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S e _"“-'ABS'TRACT_'

o Th;s the51s is concerned w1th the development of a. non-."

'}'/-

‘llnear blnary dlstlllatlon model to 1nclude the hydraullc
| effects of varlable volume tray holdup. Verlflcatlon of thlS'

model is made by.comparlson to open loop data obtalned from a

-

'npllot plant column - In- addltlon, other llmltlng assumptlons

are consecutively applled to the model and effects~on'model;'
“:behav1or observed., . : s
| 8 ZaV“~'v" c . D '-f_v R o

A llterature survey presents varlous types of " dlstllla—gr“
_"tlon models and thelr appllcatlons. A llst of common model-_~
- llng assumptlons 1s glven along w1th effects upon model com— i

llrplex1t1 and order.; A descrlptlon of workers treatment of

”J §pec1al stages such as’ reb011er and condenser is 1ncluded

Ce

'ZMass;acomponent energy balances, and a llnear hold—,{:“fnh

'vup correlatlon,were used as a basrs to develop a. nonllnear
txfmodel of a ten stage*bfnary column Two methods of numerlcal:fft
}soLutlon of the resultrhg forty equatlonsvwere developed

'fslmulatlons were made for reflux and steam flow dlsturbances;‘

The model was srmpllfled to include the assumptlon of

5constant tray holdu ¥ Further llmltlng assumptlons¢were



B

Al

T achleved by comparlson to. open loop tran51ent data obtalned

: .t from a pllOt plant column Very good agreement was shown'

t

v w1th heat loss and eff1c1ency used as flttlng parameters.

Comparlson of the constant tray holdup model to- the varlable

tray holdup model and other more 51mple models lndlcate the
effects of varlous assumptlons upon model behav1or . Slmula—'
tlon results from the varlable tray holdup model w1th three f_},f:

dlfferent holdup correlatlons are shown It ls shown that

4 the chorce,of a holdup correlatlon can 51gn1f1cantly affect o
b" A . - . T
the 51mulated column dynamlcs. : Lo SRR E

The flnal model formulatlon was found to lend ltself

"ea51ly to modlflcatlon,;and handled the varlable holdup con-'

'31deratlon well provrdlng a stable solutlon for a varlety

V,,

of cases. ;v*'
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CHAPTER 1 -

' INTRODUCTION

It has been stated by promlnent chemlcal englneers and

de51gners that pProcesg dynamlcs ‘and control should be con—i

51dered in. the 1n1t1al de51gn of a process.' Such a deSLgn

phllosophy would lnclude the development of a mathematlcal’
ot

process model to. ald 1n merov1ng process operatlon on the

bas1s of dynamlc and control con81deratlons. Thls approach

> : “’; U
has not been wrdely applled w1th the control system gene-
rally belng de51gned after the equlpment de51gn has been'b

flnallzed

a . . ’ 2 AT

The de51red de51gn phllosophy must comblne the mathe-

,matlcal representatlon of the process system w1th tentatlve

;kgcontrol schemes. Slmulatlons of the contro&led sYstem be-
o
'Q/ hav1or would lead to rmproved process deslgns.» The appllca4

e

I's

.tlon of this approach has been llmlted due to the dlfflcuity

4.

of understandlng the process phy51cally and developlng ade-"

quate mathematlcal models at reasonable cost It is for

these reasons that such a de51gn phllosophy has been success-'b

fully applled only to the more 51mple process systems

Dlstlllatlon, however, is- an exceptlon, belng a rela-v_

tlvely complef process.v It has been the subject of many“

w

studles ln regard to dynamlc modelllng, as it is one of the~
N Ll ‘*" -

oldest and most w1dely used process unlts 1n lndustry. Models .
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of varylng complex1ty have been derlved some having been i
verlfled by comparlson to actual pllOt plant data ‘ These
‘models lnclude 1i mltlng assumptlons that determine their
‘rlgor or completeness. A complete descrlptlon of 51mpllfy1ng:
assumptlons commonly used 1n dlstlllatlen modelllng is- pre—'\

.,, sentei in a later sectlon ‘

' A major assumptlon which” 1s made in der1v1ng any dlstll—:

latlon model concerns holdup and hydrodynamlc lag The pr —f‘f
mary purpose of thls work was to ellmlnate any assumptlon
,'concernlng holdup or hydrodynamlc lag,-augmentlng a fully
non- llnear model already lncorporatlng a mlnlmal number of
fassumptlons Thls proposed model descrlbes open loop tran~
sients of tray and termlnal composxtlons for a: varlety of
///dlsturbances, lncludlng changes ln feed steam angd - reflux
"flows. The ~model is verlfrad by comparlson to open loop data
‘lffrom a_ 8 1nch dlameter, lO stage pllOt plant dlstlllatlon |

column u51ng a methanol—water feed
Models developed prev1ously have glven rlse to favorable'

' preglctlon when compared to ex*erlmental data, or. have been

used to 31mulate successfully a column undbr a new control
")

e

[}

”k scheme. However, few comparréons have been made betweenf _

models of. varylng complexlty to determ1ﬁe~the error 1ntroducedf'a
- by.partlcular assumptlons, reductlon of order and/or linearl—f
(ﬁ zatlon.. Thus, tha obJectlve of thls work was. to use a com-'f‘

pletely non- llnear experlmentally verlfled model and then

P



modlfy tke model by more restrlctlve sxmpllfylng assumptlons,v

determlnlng thelr effects upon’ 51mulated column behav1or.4fj
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lnput and output varlables. The second and more flexlble

method is the appllcatlon of known phy51cal relatlonshlps such ftl

'as mlxlng equatlons or mass and energy balances to sectlons
. of the process and predlcﬁﬁng open loop responses.s The com-

plex1ty of the models that would result from such an approach

: TN .,
\ls determlned by the assumptlons employed _~ The ,'x\\\“

S~

‘ most common assumptlons made in dlstlllatlon modelllng are

" llsted below.>

S 'JA 1. Negllglble vapor.holdup and dynamlcs —'changes 1n
‘vapor rate are assumed 1nstantaneous, and vapor holdup is"
\.con31dered negllglble relatlve to llquld holdup.» Use-of'such

assumptlons, whlch are normally justlfled 351gn1f1cantly re-l
duces ‘the number of equa\aons to be solved ' 'H;f.
| ﬁzf Molar, mass or volume holdup constant -'the specxflc

_ assumptlon chosen depends upon the eitent of the 51mpllf1ca-fh:

tlon de51red Thls 51mplif1catlon has been used in almost hf7d73

b.d4;?}?



”Efall dlstlllatlon models to date

'3” quuld dynamlcs negllglble'— w1th this assumptlon 1t
"1s con51dered that a dlsturbance in llquld flow rate. w1ll

E propagate through the column 1nstantaneously. ThlS may be a,

Y
RN

llgood assumptlon lf the comp051tlon dynamlcs are very slow, or
1f there is only a sllght dependence of holdup upon lquld

»-'flow rate.

LU I

affln that the effect of changes in pressure on equlllbrlum or

J"enthalpy con51deratlons need not be consrdered ‘Tower pres—

“5sure is under control in most processes. o |

| .s)l Wellﬁgixed llquld and vapor phase 1n each‘stage -
‘only“stage eff1c1enc1es are requlred to establlsh lquld and!

'4ivapor comp051t1ons on each tray o | | |

?J‘ Adlabatlc operatlon or other heat loss assumptlon -

« 9

'Jthese assumptlons are only appllcable lf energy balances are”
*yvused in ‘the. model Adlabatlc operatlonlmay be valld for well h‘
_glnsulated or enclosed columns. Other common assumptlons are:.ihh
fthose of constant heat loss or’ heat loss varylng w1tH compo-
'gj51tlon and/or temperature,dL | ' |

'l°7;‘ Constant eff1c1ency or some functlon of operatlng
'fcondltlons —.no 51mple correlatlon for predlctlng the effl-i
»c1ency of small columns ex1$ts so eff1c1ency 1s used as a

‘tharameter to flt experlmental data at steady state and/or

fdurlng transrent operatlon.:-t

S o f
‘_;Jﬁ Constant pressure operatlon —‘51mpllf1es calculatlons L



- the lquld and vapoqr flow

'ratesfare”constantfinfeach secti " of ‘the column , ThlS lS a

\
severe assumptlon and usually only\lntroduced w1th mlnlmum '

fprlor knowledge of column operatlng condltlons

,9.g Perturbatlon theory applles - only small- excur51ons

from steadyostate w1ll be experlenced whlch allows equlllbrlum__"

T'and enthalpy relatlonshlps and/or conservatlon equatlons to

; be llnearlzed j e e e

egllglble —_energy storage con51dered to- be small compared

'v_to magnltude of other terms ‘in enthalpy balances.

‘As shall be seen 1n later sectlons, all modelllng work to date_.

has 1ncluded the use of at least two of the above assumptlons.

The accuracy of models predlctlons u31ng certaln of the above.
“1-assumptlons w1ll also be con51dered in later sectlons.

2. l 2 Holdup and Hydrodynamlc Lag ,ﬁhu - ;r

"fgible. Phy31cally, llquld flow from a tray 1s determlned by :

'the head of llquld on the tray, the amount of frothlng, and

lfto a certaln extent, the pressure dlfferentlal and vapour flow;t,"

10. Heat capac1ty of tray metal and/or column walls .:”éﬂ

'gto the tray. The exact nature of this: relatlonshlp is unkown f”

‘For conservatlon of mass, an 1ncrease ln lnput llquld flow to

a tray would result in. an increase 1n llquld outflow and

PO



fposs1bly an- increase in llquld head on the tray As 'in other

u-o

' -reserv01rs w1th a restrlcted outflow, the reﬁétlonshlp may be

.,v

‘a lag equatlon

L(s) _ 1 RN
Y"LiKs),-dts+l ‘(2.l)u

' T R ‘ R T R _ S
‘and the holdup dynamics would'aISO_be in. the. form of a lag

'lProposed models reported by Stalnthorp and Searsonl;;SCho—

Lip(s) T8+l K o B

lander2 and Waller3 have used’ expressron (2.1) to- relatelf

Y

'fFlshers and by Rosenbrock

--manner 1n the more complex nonllnear models.' quUl

-was adopted by Huckaa et al._ and by Rafal et al

f'llquld flow rates.ﬂ

Many llnear models assume constant lquld flow rates:

and holdups (L(t) ‘ o’ WT(t) WT ) upon whlch compos1tlon_;

_ transfer functlons or matrrces are, based. Sudh is: the caser

4

w1th models developed by Osborne et al ' by Slttel and

67‘ N

Holdup and hydrodynamlc lag are. treated in a dngferent
-

}vapor flows at any tlme are determlned by mass and energy
sbalances on each tray, taklng 1nto account accumulatlon or .

