were con-
siderably skewed, see figure 4.10. As far as possible trays would
be Installed level but this Is not always realised. Thus tray
tolerance limits for Installing large commerclial trays can be

fixed by applying this simple technique.
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An Implliclt advantage stems from the fact that trays are designed
for capacity and maximum throughput. At present there Is apparent
uncertalnty in the relationship between hole slze on sleve trays
and capaclty. The main advantage for designing for large holes Is
mechanlical. It Is qulte clear that large holes are easlier and even
cheaper to fabricate and less prone to fouling which means, less
maintenance requirement. However, since It is possible to change
the systems flow regime simply by changing the hole size on the
tray, a detalled serles of water cooling experiments can lead to

some useful correlation between hole size and fiow regimes.

11.3 The Efficiencles

The tray performance Index Is its efficiency rating. Two related
methods are tradlitlionally employed to determine tray efficlency. A
theoretical method, which combines point efficlency with an ex-
pected flow pattern, can be considered to be of |Iimited
rellabllIty since nelther the point efficlency nor the flow pat-
tern Is satisfactorily determined at present. A practical solution
Involves taking samples of separating materials at the downcomers
plus a knowledge of the vapour compositions below and above the
tray in question [33]. Often, these are approximated by assuming
tray to tray composition gradients from the concentrations deter-
mined at the top and at the bottom of the column only. Taking
samples of separating materlals from an operating column presents
numerous problems. Clearly both of these methods present serlous

difflculties and are, at best, mere approximations.
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It was shown In this work, that both point and tray effliclency can
be determined with little difficulty using the water cooling
technique. The results of efficiencles were presented and
described In Section 8. The range of values found In thils work
compares favourably with the ones of mass transfer and those
determined by Sakata and Yanagl [102] using the Fenske-Underwood
calculation method [33]. When compared specifically, with the plug
flow model and the Simple Backmixing model attributed to the AIChE
[1]1, It was found that the tray efficlencies were very nearly
reproduced Iin both cases. This means that It suffices to use the
simple plug flow mode!l for this tray. A similar conclusion was
arrived at by Zuiderweg [137] although the author used mass trans-
fer varlables In correlating the FRI data. Furthermore, when the
point efficiencies and Aobtained In thls work were used In the
channelling model, the tray efficiencies predicted were agaln
near ly reproducing the experimental efficlencies. What this means
s that the influence of the point efflclency Is dominant over
flow patterns In the calculatlion of tray efficiency using this

tray. And this Is Independent of the flow regime.

Although the values were satisfactory, the trend of point ef-
ficlency and Indeed tray efficlency plotted against the flow ratio
number was disappointing. It was found that the tray efficlencies
fall to be reproduced under repeated conditions. Discrepancies as
high as 25% were found. This was particularly true for low values
of the wet-bulb temperature. Temperatures on the tray meanwhl le
were reproducible which means that the flow patterns are rellable.

An errors estimate made to Investigate the anomaly In effliciencles
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revealed that this is due to errors In measurements of
temperature. Efficliencies are very senslitive to temperature
measurements. However, accurate estimates for efficlencies can be

made when temperatures are measured to + 0.1 C.

When simulating distillation systems using the water cooling tech-
nique It Is Identified here that the flow variable "A can have
significant effects on the values of the effliclencles. The water
cooling method Is gas filmed control and thus similar systems In
mass transfer would be expected to have polnt efficiencles which
are not strongly dependent on )\ . This Is discussed in some detall
in Sectlon 8. And, unllke In mass transfer,? can vary by as much
as 10x for a glven system In water cooling. Consideration must be

glven to this fact when simulating mass transfer systems.

11.4 Calculation Method and the Splines

It Is normal to attribute any Inconsistencies found In such
measurements as the efficiencles to the method of calculation. The
Spline approximation technique described In Section §, an estab-
| Ished method, was applied to this technique to calculate both the
temperature profiles and the point measurements for the saturation
enthalples used for point efficiencies. Dye studlies carried out on
a set of trays (the large holes on this test tray meant It was not
sultable to carry out similar tests on it) and reported elsewhere
[3], conclusively showed that areas on the tray where the dye
movement was slow, corresponded to those areas for which the tem-

perature profiles had the least values. The results of tray
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efficlencies using the various theoretical models have shown
remarkable simliarity with the experimental values arrived at by
the calculation method. These results demonstrate that the cal-
culatlon method used In this work Is adequate. Furthermore, the
theoretical tray efflciencies compare favourably with the ex-
perimental ones. This result means that the experimental point
efficlenclies used In the calculation for the theoretlical tray ef-

ficlenclies, were determined by correct calculation methods.

11.5 to Tr Design

The unfinished and thus Inconclusive exper iments to determine the
flow over the welr described In Sectlon 4 and Section 6 may
provide some interesting information on the liquid flow pattern
across the tray. It Is perhaps Jjust as Iimportant to understand the
way liquld crosses the welr as It Is to ensure that liqulid enter-
Ing the tray Is evenly distributed. The welr reaction theory which
proposes that Iliquid nonuniformities emanate from the welr, Sohlo
et al. has some connotations on the cholce of flow straighteners
used on trays. Among the devices proposed are the ones Involving
the unlform gap under the welr, tested and described in Sectlion 7,
and significantly the NON-uniform gap under the welr proposed by
Union Carblde [130,131]. If the flow across the welr Is found to
be nonuniform and If It can be established that the welr reactlon
theory Is vallid then a NON-uniform gap under the welr seems
attractive. However, as pointed out In Section 6 the measurements
made here require further refinements to the apparatus before firm

concluslons can be made on the results.
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Although the results of the liquid hold-up in Section 9 were found
to agree quite well with the semi-empirical correlatlions iIn
llterature, a detaliled look at the point hold-up measurements on
the tray, displayed In figure 9.1 shows that liquid accumulatlion
appears on the tray sldes appraoching the weir. Detal led measure-
ments of this kind can be applied to investigate the "hold-up
concentration gradient" proposed In the Spray Diffusion model of
Porter, Lockett and Safekourdl [91]. Further use of thls can be
galned In correlating point efficiency with hold-up measurements
and thus the now classic assumption that "point efficlency Is the

same everywhere on the tray" can be investigated.

The conclusions that can be drawn from this work are described In

the next section.

227



12. CONCLUSION

The following conclusions can be drawn from this work, that:

1. the water cooling technique would give a good representation of

the liquid flow patterns on a distillation tray.

2. the temperature profiles are sensitive to the tray levelness,
and to the liquid distribution from the downcomer. Thus this tech-

nlique can be employed as a means of setting commerclal tray

Iinstallatlion standards.

3. the temperature profiles are stralght or flat for conditions In
the Spray regime and U-shaped in the Mixed regime. Properly ap-

plied they can be used to ldentify flow regimes.

4. A new flow regime was ldentified In condltions of Intense
Spray. It Is distingulshed by the severe U-shapes of Its tempera-

ture profiles. It occurs under low liquid loading.

5. when the stepflow downcomer and the uniform gap under the welr
were Incorporated onto the tray, positive changes In the flow pat-
terns from those on the standard (conventional) tray were not
evident. However, this may be due to the size of the test tray

which Is not sufficlently large for the effects to show on It.
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6. temperature profiles predicted by the Porter and Lockett chan-
nelling model for a single tray, were similar to those found In

the experiments except for the Intense Spray.

7. predicted tray efficiencies are similar in magnitude to the
experimental tray efficlencies. Although this Is an expected
result, nevertheless It Justifies the use of the technique as well

as the calculation method by Spline approximation.

8. unlike In mass transfer for a gas flIm control process, It was

found that point efficiency changed with the flow variable A in

water coolling.

9. whereas repeated experiments would glve similar temperature
profliles, the tray efflclencies are not reproducible. This |Is be-
cause the acuracy requlrement for measurements of temperature ffor
tray efflcliency was Inadequate In the experiments. The level of
accuracy required for temperature measurements is at least a tenth
of a degree centligrade (0.1 C) In order to Implement this tech-

nique to determine effliciencies.
10. Condltlons favouring high temperature drops across the tray,

glve rellable water coollng effliclencles. Such condltlons are

found In the Spray regime and are expected In large trays.
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SYMBOLS USED

Symbols defined and used locally are not Included here.

a Interfaclal area of froth
A bubbling area of tray (m2)
b welr length (m)

c speciflc heat (kcal/(kg®°C))

CF capaclity factor, CF-usbﬁ¢TpV/pL-pv), (m/s)

dh tray hole dlameter (m)
D tray dlameter (m)
2
De eddy diffusivity (m™/s)
F F-factor= usGJkpv/pL) (m/s)
EMV Murphree tray efficlency, vapour phase
EOG Point efficlency, vapour phase
Eo overall column efficlency
G -mass transfer; vapour rate (kg mole/s)

—-heat transfer; vapour rate (kg/s)

h liquid hold-up (cm)

h helght of froth (m)
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Le

0G

Pe

th

enthalpy of vapour (kcal/kg)

saturation enthalpy of vapour (kcal/kg)

overall mass transfer coefficlient In gas phase (m/s)
mass transfer coefficlent In liquid phase (m/s)
mass transfer coeffliclent In gas phase (m/s)

- In mass transfer; liquid rate (kg mole /s)
- in heat transfer; liquid rate (kg/s)

Sc
Lewlis number = PT

- In mass transfer; slope of the equlllibrium concentration

| ine
- in heat transfer; slope of the saturation enthalpy Iline
number of actual trays In column

number of theoretical trays in column
number of gas phase transfer units

number of liquid phase transfer units
overal!l number of transfer units, gas phase

Peclet number

finlte length element In radial direction
temperature (°C)

temperature function (°C)

wall thickness (m)

gas veloclity (m/s)
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2]
X dimensionliess liquid concentration
y vapour concentration mole fraction
*
y concentration of vapour In equilibrium with
Z distance between downcomers (m)
A MG
3 3
PF froth density (m“of liquid / m~ of froth)
vapour denslty (k /ma)
PG or Pv P y g
PL llquld density (for clear llquld) (kg/ma)
P
LP flow ratio group = (q/b)AJk~—!——)
PL™ €y
Subscripts
In inlet
| Iinitlal
f final
I reduced

llquid concentration mole fraction

liquid concentration leaving plate no. |

liquid concentration in equllibrium with vapour

o(out) outlet

G

L

0G

gas
liquld

overall gas
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A Glossary of Terms

AIChE The American Institution of Chemical Englneers
FRI Fractlonatlon Research Incorporated - An American
Research Organisation based In California
RTD Resldence Time Distribution
FLOODING occurs when an excessive amount of liquid Is carried over
from one tray to the next, or when the system is not able
to convey the liquid from one tray to the one beslow It.
WEEPING occurs when the vapour rate Is not large enough to hold
all the Illquid on the tray, so that only part of It flows
over the outlet weir while the rest falls through the
openings Iin the tray.
CROSSFLOW Is the term used to denote the relative directions of
the planes of travel of the liquld and gas (vapour)
phases, wlthin a contacting device.
by PHYSICAL PROPERTIES, the properties referred to are density;
normal boiling polint; surface tenslon; viscoslity and

molecular welight.
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APPENDIX A
TABLE A1

E T TEMP TURE MEASUREMENTS
IN THE MIXED REGIME

RUN M1:- FLOW RATES:Csb = 0.0745m/s qa/b = 1.543x10E-2 m3/sm
ENTERING AIR ENTHALPY H = 11.59%cal/kg

In
temperature C

37.00 37.00 37.00 37.00 37.00 37.00
36.92 36.92 36.86 36.56 36.80 36.98 36.56 36.56
35.33 35.33 35.22 35.78 35.80 35.29 35.39 35.39
35.02 35.02 34.78 35.02 35.07 34.53 34.72 34.72
32.58 32.58 32.58 34.41 34.41 33.00 33.00 34.10
33.33 33.33 34.84 34.84 33.49 33.49 33.49

RUN M2:- FLOW HATES:CSb = 0.0660m/s q/b = 0.628x10E-2 m3/sm

ENTERING AIR ENTHALPY HIn = 11.80kcal/kg

40.05 40.05 40.05 40.05 40.05 40.05
39.64 39.64 39.94 39.84 39.88 39.90 39.09 39.09
32.51 32.51 36.95 38.69 35.82 38.63 32.64 32.64
32.09 32.09 35.48 36.92 35.27 36.12 32.24 32.24
31.54 31.54 31.54 33.99 33.99 34.48 34.48 33.07
32.34 32.34 34.54 34.54 31.67 31.67 31.67

RUN M3:- FLOW RATES:Csb = 0.0660m/s aq/b = 1.227x10E-2 ma/sm

ENTERING AIR ENTHALPY Hln = 12.10kcal/kg

36.20 36.20 36.20 36.20 36.20 36.20
35.17 35.17 34.87 35.60 35.35 35.09 35.35 35.35
32.63 32.63 33.08 33.57 34.62 32.65 32.68 32.68
31.71 31.71 33.46 33.33 33.82 32.78 31.68 31.68
30.33 30.33 30.33 32.59 32.59 32.36 32.36 33.04
32.35 32.35 32.02 32.02 30.64 30.64 30.64

RUN M4:- FLOW RATES:Csb = 0.0745m/s a/b = 0.638x10E-2 m3lsm
ENTERING AIR ENTHALPY HIn = 11.60kcal/kg

39.35 39.35 39.35 39.35 39.35 39.356
38.42 38.42 38.97 38.36 37.26 38.87 38.05 38.05
33.59 33.59 36.22 37.30 37.03 34.89 33.37 33.37
31.29 31.29 33.61 36.05 35.50 34.59 30.80 30.80
31.11 31.11 31.11 33.00 33.00 33.50 33.50 33.00
33.65 33.65 33.21 33.21 30.62 30.62 30.62



TABLE A cont.