'_gholdup changes due to den51ty or comp031tlon changes.‘ Thlsff5'

ellmlnates llquld dynamlcs altogether w1th flows changlng -

'only w1th comp031tlon effects or heat effects.. ThlS approachﬂ

9 -



- NS B
‘in their studies.

AS'stated.in section 2.1.1, the most common assumptlon :

made w1th respect to holdup is to assume the holdup to be
10

’Q[constant on a mass, molar or volume basis.’ Dlstefano has

m“altered the model of Huckaba et al. 8 “to correct tray holdup
for changes in llquld and vaporfrate;' Holdup was’ updated‘
‘each lntegratlon lnterval but changes durlng each tlme step
. were not con51dered when solv1ng for- new. lquld and : vapor,ﬁ“

flow rates, resultlng in neglect of lquld dynamlcs

The flow of liguid from one tray to. another is through

a downCOmer, its length approx1mately that of the tray spac1ng,
x .

'In thlS reglon,_llquld does not come 1nto contact w1th the
vapor, and should be modelled as a pure tlme delay 1n llquld

nflow Thls approach was used ln the models of Pelser and

Groverll and that of Dlstefanolo.‘v

R

It 1s not obvxous ‘if. there is :a baSLS that should be em-,'
ployed regardang the use of partlcular assumptlons since good-

: s B .
'results were obtalned by prev1ous workers u51ng a partlcular'

Vmodel for a spec1f1c case._ Only upon comparlson of exper1-u§\7ff
fmental data w1th 51mulatlon results from dlfferent models can.
a- judgement be made. Even the predlctlon of actual holdup

values for bubble cap or 51eve trays lnvolves con51derable

‘ 5uncerta;nty "“f\?



2{ TRANSFER FUNCTION MODELS - . L S

- The earllest dlstlllatlon column models tended to be
the 51mplest _and transfer functlon models fall 1nto thlS
category.' Transfer functlon models are eaSLly obtalned by

flttlng to. open'ﬂoop data or by s1mple mathematlcal analyses

'~of the system. ~Transfer functlon models only characterLZe

fnonllnear plants adequately prov1ded there is no strong non— ™~

_ llnear system behav1or The dlstlllatlon column is a non-
llnear-system, however, for small excur51ons from sleady.‘
state, the transfer functlon model may be . representatlve.
However, w1th the llnear model and a hlghly nonllnear system,'
'fmodelllng error became lmportant and ‘with the w1de avalla—v

. ,blllty of dlgltal computers rather than analog computers,

‘other system representat ves were derlved

A process transfer functlon relates the dynamlc res-

 ponse of an output varlable to a dlsturbance of the 1nput_

_varlable . For a process transfer functlon ls glven below;

LY . . . N

v-’.’G'(’s)\- = -Cls)

. T(s) | »(‘2'_3).;'

The time. domaln response is obtalned from the lnverse

Laplace transform accordlng to

- c(t) _'ﬁ'=_",Lr',{G'(’s)_ti(s_)_}' e (2.4)
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;‘In a-distillation column, the‘varlables_k__lnxuest’or )

output Varlables ‘are’ usually the'termlnal comp051ta‘ns or

comp051tlonsxoflthe product streams. The dlsturbance varlables

R

R

- are usually the feed flow,.feed comp061tlon andsfeed enthalpy
=T TEEY :

Te— .

The relatlons between heat 1nput (steam flow) or reflux and

;1 water column by flttlng open loop data ,and by usmng prevxously

"

;\

bcttom compos1tlon or top comp051tlon are also lmportant for
- o SRR : IS
control studles. ‘
o

'f/ Wahl and"Hai:"rio't19 attempted to predlct the tlme con-z‘
‘stants of these transfer functlons for a lS plate methanol— g

developed correlatlons based ‘upon a rec1rculatlon rate afd a

aracterlstlc tlme constant (column parameters) The cor-";

vrelatlons predlcted both zeros and poles from steady state

condltlons.‘: "f Rt _f,ﬂf_...'%' _ o

! .vo

Transfer functlon models relatlng certaln tray tempera—
ture§ to reflux and steam flows, determlned emplrlcally for '

+lO% step changes ln flow rate, were used by Vlnante and

' Luybenls for decoupllng control of a dlstlllatlon column

t'transfer functlon &gdels are Slttel and Flsher'

,.)

Luyben and Tyreus16 u51ng a flrst order hydraullc dynamlcs
transfer functlon model fltted to. experlmental data,evaluated
51destream comp051tlon control Other workers who have derlved
21 ":‘. P‘é\l

37 3 \R ‘
et al. and Waller,:§tbe latter assumlng that flow lags a d com-

p051tlon lags can’ be trea ed Lndependently._bd _w; y *Q*,




" more complex models ‘by flttlng thelr predlcted responses w1th

i'AnotherAapprgggh,has/been to 51mp11fy hlgher order or

———~’tf§ﬁ§fer functlons Typlcal are the studles of Izawa and

© e,

Qf.comblnatlons of other varlables.l The matrlx A 1s a matrlx‘__r.‘..j

\\\state space The other terms on the rlght hand srde of Equa-.}p

2.3  STATE SPACE MODELS

17’

H

Morlnaga and Beaverstock and Harrlotzsl_

P

‘ 5State spacebmodels may be'represented'by‘Equation'(Z,S)

5=§§+§_ . B RIS _— (2 5)

‘vThe state vector lS ‘a. convenlent way of representlng 1mpor—_

’ftant ‘system ogefatlng Varlables,flnd1v1dually or as llnear S

. of coeff1c1ents, predlctlng trajectorles of the system through

'_;and a v'ctor whlch may be dlsturbance or control terms.

State space models may be derlved by mass and/or energy
v

5balance cons;deratlonsi_ Each tray 1n a’ dlstlllatlon column
-;has composltlon, energy and total balances assoclated w1th fff

. it, .as well as equlllbrlum relatlonshlps and holdup conslde-y;

'5amodel These relatlonshlps, however, must be llnear or

’“llnearlzed The state vector may be plate composrtlons and/

: or enthalples, augmented by llquld or vapor rates or holdups,,.

/._u - . . RN ., R T e s '»l_ o

(2 5) are comprlsed 51mllarly of a matrlx of coeff1c1ents

;where A 1s a matrlx of coefflclents and x 1s a state vector. S

_ratlons, whlch may all be used in, expressrng a state space pdf_f

8
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-'depending upon«model rigour or,Complexity,l,- i

.-

Scholanderz' used a model based on. materlal balances to i

=

N calculate feedforward and feedback natrlces for bottoms

comp051tlon control Rafal and Stevens% derlved optlmal con—"

) .
troLs based on quadratlc performance lndlces for a dlstllla-,,

tlonwsystem u31ng a state space model \\nwdel by Clearlg%b
'_.used K Values to predlct equlllbrlum condltlons, and heat and
5d mass balances to descrlbe column dynamlcs.f Blnder and |

Calylllol~ used a state space model to test a trackrng con-."'
"’Erol scheme and an adaptlve-predlctlve control scheme.» The:

derlvatlon of these varlous control laws, and the use of ;
f‘other standardlzed technlqhes for model reductlon are all
‘dmatrlx operatlons,.and are p0551ble because of the state_;'

' A

t,space models llnearlty property, and the form of the model

'ﬂTerrlszg used a matrlx technlque to reduc a state space model

*'to or/er 2 from 121 comparlng tlme constants and galns of
. the reduced Fodel to lndustrlal data.’ Slmpllflcatlon of thls

‘ifklnd may reduce computatlon or complex1ty 1n appllcatlon

o but w1th some loss of accuracy

Plke and ThomasZ3 obtalned a fourth order state space

~

‘_'model by dlscret121ng Laplace transfer functlons andoconver-'--T"'””

_”tlng to a matrlx form. Wlth mathematlcal/technlques appll-.'"'

U

gj'cable to matrlces but not to Laplace functlons,‘they calcu-
\;_lated an optlmal control strategy w1th two varlable control

e
Dy -

,/—'\—
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The llnearlty and practlcallty of the state space models
fallow a varlety of qpntrol strategles to- be rlgorously cal—l
"culated and lmplemented U fortunately,jsuch a model has 5ﬂ:#’
'-found llmlted-appllcatlon smnce a. dlstlllatlon column is a'
’Tnonllnear system.' Further, W1thout flttlng of some parameters
'such as eff1c1enc1es and/or eat loss, even steady state |

;_jagreement between calculated and experlmental condltlons 1s e

-

2.4 -NQNL_iN’EAR Moom.sf

7

: A nonllnear model con31sts of a system of nonllnear £
bdlfferentlal and algebralc equatlons. In practlce, dlscrete'b,e
"methods for the solutlon of nonllnear dlfferentlal equatlons

"vare as applled to llnear equatlons w1th changlng coeff1c1ents¥ 3

i,g-the solutlon for the nonllnear dlstlllatlon system lS ob-r

o

talned by solv1ng the comp031tlon balance equatlons, of the ®
».rform glven by Equatlon (2 5), and updatlng the A matrlx for '

‘ Changes ‘in the state vector x._,~f“

The nature of the updatlng technlque 1s agﬁln dependent
:upon the nature of the:slmpllfylng assumptlons/chosen._ When

|

-fthe nonllnear model is derlved from mass, ener Yy and compo-[,7“

"gnent balances,'such as in the work of Huckaba et al.. the

'rsystem of dlfferentlal equatlons lnvolves the llquld and ‘
-i»vapor flow rates, vapor composltlons and stage holdups.“ These fi
:W_may be establlshed vxa ‘a. number of routes,vand usxng varlous

Vi*fassumptlons such as constant molal oveqflow and 100 percent



tray eff1c1ency as 1n'the work of OSborne et al. 4 ~Distefan024
solved for tﬁg comp051tlon coeff1c1ents, as was done by

: / -
’VvHuckaba and coworkers, but rncluded the effect of a dead tlme

o « ‘

ﬂln lquld flow from tray to tray and the effect of changlng

-

/
volume holdup on the tray.f Svrcek26 modelled a- dlstlllatlon

”pcolumn SLmllarly but assumed constant volume ‘but varlable

mass of llquld holdup on the &ray.% Pelser and Groverll used

1

mass, . energy and componeht baLances to derlve a model based

- on a 4- component system.‘ The numerlcal technlques used to
J‘solve the system of equatlons dlffer from case to case.

'-v

" The appllcatlons of non—llnear dlstlllatlon modelllng -

_have been to test proposed control schemes, or have 1nvolved'
.

,comparlson of dynamlc 51mulatlon to experlmental data. Few

-

ucomparlsons have been made between llnear and ﬁonllnear

‘models, or between nonllnear models based on dlfferent as-

-

"l.sumptlons. One such. example Tan be found 1n the work of

RZIY

-

Rafal et al 9 who compared two methods of llnearlzlng phy-i‘
v5351cal property relatlonshlps but/found no~slgn1f1cant dlf-k

‘ference. G g
. Sy ‘_.';4: ,«y/ T E L S e ’

To compare favorably w1th experlmental data, -a certain '

¢

2 T,amount of flttdng has been requlred Rellable,correlatlons -

‘.

*wfor holdups or eff1c1enc&es are lacklng, forcxng workers +to

j‘ifadopt a . frttlng approacb Dz.stefano24 deVeloped-hls own

'emplrlcal holdup~correlatlon for lack of a. better one.pd'

",Beaverstock aﬁdearrlot2§ reported 1n thelr prlot plant ai.ﬁf

S

‘..1-."‘ U SR ¥ o
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-modelllng effort that the Fran01s‘W1er formula predlcted
holdup valués larger than measured by a 'actor of '2'and hy-
I

\.

» draullc tlme cdnstants one’ third the measured values. " Other .

‘workers ~assumed 100 percent eff1c1ency when methods of effl-

‘clency predlctlon were avallable but supposedly dld not

apply in. thelr partlcular appllcatlon. The weakness of deve-
. loping ‘more complex models has been a lack of conSLStency Ain
-predlctlng the values of the lncreased numbers of parameters

requlred in - hlgher order models.

2.5 \SPECIAL;STAGES,

On a. macroscoplc ba515; ali stages may.be treated equally,
vas the general equatlons descrlblng stages lnclude spec1al
terms such as heat- lnput or . lquld and vapor drawoffs. 'The\
"reb01ler and condenser howeVer, being terminal stages may be

termed spec1al as - 1n both cases there appears a time varylng

- heat term usually orders of magnltude greater than 1n mordi-
nc.){ stages.' It is thls heat term and spec1al mlxlng con-‘

51derat10ns that have glven these stages a- spec1a1 status.
& v :

T vic S

&

: Heat lnput to the reb01ler 1nvolves the transfer of heat

from one. medlum, such as steam, to the reb011er lquld - In
‘most studlesv reb011er heat duty, rather than condenser duty,,;

is taken to be a spec1f1ed process degree of freedom.
'Reboiler'modelling'inyolvesﬁheat‘input_prediCtion.andﬂ‘

o



" some mixing assumption. peiser and Grover?’ used eﬂthalpy,Qi

%

mass and component balances about the reboiler to obtaln
transfer functlon models relatlng liquid comp051tlon in the
Jreb01len/f;ssumed perfectly mlxed) to .steam and llquld in fl W
'disturbanCes. Heat 1nput was taken as a llnear functlon of
average temperature dlfferentlal and was varled with tlme.
Distefano et‘al.;0 also used heat balances- to solve for heat e
input,tbased on_steamvtemperature,,and reb01ler‘llquld compo-
.dsition. As{in thevwork onPelser.and ?fover, complete_mixingb
.was assumed} fBased‘upon'actual_pilotvplant‘measurements,
»Distefano\et al; conSidered.errors of S’percent‘due-to corre- -

s
latlon 1naccurac1es to be reasonable llmltS for heat 1nput

R

predlctlon. Sproul and GersterlB;'u51ng composxtlon balances‘
' on}y but fhcludlng entralnment effects solved for a composr-

tlon proflle at varlous pornts in a reborler system.' ‘They .

o

"found that dynamlcs were changed by Varylng the entralnment

’factor.' Svrcekzslshowed mat ematlcally that for hls pllOt

{.
»plant column, heat transfer dynamlcs were rapld compared to
.fthe comp051tlon dynamlcs,'so were consrdered 1nstantaneous.1f
Heat 1nput has also been consrdered constant, as ln all trans-
zferrfunctlon models, and as ln the matrlx model used by
»cl,ea.r.l? e o " o
"-Thefcondenser.ls a'specialﬂstage“ln that’a large. quantltf.
’of‘heat'is'removed. All mass enterlng thls stage ls condensed and--

'w1thdra%n as product under level control except the lquld



turned to'thewcolumn as reflux. Reflux rate and

uthatfis
enthalpy are the two process degrees of freedom ‘that are
”.spec1f1ed hus the condenser lS characterlzed by onp com—”*

pOSltlon dlfferentlal equatlon

. - ot - . N o



' ,CHAngR 3 T

MODEL DEVELOPMENT

3.1 THE EQUATIONS -~ x.

3.1.1 The Pistillation Column

' A dlstlllatlon column’ may be consrdered to be a serles o

“of mixing s~ages, 1n Wthh the vapor and llquld streams
‘enter, and leave accompanled by lnterchange of mass and energyfj’
between the ph ses.- Condensatlon and flashlng result in" par-

_tlal or total e 111br1um between the vapor and llquld

'Y

“:Phases.,-The‘degr e of foamlng, frothlng~and m1x1ng=rn each

stage determlnes th. amount of rnterfac1al contact whlch 1njﬁ
turn llmlts the exte t of equlllbrlum achleved On'a macro—7if'
scoplc scale, rlgorous mathematlcal characterlzatlon of these'

:tphy51cal processes is lacklng, SO the approach to modelllng

'.vtaken in thls work was. macroscoplc ln nature. It 1s assumed '

)
'{that complete m1x1ng, mass transfer and heat transfer eqﬁlll—:'v

; [ R
- brlﬁh\states were 1nstantaneously achleved and that overall o

' ‘balances were satisfied.

In a dlstlllatlon‘column \although there are many
’changlng varlables and propertles,.such as dlfqulVltleS and
hv1sc031t1es etc., the ba51s of column behav1or can be ex-.
pressed by equatlons 1n "4n" varlables, (where “n 1s thelb
_number of stages) These are the mass crrculatlon rates

(both llquld and vapor flows from each stage), the mass L



e
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| FIGURE 3.1 A Theoretical Stage
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'holdups on the stages, and the lquld composltlons on'theii
stages ] Other varlables such as den51ty, enthalpy and accu-
‘ mulatlon rates follow dlrectly from these base varlables. |
The governlng equatlons.(ﬂncludlng llquld feed and s;destream -

i S . -
‘drawoff terms) are: o : ‘ w

massgbalance : o lvcf\ T y~- : o .
o deT L i
0= g m Ly T Ly vV SV =S+ F, (3D
component balance B =
’9 ?‘—;atf— B Ln+lxn+lr:an¥n'-fvnYn" B »
f.Vn—lyn—lvf'snxndfTanFd;tV‘. o (3.2)
' s T Sl 5
.enthalpy balance e ,;_ e |
k dWTh/"‘ L ( Sy
0.= _—EEf— " Ln+lhn+l ‘thhn"gVngnh
.'vfﬂvn?lHn-l'f'thn f'Fnth”-'Q'" '-(3;3?

The columnvls sald to be at steady state when the rate
eof change of concentratlons on each tray, and the rates of

:mass and energy accumulatlon, that lS the left hand 51des of
\.

equatlons (3 l), (3 2) and (3 3) are- 1dent1cally equal to

‘ :zero._“

When the system 1s not at steady state, the accumulatlon
_‘terms are’ not zero “but some 1nstantaneous value, such that

all balances are satlsfled Slnce these balances then
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"oompromise 3n equations,{a,total balance, an energy balance,:vi
and a‘oomponent balance for eaoh tray, a- further n 1ndepen—‘
_dent equatlons will be needed to solve for the 4n base un—. _
know?;, \These equatlons are algebralc\rn,t?e form of holdup.

~ .
correlatlons.

A
I

Mo = Aply b Voo (3.4)

.'The_values for an, bn‘ cn’whlch may be fgnctlons of

-bllquld and vapor denSLty are arbltrary | No correlatlon

E ex1sts to date whlch adequately represents experlmental data
for a w1de varlety of columns and operatlng condltlons 'For

J"y; bn =0 ,'the equatlon reduces to belng a w1er type correlatlon.