RUN M5:-  FLOW RATES:Csb = 0.0820m/s qg/b = 1.400x10E-2 malsm

ENTERING AIR ENTHALPY HIn = 11.46kcal/kg

36.57 36.57 36.57 36.57 36.57 36.57
36.19 36.19 36.19 35.80 35.77 35.58 35.64 35.64
33.51 33.561 34.86 34.37 35.01 35.34 33.60 33.60
32.18 32.18 33.87 34.18 34.00 33.70 32.00 32.00
30.95 30.95 30.95 33.57 33.57 33.65 33.65 33.78
33.67 33.67 33.12 33.12 30.40 30.40 30.40

RUN M6:- FLOW RATES CSb = 0.0745m/s a/b = 0.867x10E-2 m3/sm
ENTERING AIR ENTHALPY HIn = 11.90kcal/kg

36.96 36.96  36.96 36.96 36.96 36.96
36.58 36.58 36.46 36.58 36.40 36.11 36.03 36.03
33.96 33.96 34.81 35.74 34.26 33.81 33.44  33.44
33.18 33.18 33.63 33.91 33.79 33.66 33.02 33.02
31.89 31.89 31.89 32.69 32.69 33.18 33.18 32.84
32.76 32.76 32.15 32.15 31.65 31.65 31.65

RUN M7:- FLOW RATES:Csb = 0.0695m/s q/b = 0.649x10E-2 m3/sm
ENTERING AIR ENTHALPY HIn = 11.18kcal/kg

39.30 39.30 39.30 39.30 39.30 39.30
38.75 38.75 38.32 37.569 37.28 38.24 38.93 38.93
31.48 31.48 36.79 37.74 36.87 36.39 32.20 32.20
31.04 31.04 34.26 37.01 35.23 36.15 31.81 31.81
30.96 30.96 30.96 34.20 34.20 34.81 34.81 34.67
33.63 33.63 35.54 35.54 30.69 30.69 30.69

RUN M8:- FLOW RATES:Csb = 0.0745m/s a/b = 1.064x10E-2 m3/sm
ENTERING AIR ENTHALPY Hln = 10.99%cal/kg

38.00 38.00 38.00 38.00 38.00 38.00
37.28 37.28 36.79 37.28 37.53 36.85 36.85 36.85
33.92 33.92 35.08 35.56 35.00 35.75 34.02 34.02
33.65 33.65 34.96 35.32 34.96 35.14 33.79 33.79
32.18 32.18 32.18 34.16 34.16 34.77 34.77 33.02
33.98 33.98 34.65 34.65 32.75 32.75 32.75
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TABLE A cont.

RUN M9:-  FLOW RATES:C__ = 0.0745m/s a/b = 0.745x10E-2 m>/sm
ENTERING AIR ENTHALPY H = 11.60kcal/kg

38.75 38.75 38.75 38.75 38.75 38.75
38.40 38.40 37.66 38.09 38.33 38.34 38.03 38.03
32.43 32.43 35.77 36.54 34.92 36.57 35.47 35.47
32.11 32.11 34.49 36.08 34.45 34.37 32.29 32.29
30.46 30.46 30.46 33.45 33.45 33.63 33.63 33.53
33.82 33.82 33.67 33.67 31.00 31.00 31.00

RUN M10:

I

FLOW RATES:Csb = 0.0565m/s q/b = 0.638x10E-2 m3/sm
ENTERING AIR ENTHALPY HIn = 11.00kcal/kg

41.30 41.30 41.30 41.30 41.30 41.30
40.75 40.75 40.26  40.02 40.93 38.92 40.02 40.02
35.31 35.31 39.83 39.29 39.69 39.66 35.50 35.50
35.38 35.38 36.82 36.97 37.21 37.19 35.63 35.63
35.87 35.87 35.87 35.99 35.99 37.03 37.03 37.33
37.03 37.03 36.25 36.25 34.77 34.77 34.77

RUN M11: FLOW RATES:Csb = 0.0800m/s q/b = 0.604x10E-2 m3/sm

ENTERING AIR ENTHALPY Hin = 12.07kcal/kg

39.49 39.49 39.49 39.49 39.49 39.49
37.96 37.96 38.15 39.12 38.39 38.94 38.45 38.45
36.80 36.80 37.17 36.68 36.80 36.13 36.00 36.00
32.75 32.75 35.19 35.00 35.37 33.08 31.06 31.06
32.38 32.38 32.38 33.72 33.72 34.09 34.09 32.50
33.84 33.84 32.56 32.56 30.42 30.42 30.42

RUN M12:

FLOW RATES:Csb = 0.0540m/s a/b = 0.403x10E-2 m3/sm
ENTERING AIR ENTHALPY HIn = 10.90kcal/kg

40.66 40.66 40.66 40.66 40.66  40.66
39.92 39.92 39.52 38.88 39.49 40.11 39.36 39.36
35.10 35.10 38.15 38.03 38.21 38.50 35.28 35.28
34.09 34.09 37.14 36.84 36.41 34.42 32.29 32.29
33.72 33.72 33.72 34.94 34.94 35.80 35.80 32.99
35.25 35.25 33.97 33.97 31.83 31.83 31.83
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TABLE A1 cont.

RESULTS OF TEMPERATURE MEASUREMENTS
IN THE SPRAY REGIME

RUN S1:- FLOW RATES ;Csb = 0.0500m/s q/b = 0.177E—2m3/sm
ENTERING AIR ENTHALPY Hln= 11.87kcal/kg
mperature C

45.99 45.99 45.99 45.99 45.99 45.99
41.07 41.07 43.27 44.04  43.51 42.30 40.10 40.10
34.57 34.57 37.60 40.94 40.05 38.76 34.18 34.18
33.81 33.81 35.85 38.07 38.01 36.24 34.20 34.20
32.24 32.24 32.24 35.50 35.50 36.35 36.35 35.27
36.63 36.63 33.19  33.19 32.44 32.44 32.44

RUN S2:-  FLOW RATES ;C_, = 0.0695m/s q/b = 0.242E-2m°/sm
ENTERING AIR ENTHALPY H = 11.00kcal/kg

44.44  44.44 44.44 44.44  44.44  44.44
40.89 40.89 43.09 43.00 42.36 41.69 40.68  40.68
35.00 35.00 35.21 38.94 37.27 35.10 32.10 32.10
32.17 32.17 34.31 36.02 33.15 33.00 32.05 32.05
32.05 32.05 32.05 33.50 33.50 34.31 34.31 32.23
33.07 33.07 32.29 32.29 31.60 31.60 31.60

RUN S3:-  FLOW RATES ;Csb = 0.0960m/s q/b = 0.322E-2m3/8m
ENTERING AIR ENTHALPY Hln- 12.00kcal/kg

34.47 34.47 34.47 34.47 34.47 34.47
36.31 36.31 36.19 36.31 36.43 36.31 36.29 36.29
34.17 34.17 34.36 34.14 33.66 33.75 33.17 33.17
30.30 30.30 32.31 32.43 32.70 32.44 31.40 31.40
28.30 28.30 28.30 30.23 30.23 31.00 31.00 29.87
32.00 32.00 30.96 30.96 29.80 29.80 29.80

RUN S4:-  FLOW RATES ;C_, = 0.0815m/s a/b = 0.242E-2m°/sm

ENTERING AIR ENTHALPY Hln= 11.50kcal/kg

40.48 40.48 40.48 40.48 40.48  40.48
38.10 38.10 38.89 38.91 38.83 38.97 38.75 38.75
27.60 27.60 35.84 35.90 35.84 31.81 25.33 25.33
27 .47 27 .47 30.85 33.35 34.39 30.48 25.40 25.40
26.83 26.83 26.83 28.77 28.77 31.46 31.46 31.40
32.13 32.13 29.38 29.38 25.45 25.45 25.45
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RUN S5:- FLOW RATES ;Csb = 0.0900m/s q/b = 0.250E—2m3/sm

39
37.34 37
34.89 34
32.07 32
30.587 30
32.95 32

RUN S6:-
44
38.90 38
33.32 33
30.40 30
20.48 29
32.60 32
RUN S7:-
40
38.90 38
35.88 35
33.02 33
29.90 29
30.70 30
RUN S8:—
42
40.33 40
29.76 29
29.67 29
29.08 29
31.81 31

ENTERING AIR ENTHALPY Hln- 10.75kcal/kg

.32 39.32 39.32 39.32 39.32 39
.34 38.16 37.99 37.70 37.16 37
.89 34.91 34.88 34.84 34.22 33
.07 33.34 33.08 33.06 33.07 32
.57 30.57 30.84 30.84 32.28 32
.95 32.75 32.75 30.37 30.37 30

FLOW RATES ;Csb
ENTERING AIR ENTHALPY H‘n- 10.62kcal/kg
.35 44.35 44.35 44.35 44.35 44
.90  40.00  42.51 43.43 39.76 38
.32 35.67 39.38 38.95 34.49 33
.40 32.84 36.63 36.63 34.19 30
.48 29.48 31.27 31.27 32.13 32
.60 31.98 31.98 29.09 29.09 29

.32
.06
.99
.68
.28
.37

.35
.40
.42
.52
.13
.09

37.06
33.99
32.68
32.056

= 0.0695m/s q/b = 0.319E—2m3/sm

38.40
33.42
30.52
32.12

FLOW RATES ;Csb = 0.0490m/s q/b = 0.215E-2m /sm

ENTERING AIR ENTHALPY Hln- 12.00kcal/kg

.54 40.54 40.54 40.54 40.54 40
.90 39.32 39.87 40.12 38.59 38
.88 35.60 37.41 37.41 33.26 34
.02 33.12 35.28 33.32 32.53 32
.90 29.90 30.31 30.31 30.65 30
.70 30.20 30.20 29.61 29.61 29

FLOW RATES ;Csb
ENTERING AIR ENTHALPY Hln- 11.20kcal/kg
.20 42.20 42.20 42.20 42.20 42
.33 40.88 39.62 40.27 40.43 39
.76 37.73 39.63 38.27 37.86 31

.67 35.93 36.58 35.13 34.38 30.

.08 29.08 31.07 31.07 31.05 31
.81 30.17 30.17 29.86 29.86 29

as

.54
.50
.06
.06
.65
.61

.20
.80
.32
47
.05
.86

38.50
34.06
32.06
30.02

- 0.0660m/s a/b = 0.213E-2m°/sm

39.80
31.32
30.47
30.26



TABLE A1 cont.

RUN $9:-  FLOW RATES ;C_ = 0.0640m/s a/b = 0.149E-2m°/sm
ENTERING AIR ENTHALPY H, = 11.20kcal/kg

38.30 38.30 38.30 38.30 38.30 38.30
30.30 30.30 36.90 37.55 37.95 36.84 30.37 30.37
25.16 25.16 26.60 31.82 33.81 29.28 24.74 24.74
24.75 24.75 26.20 30.43 31.05 26.75 24.45 24.45
24.06 24.06 24.06 25.97 25.97 28.24 28.24 29.87
28.23 28.23 25.03 25.03 24.07 24.07 24.07

RUN S10:

FLOW RATES ;C__ = 0.0560m/s a/b = 0.426E-2m°/sm
ENTERING AIR ENTHALPY H = 11.60kcal/kg

42.90 42.90 42.90 42.90 42.90 42.90
42.75 42.75 41.92 42.51 42.69 39.08 41.41  41.41
34.93 34.93 40.06 39.54 38.13 40.27 34.92 34.92
35.57 35.57 38.60 38.50 35.60 37.52 34.04 34.04
35.84 35.84 35.84 36.06 36.06 36.27 36.27 36.27
36.30 36.30 37.10 37.10 33.00 33.00 33.00

RUN S11:

FLOW RATES ;Csb = 0.0516m/s q/b = 0.425E—2m3/sm
ENTERING AIR ENTHALPY Hln- 11.60kcal/kg

37.00 37.00 37.00 37.00 37.00 37.00
36.97 36.97 35.23 36.48 35.99 35.44 35.32 35.32
32.90 32.90 34.65 35.43 33.66 34.70 32.79 32.79
32.50 32.50 33.55 33.78 33.14 32.76 31.89 31.89
31.83 31.83 31.83 32.93 32.93 32.95 32.95 32.55
32.88 32.88 32.18 32.18 30.97 30.97 30.97

FLOW RATES ;C_, = 0.0830m/s a/b = 0.282E-2m°/sm

ENTERING AIR ENTHALPY Hln- 10.90kcal/kg
42.52 42 .52 42.52 42 .52 42.52 42 .52
40.56 40.56 40.62 40.76  40.75 40.61 40.48  40.48
30.73 30.73 37.45 38.24 37.45 35.74 29.25 29.245
29.51 29.51 33.28 36.46 35.73 34.02 28.01 28.01
30.00 30.00 30.00 31.82 31.82 33.47 33.47 32.73
32.79 32.79 31.561 31.51 28.21 28.21 28.21

RUN S12:
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TABLE A2

TEMPERATURE MEASUREMENTS ON STANDARD TRAY AND
TRAYS FITTED WITH FLOW STRAIGHTENERS

RESULTS FROM THE STANDARD TRAY, "SD"
RUN SD1:- AIR RATE:Csb- 0.0605 m/s WEIR LOAD:q/b-0.161E-2m3/Sm
ENTERING AIR ENTHALPY H = 12.46 kcal/kg