,
This set of'equatlonSEQas'ohosenhfordseyeral:reaSOnsf
'l."pThe equatlons are expressed in. terms of ba51c chemlcal
and phy31cal propertles and flows that must be satls— '
‘{fled at any 1nstant of tlme | | | . |
'Z;Gf There are: no. assumptlons regardlng the nature of the".
| .Clquld dynamlcs, only that the holdup correlatlon is
"iﬁvalld :”dl"l._.: Ldl'ﬁh ; yi‘- ?*:‘d :;ﬂi 'dgfu.ﬁi
723{ iuThe equatlons are general and so are appllcable to any
‘column or set of equlllbrlum stages.» o | |
For a blnary mlxture, thermodynamlc data‘or correlatlons.
\t“.necessary‘to determlne the coeff1c1ents in equatlons (;.l)

to (3 3) can be expressed as -
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HooEG

“hy = hx) R e : ‘(3"‘6."
Yn ='y(xn); . L | o (3.7)

)

\

Slnce the pressure in the dlstlllatlon column is con-.

SLdered constant no allowances for pressure dependence have

‘been 1ncorporated 1nto the thermodynamlc or. eqﬁlllbrlum re-

presentatlons.. Expre551on (3. 7) 1ncludes not only the basmcﬂh

“equlllbrrum data, but takes ‘into- account the eff1c1ency of

tdcontact.~ A Murphree vapor eff1c1ency deflned by

By < Y.

L is applled to the equlllbrlum vapor comp031tlon to. obtaln the

»actual vapor compos1tlon accordlng to

yn 1" Y,

'n-1 _-Yn-._ B S

”

Yn T ¥poy Y ELVA -y ) IR (3-9)°

[3.1;2;'The'Reb0iler‘,

The reb01ler, unllke the trays, contalns a relatlvely

/‘dlarge lquld holdup, and has no lnput vapor flow but has a

"-Hlarge heat lnput Heat lnput lS by - a. shell and tube heat

v'rexchanger, w1th conden31ng steam prov1d1ng the energy to

'nflash the methanol—water solutlon.‘

The heat transfer depends ‘on. the overall heat transfer-

'1coeff1c1ent,

-'temperatureg

the steam temperature and the reboller lquld

"(3;8)':'

S
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:Q = UA(TS t,TR) f,." S o : " . (3 lO)
. : , . ‘ ,
The heat transfer dynamlcs are composed of dynamlcs of
the temperature ‘on the methanol—water 51de of the reb01ler,‘»

comblned with steam 51de temperature dynamlcs. ‘The methanol-

water solutlon temperature is a dlrect functlon of solutlonA

compos1tlon A SR L o . fff\\\\\\\\\\;;_j

TR’ »=:.¢'(?{R)'l'-’ ' , - ' o - (3°ll)
1o temperature dynamlcs ane ldentlcal to composltlon dyna-
mics, Reborler comp051tlon dynamlcs are lncluded 1n the _

'model as for any other stage ‘in the dlstlllatlon column by

calculatlng a component balance. The reboxler equatlon lS

- (3;l2)»"‘.'

WTR' —t— = L,x — ‘Ll»}él

1
By a total mass balance, and assumlng constant (approx1-

fmately) reb01ler holdup by level control the followlng<

‘;equatlonb_'

Ly = L; Vl, S | | \!'p
'1nd1cates that the reb01ler tlme constant or reb01ler re51-"

dence tlme would bev

= = e ‘," E dhﬁﬁu
ThlS tlme constant may be shown to be several orders of

magnltude larger than the tlme constant on the steam 31de of

Vltjthe reb011er by examlnlng a steam mass balance.
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Sincevthere‘is cdndensate level control,

AWTg o
@ 0 Aad 85 = 5

| vTherenéfgy.balance'dnithe steam side enables solution

. for the steam‘temperature,,and.is-expressed,in_equationu(j.lB);‘h

-hegleeting steamfvapor hdldup tﬁrms{"d .

dWTShS . - R - i R
gt - Sifsi " S8pPg - . o (31

Sﬁbstitﬁtibh_of'equationp(B.lb)-(andisi.; So) éives

jWTs'zﬂ?_?,Si‘Hsi"fh

g) - UA(TSka)-?

The enthalpy of the saturated cqhdensate may be approxr-v

mated by a llnear functlon of temperature.

N o f:»;»i-. 5" .
- Substituting and.gatherlnluterms.rn_TSuylelds

7

- A erBTS) - UA(QS—Tkyair

- ‘or rearranging

BWT, - 4T, S, (H —A) + UA . T

L _ R
f?§18+U§)vdtffZ%S f:_ (s B + UA)

1(3;14y

Expre551on (3 14) represents a flrst order system w1th-d-

thermal tlme constant N s
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, BWTS" . : L ST
BT . - : S S
'"which when compared to:the'reboiler compOSition time constant
. . - , S k _ T
WT,. . = - e T T

~ is found to be several orders of magnitude smaller..-

Equation (3.14) could be lntegrated to solve for changes.
v . ;
in‘TS but in thlS work, due to the 51gn1flcant dlfference'

bln the magnltude of the tlme constants,vthe steam temperature

-

was assumed to reach 1ts steady state\temperature lnstan—“
'taneously.- Neglectlng the trans;ent term 1n equatlon (3 l4)

YIEldS the follow1ng equatlon for steam temperaturea'

. 5 (Hg —A) +UA L T 'ix S ,.',. 1\ﬂ;;_ o
Ts_=' — < B FUAR ,fp-,<‘\nt“’ ; -.'*3f35*j*

To calculate the heat lnput at any 1nstant, the“steam'f‘§

temperature was calculated u51ng equatlon (3 15) and the re-

\v

"»b01ler solutlon temperature determlned from the reboxler com—'f""

‘f pos;tlon.- These two temperatures were “'en used 1n equatlon
(3'10) along w1th the overall heat trans er coeff1c1ent to_h

'calculate the heat 1nput Q

3.1.3 The Condenser Model

quUld level control 1n the condenser operates w1th a
e

'.hydrostatlc head type of measurement rather than dlrect -

a

-measurement of level so elther a denslty change due to a d'



Since mass holdup. ang hot_necesSarily level is being main-

_A.~ftained-constant, the tbtal mass balance willlnbt,qontain*uth:f

Lo

o R e Om phie &
 Steady state mass‘accumulatQOn-tejms. On this basls,-the‘ :

'masé.balance'may be ékpfessqa\}s;_'<

_ V9 - R:+‘ D.,;_ | v. S . o : ,‘ ‘(v:3'-15)“;_

as

or

L0 TdET T Vo¥g .t 9*10 R P LTl

vKﬁation-(3;;7),yaéHﬁSéd dir¢c£ly‘idJﬁhé‘intégigfioé |
Step of the model solution, to give the: top. product composi-
.-éion; .The fef1ux aﬁé:distillééevSﬁréémélé:é at the’séme:"'

'»acam?°5iti°°;’fééaihgfer@réhééfop.product feéerVSi?Qf

?

‘streams*eﬁteringand;leavingthe_columnandbyspéciinpg‘
wﬁ_;heat input“to £5€;:eb¢iief-_frhe eh£halpyL§f?#heyré£iukf;7£ ;atJ: 

,enteringthecoiuanWastakento-betheenthélpyofséfurated

' LR



Vo = CTTE
. -

llquld at the top product comp051tlon, ln the model and was

temperature controlled at close to saturated condltlons, on
. 4 :

:‘/‘

the actual column

'3.lt4~.Variable-Holdup';‘: T R T

, e _ S ‘ SR
,Several correlatlons for flow over welrs and bubble s-.-

»‘\,4

B cap- tray holdups have been presented in the llterature as:'

: dlscussed An Chapter 2 f As w1ll be shown ln Chapter 5v com—

parlson of predlcted holdups w1th experlmentally measured
A

'holdups from the dlstlllatlon column used ln thls study show th' 

51gn1f1cant dlfferences, w1th the measured values belng lower
o ln magnltude by as much .as ‘one half ' . |

o Attempts were made to correlate the experlmentally de-

‘”ed holdups at dlfferent steady state condltlons w1th

ﬂ llquld and vapdr flow rates predlcted by the constant holdup

' mathematlcal model developed ‘in thlS work but due to the

scatter of data (see Appendlx (F), Flgure (5. 10) the corre-,,ugﬁ

- latlons were not of Value.] However, the data dld show that
\when plottlng measured trav holdups agalnst column feed rate,
'a large fractlon of the total qolumn holdup occurred below
: the feed tray, and furthermore,,when thé;feed rate was 1n-lh :

\

creased thrs proportlon 1ncreased._

~

For these reasons, correlatlons presented in the lltera- L

ture were modlfled to glve holdups ln the same range as’ {f'ﬁ

Sy

- s roov R PR
,_;ﬁ' -

Ay
i
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measured values. The equations were- 6f the form )
@ .. . o : » -_ ' ) o ‘ r

WT_ =aL +bV +c
n. n n nn n

w

: .
;. . : . »
~and the modlflcatlons were to the magnltude of the parameters"i

i . . v S /
a , b and ¢ . " ey . :
n n ' n ‘.

‘Three dorrelatlons were. used 1n 51mulatlons'1n thls
'work.' in two of the three, the parameters QQ b and c were
constant from tray to tray and were not changed wrth tlme
‘The thlrd correlatlon (Fran01s Welr) used parameters that

varled wltk den51ty changes.'

Y

Two alternate methods of allow1ng fom varlable tray

) holdup were attempted in thlS work and .are descrlbed in theﬂ

’“Problem°Formulatlon" sectlon, whlch follows.

o -

'3.2  PROBLEM FORMULATION

- Two solutlon schemes to solve the 4n 51mu1taneous equa-
tions. were formulated As prev1ously mentloned "4n unknowns,

’n compo51t10ns, n 1i ld flow rates, n vapor flow rates, and
q%

oo
.- 7

'n tray h ups need to be spec1f1ed‘to~c0mpletely deflne the
‘ ‘column d namlc state at any tlme. These varlables must .be

B A

determlnddnln some way from'the comp051tlon balance equatlons,'

'vtotal mass balance equatlons, energy balance equatlons and

e

'holdup correlatlons.. The sequence ln whlch these equatlons

":iare solved together to deflne the column S state, 1s termed

. ‘v



the'“problem‘formulation" in this work.

_3.2(; Substltutlon Method

,3 2. l l Descrlptlon

o

o S

In the substltutlon method only the composition balancesl,

A

were. lntegrated It e other d;fferentlal equatlons were'
treated as algebr ic equatlons with' thelr dlfferentlal terms
'fcalculated as flnlte dlfferences. Comp051tlon balance inte=.

"vgratlon y;elded 1nd1v1dual tray comp051tlons - The coeff1c1ents

of the liquid and vapor c0mp051tlon terms were evaluated at

‘e N !

. the beglnnlng of the tlme step between 1ntegratlon ltera—'

ftlons.e The_equatlons lntegrated:were,arranged as follows.

e L . el : L . X - . o

dx ' S

oon 1 L A o . - N
. dt  .WT_ n (Ln+l n+l 'Lnxn * Vn-1¥n-1 +,?n3Fn. e
S A I e

n'n. dt  ° “n
To solve for the - lquld and vapor flow rates, the en—
thalpy balances and total balances were solved 51multaneously,sh

4

'943

Total maSS balances”are'giVen byvequatiOn*(3;l),*'_ﬂ%@wi'_
= 1, ' ' '

n+l = Ln;_'vn~f-vn-l'; Sn *Fa

e

- Tae

where the derlvatLVe term is- evaluated from holdups gf the-

ﬁprev1ous tlme step, from a flnlte dlfference represeytatlon.
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ok - L
dWT , - SRR v

no ok K-1," : . o : o q .
~ax v-(WTﬁ‘ WT r)/DT‘ | - (3.19)

. ) . . :'“. o . . "*.
The energy balances were rearranged to the follow1ng

- form

dn o awr_ !
»Winl?ﬁrv+ thn.+ hn'fagf
=L -h ' ~Lh -vVH +v I (3 20)

n+1 n+l n'n 'n’n n- l n l

‘:w1th the enthalpy dlfference calculated from the flnlte dif-

o

ference representatlon

- hg-l)/D'_;['.' ‘v | } v. : : ,,(3.21)

L

TheTSet,of equations (3 l), (3 20) were solved by sub—

‘stltutlon for the llqu1d and vapor flow rates; Substltutlng_ :'”

"equatlons (3 -1) 1nto equatlons (3 20),'start1ng at stage 9,
ellmlnates all the lquld flows, except the known reflux
’flow (Llo), SO the resultlng equatlons,vln vapor flow only,hy'
may agaln be substltuted into: each other . Upon thls,’one
‘equatlon 1n one vapor flow is obtalned and thls equatlon 1s
solved Back substltutlon then glves all llquld and vapor
"#flows for all stages.v A detalled step by step procedure w1th;-

‘detalled equatlons is- 1ncluded in Appendlx (C)

Accompanylng the change 1n lquld and vapor flows lS a
.rchange 1n tray holdup, establlshed from equatlons (3 4) . As
€. RN

'llquld accumulatlng on the tray has the enthalpy of the §



n
'llquld leav1ng the tray, all accumulatlon comes from the
ex1st1ng lquld for the enthalpy balande to be satlsfled
This correctlon must be made using an lteratlve technlque,‘
_hholdups are calculated based on new llquld and vapor flows,
accumulatlon rates are calculated w1th equatlon (3 21), and
the ex1t1ng lquld flow is corrected for accumulatlon. A
'holdup is agaln calculated based on the corrected flow,iand
the process is: contlnued until the dlfference between succes-';

sive holdup calculatlons falls w1th1n some efror crlterlon

Underlylng the entlre solutlon method is the condltlon'

that the holdup derlvatlve, upon Wthh the calculatlons of

‘;lcurrent lquld and vapor flows and holdups are based is cal—“

‘ culated from the prev1ous tlme step (equatlon 3 21) Slnce
' .
_ the holdup derlvatlve 1s deflned based on holdup values at

. the K and K L time lnstants, and lS used . to calculate flow .
rates and holdups at tlme step K+l thls naturally leads to

some 1naccurac1es. Thls is overcome by usrng the matrlx 1n— Al
ver51on method whlch w1ll be con51dered later in- thls‘

[

_chapter,f*

’ 3.‘2 .’1;_.2_ .St’abil_ity,

Numerlcal stablllty of thls solutlon scheme can be

SN

'dlv1ded 1nto two categorles,bnamely. the stablllty of the

S~

: _lntegratlon and the stablllty of the coeff1c1ent determlna-,

'tlon.,ﬂf- .
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‘as .

primary,obstacle lnfmodelling;sy$temsrls:to_formula£5dthet
"problem into a’ standard format For dlstlllatlon systems,~
.thls matrlx is near ideal, strongly dlagonally domlnant w1th
B Well condltloned elgenvalues, such that a 51mple 1ntegratlon
scheme such as” Euler or MOdlfled Euler w1ll sufflce for a
t:stable solution. a detalled descrlptlon of the components ofb
_ thls matrix,;whlch 1s 1mportant 1n the matrlx lnver51on method
'ofHSQlution, can be found in sectlon 3 2. 2 2. Furthermore,
'u_thls matrlx represents the compos1tlon system of the dlstll;
'?,latlon column, whose elgenvalues are 1nherently smaller than
_:those of the hydraullc system, whlch 1s essentlally the co—

'eff1c1ent determlnatlon system. "_w;

Although the solutlon for the A matrlx was obtalned by

: - ‘
:solv1ng a serles of algebralc equatlons, ln essence,'lnte-_*
_‘gratlons were performed here also. However, the equatlons;fl-

':vcould not be formulated 1nto a- standard form expressed as”

W

LSS £*L oo | ‘:(*3“.23)'?_

i

- so only-an'ad:hoc stabilitY~anaAYSis could be,abne;;wihejiﬁiif"
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- ".;' : , _ .
dependence of the new ‘value of A upon the" old value comesf

through the enthalpy, holdup and compos1tlon derlvatlve.terms

*;npthe equat;onsl ‘If it were not for the 1nclu51on of the‘

. holdupfderivative,“whlch is lndependent from the concentra—i
Jtlon derlvatlve, stablllty of the coefflc1ent determlnatlon"
;tep would be 1dent1cal to- that of the 1ntegratlon step, ash

all dlfferentlal terms would be llnear functlons of the co’/

hcentratlon derlvatlve

.

The‘solutlon W1thlvar1able holdup resulted in a reduc-_-
.tlon ln stablllty ffom the constant holdup case i It was.F
'found that for the varlable holdup case, a tlme step approx1-d_,
' >fmately 60 tlmes smaller than for the constant holdup case was.

'necessary for a stable solutlon. AR jf_' T

The change 1n tlme step 51ze was con51dered due to two
effects- flrstly, as prev1ously mentloned a relatlvely poorv'
estlmatlon of the holdup derlvatlve was used as only old \ f

holdup values were avallable for ltS calci&atlon.4 The error
A B

°,‘1ncurred was necessarliy reduced by u51ng a smaller step

élze.' Secondly,vthe hydraullc system, to Wthh the tray

holdups are dlrectly related is a much faster system,’as com—’

. Q

pared to the conoentratlon system, w1th relatlvely shorter=»'
tlme constants. In llght of thls, smaller 1ntegratlon tlme

steps would be expected
*The necessitylof_employing a very 'small integration

et



‘lnterval prov1ded the 1ncent1ve for restructurlng the formu-'
: latlon leizlng to the matrlx 1nver51on method that 1s con—
e

Y

srdered n

, kS o _
3.2:2 ”he Matrix Inver51on Method
3.2.2. L Descrlptlon

In order to reduce solutlon tlne due to the small tlme -
.rncrement, 1t was dec1ded that a better estlmate of the ave—@l
prage tray holdup rate of change, over the 1ntegratlon 1nter—

Val was requlred . An exact expre551on was avallable in. the
total mass balance (equatlon 3 l)
R =L L V. 4V -5 ap
T ~n. 'n _n—l ,'nu ﬁ»n

| : ; A , : ] . ;
,fThis'set of equatlons was 1ntegrated dlrectly in ‘an 1ntegra-'
‘;Ttion step, along w1th the component balances (3 2), to pro-&
'biae trajectorles for tray compos;tlons and tray holdups,A,
The vapor and llquld flow rates were agaln calculated in a
'coeff1c1ent determlnatlon step The energy balance equatlons

’and holdup correlatlons were rearranged and used for thls 5*

purpose. The energy balance (3 3) may be rewrlttendv
,.a_- . ; . :

“'?;§n dt"+7w?n_}it = Ln+lhn+lf,pnhn —'Yan
+ Yn-l n- l +'Fntha, S h df ? y\: 'sﬂf“ (3 24)

~

"Replac1ng the rate of change of holdup usrng equatlon (3 l)

‘Hand rearranglng ylﬁlds the equatlons (3 25) in the regurred
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- format

.~ dn : AR Lo .
WTn It Q frsnbn : F'nhI?n ,r(hn+} h-n)Ln+l )
+(hn---Hn?,vn +3(Hn¥l*hn)vn-l7 (3;25)

" As opposed to the subStitutlonfmethodx-this"method‘usesp
a current Value of the holdup derlvatlve based on current
values of lquld and vapor flows By substltutlon into both
fthe enthalpy balance and comp051t1oh balance, the holdup de—"
-frlvatlve and lquld flow terms for a‘tray were ellmlnated

«-from the correspondlng equatlon (see equatlon 3 25) A»def_p

ttalled derlvatlon 1s 1ncluded in Appendlx (C)

‘The holdup,cOrrelationsbwere'alsoxrearranged (equatiom

3.4)

]
o
)
v
o
<

~WTn et

,-cwhen equatiOns (3 25) are comblned w1th equatlons (3.4), a

"matrlx equatlon ‘is the result,vp

(3.26)

. where FT is the vector comprlsed of the left hand srdes of"
mthe above mentloned equatlons, and TT is a matrlx of co-"“
'eff1c1ents whlch are enthalpy dlfferences ‘and: holdup corre- S

elatlon parameters.”
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| o R
' To solve for lquld and vapor flow rates, the vector FT . .