In
temperature C

38.93 38.93 38.93 38.93 38.93 38.93
38.03 38.03 37.43 38.79 37.23 37.88 38.05 38.05
32.78 32.78 34.85 34.50 34.35 34.67 31.98 31.98
30.73 30.73 31.90 32.72 33.58 33.98 30.94 30.94
29.72 29.72 29.72 30.46 29.46 31.36 31.36 31.68
32.06 32.06 31.29 31.29 30.47  30.47 30.47

RUN sD2: AlIR RATE:Csb- 0.0605 m/s WEIR LOAD:q/b-O.322E—2m3/Sm

ENTERING AIR ENTHALPY Hin- 12.46 kcal/kg
39.87 39.87 39.87 39.87 39.87 39.87
38.88 38.88 38.60 39.63 38.36 38.95 38.98 38.98
36.31 36.31 36.56 36.99  36.39 36.63 33.67  33.67
32.55 32.55 33.72 34.94 35.30 35.43 32.37 32.37
32.38 32.38 32.38 32.97 32.97 33.63 33.63  33.81
34.19 34.19 33.36 33.36 32.40 32.40 32.40

AlR RATE:CSb- 0.0605 m/s WEIR LOAD:q/b-0.4B4E—2m3/Sm

ENTERING AIR ENTHALPY Hln- 11.68 kcal/kg

41.55 41.55  41.55 41.55 41.55 41.55
40.60 40.60 40.33 41.11 40.30 40.74  40.55 40.55
38.50 38.50 39.09 38.55 38.36 38.92 38.25 38.25
35.81 35.81 38.09 38.38 38.38 38.12 36.09 36.09
35.29 35.29 35.29 36.27 36.27 37.27 37.27 37.27
37.54 37.54 36.96 36.96 35.88 35.38 35.38

RUN SD3:
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RUN SD4:- AIR RATE:CSb- 0.0605 m/s WEIR LOAD:q/b-O.645E-2m3/Sm
ENTERING AIR ENTHALPY Hin= 11.50 kcal/kg

41.24 41.24 41.24 41.24 41 24 41.24
40.42 40.42 40.44 40.73 40.18 40.26  40.24 40.24
38.72 38.72 38.99 39.04 38.58 38.86 38.37 38.37
36.59 36.59 38.61 38.71 38.64 38.20 36.70 36.70
36.26 36.26 36.26 37.03 37.03 37.55 37.55 37.72
38.08 38.08 36.81 36.81 36.42 36.42 36.42

RUN SD5&:

AlIR RATE:CSb- 0.0605 m/s WEIR LOAD:q/b-O.BOGE-2m3/8m
ENTERING AIR ENTHALPY Hin- 10.46 kcal/kg

40.28 40.28 40.28 40.28 40.28 40.28
39.81 39.81 39.61 40.17 39.57 39.94 39.79 39.79
38.27 38.27 38.66 39.20 38.50 38.43 38.20 38.20
37.64 37.64 37.97 39.03 38.90 38.87 37.48 37.48
36.94 36.94 36.94 37.84 37.84 38.02 38.02 37.96
38.20 38.20 38.16 38.16 37.19 37.19 37.19

RUN SD6: AlIR RATE:Cs = 0.0605 m/s WEIR LOAD:q/b-O.SS?E-stlsm

b

ENTERING AIR ENTHALPY Hln- 11.00 kcal/kg

39.91 39.91 39.91 39.91 39.91 39.91
39.46 39.46 39.42 39.85 39.28 39.73 38.48 38.48
38.27 38.27 38.20 39.21 38.89 38.66 38.19 38.19
37.50 37.50 37.68 38.83 39.03 38.73 37.62 37.62
37.10 37.10 37.10 37.95 37.95 38.18 38.18 38.12
38.41 38.41 37.68 37.68 37.33 37.33 37.33

RUN SD7:

AIR RATE:C_ = 0.0775 m/s WEIR LOAD: q/b=0.161E-2m>/sm
ENTERING AIR ENTHALPY H = 10.85 kcal/kg

37.25 37.25 37.25 37.25 37.25 37.25
36.04 36.04 36.63 37.13 36.40 35.88 35.31 35.31
290.69 29.69 31.57 31.95 31.82 31.93 31.06 31.03
29.16 29.16 30.21 30.71 31.57 31.05 29.03 29.03
25.53 25.53 25.53 28.55 28.55 29.33 29.33 28.91
29.11 29.11 28.49 28.49 26.41 26.41 26 .41

as
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RUN SD8:- AIR RATE:Csb- 0.0775 m/s WEIR LOAD:q/b-0.322E-2m3/3m
ENTERING AIR ENTHALPY Hln- 11.30 kcal/kg

40.10 40.10 40.10 40.10 40.10 40.10
39.06 39.06 39.70 40.07 39.12 38.43 38.81 38.81
34.91 34.91 35.65 35.85 35.50 35.97 35.29 35.29
32.06 32.06 33.48 34.04 34.87 34.39 32.29 32.29
32.36 32.06 32.06 32.03 32.03 32.37 32.37 32.81
33.35 33.35 32.49 32.49 31.53 31.53 31.53

RUN SD9:

AIR RATE:C_ = 0.0775 m/s WEIR LOAD : q/b=0 . 484E-2m>/sm
ENTERING AIR ENTHALPY H = 10.50 kcal/kg

38.03 38.03 38.03 38.03 38.03 38.03
37.43 37.43 37.94 37.96 37.27 37.43 37.31 37.31
35.40 35.49 35.38 35.49 35.17 35.49 35.53 35.53
33.83 33.83 34.53 34.90 35.06 35.26 34.07 34.07
32.18 32.18 32.18 32.63 32.63 33.61 33.61 33.64
34.07 34.07 33.33 33.33 32.82 32.82 32.82

RUN SD10:- AIR RATE:CSb= 0.0775 m/s WEIR LOAD:q/b-0.64SE—2m3/sm

ENTERING AIR ENTHALPY Hln- 12.20 kcal/kg

37.07 37.07 37.07 37.07 37.07 37.07
36.77 36.77 36.36 37.06 36.85 36.57 36.37 36.37
35.43 35.43 35.12 35.96 35.75 35.09 35.04 35.04
34.20 34.20 34.86 34.86 35.07 35.03 34.04 34.04
32.69 32.69 32.69 33.21 33.21 33.83 32.83 32.76
34.12 34.12 33.63 33.63 33.04 33.04 33.04

RUN SD11:- AIR RATE:Csb- 0.0775 m/s WEIR LOAD:q/b-O.SOGE—2m3/sm

ENTERING AIR ENTHALPY Hln- 12.00 kcal/kg

36.26 36.26 36.26 36.26 36.26 36.26
35.98 35.98 35.80 36.19 36.13 35.89 35.77 35.77
34.77 34.77 34.58 34.88 34.80 34.64 34.73 34.73
33.28 33.28 33.83 34.85 34.91 34.88 34.04 34.04
33.09 33.09 33.09 33.50 33.50 33.21 33.21 33.27
34.33 34.33 33.91 33.91 33.33 33.33 33.33

a9
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RUN SD12:- AIR RATE:CSb- 0.0775 m/s MWEIR L0AD:q/b-0.967E—2m3/Sm
ENTERING AIR ENTHALPY Hln- 12.46 kcal/kg

37.21 37.21 37.21 37.21 37.21 37.21
36.70 36.70 36.75 37.17 37.09 36.76 36.69 36.69
35.83 35.83 35.55 35.91 36.12 35.30 35.52 35.52
34.85 34.85 34.99 35.83 35.71 35.61 35.03 35.03
34.10 34.10 34.10 34.67 34.67 34.86 34.86 34.81
35.18 35.18 34.74 34,74 34.21 34.21 34.21

RUN SD13:- AIR RATE:CSb- 0.0775 m/s WEIR L0AD:q/b-1.169E-2m3/sm
ENTERING AIR ENTHALPY Hln- 10.90 kcal/kg

37.99 37.99 37.99 37.99 37.99 37.99
37 .87 37.87 37.53 37.99¢ 37.70 37.76 37.54 37.54
36.73 36.73 36.78 36.97 36.79 36.79 36.65 36.65
35.27 35.27 35.86 36.86 36.82 36.62 35.93 35.93
35.42 35.42 35.42 35.73 35.73 36.01 36.01 35.93
36.29 36.29 35.90 35.90 35.53 35.53 35.53

RUN SD14:- AIR RATE:Csb- 0.0915 m/s WEIR LOAD:q/b-O.322E—2m313m
ENTERING AIR ENTHALPY Hln- 11.00 kcal/kg

37.98 37.98 37.98 37.98 37.98 37.98
37.22 37.22 37.89 37.85 37.85 37.45 37.51 37.51
32.40 32.40 32.45 33.08 33.69 33.87 32.50 32.50
29.97 29.97 30.44 31.26 32.40 31.26 30.50 30.50
29.26 29.26 29.26 29.71 29.71 29.91 29.91 29.83
30.73 30.73 29.94 29.94 29.62 29.62 29.62

RUN SD15:- AIR RATE:Csb- 0.0915 m/s WEIR LOAD:q/b-O.484E—2m3/sm

ENTERING AIR ENTHALPY Hln- 10.85 kcal/kg
35.82 35.82 35.82 35.82 35.82 35.82
35.21 35.21 35.1 35.74 35.07 35.06 34.84 34.84
32.27 32.27 32.90 32.85 32.95 33.06 32.65 32.65
30.96 30.96 31.00 32.00 32.17 31.92 31.05 31.05
29.93 29.93 29.93 29.94 29.94 30.44 30.44 30.57
30.93 30.93 30.44 30.44 30.29 30.29 30.29

alo
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RUN SD16:- AIR RATEzcsb- 0.0915 m/s WEIR LOAD:q/b-O.645E-2m3/sm
ENTERING AIR ENTHALPY Hln- 11.15 kcal/kg

34.59 34.59 34.59 34.59 34.59 34.59
34.53 34.53 34.25 34.54 34.34 34.44 34.15 34.15
33.11 33.11 33.49  33.68 33.44 32.77 32.30 32.30
30.97 30.97 31.46 32.00 32.00 31.85 31.22 31.22
30.19 30.19 30.19 30.21 30.21 30.68 30.68 30.69
31.05 31.05 30.82 30.82 30.51 30.51 30.51

RUN SD17:- AIR RATE:CSD- 0.0215 m/s WEIR LOAD:q/b-O.806E~2m3/Sm
ENTERING AIR ENTHALPY Hin- 12.00 kcal/kg

34.62 34.62 34.62 34.62 34.62 34.62
33.18 33.18 33.98 34.43 33.86 33.95 33.87 33.87
32.49 32.49 32.33 33.64 32.75 32.49 32.34 32.34
31.26 31.26 31.62 31.98 31.99 31.99 31.29 31.29
30.54 30.54 30.54 30.69 30.69 31.12 31.12 31.09
31.30 31.30 31.09 31.09 30.87 30.87 30.87

RUN SD18:- AIR RATE:Csb- 0.0815 m/s WEIR L0AD:q/b=0.967E—2m3/5m
ENTERING AIR ENTHALPY Hln- 11.00 kcal/kg

35.60 35.60 35.60 35.60 35.60 35.60
35.06 35.06 34.92 35.35 34.99 34.98 34.84 34.84
33.90 33.90 33.93 33.99 33.91 33.95 33.65 33.65
32.55 32.55 32.57 33.23 33.35 33.35 32.63 32.63
31.68 31.68 31.68 31.93 31.93 32.16 32.16  32.27
32.48 32.48 32.13 32.13 32.00 32.00 32.00

3
RUN SD19:- AIR RATEzcsb- 0.0915 m/s WEIR LOAD:q/b=1.169E-2m /sm
ENTERING AIR ENTHALPY Hln- 10.90 kcal/kg

35.70 35.70 35.70 35.70 35.70 35.70
35.22 35.22 35.41 35.42 35.34 35.10 34.87 34.87
34.16 34.16 33.59 33.79 33.86 33.48 33.41 33.41
33.25 33.25 33.34 33.39 33.60 33.61 33.37 33.37
32.55 32.55 32.55 32.70 32.70 32.83 32.82 32.80
33.20 33.20 33.00 33.00 32.75 32.75 32.75

all
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RESULTS FROM GAP UNDER THE WEIR, "WG"
RUN WG1:- AIR RATE:Csb- 0.0605 m/s WEIR LOAD:q/b-0.161E—2m3/8m

ENTERING AIR ENTHALPY Hln- 12.06 kcal/kg

45.59  45.59 45.59 45.59 45.59  45.59

44 .57 44 .57 44 .92 45.43 45.23 44.57 44.74 44.74
35.49 35.49 36.90 38.82 38.89 39.25 35.27 35.27
32.02 32.02 33.14 33.56 36.46 36.80 32.50 32.50
29.80 29.80 29.80 31.23 31.23 34.31 34.31 30.48
34.97 34.97 31.85 30.48 30.48 30.48 30.48

RUN WG2:

AlIR RATEzcsb- 0.0605 m/s WEIR LOAD:q/b-0.322E-2m3/sm
ENTERING AIR ENTHALPY Hln- 12.00 kcal/kg

40.57 40.587 40.57 40.57 40.57 40.57
40.40 40.40 40.23 40.24 40.37 40.29 40.25 40.25
34.87 34.87 37.38 37.41 37.42 37.89 34.65 34.65
33.70 33.70 34.14 35.79 36.11 36.36 33.14 33.14
31.96 31.96 31.96 33.21 33.21 34.32 34.32 34.81
34.95 34.95 34.69 34.69 31.58 31.58 31.58

RUN WG3:

AlR RATE:CSb- 0.0605 m/s WEIR LOAD:q/b-0.484E—2m3/sm

ENTERING AIR ENTHALPY Hln- 10.50 kcal/kg

42 .04 42.04 42.04 42.04 42.04 42.04
41.25 41.25 41.36 41.36 41.62 41.95 41.55 41.55
38.62 38.62 39.95 39.41 39.54 39.68 38.60 38.60
35.73 35.73 37.88 38.57 38.50 38.63 35.95 35.95
35.42 35.42 35.42 36.49 36.49 37.18 37.18 37.25
37.45 37.45 37.22 37.22 35.29 35.29 35.29

AIR RATE:C_ = 0.0605 m/s WEIR LOAD : q/b=0.645E—2m>/sm

ENTERING AIR ENTHALPY Hln- 10.90 kcal/kg

40.97 40.97 40.97 40.97 40.97 40.97
40.08 40.08 40.09 40.90 40.08 40.45 40.7 40.71
38.01 38.01 39.31 39.70 38.99 37.99 37.85 37.85
36.36 36.36 37.91 38.40 38.25 38.31 36.24 36.24
36.21 36.21 36.21 37.02 37.02 37.25 37.25 37.30
37.53 37.583 37.36 37.36 36.29 36.29 36.29

RUN WG4:

al2
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RUN WG5:- AIR RATE:Csb- 0.0605 m/s WEIR LOAD:q/b-O.BOGE-2m3/Sm
ENTERING AIR ENTHALPY Hin- 11.50 kcal/kg

41.06 41.06 41.06 41.06 41.06 41.06
40.66 40.66 40.82 40.99 40.62 40.57 40.54 40.54
38.02 38.02 39.21 39.94 39.11 38.99 37.99 37.99
36.90 36.90 38.22 38.80 38.90 38.21 37.03 37.03
36.28 36.28 36.28 37.86 37.86 37.77 37.77 37.94
38.06 38.06 38.06 38.06 37.34 37.34 37.34

RUN WG6: AlR RATE:Csb- 0.0605 m/s WEIR L0AD:q/b-0.967E—2m3/sm

ENTERING AIR ENTHALPY Hln- 11.18 kcal/kg

42.55 42.55 42.55 42.55 42.55 42.55
42.29 42.29 42.05 42.22 41.83 42.49 42.24 42.24
40.40 40.40 40.92 40.63 40.63 40.41 39.65 39.55
39.46 39.46 40.79 40.00 40.39 40.12 39.64 39.64
39.44 39.44 39.44 40.56 40.56 40.65 40.65  40.55
40.82 40.82 40.90 40.90 39.96 39.96 39.96

RUN WG7:

AlIR RATE:Csb= 0.0775 m/s MWEIR L0AD:q/b-0.161E-2m3/sm

ENTERING AIR ENTHALPY Hln- 11.00 kcal/kg

39.25 39.25 39.25 39.25 39.25 39.25
36.73 36.73 36.83 38.65 36.95 36.84 36.81 36.81
26.76 26.76 29.68 30.10 31.10 32.94 28.67 28.67
26.30 26.30 26.87 28.87 30.12 31.00 26.30 26.30
25.00 25.00 25.00 26.07 26.07 28.13 28.13 28.28
29.21 29.21 29.19 29.19 25.30 25.30 25.30

AlIR RATE:Csb- 0.0775 m/s WEIR LOAD:q/b-0.322E—2m3/3m

ENTERING AIR ENTHALPY Hln- 10.50 kcal/kg
40.66 40.66 40.66 40.66 40.66  40.66
39.44 39.44 39.60 39.46 39.74 39.69 39.55 39.55
35.08 35.08 36.71 36.43 36.73 36.79 35.50 35.50
31.44 31.44 32.34 34.22 34.99 34.78 31.36 31.36
30.22 30.22 30.22 31.09 31.09 33.00 33.00 33.40
34.05 34.05 33.52 33.52 30.12 30.12 30.12

RUN WG8:

al3
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RUN WG9:- AIR RATE:Csb- 0.0775 m/s WEIR LOAD:q/b-0.484E—2m3/sm
ENTERING AIR ENTHALPY Hin- 11.50 kcal/kg

38.10 38.10 38.10 38.10 38.10 38.10
37.51 37.51 37.28 38.06 37.75 37.64 37.32 37.32
35.55 35.55 35.64 35.71 35.84 35.55 35.30 35.30
32.59 32.59 33.66 34.45 34.51 34.56 32.84 32.84
31.69 31.69 31.69 32.54 32.54 33.19  33.19 33.38
33.70 33.70 33.35 33.35 32.02 32.02 32.02

RUN WG10:- AIR HATE:Csb- 0.0775 m/s WEIR LOAD:q/b-0.645E-2m3/sm
ENTERING AIR ENTHALPY Hln- 11.00 kcal/kg

37.90 37.¢0 37.90 37.90 37.90 37.90
37.56 37.56 37.68 37.88 37.85 37.51 37.34 37.34
35.96 35.96 35.98 35.91 35.88 35.86 35.56 35.56
33.92 33.92 34.58 35.30 35.26 35.19  33.61 33.61
33.00 33.00 33.00 34.00 34.00 33.51 33.51 34.00
34.07 34.07 34.03 34.03 33.14 33.14 33.14

RUN WG11:— AIR RATE:Csb- 0.0775 m/s WEIR LOAD:q/b-O.BOBE—2m3/Sm
ENTERING AIR ENTHALPY Hln- 10.85 kcal/kg

37.98 37.98 37.98 37.98 37.98 37.98
37.70 37.70 37.69 37.90 37.45 37.49 37.48 37.48
36.30 36.30 36.40 36.33 35.86 36.03 35.81 35.81
34.26 34.26 35.15 35.67 35.66 35.63 34.49 34.49
33.63 33.63 33.63 34.26 34.26 34.57 34.57 34.72
34.91 34.91 34.85 34.85 33.76 33.76 33.76

RUN WG12:- AIR RATE:CSb- 0.0775 m/s WEIR LOAD:q/b-O.SG?E—Zmalsm

ENTERING AIR ENTHALPY Hln- 10.25 kcal/kg

37.99 37.99 37.99 37.99 37.99 37.99
37.59 37.59 37.64 37.74 37.46 37.39 37.40 37.40
36.16 36.16 36.23 36.04 36.03 35.99 35.89 35.89
34.57 34.57 35.44 35.98 35.95 35.96 34.97 34.97
34.43 34.43 34.43 34.90 34.90 35.07 35.07 35.10
35.3¢6 35.36 35.13 35.13 35.36 35.36 35.36

al4
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RUN WG13:~ AIR RATE:Csb- 0.0775 m/s WEIR LOAD:q/b-1.169E-2m3/sm

ENTERING AIR ENTHALPY Hln- 12.00 kcal/kg

37.89 37.89 37.89 37.89 37.89 37.89

37.69 37.69 37.74 37.85 37.69 37.60 37.43 37.43
36.51 36.51 36.81 36.44  36.31 36.95 36.31 36.31
35.13 35.13 35.61 36.39 36.24 36.39 35.19 35.19
35.17 35.17 35.17 35.66 35.56 35.63 35.63 35.63
35.86 35.86 35.70 35.70 35.24 35.24 35.24

RUN WG14:- AIR RATE:CSb- 0.0915 m/s WEIR L0AD:q/b-0.322E-2m3/Sm
ENTERING AIR ENTHALPY H|n= 10.80 kcal/kg
40.99 40.99 40.99 40.99 40.99 40.99

40.30 40.30 39.77 41.09 39.90 39.99 39.56 39.56
33.46 33.46 35.63 35.63 36.23 36.16 32.90 32.90
32.12 32.12 33.52 33.66 34.37 34.28 32.00 32.00
31.06 31.06 31.06 30.78 30.78 31.88 31.88 32.22
32.65 32.65 32.20 32.20 30.92 30.92 30.92

RUN WG15:— AIR HATE:Csb- 0.0915 m/s WEIR LOAD:q/b-O.484E—2m3/Sm

ENTERING AIR ENTHALPY Hln- 10.50 kcal/kg

38.25 38.25 38.25 38.25 38.25 38.25
37.54 37.54 37.93 38.21 37.64 37.79 37.70 37.70
34.81 34.81 34,95 35.00 35.55 35.30 35.13 35.13
32.96 32.96 33.94 34.24 34.68 34.74 33.68 33.68
32.60 32.60 32.60 32.89 32.89 32.69 32.69 32.96
33.37 33.37 32.74 32.74 32.60 32.60 32.60

RUN WG16:- AIR RATE:CSb- 0.0915 m/s WEIR LOAD:q/b-0.64SE—2m3/sm

ENTERING AIR ENTHALPY Hln- 11.40 kcal/kg

39.45 39.45 39.45 39.45 39.45 39.45
38.77 38.77 38.89 39.13 38.83 38.75 38.56 38.56
36.16 36.16 36.70 36.79 36.63 36.38 36.14 36.14
33.95 33.95 35.71 36.08 36.05 36.21 34.75 34.75
33.589 33.59 33.59 34.10 34.10 34.61 34.61 34.53
34.99 34.99 34.57 34.57 33.29 33.29 33.29

als
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RUN WG17:- AIR RATE:Csb- 0.0915 m/s WEIR L0AD:q/b-0.BOSE—2m3/sm

ENTERING AIR ENTHALPY Hln- 11.50 kcal/kg

37.96 37.96 37.96 37.96 37.96 37.96
37.51 37.561 37.79 37.78 37.88 37.60 37.41 37.41
35.98 35.98 35.69 35.67 35.55 35.42 35.48 35.48
33.96 33.96 34.45 35.68 35.53 35.80 34.57 34.57
33.57 33.57 33.57 34.10 34.10 34.44 34.44 34.39
34.77 34.77 34.41 34.41 33.80 33.80 33.80

RUN WG18:- AIR RATE:Csb- 0.0915 m/s WEIR LOAD:q/b-O.QS?E—zmslsm
ENTERING AIR ENTHALPY Hln- 11.00 kcal/kg

36.91 36.91 36.91 36.91 36.91 36.91
35.85 35.856 35.89 36.26 35.72 35.98 35.90 35.90
34.71 34.71 34.85 34.94 34.77 34.71 34.39 34.39
33.78 33.78 34.56 34.45 34.49 34.45 33.80 33.80
32.95 32.95 32.95 33.21 33.21 33.63 33.63 33.59
34.00 34.00 33.38 33.38 33.14 33.14 33.14

RUN WG19:-— AIR RATE:Csb- 0.0915 m/s WEIR LOAD:q/b-1.169E—2m3/sm
ENTERING AIR ENTHALPY Hin- 10.90 kcal/kg

35.79 35.79 35.79 35.79 35.79 35.79
34.92 34.92 34.74 35.12 34.61 34.81 34.73 34.73
33.82 33.82 33.7 33.82 33.70 33.46 33.81 33.81
33.40 33.40 33.74 33.70 33.67 33.39 33.20 33.20
32.66 32.66 32.66 32.91 32.91 33.17 33.17 33.17
33.56 33.56 33.28 33.28 32.91 32.91 32.91

alé
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RESULTS FROM STEPFLOW DOWNCOMER, "SF"
RUN SF1:- AIR RATE:Csb- 0.0605 m/s WEIR LOAD:q/b-O.161E-2m3/Sm
ENTERING AIR ENTHALPY Hln- 12.46 kcal/kg
41.86

40.65 40.65 40.33 41.863  41.55 41.17  40.34 40.34
33.09 33.09 35.20 37.38 38.93 38.30 33.92 33.92
28.64 28.64 29.41 32.44 34.06 33.95 29.00 29.00
26.05 26.05 26.05 32.31 32.31 33.31 33.31 34.02
33.92 33.92 33.42 33.42 26.85 26.85 26.85

RUN SF2:

AlR RATE:Csb- 0.0605 m/s WEIR LOAD:q/b-O.322E—2m3/sm
ENTERING AIR ENTHALPY H = 12,00 kcal/kg

in
37.98
37.98 37.36 37.36 37.49 37.90 37.70 37.30 37.30
34.92 34.92 35.34 35.84 35.93 35.87 35.67 35.67
33.78 33.78 34.36 34.83 33.68 35.09 34.78 34.78
33.33 33.33 33.33 33.93 33.93 34.57 34.57 34.34
33.21 33.21 34.31 34.31 33.06 33.06 33.06

RUN SF3:

AlIR RATE:CSb= 0.0605 m/s WEIR LOAD:q/b-0.484E-2m3/8m

ENTERING AIR ENTHALPY H|n= 11.00 kcal/kg

37.33
36.64 36.64 36.94 37.21 36.87 37.08 36.82 36.82
35.43 35.43 35.60 35.77 35.72 35.50 34.98 34.98
33.77 33.77 33.99 35.49 35.26 35.40 34.40 34.40
33.77 33.77 33.77 33.89 33.89 34.11 34.11 33.59
34.08 34.08 34.31 34.31 34.06 34.06 34.06

AIR RATE:C_ = 0.0605 m/s WEIR LOAD: q/b=0.645E-2m>/sm

ENTERING AIR ENTHALPY H, = 11.00 kcal/kg

In
38.69
38.06 38.06 38.26 38.54 38.15 38.29 38.20 38.20
36.82 36.82 37.02 36.79 36.84 36.96 36.79 36.79
36.61 36.61 36.70 36.72 36.48 36.92 36.78 36.78
35.81 35.81 35.81 35.84 35.84 35.76 35.76 35.87
36.09 36.09 36.28 36.28 36.02 36.02 36.02