- was updated for changes in holdup,'and for changes‘ln'en-‘
thalpy accumulatlon Inver31on of matrlx TT and - taklng the

product of the 1nverse and the FT Vector permltted calcula-

tlon of the mass flow rates from

5 g L SREI
v] D e e e o

Thus, in- ‘one. tlme step, new lquld and vapor flows were

’calculated based on- current composrtlons and holdups Then
. ‘9 -

"v1a 1ntegratlon, new comp051tlons and holdups were determlned

from the new mass flow rates, that 1s

K:l1ﬂ2§7%14’LK)rVK

o S _‘zl T 3a2ey L
- 'XK,'l‘,WTK';_,L_K,-VK B o g

The 1ntegratlon step lncluded the composrtlon 1ntegra—j

tlon, accordlng to the follow1ng expresslon derlved ln"

‘ Appendlx (C).
EK.='(1 - pr/2 2571 (1 + DT/2 AK KL a9y

: To calculate new holdups, the flrst order Euler 1nte-

gratlon ‘was used -

f‘h(3;30)-
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3.2.2.2 stability

Due to the nature of the equatlons, rlborous stablllty
analyses could not be made For the lntegratlon step, but

“,pnot for the coeff1c1ent determlnatlon, the equatlon;s formatm_

' was.

fto whlch standard methods could be applled For'the'lnte-
”gratlon step, the A matrlx was formed(as a“trldlagonal/matrlx,
'plts derlvatlon beLng presented in ppendlx Cc). Howe%er, as
will be shown later, it was. found “that the stablllty of the
integration’step; as; ln the substltutlon method was not the
dcontrolllng factor. Rather, the coefflc1ent determlnatlon‘

’step, Vlewed as representlng the hydraullcs, llmlted the sxze:

“of. the lntegratlon~1nterval o .

It was found that u51ng the 1dent1cal holdup correlatlon;,f-r

'used 1n the substltutlon method that for the Matrlx Inver-j-"

1 51on method a tlme step of approx1mately 3 to 4 tlmes larger

o could be used to obtaln a stable solutlon.' However, thlS

'ftlme step was very dependent upon the llquld coeff1c1ent " ﬁ""

in the holdup correlatlon (3. 4), Wlth a larger,? permlttlng‘

»ra larger tlme step to be used. The reason for thlS was ev1-j fd"

_dent upon 1nspectlon of the equatlons.d:'M'

_,fWTn'ff?ny;;apL' * by
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A small change in holdup would change the lquld or /ﬂ
vapor flows in order to satlsfy the holdup correlatlon. 3As
the enthalpy balance s also satlsfled and since llquld en-
thalples are lower t an those of vapor by approx1mately a fac-

tor of lO ’?’iquld flow rate would absorb most of .the change[
" So, for example, if faﬁ" were small a change on the left handv
._sidelof,equation_(B 4) would cause a relatlvely large change'

in liquid flow.' Thls change, over -an 1ntegratlon 1nterval

must for stablllty be llmlted by u51ng a smaller tlme step

' All of the results and comparlsons shown 1n Chapter 5

'were obtalned by the more stable matrlx 1nver51on method

3.3 SIMPLIFYING ASSUMPTIONS
' : : / N o ;o
To compare the response of the rlgorous model w1th dyna—‘

lmlc responses of models based on additlonal assumptlons,
fl.changes to the detalled model as descrlbed in the follow1ng |
sectlons, were-lntroduced The matrlx 1nver51on method of
solutlon,'sultably modlfled for the. less rlgorous models, was"

employed as it is srmpler, more stralghtforward and faster

than the substltutlon method N

3.3.1 Constant Holdupv-" 'Q:',_tf R .;.“;f'A-

Wlth the assumptlon of. constant holdup, the holdup cor—}v

'relatlon equatlons are ellmlnated from the solutlon scheme,

S
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and the total mass’ balances,vequatlon (3 l) formerly diffe—fv
rentlal equatlons become algebralc

: _Ln+l - Ln ‘ Vn '*':»Vn_l - Sn' _‘+ an_ = Kn :_ o (3.32) :

o Two cases of constant holdup may be assumed .conStant:
.V'lume holdup and constant mass holdup For each the rlght
51de of equatlon (3. 32) assumes ‘a dlfferent value.: In the
former case’ of constant qolume holdup, mass accumulatlon w1ll
be due to varlatlon in composltlon and thus a den51ty change.‘h
As den51ty lS a llnear functlon of comp051tlon, ‘the follow1ngb

\expre551on holds

~\~-\\‘ . L "dX

K=o N E P

ljforfthe assumption of constantbmass~holdup,*it.fOllows”that“
LR =00 L e (3.34)

In thls work, only the case offéonstant mass holdup was f

,c0n51dered Changes to 1mplement thlS assumptlon were made

'to ‘both the iﬁtegratlon and coeff1c1ent determlnatlon sys—-
t

tems., The lntegratlon of the total ‘mass balance'equations:f
in the 1ntegratlon sectlon was dropped These equatlons were,
A'used in place of the holdup correlatlon equatlons 1n the
'tsolutlon of llquld and vapor flows.v The matrlx “TT" and vec-
'tor‘"FT"'from equatlon (3. 26) were changed accordlngly

Apart from these changes, the solutlon 1n each tlme step was

'fcarrled out as’ for ‘the varlable holdup model.

B

.-"

.’.)
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o 3.3;2‘ Constant Liquid'and Vapor Rates y

The varlable holdup model may be further 51mpllf1ed by v_
'assumlng that the lquld and vapor rates do not dev1ate_; o
bgreatly from thelr steady state values for feed reflux or

_e_steam flow dlsturbances of moderate magnltude. ’As_holdupbis e
ba functlon of lquld and vapor rates, constantmholdup must }b

U

‘valso be assumed

. These 51mpllf1catlons,iwh1ch lead to a reductlon of

~~

fyorder from forty states to ten, reduces computatlon tlme, as‘

o only - the Lntegratlon of equatlons (3 31) remalns;_bAlso,:
,;Jmatrlx A remalns constant except for changes 1n the dlstur-;»’
:banee varlables o ) | . | |

5~&g%3.3.3 Constant Molar Overflow g.:j_v,:s, i‘:S\_
BN ' SR LT L - :

If the molar heats of vaporlzatlon of the two components
are nearly equal ‘a mole of vapor conden31ng w1ll cause a}‘”

mole of lquld to vaporlze.- If heat losses from the column -
.I
are neglected then flow rates, both vapor and lquld ’w111

be unlform throughout the strlpplng sectlon and agaln thrdugh-f
e Y o
'ay*”’Asectlon. - The dlfference between the flows

‘ou-t* T

i

1, 1n the rectlfylng sectlon and strlpplng sectlon w1ll be :g};j
g solely due to the feed flow, whlch 1s 1ntroduced between the
two sectlons.- ThlS assumptlon ellmlnates the need for an

";, energy balance for each tray..

e



Vlatlons in ‘the solutlon scheme.i

©3.3.4 Adiabatic opéfa{iion'

-_balance equatlon (3. 3D yleldlng

Vapor dynamlcs were taken to be 1nstantaneous resultlng
from the assumptlon of constant vapor holdup quu1d dyna—_tA
mlcs, however, were handled by 1nclud1ng the holdup COrre-."

\b""
_ , - . o _ -
o Modlflcatlons to the matrlx 1nver51on solutrpn method
were as follows In the energy balances, the vapor and lquld )

enthalples, the coeff1c1ents for the vapor and lquld flow e

%

lterms, respectlvely, were taken to be flxed values, for a-

'com9031tlon of 50 percent MeOH Thls resulted ln u31ng’coh—"'

a

1stant molar heats of vaporlzatlon from tray to tray Heat?\
”'flnput to the reb01ler was: calculated as before, and largely

”.determlnes the vapor rate throughout the column The . holdup

s

'correlatlons, total and component balances were 1ncluded 1n

s'the solutlon scheme as before.,'_ o L _;u. L

H

In dlstlllatlon«columns, there 1s heat loss . from the'

“hcolumn to the atmosphere by radlation and convextlon.e,Au,;;’f ”
.further srmpllfylng assumptlon that may be employed ;s the
Z_neglect of heat loss from the column Mathematlcally, thls

"reSults 1n dropplng the,heat loss (Q term) from the energy

“{;



. 42

Ln+lhn+l.- thn

©

- S h +Fh o : (3‘.3'5)‘

T Vpllp Vn—lHn—lﬂ -°n'n n"'Fn

For COlumns housed w1th1n bulldlngs such as the one at

the*Unlver31§y of Alberta, heat loss is largely a functlon7'/r:'

of column wall temperature., a 51gn1f1cant portion of the

total heat'loss'from.the ‘column was'attributed\to the gas

_chromatOgraph sampllng system, where a long length of metal

tubing, through Wthh hot reboller lquld was cycled, was

exposed. | This was .a 10ss dlrectly from the reb01ler, amountlng

- to. approx1mately three to four percent of" the total heat_@n»”

put to the column Heat loss from the remalnder of the

:;four percent of the heat 1nput

..was employed w1th the loss selected so that the termlual

column made up the balance, whlch amounted to about three to

; Y — ! t

In the 51mulatlons, an 1dent1cal heat Loss for each tray

-~

COmp051tlons matched the experlmental values at the llltlal

L

V_steady state When adlabatlc operatlon was assumed 1n1t1al,

| 3_..;.5 gariable: Heat Loss and Tray_-Efficienq ' o e

v;;.‘ As a dlstlllatlon column experlences ugsets affectlng

"?;steady state condltlons could not be matched ;nd;cating’the

<sever1ty of thls assumptlon.

v ‘ . : ot . ; ’ a .