RUN SF4:

al7
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RUN SF5:~ AIR RATE:Csb- 0.0605 m/s WEIR LOAD:q/b-O.BOGE—2m3/8m

ENTERING AIR ENTHALPY H., = 11.20 kcal/kg

in
39.23
38.64 38.64 38.85 39.08 38.84 38.97 38.77 38.77
37.67 37.67 37.87 37.84 37.92 37.65 37.70 37.70
37.75 7. 75 37.79 37.80 37 .42 37.20 37.62 37.62
37.78 37.78 37.78 < S O 3771 37.34 37.34 37.02
37.26 37.26 37.52 37.52 37.31 37.31 37.31

RUN SF6:

AlR RATE:Csb- 0.0605 m/s WEIR L0AD:q/b-0.967E—2m3/Sm
ENTERING AIR ENTHALPY H o 10.50 kcal/kg

i
37.91
37.83 37.53 37.62 37.75 37.69 37.71 37.45  37.45
35.89 35.89 36.86 36.94 36.80 36.72 36.63 36.63
35.68 35.68  35.51 36.99 36.56 36.59 36.56 36.56
35.31 35.31 35.31 36.04 36.04 36.29 36.29 36.26
36.24 36.24 36.30 36.30 36.32 36.32 36.32

AlR RATE:Csb- 0.0775 m/s WEIR L0AD:q/b-0.161E-2m3/Sm

ENTERING AIR ENTHALPY H = 11.05 kcal/kg

in
42.17
40.61 40.61 41.93 41.48 40.90 38.34 37.82 37.82
32.09 32.09 33.47 34.27 35.76 34.52 32.28 32.28
30.63 30.62 30.91 31.87 33.25 32.46 30.80 30.80
29.28 29.28 29.28 30.01 30.01 30.36 30.36 30.02
30.63 30.63 29.99 29.99 29.65 29.65 29.65

RUN SF7:

RUN SF8: AlR RATE:Csb- 0.0775 m/s WEIR LOAD:q/b-0.322E-2m3/8m
ENTERING AIR ENTHALPY Hln- 10.90 kcal/kg

36.30
35.86 35.86 35.83 36.25 35.95 35.91 35.64 35.64
33.19 33.19 33.37 33.79 33.99 33.23 33.48 33.48
32.49 32.49 32.62 33.34 33.73 32.65 32.47 32.47
30.19 30.19 30.19 30.21 30.21 30.21 30.21 30.40
31.15 31.15 31.08 31.08 31.00 31.00 31.00
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Table A2 cont.

RUN SF9:- AIR RATE:Csb- 0.0775 m/s WEIR LOAD:q/b-O.484E—2m3/Sm
ENTERING AIR ENTHALPY Hln- 11.00 kcal/kg

38.04
37.78 37.78 37.45 37.98 37.43 37.57 37.14 37.14
35.68 35.68 35.84 36.15 35.90 35.84 35.73 35.73
34.54 34.54 34.64 35.28 34.75 34.61 34.83 34.83
34.00 34.00 34.00 34.65 34.65 35.01 35.01 33.90
34.49 34.49 34.12 34.12 33.80 33.80 33.80

RUN SF10:-= AIR RATE:Csb- 0.0775 m/s WEIR LOAD:q/b-0.645E-2m3/sm
ENTERING AIR ENTHALPY Hln- 11.50 kcal/kg
37.86

37.52 37.52 37.45 37.74 37.49 37.36 37.11 37.11
35.79 35.79 35.90 35.80 35.73 35.67 35.72 35.72
34.80 34.80 35.00 35.48 35.48 35.00 34.80 34.80
33.83 33.83 33.83 34.56 34.56 34.22 34.22 34.63
35.13 35.13 34.83 34.83 34.19 34.19 34.19

RUN SF11:- AIR RATE:Csb- 0.0775 m/s WEIR L0AD:q/b-0.806E—2m3/sm

ENTERING AIR ENTHALPY Hln- 12.00 kecal/kg

37.99
37.91 37 .91 37.94 37.76 37.79 37.87 37.67 37.67
36.13 36.13 36.44 36.61 36.51 36.43 36.35 36.35
35.60 35.60 35.82 36.30 36.09 36.07 36.02 36.02
34.88 34.88 34.88 34.92 34.92 35.38 35.38 35.39
35.62 35.62 35.57 35.57 35.33 35.33 35.33

RUN SF12:- AIR RATE:Csb- 0.0775 m/s MWEIR LOAD:q/b-O.QS?E—2m3/Sm
ENTERING AIR ENTHALPY Hin= 10.75 kcal/kg

37.90
37.68 37.68 37.63 37.89 37.60 37.71 37.49  37.49
36.68 36.68 36.68 36.73 36.71 36.61 36.64 36.64
35.49 35.49 35.50 36.42 36.08 36.65 35.25 35.25
35.38 35.38 35.38 35.40 35.40 35.71 3571 35.36
35.48 35.48 35.83 35.83 35.76 35.76 35.76
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Table A2 cont.

RUN SF13:- AIR RATE:Csb- 0.0775 m/s WEIR LOAD:q/b-1.169E—2m3/sm
ENTERING AIR ENTHALPY Hln- 11.80 kcal/kg
37.93

37.72 37.72 37.63  37.87 37.65 37.67 37.60 37.60
36.69 36.69 36.72 37.06 36.77 36.34 36. 21 36.21
35.39 35.39 36.44 36.38 36.92 36.04 35.48 35.48
35.74 35.74 35.74 36.15 36.15 36.40 36.40 36.20
36.31 36.31 36.57 36.57 36.57 36.57 36.57

RUN SF14:- AIR RATE:Csb- 0.0915 m/s WEIR LOAD:q/b-0.322E—2m3/8m
ENTERING AIR ENTHALPY Hln- 11.40 kcal/kg
41.99

41.90 41.90 40.34 41.42 40.87 41.00 41.12 41.12
35.67 35.67 37.85 38.14  37.90 37.83 37.77 37.77
34.15 34.15 34.84 34.62 34.17 35.78 34.68 34.68
32.49 32.49 32.49 32.73 32.73 33.10 33.10 32.59
32.91 32.91 32.97 32.97 33.31 33.31 33.31

RUN SF15:- AIR RATE:CSb- 0.0915 m/s WEIR LOAD:q/b-0.484E—2m3/3m

ENTERING AIR ENTHALPY Hln- 13.01 kcal/kg
41.22
40.44 40.44 40.15 41.00 40.57 40.63 39.84 39.84
35.24 35.24 36.44 36.65 37.31 36.14 36.14 36.14
33.05 33.05 33.37 34.52 35.18 36.24 33.43 33.43
32.41 32.41 32.41 33.49 33.49 33.99 33.99 33.30
33.7M 33.71 33.73 33.73 33.91 33.91 33.91

RUN SF16:- AIR RATE:Csb- 0.0915 m/s WEIR LOAD:q/b-0.645E—2m3/sm

ENTERING AIR ENTHALPY Hln- 11.05 kcal/kg

39.30
38.94 38.94 38.72 39.21 38.72 38.77 38.26 38.26
35.41 35.41 36.19 36.14 36.95 36.67 36.64 36.64
33.45 33.45 33.87 34.75 35.15 35.83 33.35 33.35
32.87 32.87 32.87 32.77 32.77 33.63 33.63 34.22
34.34 34.34 34.28 34.28 33.22 33.22 33.22
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Table A2 cont.

RUN SF17:- AIR RATE:Csb- 0.0915 m/s WEIR LOAD:q/b-O.SOGE—2m3/sm
ENTERING AIR ENTHALPY H]n- 11.20 kcal/kg
37.95

37.58 37.58 37.55 37.70 37.50 37.30 37.40 37.40
35.15 35.15 35.43 36.25 356.73 35.71 35.74 35.74
34.62 34.62 34.88 35.05 35.08 35.31 34.61 34.61
33.95 33.95 33.95 34.04 34.04 34.08 34.08 33.88
34.24 34.24 34.13 34.13 33.81 33.81 33.81

RUN SF18:- AIR RATE:Csb- 0.0915 m/s WEIR LOAD:q/b-O.QS?E-2m3/8m
ENTERING AIR ENTHALPY Hln- 10.40 kcal/kg
36.83

36.62 36.62 36.53 36.76 36.58 36.46 36.16 36.16
35.09 35.09 35.10 35.20 35.45 35.57 35.29 35.29
34.07 34.07 34.23 34.36 34.59 34.55 34.60 34.60
33.54 33.54 33.54 33.56 33.56 33.87 33.87 33.88
34.16 34.16 33.93 33.93 33.91 33.91 33.91

RUN SF19:- AIR RATE:Csb- 0.0915 m/s WEIR L0AD:q/b-1.209E—2m3/sm
ENTERING AIR ENTHALPY H]n= 10.90 kcal/kg
41.97

41.48 41.48 41.41 41.64 41.73 41.35 41.16 41.16
40.47 40.47 39.66 39.86 39.92 39.41 40.35 39.51
39.95 39.95 39.79 39.34 39.56 39.66 39.85 39.85
37.96 37.96 37.96 37.98 37.98 37.98 37.98 38.13
38.45 38.45 38.85 38.85 38.79 38.79 38.79
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Table A:

Hg 0

lIKIl o.
0.

Average

error 0.

B1

.00

22
05

14

Appendix B

Calibration of Handmade Thermocouples against a 0.1
Resolution Mercury-in-Glass Thermometer, Hg and a

Standard "K" Thermocouple.

18.20

18.45
18.60

0.33

Corresponding readings

1 2.60
2 0.00
3 1.64
4 0.03
5 0.00
6 0.05
7 0.03
8 3.40
9 0.03
10 0.00
11 0.20
12 1.20
13 0.06
14 0.50
15 0.00
16 0.09
17 1.00
18 0.00
19 0.08
20 1.07
Average
Error:0.60
* Standard
accuracy

18.50
18.50
18.57
18.51
18.60
18.57
18.70
18.60
18.70
18.70
18.561
18.60
18.63
18.55
18.60
18.67
18.70
18.68
18.80
18.69

0.41

Temperature C

36.05 46.00 83.15
36.20 45.90 53.27
36.10 45.95 5§3.20
0.10 0.08 0.09
from handmade Thermocouples
36.10 45.37 53.10
36.20 45.76 5§3.30
36.20 45.76 5§3.30
36.27 45.80 53.27
36.24 45.88 §3.35
36.24 45.84 53.33
36.28 45,97 53.48
36.27 45.95 53.30
36.27 45 .88 53.28
36.21 45.90 53.26
36.23 45.35 53.29
36.25 45.38 53.31
36.27 45.95 53.35
36.29 45.87 53.25
36.40 45.55 53.30
36.18 45.60 53.31
36.19 45.70 53.32
36.25 45.85 . 53.33
36.29 45.95 53.29
36.35 45.60 53.28

0.20 0.25 0.14

refers to Industrlial manufacture

"K" Is an alloy of Ni-Cr/NI-Al
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Table

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

©CO~NOOhAhWNMD=0

0000000000000 0000O0O00DO0O0DO0O0DO000O0

A:B2

Pt

.020
.020
.042
.042
.030
.030
.030
.030
.033
.033
.017
.017
.021
.021
.013
.013
.087
.087
.072
.072
.013
.023
.023
.027
.027
.027
.032
.032

Calibration of Manufactered Thermocouples against a
0.001 C Platinum Reslistance Electronic Thermocouple

reference [40]

n K " -o_
0.16 -
0.12 -
1.34 -
1.34 -
0.95 -
0.89 -
0.26 -
1.66 -
1.23 -
0.00 -
0.60 -
1.89 -
0.85 -
1.31 =
1.25 -
0.02 -
1.53 -
11 =
1.48 -
0.61 -
0.24 -
0.54 -
0.35 -
0.10 -
0.22 -
0.50 -
0.756 -
0.35 -

Temperature C

Pt

16
16

15
15
15
15
15
15
15
15
15
15
15

15

.041
.041
15.
.502
.831
.831
15.
.621
.712
.712
.660
15.
.701
15.
.820
.820
15.
15.
.483
15.
15.
.620
15.
15.
15.
15.
15.
15.

502

621

660

701

590
590

483
620

403
403
370
370
674
674

IIKII

15

14
14

15

15
15
15
15

16

15
14

15

14
15

15.
15.

.51
14.
.73
.98
16.
15.
15.
.43
15.
.08
.83
.64
.62
16.
.03
.81
.93
15.
15.
15.
15.
15.
.00
15.
.81
.02

27

06
g5
84

12

08

20
39
23
26
16

49

21
57

-0—
-531
771
772
.522
.229
119
.219
191
.592
.632
.170
.020
.081
.379
.210
.010
.660
.290
.093
.253
.360
.460
.403
.097
.560
0.350
0.464
0.104

0000000000000 0000D0O0D0O0OO0O0O0OO0

Pt

28
28
27

27

28
28

27
27
28

27
27
28

27
27

.030
.030
.906
27.
27.
.894
27
27.

906
894

760
760

.653
.6563
28.
28.
el
27.
.882
.882
.019
28.
.778
.778
.010
28.
27.
27.
.728
.728
27.
27.

231
231
772
772

019

010
502
502

030
030

Key: —o— is absolute value of deviation (error).
- value Irrelevant to measurements Iin this work
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IIKII
27
27
27.
27
27
27
27.
27
28
29.
28.
28.
27
27.
27
28.
27
27
27.
28.
28.
27.
27.
27.
27.
27
27
27

.80

74
96

.63
.62
.58

50

.70
.82

17
55
54

.92

84

587

12

.75
«91

78
18
05
70
26
34
44

.80
.35

07

.230
.290
.054
.276
.274
.314
.260
.060
.167
.083
.319
.309
.148
.032
.312
.238
.269
.109
.002
.402
.050
.310
.242
.162
.288
0.072
0.320
0.040

CIDOODDOOOQOOOOOOOOOOOOOOO&



Table A:B2 cont.

(¢}

Pt “KII

N -0- Pt K" -o-

1 38.139 38.55 0.311 48.091 48.40 0.309
2 38.139 38.37 0.231 48.091 48.07 0.021
3 38.207 38.31 0.103 48.302 48.21 0.092
4 38.207 38.46 0.253 48.302 48.09 0.212
5 38.810 38.47 0.340 50.070 49.97 0.100
6 38.810 38.55 0.260 50.070 49.97 0.100
i 38.402 38.21 0.192 49.705 50.05 0.345
8 38.402 38.28 0.122 49.705 49.61 0.095
9 35.300 35.28 0.020 48.360 48.59 0.230
10 35.300 35.53 0.230 48.360 48.42 0.060
11 38.480 38.15 0.330 50.800 51.07 0.270
12 38.480 37.57 0.110 50.800 50.82 0.020
13 39.807 39.67 0.137 50.400 50.66 0.260
14 39.807 40.07 0.263 50.400 50.28 0.120
15 40.618 40.72 0.102 48.600 48.31 0.290
16 40.618 40.59 0.028 48.600 48.50 0.100
17 40.811 40.45 0.361 50.880 50.99 0.110
18 40.811 40.94 0.129 50.880 50.80 0.080
19 37.634 37.47 0.164 49.673 50.00 0.327
20 37.634 37.59 0.044 49.673 49.34 0.333
21 37.376 37.48 0.104 48.100 48.26 0.210
22 37.376 37.76 0.384 48.100 48.34 0.240
23 38.600 38.44 0.160 49.807 50.03 0.223
24 38.600 38.42 0.180 49.807 50.06 0.253
25 37.620 37.67 0.050 50.043 49.93 0.113
26 37.620 37.87 0.250 50.043 50.00 0.043
27 38.008 38.01 0.002 50.067 50.02 0.042
28 38.008 37.92 0.088 50.067 50.04 0.027

Key: —o- Is absolute value of deviation (error).
ESTIMATED ERROR 1S 0.30 C
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Table A:B3 A Typical Set of Final Temperature Readings for
Analysis on the tray

Couple(No.) Average Standard Deviation
Reference 27 .68 0.04
Reference 27 .68 0.04
1 39.61 0.05
2 39.46 0.12
3 39.42 0.15
4 39.85 0.09
5 39.28 0.09
6 39.73 0.09
7 39.48 0.12
8 38.27 0.13
9 38.20 0.12
10 37.21 0.20
11 37.89 0.23
12 38.06 0.08
13 37.99 0.17
14 36.50 0.06
15 37.68 0.13
16 38.83 0.05
17 39.03 0.14
18 38.73 0.15
19 37.62 0.09
20 37.10 0.13
21 37.95 0.22
22 38.18 0.15
23 38. 41 0.11
24 37.68 0.06
25 37.33 0.04
26 21.65 0.04
*

27 28.55 0.13
28 38.12 0.13
Total number of scans : 21 Time taken : approx. 30mins (this

Includes 60secs between scans and print time)

* Thermocouples 26 and 27 measure the wet-bulb and dry-bulb
temperatures of the Inlet alr stream respectively.

The order of the Thermocouple arrangements on the tray is
determined by the experimenter, see Section 4.
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APPENDIX C
Program C1: Data Logging Computer Program DALOG
Computer: Commodore 4000 Serles Micro-Computer
Programming Language: Basic

10 REM *** DATA COLLECTION **x

14 DEFFNA(A)=INT((A/6-INT(A/6))*6+0.5)
20 DIM W$(32),V(32),F(32)

22 DIM A(32),D(32),B$(26),C$(9)

24  GOsSUB 100

26 OPEN 1,3

28 |IF T3$="YES" THEN OPEN 2,4,1:0PEN3,4,2:0PEN4,4,0:PRINT#4," "
30 FOR C1=1 TO T1%

40  GOSUB 400

50 NEXT C1

60 IF T3$="YES" THEN GOSUB 4000

62 CLOSE 1
64 CLOSE 2
66 CLOSE 3
68 CLOSE 4
70 END

100 REM *** [NITIAL CONTROL x***
110 GOSUB 200
120 GOSUB 278
125 GOSUB 360

130 RETURN
200 REM *** [NITIALIZATION **x
210 PRINT * “," DATA COLLECTION *

220 INPUT " NUMBER OF TAKES",T1%

230 IF (T1%<1) OR (T1%>1000) THEN 220

240 PRINT " "

250 INPUT " TIME PERIOD (IN MINS)";T2%

260 IF (T2%<1) OR (T2%>30) THEN 250

262 PRINT " "

264 INPUT " PRINTED COPY";T3

266 IF (T3$<>"YES") AND (T3$<>"NO")THEN 264
268 PRINT ™ "

270 INPUT " ADJUSTMENTS";T4%

272 IF (T4$<>"YES") AND (T4$<>"NO") THEN 270
274 RETURN

278 REM *** SET VALUES ***

280 T1$="000000"

300 A1=2,4383248E-2

310 A2=9.7830251E-2

320 A3=3.6276965E-12

330 A4=-2.5756438E-16

332 S$=CHR$(29)

334 C$(1)=" ":C$(2)="r":C$(3)="s"
336 Cs$(4)="x":C$(5)="t":C$(6)="u"
338 C$(7)="v":C$(8)="w":C$(9)="2"
350 RETURN
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360 REM *** DRAW CIRCLE **=
362 PRINT " ";TAB(17);"PLATES"
364 FOR C2=1 TO 180 STEP 4
366 RD = C2*P1/180

368 X1 = 20 + 15*COS(RD)
370 Y1 = 11 = 10*SIN(RD)
372 Y2 = 11 + 10*SIN(RD)
374 PRINT * "

376 FOR C3=0 TO Y1

378 PRINT

380 NEXT

382 FOR C3=Y1 TO Y2

384 PRINT SPO(X1);" ™

386 NEXT

387 NEXT

388 RETURN

400 REM *** DATA COLLECTION CONTROL ***
420 GOSUB 600

430 GOsSUB 1000

440 GOsSUB 1600

450 IF T3$="YES" THEN GOSUB 3000

460 RETURN

600 REM ***WAIT UNTIL TIME TO TAKE **x
610 IF C1=1 THEN RETURN

620 IF VAL(T1$)/100<((C1-1)*T2%) THEN 620
630 RETURN

800 REM *** DATA COLLECTION **x*
810 FOR BD=1 TO 2

830 OPEN 5,7,BD

840 PRINT#5,CHR$(16);
850 INPUT#5,W$(BD)

855 |1=(BD-1)*154+2

860 FOR C2=1 TO 15

870 PRINT#5,CHR$(C2+48);
880 INPUT#5,W$(11+C2)
890 NEXT

900 CLOSE 5

910 NEXT

920 RETURN

1000 REM *** CONVERSION OF VALUES **x*
1010 GOSUB 1200

1020 GOSUB 1400

1025 GOSUB 1520

1030 RETURN
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1200
1210
1220
1230
1240
1250
1260
1270
1280
1290

1400
1410
1430
1440
1445
1450
1455
1457
1458
1460
1470
1480
1490
1495
1500
1510
1515

1520
1530
1540
1550
1560
1570

1600
1610
1620

1700
1710
1714
1718
1720
1722
1726
1740
1750

REM *** ASCI| TO BINARY *x*x

FOR C2=1 TO 32

M1% = 1

V(C2) = 0

FOR C3=3 TO 1 STEP -1
V(C2)=V(C2)+(ASC(MID$(W$(C2),C3,1))-64)*M1%
M1%=M1%*16

NEXT C3

NEXT C2

RETURN

REM ** TEMPERATURE CONVERTION *#**

FOR BD=1 TO 2

VOUT=(V(BD)-1024) /80000
RX=100*(0.5+VOUT)/(0.5-VOUT)
TREF=(RX-100)*2.5707

VOFF=(3.9557007E1*TREF )+(1.7584397E-2*TREF)
F(BD)=TREF

IF T4$="YES"THEN DX=F(1)-F(BD):F(BD)=F(1)
I1=(BD=1)*15+2

FOR C2=1 TO 15

VADC=(V(11+C2)=1024)*2.511

VI=VOFF+VADC
FCI14C2)=(A1*VZ)+(A2*VZI*VZ)+(A3*VZ*3)+(A4*VI*4)
IF T4$="YES" THEN F(11+C2)=F(11+C2)+DX
NEXT C2

NEXT BD

RETURN

REM *** CALCULATION FOR MEAN AND STANDARD DEVIATION **x
FOR C2=1 TO 32

A(C2)=A(C2)+F(C2)

D(C2)=D(C2)+(F(C2)*F(C2))

NEXT C2

RETURN

REM *** QUTPUT TO SCREEN **=*
GOSUB 1700
GOSUB 1800 .

REM *** CALCULATION OF DISPLAY BLOCKS **x
FOR C2=1 TO 26

CH=INT(F(C2+2)-20)

IF CH<1 THEN CH=1

IF CH>9 THEN CH=9

Z$=C$(CH)+C$(CH)+C$(CH)

B$(C2)=" "+I$+" "+I$

NEXT C2

RETURN
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1800
1810
1820
1830
1840
1850
1860
1870

3000
3002

3003
3004
3005
3005
3010
30156
3017
3020
3030
3035
3036
3037
3038
3039
3040
3050
3060
3070

4000
4010
4020
4030

4200
4210
4220
4230
4240
4250

REM *** D|SPLAY BLOCKS ON SCREEN **=x

PRINT * ";SPC(18) ;" INLET"," “;B$(1);"

FOR C2=2 TO 25

PRINT B$(C2);

IF FNA(C2)=1 THEN PRINT " "
NXET C2

PRINT " ";B$(26)

RETURN

REM *** PRINT RESULTS **x*

IF (FNA(C1)=1) OR (FNA(C1)=3) OR (FNA(C1)=5) THEN

PRINT#4,"XX"

PRINT#2

PRINT#2

PRINT#2

PRINT#3," AAAAAAAAAAA 999"
PRINT#2, "TEMPERATURES" ,S$, "PASS",S$, "TEMP"

PRINT#2

PRINT#3, "AAAAAAAAA AAAAAA AAAAAA AAAAAAAAAA™
PRINT#2, "COUPLE",S$,"TEMP",S$, "COUPLE",S$, "TEMP"

PRINT#2," *,8¢," BD1" . 5%, ",S%," BD2"

PRINT#2

PRINT#3, "AAAAAAAAAA 999.99 999.99"
PRINT#2,"REFERENCE" ,S$,F(1),F(2)

PRINT#2

PRINT#3,"99 999.99 o9 999.99"

FOR C2=3 TO 17
PRINT#2,C2-2,F(C2),C2+15,F(C2+15)
NEXT C2

RETURN

REM *** PRINT STATISTICS **x*
GOSUB 4200

GOSUB 4400

RETURN

REM *** CALCULATION OF TOTALS AND STATISTICS **x
FOR C2=1 TO 32

A(C2)=A(C2)/T1%
D(C2)=SQR(ABS((D(C2)/T1%)-(A(C2)*A(C2)))

NEXT C2

RETURN
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1400
1410
1412
1415
1417
1418
1420
1425
1427
1430
1432
1432
1440
1450
1460
1470
1476
1480

REM *** PRINT STATISTICS ***
PRINT#4,"XX"

PRINT#2

PRINT#2,"TOTALS"

PRINT#2

PRINT#3, "AAAAAAAAA AAAAAAAAA

PRINT#2,"COUPLE" ,S$,"AVERAGE" ,S$,"SD"

PRINT#2
PRINT#3, "AAAAAAAAAA 999.99
FOR C2=1 TO 32

IF C2<=2 THEN PRINT#2,"REFERENCE",

IF C2>2 THEN PRINT#2,STR$(C2-2),
PRINT#2,58$,A(C2),D(C2)

NEXT C2

PRINT#2

PRINT#2,"TAKES:" ,S$,T1%,"TIME(MINS):",S$,T2%

PRINT#4,"XX"
RETURN
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AD ription Volt t ion d in dat in

tion rogram abov r nted

The thermocouple voltage detection is effected by the Tc-16 module
linked to the isothermal box, see flow sheet In figure 4.9. It Is
equiped with a Platinum Reslstance Temperature Detector (or RTD)
which serves as a pseudo cold Junctlion. The temperatures of the
thermocouples on the tray are callbrated against the RTD, thus It
is the reference thermocouple. Voltages are detected by balancing

a Wheatstone Bridge arrangement for which the RTD Is one arm.

A relatlionship for the RTD resistance against the measured or
output voltage Is derived from the equations of the bridge,
glving:

- * -
Rx 100 (0.5 + Vout)/(o's Vou ) al

t

where Rx Is the RTD resistance. An amplifier gain in the Tc - 16

|EEE bus Is preset, say to G = 200. This must be considered In

I numb f sign nt
calculating Vout.such that If xadc s the er of signals se

to the computer as data,

= - * 0.002 az2
vout ((Xadc 1024) 0.0025)/G

see reference [107])]
For the range of temperatures -20 C to 80 C a |lInear relatlonshlip

between temperature and reslistance may be assumed as;

T = (R - 100) * 2.5707 a3
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This equation Is used to calculate the temperature of the cold
Junction. Equation a4 Is used to calculate the offset voltage of
the cold Junction. Add to the calculated voltage of the
thermocouples the offset and from the result Invoke the ploynomial

equation a5 below to obtain the temperature.