.<1iqu1d and vapor comp051tlons on the stages, the temperaturesf‘f S
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of the stages and thus individual tray heat losses are also
affected. In the previous section,‘the assumption of adia-

S ' s . ‘ e
batic operation was describéd. “An alternate‘assumption,

rather than ‘consider the heat loss to be. constant, is to

allow for a heat loss that varies w1th operatlng condltlons.

. The" constant heat loss assumptlon would mathematlcally
. -
1mply that the Q term in the energy balance, equation (3. 3)
'ls taken at a- constant value over the course of the column

‘response to a dlsturbance, that is T F .
Q =9 : | (338

Rather than‘nse a conStant heat loss value, heat loss
was varied directly with c0mposition.._Equation'(3.37) was
used to vary the heat loss with composition changes7aCcording
to _

Q = Q3 X —x; <

. e = — . - ‘ A e
2R T X oxy S

(3.37) ©

'lwhereggt 1s a compos;tlon of a chosen stage in the column at»
_time t“' In thls work the chosen stages were taken as the.‘

ered tray, the reb01ler and the condenser.' The hea - loss atxz
”the 1n1t1al and flnal steady state condltlons ‘were nosen to;'

match the experlmental steady state condltlons._p

Ttay efflclency, llke heat loss, was also allowed to

Lvary'w1th«comp051tlon changes.“ Valuf? were selected to match"
/._ o e .



44

experlmental and simulated lnltlal and flnal steady state
termlnal comp051tlons Eff1c1ency ‘was Varled in a manner
dlrectly amalagous to that for heat loss,‘accordlng to
E, - E:.. x_ - x, R :
t 1 _t i ' . o . (3.38)
1 . ’ .

Ef TEp xe —x;

‘ThlS equatlon was used for both the strlpplng and rectlfylng
sectlons, as eff1c1en01es were. taken to be unlform through

a,section, but dlfferent for the two sectlons

3.4 _NUMERiCAL_METHODS

3 .
Several dlfferent methods were used to 1ntegrate the

’

comp051tlon balance equatlons. These. equatlons were 1nte—

grated lndependently in the substltutlon method andwasua'

'hmatrlx system in the matrlx inversion method
. \ el
3

7

3.4.1 . The SubStitution:Method,'

Equatlon (3 l8) was: expressed as: below for the 1ntegra—“
3t10n purposes for any plate other than the feed plate and

w1th no 51destream wlthdrawal

o 1 Lix.=V.y o+

qTE T W Fre1¥ner = Lg%, - 'n¥a * Vpoi¥ooy o

n S 7 TR
nTdE) (3.3
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Fop the feéd"pléké;istage 5)vthe‘equapi0ﬁ;became

-1 - -
=t f[WT (Lﬁx L:x v

; ‘te¥e T bs¥s T Vs¥s TV

4¥y
=) .. (3.40)
 The equation fd; the febeiler:(stage 1) became

Coaxy g IR Sy
@ Towm, (Refa T MY T iy A3.41)

:‘The'equation‘for the condenser (stage 10) is -

ax,. .o SR -
at "~ WT, Vg (¥g =Xy = . (3.42)»

At any “time 1nstant, K the general Vector-matrlx re-

presentatlon may be expressedfas
v - ST 6° y
dx ' o B S 5i . . , 7D N
n — ' K o . B . ’ . ‘v ' B k : . ‘ i '/~. ,‘.' ’ ’
® R 343

The Euler method 1s summarlzed by'eqﬁetidnsﬂ(3.44) and:

(3 45)

ReL _ K, oo
ge " %

~ rearranging - . . - _3" ?;@
AN - o |

R In thls 51mple 1ntegratlon scheme, equatlon (3 44),

al I

' {  elemental but poor approx1ma%10n of the actual derlvatlve,

-‘;swemplpyed.v In calculatlng a tran31ent, an error 1s lncurred



| - o ae

A

-

‘at each tlme step, each error belnﬁ propagated over the regt
_ of the calcugﬁtlon. ‘The modlfled Euler 1ntegratlon method

.offers a 3114&¥ g%provement over the 51mple Euler lntegratlon
in the estlmatlon of the derluatlve,-and allows larger lnte—

.gratlon_t;me intervals’ to_be use@; at«the expeuse of more

W . 2

. r s Lo »J:‘."
computation. ;
axict o ax de“l. R
3T " (T * /2 S e (3446,

The‘derivativespohﬁthejrigﬁt"hand‘side'of:equatiohf;
‘(3146)>evaluated atytimes.K and’ K+1 are calculated uSLng the ‘l
' Euler technique after whioh an average derlvatlve OVer the »
time lhtervallis‘calculated and used for the 1ntegratlon

interval. - LT ;-‘ : [ A

o As a further attempt to better estlmate the va&ue of the

_.compos1tlon derlvatlve, thlrd and fourth order Runge-Kutta_

';technlques were used they are outllned below Referrlng.t

‘ the £ functlon descrlbed in equatlon (3 43), let ;o

b 'Eﬁrﬁ=-fn($n) S R o (3.47)
: 'and’let5
dyp T OT - ) }
) . - : K l : ' : K(:
Aon T PT - (x4 3 qpp)
e am e KL
93n f_D?-.-fn(x,pf 2 %20’
. = DT ’ £ (XK + q ) | , .
q4n * n ':‘g3n ) SR



";ag" - T T ke
*n' iﬁ%n (ql + qu(+ 2q3nl+;q4n»

‘ ( N . .
Note that equatlon (3 47) does ‘not 1nclude tlme as an

alndepe%dent varlable, and thus tlme does not enter into: the

”}fourth order Runge-Kutta solutlon descrlbed above, as a

g ¥ S _ e
varlable;'g SR L o :

&
.

_,‘

The more complex lntegratlon schemes such as the Runge—

Kutta methods allowed the 1ntegratlon tlme interval to be

»

’mncreased but 1nvolved 1ncreased computatlon. But, as men—

_tloned ln sectlons 3 2 l 2 and 3 2.2.2, the 1ntegratlon Steps

'1n the model solutlons were not lntegratlon 1nterval 51ze
fllmltlng, rather, 1t was the step of calculatlng vapor and R
"llquld flow ratesrand lquld holdups that. forced the use of
"fi the small 1ntegratlon step size. The 1ntegratlon method
'therefore -was not cruc1al and 1t was found that the 51mple'.'i

Euler method served as: well as the more complex technlques.

'“;3.4,2~.Matrix InversiOnvMethod-

! .

As outllned 1n sectlon 3 2. 2 the matrlx lnver51on

' formulatlon dealt w1th the 1ntegratlon as a system of equa-;

,tlons expressed 1n matrlx form as

X

"m-bf

| rrhx.

e
i
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. , W ‘g‘.‘ K . .
v
Q

Use of the Euler metgbd ~for 1nte§rat1ng the system equa-

tions expressed lnﬁmatrlx form as- ﬁ&ven above ylelds

. : ~
o K+1 PR K
. X - X )/DT = A'X
@ = B T

‘Also ghployed was the modified Euler method leading to

dx KL (K

o= 2% (2 —)

e =2 z

x "= (1 - pr 25" (I+DTA);__< o (3aayy

N

. The derivatien is given in Appehdix c. ‘l _ _ ‘
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" SIMULATION RESULTS AND DISCUSSION

}
4;1‘ RESUrTs-—;INmRonuchoN,
Results of dlstlllatlon column SLmulatlons demonstratlngl
 the effects of varlous 51mpllf1catlons and’ assumptlons are
presented The ba31c model for the ten stage blnary column-
was chosen to the 30th order,‘ln whlch the total mass, energy
and component balances were solved 51multaneously.' To~allowhl’v

.4.

for a varlable holdup, lntroductlon of holdup correlatlon

equatlons 1nto the solutlon resulted in a 40th order model.l
'pResults for ‘three cases of thlS model are presented in thls
chapter. The responses of various dlfferent models of lower
"complex1ty relatlye to the ba51c model are also presented for
comparlson. .These are, in order of 1ncreas1ng complexlty,
jthe constant flow rate model the constant molal overflow

A

:' model and the constant eff1c1ency and heat lossrmodel. .In
'Taddltlon to the 51mulatlons-for the basxc model, for whlch

.the parameters of tray eff1c1ency and heat loss are taken as o
'functlons of dlstlllate compos1tlon, results are: also pre— _
‘sented for the case where the parameters are functlons of feed

"tray comp051tlon and bottoms product comp051tlon.i Flnally,'

.SLmulated results obtalned 1nclud1ng as heat. 51nks the. tray

- LY

' metal and glass 1n the ba51c model are also presented.

o
-

- The;figureSﬂdisplayed;in‘this chapter‘enableicomparisons

oy
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'v*ofvthe“effects of varlous assumptlons upon dlstlllatlonv

column dynamlc responses.p These responses further demonstrate
'the robust nature of the solutlon scheme outllned 1n Chapter .

' L]
3, and its appllcablllty under a varlety of condltlons. 3

oL c R ' A
'Aicomplete summary of the simulation results is presented

in Table 4.1, along w1th an explanatlon of the codes used 1n

Flgures 4 l to 4 12 1nclus1ve.'

'

1 Results are presented for step dlsturbances of §0 percent |
.1n feed and reflux flow rate and +lO percent ln steam flow rate.'
Only the dlsturbances of reflux and steam were chosen w1th whlch -

to do complete comparlsons for reasons of tlme and’ expense.

“]These dlsturbances were chosen gince 1t was found as w1ll be

'l shown ln Chapter 5, that these two dlsturbances exhlblted thed o

?{screpanc1es between experlmental and 51mulated res-'

'h-urthermore, ln many preV1ous modelllng studles only dls-t;

turbances ‘in feed comgos1tlon or feed flow were con31dered

The model u51ng constant holdup, varlable eff1c1ency and -

'loss (the 04 serles, Table 4 l) is conSLdered as: the,

e

_ivreference:(base) model f%r purposes of comparlson to predlcted o
Cresponses; “This 1s a more general model than that of Huckaba
et;al.gfwhichiisiconSLdered a general model representlng data‘
fdwell;f‘RespOnSes calculated from models of both 1ncrea51ng or

'\.decreas1ng complex;ty are compared w1th the base case res--"

o
. ’n,.

ks,

:ponses.