Thermocouple Conversion Formulae
"K" type Thermocouples
Variable Reference Junction Correction 0 — 50 C

Equation: V = a1T + 32T a4

where a= 3.9557007E01,

a,= 1.7584397E-02,

V Is In mlcrovolts; T In C

Conversion To Temperature (Assuming O C Cold Junctlon)
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Appendix C

Program C2: Water cooling Computer Program WALOG
Program Language: Standard Fortran 77

Program calculates temperatures from splines fitted to a
mesh. A regular rectangular grid Is generated to Include
extrapolated points at wall and weir boundarles. The finese
of the mesh allows a two dimensional plot of temperature
surface to be made using a graphics routine,GINOSURF. At the
same time calculations of average air enthalples leading to
efficlencles are made with the grid temperatures generated

COMMON /WAMDA/ W(60),WS(8600),DL(60),EU1(20),AMDA1(20)
SPECIAL COMMON WAMDA

COMMON /XYZ1/ X1(60),Y1(60),Z1(60),FF1(860),C1(60)
SPECIAL COMMON XYZ1

COMMON /SAX/ X(1200),Y(1200),FF(1200)

SPECIAL COMMON SAX

COMMON /CAT/ F1(1200),YNTR(1200)

SPECIAL COMMON CAT

COMMON /CAN/ W1(5000),AZ(32,30)

SPECIAL COMMON CAN

COMMON /FIX/ A(20),CT(20),E(20),CE(20),N7,M7

SPECIAL COMMON FIX

COMMON/THU/ T1(50),H1(50),U1(50),U2(4,30)

SPECIAL COMMON THU

COMMON /CONST/ DIA,XTE,XLEN,XWR,XBEL ,XTS,XS,YS,YF,XL,YL,YM

+,XM,YE, XX, XY

SPECIAL COMMON CONST

COMMON /NIAD/ NPOINT(100), IADRES(30)

SPECIAL COMMON NIAD

INTEGER MI ,M2,R,NZ,N3,N7,M7,PY1,PX1,M1
INTEGER IFAIL,NWS,MX ,MY,QX1,QY1,NP1,NC1,RANK
REAL EPS,SIGMA,X0,X2,Y0,Y2,TL,TU,HIN,EOG

Input total number of data points inciuding extrapolates
from equations of the boundary cnditions as MI. Input data
points for saturated air versus water temperature curve,Ml
READ(11,-) M1,MI

DO 5§ I=1,M1

Input coordinates for data points on tray.

READ(11,=) X1(1),Y1(1)

Input welr load, load factor and average Inlet air enthalpy
READ(13,-) Q1,V1,HIN

Input temperature measurements as dependent variable.
READ(13,-) (Z1(1),1=1,M1)

Input data points corresponding to saturation alr
temperature and enthalpy (from psychrometric tables).
READ(11,=) (T1(1),H1(1),I=1,MI)

Set tolerance |imit to a point where a number Is regarded
as zero to enable determine the effective rank of matrix
READ(11,-) EPS
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Prescribe the number of internal knots
READ(11,-) PX1,PY1,NZ ,MZ
Number of intervals and lower and upper limits for X and Y
READ(11,-) MX,X0,X2,MY,Y0,Y2
Set column radlius,weir length,maxImum distance between
column and column/welr intersect,and flow path length
READ(11,-) RR,WL,CX,CY
TIN=Z1(1)
Set work space
NWS=8600
M3=MZ+3
M7=MZ+7
N3=NZ+3
N7=NZ+7
IF(M3.LT.5) GO TO 150
Set Internal knots on the Enthalpy/Temperature data
READ(11,=) (E(J),J=5,M3)
150 IF(N3.LT.5) GO TO 170
Set internal knots on the Enthalpy/Temperature data
READ(11,-) (A(J),J=5,N3)
170 IFAIL=1
Subruotine EO2BAF forms a least squares cubic
approximation to the set of enthaply/temperature data
CALL EO2BAF(MI! ,N7,T1,H1,W, A ,U1,U2,CT,SS, IFAIL)
IFCIFAIL.EQ.O0) GO TO 190
WRITE(12,-) "IFAILB"
WRITE(12,-) IFAIL
GO TO 390
190 DO 99 R=1,MI
IFAIL=1
Subroutine E02BBF evaluates a cubic spline from the
B-cublic representation In EQO2BAF above
CALL EO2BBF(N7,A,CT,T1(R),FIT,IFAIL)
IF(IFAIL.EQ.0) GO TO 99
WRITE(12,-) "IFAIL8"
WRITE(12,-) IFAIL

GO TO 390
99  CONTINUE

GO TO 400
390 STOP

Define grid to Include points at the edge of the
circular tray
400  M=(MX+2)*MY

DX=X2-X0

DY=Y2-YO

RX1=MX-1

RY1=MY-1

DD=DX/RX1

DE=DY/RY1
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55

60
80

66

44

220

230

K=1
DO 80 J=1,MY
JR=J-1
Y1=Y0+(JR*DY)/RY1
DO 60 I=1,MX
IR=1-1
X(K)=X0+( IR*DX)/RX1
Y(K)=Y |
SET=SQRT(RR**2-(Y(K)-CY)**2)
IF(X(K).LE.RR) THEN
XZ=CX-SET
GO TO 55
END IF
XZ=CX+SET
IF(X(K).LT.XZ) THEN
IF((X(K)+DD).GE.XZ) THEN
K=K+1
X(K)=XZ
Y(K)=Y|
END IF
END IF
K=K+1
CONT INUE
CONT INUE
QAX1=PX1-4
QY1=PY1-4
NC1=QX1*QY1
NP1=(PX1-7)*(PY1-7)
Specify Internal knots
IF(Q@X1.LT.5) GO TO 66
READ(11,-) (AMDA1(J),J=5,QX1)
IF(QY1.LT.5) GO TO 44
READ(11,-) (EU1(J),J=5,QY1)
IFAIL=1
Subroutine EO2ZAF sorts two dimensional data Into
rectangular panels for orderly and efficlent computation
CALL EO2ZAF(PX1,PY1,AMDA1,EU1,M1,X1,Y1 ,NPOINT ,M1+NP1,
+ |ADRES,NP1,IFAIL)
IF(IFAIL.EQ.Q0) GO TO 220
WRITE(12,-) "IFAIL1"
WRITE(12,-) IFAIL
GO TO 180
IFAIL=1
Subroutine EO2DAF forms the minimal,weighted least squares
bicublic splline surface to the set of glven data points
CALL EO2DAF(M1,PX1,PY1,X1,Y1,Z1,W,AMDA1,EU1,NPOINT,
+M1+NP1,DL,C1,NC1,WS,NWS,EPS,SIGMA,RANK, IFAIL)
Output the sum of squares error
WRITE(12,-) SIGMA
IF(IFAIL.EQ.0) GO TO 230
WRITE(12,-) "IFAIL2"
WRITE(12,-) IFAIL
GO TO 180
IFAIL=1
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Subroutine EO2DBF calculates values of a bicubic spline

function from Its B-spline representation at prescribed

points

CALL EO2DBF(M1,PX1,PY1,X1,Y1,FF1,AMDAT,EU1,NPOINT ,M1+NP1
+,C1,NC1, IFAIL)

IFCIFAIL.EQ.Q) GO TO 420

WRITE(12,-) "IFAIL3"

WRITE(12,-) IFAIL

GO TO 180

420 CALL SELM(PX1,PY1,AMDA1,EU1,M,NP1,NC1,C1)
CALL INTEG(M,MX,MY,DX,DY,TL,TU,RR,WL,CX,CY,X0,
+X0,X2,Y0,Y2,Q1,V1,TIN,HIN,EPS)
180 READ(11,-) |
IF(1-1) 200,20,420
200 STOP
END

Subroutine Selm calculates Splines at the Mesh (grid)
points

SUBROUT INE SELM(PX,PY,AMDA,EU,M,NP,NC,C)

COMMON /SAX/ X(1200),Y(1200),FF(1200)

SPECIAL COMMON SAX

INTEGER 1,J,K,M,PX,PY,NP,NC, IPOINT(2050)

INTEGER IFAIL,ADRES(30)

REAL EU(20),AMDA(20),C(60)

IFAIL=1
CALL EO2ZAF(PX,PY,AMDA,EU,M,X,Y, IPOINT,M+NP,ADRES,NP, IFAIL)
IFCIFAIL.EQ.0) GO TO 100
WRITE(12,-) “IFAIL4"
WRITE(12,-) IFAIL
WRITE(12,-)
GO TO 180
100 IFAIL=1
CALL EO2DBF(M,PX,PY,X,Y,FF,AMDA,EU, IPOINT ,M+NP,C,NC, IFAIL)
IFCIFAIL.EQ.O0) GO TO 120
WRITE(12,-) "IFAILS"
WRITE(12,-) IFAIL

GO TO 180
120 RETURN
180  STOP

END
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OO0

999

500

600

SUBROUTINE INTEG(M,MX,MY,DX,DY,TL,TU,RR,WL,CX,CY,X0,X2

+,Y0,Y2,Q1,V1,TIN,HIN,EPS)

INTEG Integrates the temperatures over the tray area
Only a strip of width "DELY" is Integrated at a time
The area of the strip "DELX*DELX" is set before
computation begins

COMMON /SAX/ X(1200),Y(1200),FM(1200)

SPECIAL COMMON SAX

COMMON /CAT/ F1(1200),YNTR(1200)

SPECIAL COMMON CAT

COMMON /CAN/ W(5000),AZ(32,30)

SPECIAL COMMON CAN

COMMON /FIX/ A(20),CT(20),E(20),CE(20),N7,M7
SPECIAL COMMON FIX

REAL AREA,DELX,DELY,L,V,XX,XY,XZ,RR,CX,CY

REAL HO(1200),XS(200),FS(200),TOU,TIN

INTEGER MX,MY,M, IX,1Y,N7,IW,DIM

State area of tray In centimeters squares
AREA=8554.00

Set the average densities of water and alr (kg/m3)
PL=1000

PV=1.22

DIM=1800

Initlallsation of variables for iteration
Set calculation limits for point efficiency
EMAX=1.1

EMIN=0.1

EMI=EMIN

EMX=EMAX

EOG=EMI

WL1=0.0

XINT=0.0

DINT=0.0

Calculation of flow rates from load factor and welr load
L=Q1*(WL/100.0)*PL
V=(V1/((PV/(PL=PV))**0.5))*(AREA/1.0E+4)*PV
Start of calculations

XLA=1.5*%V/L

DELX=DX/ (MX=1)

DD=DELX/2

DELY=DY/(MY=1)

IW=WL/DELX

CALL BNDRY(M,MX,MY,CX,CY,RR,TL,TU,XS,FS,EOG,HIN,DIM,HO)
DINT=0.0

DO 600 J=1,MY

IF(J.EQ.1) THEN

DO 500 I=1,IW

DINT=DINT+FS(I)+FS(1+1)

CONT INUE

END IF

CONT INUE
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20

666

555

9001

909

808

900

888
9002

800

TOU=D INT*DD/WL
TOU=1.00*TOU
HTV=(TIN-TOU)*(L/V)+HIN
WRITE(12,-) HTV
IFAIL=1
CALL EO2BBF(N7,A,CT,TOU,HE, IFAIL)
IFCIFAIL.EQ.0) GO TO 90
WRITE(12,-) "IFAILO"
WRITE(12,-) IFAIL
GO TO 800
K=1
YINT=0.0
DO 555 J=1,MY
XINT=0.0
DO 666 N=1,MX-1
XINT=XINT+HO(K)+HO(K+1)
K=K +1
CONT INUE
YNTR(J)=X INT*DELX/2
CONT INUE
CALL SIMPS(MY,YNTR,DELY,ZNTEG)
TOTINT=ZNTEG
AVERH=TOT INT/AREA
WRITE(12,-) AVERH,HTV
DIFF=HTV-AVERH
EJS=EPS*900.0
IF(ABS(DIFF).LE.EJS) GO TO 888
EMV=(HTV-HIN)/(HE-HIN)
WRITE(12,9001) EOG,EMV,TOU,DIFF
FORMAT(///4F10.3)
EOG=EQOG+D |FF/HTV
GO TO 900
IF(EOG.NE.EMAX) GO TO 909
EMM=(EMAX-EMIN)/2
EOG=EMM
GO TO 999
IF(DIFF.GT.0.0) GO TO 808
EMM=( EMX—EMI1)/2
EOG=EMM
EMX=EMM
GO TO 900
EMM=(EMX-EM1)/2
EOG=EMX
EM|=EMM
GO TO 999
Print the point efficiency, the product lamda by pt.eff.
tray efficlency,the ratlo pt.eff. to tr.eff. and average
outlet temperature
WRITE(12,9002) EOG,XLA*EQG,EMV,EMV/EOG,TOU
FORMAT (5F10.4)
CALL PRFILE(M,MX, 6 MY,bX0,X2,Y0,Y2,TL,TU,RR,WL,Q1,V1)
RETURN
END

a40



Subroutine simps integrates the spline function

In the flow direction using Simpson's rule
SUBROUTINE SIMPS(MY,YNTR,DELY,ZNTEG)
DIMENSION YNTR(100)
REAL ZINTEG
INTV=MY-1
1 ITV=INTV/2
| END=MY-2
INTEG=0.0
K=1
IFCCINTV=2*]ITV).EQ.0) GO TO 400
INTEG=3*DELY/8*(YNTR(1)+3*YNTR(2)+3*YNTR(3)+YNTR(4))
K=4
400 INTEG=ZNTEG+DELY/3*(YNTR(K)+4*YNTR(K+1)+YNTR(MY))

K=K+2

DO 500 I=K,I|END,2

INTEG=ZNTEG+DELY/3*(2*YNTR( I )+4*YNTR(I+1))
500 CONT INUE

RETURN

END

SUBROUT INE BNDRY (M,MX,MY,CX,CY,RR,TL,TU,XS,FS
+,EOG,HIN,DIM,HO)

Subroutine BNDRY allocates the value zero to

points lying outside the active area of the tray

This enables an Iintegration of the tray to be confined

to the actlive space only.

OO0

COMMON /SAX/ X(1200),Y(1200),FM(1200)

SPECIAL COMMON SAX

COMMON /CAT/ F1(1200),YNTR(1200)

SPECIAL COMMON CAT

COMMON /CAN/ W(5000),AZ(32,30)

SPECIAL COMMON CAN

COMMON /FIX/ A(20),CT(20),E(20),CE(20),N7,M7
SPECIAL COMMON FIX

REAL XZ,CX,CY,RR,V(100),XS(200),FS(200),H0(1200)
INTEGER M,K,N7,M7
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19

20
22

80

Le=1

Ne=1

1 J=1

DO 22 J=1,MY

DO 22 |=1,MX+2
SET=SQRT (RR**2—( (Y(N)-CY))**2)
IF(X(N).LE.RR) THEN
XZ=CX-SET
IF(J.EQ.1.0R.J.EQ.MY) THEN
IF(X(N).LT.XZ) GO TO 20
XS(1J)=X(N)
FS(1J)=FM(N)

I J=1J+1

END IF

GO TO 19

END IF

XZ=CX+SET
IF(J.EQ.1.0R.J.EQ.MY) THEN
IF(X(N).GT.XZ) GO TO 20
XS(1J)=X(N)
FS(1J)=FM(N)

[ J= | J+1

END IF

IF(X(N).EQ.XZ) THEN
V(L)=FM(N)

L=L+1

END IF

N=N+1

CONT INUE

J=1

DO 100 K=1,M
SET=SQRT(RR**2-( (Y (K)-CY))**2)
IF(X(K).LE.RR) THEN

N=J

XZ=CX-SET
IF(X(K).LT.XZ) THEN
F1(K)=0.0

HO(K)=0.00

GO TO 99

END IF

F1(K)=FM(K)

GO TO 80

END IF

N=2*(J=-1)+1

XZ=CX+SET
IF(X(K).GT.XZ) THEN
FI1(K)=0.0

HO(K)=0.00

GO TO 99

END IF

F1(K)=FM(K)

IFAIL=1
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TI=FI(K)
CALL EO2BBF(N7,A,CT,TI,HEQ, IFAIL)
WRITE(12,303) K,X(K),Y(K),FI(K)
IFCIFAIL.EQ.0) GO TO 90
WRITE(12,-) "IFAILO"
WRITE(12,-) IFAIL
GO TO 500

90 HO(K)=HIN+EOG*(HEQ-HIN)

99 IF(K.EQ. (J*(MX+2))) THEN
J=J+1
END IF

100 CONT INUE
RETURN

500 STOP
END

SUBROUT INE PRFILE(M,MX, MY, X0,X2,Y0,Y2,TL,TU,RR,WL,Q1,V1)
& Prfile draws temperature profiles across the tray using
c the package GINOSURF

REAL X0,X2,Y0,Y2

COMMON /CAT/ F1(1200),YNTR(1200)

SPECIAL COMMON CAT

COMMON /CAN/ W(5000),AZ(32,30)

SPECIAL COMMON CAN

COMMON /SAX/ X(1200),Y(1200),FM(1200)

SPECIAL COMMON SAX

COMMON /CONST/ DIA,XTE,XLEN,XWR,XBEL,XTS,XS,YS,YF,XL,YL,YM
+,XM, YE , XX, XY

SPECIAL COMMON CONST

COMMON /PLOT/ YCL(40),Z1(40),X!(40),DX,MHF, IXX, |END

SPECIAL COMMON PLOT

INTEGER M,MX,MY

FRG=0.0
RAF=(Q1/V1)-0.07
TOL=0.05*0.07
D1A=2*RR
XX=RR-0.5*WL
XY=D | A=-XX

DX=D |A/MX

I XX=XX/DX

MM=WL /DX-1
MHF=MM/2

DO 44 J=1,MY

1 J=(J=1)*(MX+2)
LL=(MY=J)*(MX+2)+MHF
N=1XX+1J

K=N+MHF
MST=N+MM+1

| END=MST-2
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IF((2*MHF-MM) .EQ.0) GO TO 22
;HG-S*DX/B'(FM(N)+3*FM(N+1)+3*FM(N+2)+3*FM(N+3))
=N+3
YCL(J)=FM(K+1)
X1 (J)=Y(LL)
GO TO 33
22 YCL(J)=(FM(K+1)+FM(K+2))/2
X1(J)=Y(LL)
33 FRG=FRG+( (DX/3)*(FM(N)+4*FM(N+1)+FM(MST)))
N=N+2
DO 66 |I=N, IEND,2
FRG=FRG+( (DX/3)*(2*%FM( | | )+4*FM(11+1)))
66 CONT I NUE
Z1(J)=FRG/ (DX*MM)
X1(J)=Y(LL)
FRG=0.0
44 CONT INUE
IF(YCL(MY).GT.ZI(MY)) GO TO 777
AZI=Z | (MY)
GO TO 888
777 AZ | =YCL (MY)
888 IFCYCL(1).LT.ZI(1)) GO TO 999

WZI=Z1(1)

GO TO 555
999 WZIl=YCL(1)
555 L=1

DO 88 J=1,MY

DO 77 I=1,MX+2
AZ(1,J)=FM(L)
L=l +1

77 CONT INUE

88 CONT INUE
CALL GINO
CALL PICCLE
CALL SHIFT2(0.00,50.00)
CALL SCALE(0.5)
CALL SETFRA(2)
CALL LABCON(0,1,120.0,0)
CALL DRACON(MX+2,X0,X2,MY,Y0,Y2,AZ,20,1,5000,W)
Convert GinoSurf Scale into ordinary GinoGraphics Scale
Values
CALL CONSPA(XO0,YO,XZ,YA)
CALL CONSPA(14.0,Y0,XA,YA)
CALL CONSPA(108.0,Y0,XB,YA)
CALL CONSPA(14.0,Y2,XA,YB)
CALL CONSPA(108.0,Y2,XB,YB)
CALL CONSPA(X2,Y2,XF,YB)
CALL CONSPA(61.0,38.0,XR,YR)
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XF=XB-XA

XS=XA+0.1*XF
XCB=XS+0.16*XF
YS=YA-0.06*YB
YF=YS-0.05*%YB
YOUT=YF-0.04*YB
YNW=YOUT-0.04*YB
XL=XA+0.01*XF

YI=YB-YA

YL=YF-0.005*YB
YM=YA-0.035*YB
YMLT=YM-0.016*YB
XM=0.990*XR
YE=YA-0.025*YB
YLM=YA+0.8*YB
YLM=YLM*0.86
YTR=YM-0.02*YB
XTE=XB+(16.91*XF/15.1)
RXTE=XB+(7.28*XF/15.1)
WXTE=XA-(7.28*XF/15.1)
DXTE=RXTE-WXTE
DOWY=YA-(5.7*YZ/12.3)
HIGY=YB+(3.15*YZ/12.3)
HEGT=H I GY-DOWY
XBEL=XTE-0.085*XF
XTS=XTE+0.10*XF
XRTS=XTS+0.16*XF

XK=YZ+XTE

XWR=0.50*XF+XTE
XV=XR-0.085*XF
XOUT=XV-0.01*XF

Draw the Tray Shape to Scale using scale values above
CALL MOVTO2(XA,YA)

CALL LINTO2(XB,YA)

CALL ARCTO2(XR,YR,XB,YB,1)
CALL LINTO2(XA,YB)

CALL ARCTO2(XR,YR,XA,YA,1)
CALL MOVTO2(XS,YB*1.1)
CALL CHAHOL (47HMeasured Temperature Profiles on a Sieve
Tray*.)

CALL MOVTO2(XS,YB*1.08)
CALL LINBY2(0.9*XF,0.00)
CALL MOVTO2(XS,YB*1.05)
CALL CHAHOL(18H(Temperature C)*.)
CALL MOVTO2(XV,YB)

CALL CHAHOL(12Htray Inlet*.)
CALL MOVTO2(XS,YF)

CALL CHAHOL(10HFIG: *50
CALL MOVTO2(XS,YL)

CALL LINBY2(0.12*XF,0.00)
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CALL MOVTO2(XCB,YOUT)

CALL CHAHOL (BHCsb=*.)

CALL CHAFIX(V1,6,4)

CALL CHAHOL (5Hm/s*.)

CALL CHAHOL (10H q/b=*)

CALL CHAFIX(Q1,7,5)

CALL CHAHOL (7Hm3/sm*.)

CALL MOVTO2(XCB,YNW)

Specify tray type and label

CALL CHAHOL (15HSTANDARD TRAY*.)

CALL CHAHOL (31HMODIFIED TRAY:OUTLET WEIR GAP*.)

CALL CHAHOL (21HSTEP-FLOW DOWNCOMER*.)

Draw separate plots of temperature profile along the flow
axls and In the rectangular section between the downcomers

CALL MOVTO2(XTS,YF)
CALL CHAHOL(10HFI1G: *.)
CALL MOVTO2(XTS,YL)
CALL LINBY2(0.12*XF,0.00)
CALL MOVTO2(XRTS,YOUT)
CALL CHAHOL (6HCsb=* )
CALL CHAFIX(V1,6,4)
CALL CHAHOL (5Hm/s*.)
CALL CHAHOL (10H q/b=*_)
CALL CHAFIX(Q1,7,5)
CALL CHAHOL (7Hm3/sm*.)
CALL MOVTO2(XRTS,YNW)
Specify and label tray type
CALL CHAHOL (15HSTANDARD TRAY*.)
CALL CHAHOL(31HMODIFIED TRAY:OUTLET WEIR GAP*.)
CALL CHAHOL (21HSTEP-FLOW DOWNCOMER*.)
CALL MOVTO2(XM,YE)
CALL CHAHOL (3HC*.)
CALL MOVTO2(XR,YM)
CALL CHAHOL (3HL*.)
Determine [f Operating Flow Conditions satisfy Spray,Mlxed
or are at the Transition between Spray and Mixed
IF(ABS(RAF).EQ.TOL) GO TO 333
IF(RAF.GT.0.0) GO TO 444
CALL MOVTO2(XCB,YF)
CALL CHAHOL (14HSpray Regime*.)
CALL MOVTO2(XRTS,YF)
CALL CHAHOL(14HSpray Regime*.)
GO TO 222
444 CALL MOVTO2(XCB,YF)
CALL CHAHOL(14HMIixed Regime*.)
CALL MOVTO2(XRTS,YF)
CALL CHAHOL(14HMIxed Regime*.)
GO TO 222
333 CALL MOVTO2(XCB,YF)
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CALL CHAHOL (16HTransition S/M*.)

CALL MOVTO2(XRTS,YF)

CALL CHAHOL(16HTransitlion S/M*.)
222 CALL MOVTO2(XOUT,YMLT)

CALL CHAHOL (13Htray outlet*.)

CALL MOVTO2(XM,YE)

CALL CHAHOL (3HC*.)

CALL MOVTO2(XR,YM)

CALL CHAHOL (3HL*.)

CALL MOVTO2(XTE,YA)

CALL AXIPOS(1,XTE,YA,YZ,1)

CALL AXIPOS(1,XTE,YA,YZ,2)

CALL AX1SCA(3,5,0.00,76.00,1)

CALL AXISCA(3,10,WZ1,AZI,2)

CALL AXIDRA(2,1,1)

CALL AXIDRA(-1,-1,2)

CALL GRASYM(XI,ZI,MY,3,2)

CALL GRACUR(XI1,Z1,MY)

CALL GRASYM(XI,YCL,MY,7,2)

CALL GRACUR(XI,YCL,MY)

CALL MOVTO2(XTE,YB*1.1)

CALL CHAHOL (36HTemperature Change along Flow Axis*.)

CALL MOVTO2(XTE,YB*1.08)

CALL LINBY2(0.7*XF,0.00)

CALL MOVTO2(XTS,1.00*YB)

CALL CHAHOL(33H+ Rectangular Section (average)*.)

CALL MOVTO2(XTS,0.95*YB)

CALL CHAHOL(15Ho Centre Line*.)

CALL MOVTO2(XTE,YS)

CALL CHAHOL (4HIN*.)

CALL MOVTO2(XTS,YS)

CALL CHAHOL(22HFlow Path Length(cm)*.)

CALL LINBY2(0.12*XF,0.00)

CALL MOVTO2(XK,YS)

CALL CHAHOL (5HOUT=*.)

CALL MOVTO2(XBEL,0.62*YB)

CALL CHAHOL (SHT C*.)

CALL DEVEND

RETURN

END

TO RUN: Open NAG10D and GINO-F Llibraries.
Create data files and load Information in order of program
Specify (and If necessary, change) Internal knots till sum
of squares of welghted reslduals Is less than 2.0
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