BT



. o SUMMARY oF-s¥MU£ATION§
- o e oy
"I -Reflux Dlsturbance I Steam Disturbance‘
(Mlnus 20 percent) : ‘ ' (Plus ‘10 percent)}

Run Code. Assumptions Figure. Run Code Asgﬂﬁptlons Flgure
ROIM  1,3,12,13 4.4 sol1p 1,3,12,13 4.5
RO2M- 2, 3,12,13 4.4 . so2p 2,3,12,13 S 4.5°
RO3M 3, 12 l3 4.4 so3p 3, 12 13 e 4.5
"RO4M 4,12,13 4.4 S04P 4,12, 13 4.5
RO5M 5,12,13 4.6 So5p . 5,12 . 4.7 .
RO6M 6,12,13 4.6 - "SO6P 6,12, 4.7
RO7M . 4,7 : 4.9 so7p- - 4,7 4,11
RO8M 4,12 4.6 S08P 4,12 4.8
RO9M - 4,9 4.10 - .S09P 4,9 4.11
R1OM 4,8 4.10 - slop 4,8 - 4.11
R11M 4,12,13 4.9 s12p 4,12,11 . 4.12
: L / L S S13pP 4,12,10 4.12

,E;IL Reflux Dlsturbance - 'l IV Feed Dlsturbance (Flow)

kl. (Plus 20 percent) ' - (Plus 20 percent)-

Run Code Assumptlons“;F;gure_ | Run Code ,Assumptlons Figure
"RO3P =~ 3,12,13 4,2 = FO3p 3,12,13 4.1

RO4P - 4,12,13 - 4.2  FO4P v:;4 12, 13 4.1

v Steam Dlsturbance
(Mlnus lO percent)

Run Code . Assumptlons Figure
SO3M  3,12,13 4.3
s04M  4,12,13 4.3
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TABLE ‘4.2 |
LIST OF ASSUMPTIONS - ‘ ‘ //

constant molal overflow

'.lconstant lquld and vapor.rates'

constant efficiency and heat loss

'varlable eff1c1ency and'heat loss: hased'On top
,comp031t10n_ S ' -

N @l :
o
s

. ‘ - 48 e o
‘.varlable eff1c1ency and heat loss: based on bottom
}.compOSLtlon i : ' S . :

varlable eff1c1ency and heat loss:_baséd»on“feed.7'

_ tray comp031tldn -
dvarlable holdup arbltrary correlatlon' : ?'
;varlable holdup. RADEMAKER correlatlon -

ll varlable holdup FRANCIS WIER correlatlon

. subcooled reflux

subcooled,feed

constant tray lquld mass holdup

jpnegllglble heat capac1ty of tray glass, metal .
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4.2 SIMPLIFYING ASSUM.LTIONS

T 4.2.1 Constant Efflc1ency, Constant Heat Loss =~

v

| As mentloned in Sectlon 3. 4 4, the parameterslof tray -
eff1c1ency and tray heat loss were used.to\fxt sxmulated r;s-
ponses to experlmental data._ Flgures é l to 4 3 present a '
ocomparlson of predlcted responses obtalned by assumlng con-
stant tray heat loss and constant tray efflClency (the 03
serles) w1th responses obtalned by allow1ng for changes ‘in
'heat loss and . eff1c1ency (the 04 serles) for feed, steam and”~b
: reflux dlsturbances.. It can be seen that in the constant
‘“parameter case, the responses exhlblt the same general dynamlc-
behav1our as in the varlable parameter case, but a comparl—"

F ponse galns shows far greater galn values for the

case of constart parameters.'

This result -S to be expected Heat loss,_whlch varles'
with tray tempera ure (or comp051t10n), varles 1n such a d’“
manner to reduce :che effects of a dlsturbance, as a dlstur—
bance causes co! umn temperatures to rlse, heat loss rlses to
compensate, te dlng to reduce the effects of the dlsturbance.’“
¢he same - true for dlsturbances cau51ng temperature/reduc-
’-tious. However, correlatlons relatlng eff1c1ency to column‘v

\
hvparameters 1nd1cate a dependence upon flows and holdup.

hchanges 1n these varlables p0551bly do not have a damplng
'heffect Heat loss, however, has been found to have much more

'heffect on column operatlon than eff1c1ency, and lt 1s malnly

l\
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the damplng effect of the varylng heat loss that accounts

¥
o K

for the gain dlfferences observed
& . .
That the dynamlcs are unaffected may also be expected
Heat loss and eff1c1ency have negllglble dynamlcs of thelr
own, but vary dlrectly w1th column parameters such as flow
| and temperature. In all cases, the temperature (or compos1-a

tlon) dynamlcs are: slower, and thus largely determlne res-

' ponse rates.

~4.2.2 Constant Flow Profile

" : o o e,
' The assumptlon of constant flow proflle 1s ‘a ‘severe

assumptlon, cau51ng lquld and vapor rates to. be, not tlme

dependent, but dlfferent from’tray to tray ' The effect of

thls assumptlon may be observed for the product composrtlon"
: : / . ,;~
_responses for reflux and steam dlsturbances shown in Flgures
- / S .
4.4 and 4. 5 respectlvely, as the 02 serles.

4
B !
o~ - . .- { e

The constant flow proflle model predlcts responses w1th
/ .
lower galn and slower dynamlcs for both steam and reflux up-'

feets.?”Such dlsturbances to a- column cause compounded effects

of flow, composrtlon and energy Slnce 1n the solutlon ff,
x4

' scheme of thlS model, the tray energy balance and total tray
mass balance equatlons do not need to be solved, the resultlng
effect 1s to reduce the magnltude of the 51mulated column'fib

upset as. shown.p The error due to thls srmpllflcatlon appears
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to be much more pronounced in the bottoms comp051tlon res;
ponse. than for the dlstlllate response Although a very
restrlétlve assumptlon, the error lncurred by the use of

thlS assumptlon may be acceptable for use in dlstlllate con-
-trol studles, where comp051tlons do not dev1ate far from the
initial steady state The sav1ngs in computlng time may out—

welgh the lack ofzaccuracy 1n representlng column nonlrnearl—

~-_t1es.

- . b R o

4.2.3 Constant Molal Overflow[;'

. . . e M
1 . . r.

The constant. molal overflow assumptlon is a severe as—‘

sumptlon 1f the heats of vaporlzatlon are much dlfferent
’ Rd e Lt

'1For the methanol-water system, the heat of vaporlzatlon 6f

60

water is 1.8 tlmes the ‘heat of vaporlzatlon of methanol vBy}ﬂHF

a0

‘assumlng an average value of the heat of vaporuzatlon,qSLmu-f_'

;latlons predlct more vapor flow in’ the rectlfylng sectlon ofLﬁ ;;

f_the column and less vapor flow 1n the strlpplng sebtlon,“than

would actually occur in the pllot plant column b.f f;?mg

The errors due to thlS 51mpllf1catlon may be seen in the
1'01 serles in Flgures 4.4 and 4. S whlch show the predlcted |
vtop comp051tlon responses for both reflux and steam dlstur- :
.bances. In the case of tOp composxtlon,_dev1at@ons from
'steady state are greater than for the case of constant llquld
_'and vapor flow, and are close to the cases of constant

*_efflclency and heat loss. In. the constant molal overflow,;;
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case, the flow profile throughout the?tolumn'Will change
dlrectly w1th compOSLtlon changes only; enthalpy effects,
occurrlng along w1th composltlon effects in ‘an actual column,.~

are averaged out.

°

The bottoms comp051tlon respoﬁ%esxln the case of con-.
‘stant molaluoverflow are, as before, close to. the other 51-'
mulated responses. ThlS 1s occurrlng for sen51t1v1ty rea—ﬁu
’sons, mentloned in the follow1ng sectlon.'

'4.2.4‘ Heat Loss, Efficiency Functions"

As prev1ously mentloned 1n sectlon 3.3.5, the'parameters

£y

- of tray heat loss and tray eff1c1ency were varled w1th the

comp051tlon of a single. sta in e co amn ., durln the
g 23 : g

Cibi
: J .
5vtduratlon of the response.n In actual operatlon, these para—:
meters llkely vary 1nd1v1dually w1th tray comp051tlons and o

flow rates. .For 51mp11f1catlon, however, these parameters

»fof}heat loSS and eff1c1ency were taken as functlons of a com-

_.positionfat one. polnt in. the column Thls poxnt was changed
"to three dlfferent locatlons in three separate 51mulatlon5°'
'jthe condenser,_the feed tray, and the }eb01ler.' The effects
: Wof these changes may be observed in Flgures 4. 6 and 4. 7
o Flttlng 1naccurac1es are shown in, the lack of agreement
' N

‘,of comp051tlons at- the flnal steady state. Mov1ng the refe-‘u

;’rence 1ocatlon for the heat loss and efflclency functlonS'; -
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will-only change.responseydynamicS‘and notdgains; For‘ini— ’
<tial and'final Steadyﬂstatesﬁof simulations of different

icases of the same model to agree, identical initial'and

”fwﬂflnal eff1c1ency and heat loss values ‘must - be used for all

7‘cases The parameters, P, of heat,loss and eff1c1ency, were
'_variedfas expressedvby Equatlon 4.1:

@

S

T'f——r‘ TRL e e

W

’Although the de51red“f1nal eff1c1enc1es and heat loss

Y
h} \

were chosen to match the flnal experlmental steady state'
: comp051t1ons, and were constant for all three 51mulatlons,‘
'calculated parameters at the‘flnal steady state (P = t )
.,dld not exactly match the de51red flnal parameters, andd
'caused the dlscrepanc1es.v”"
A trial and error method was used :o obtaln flnal steady
?state eff1c1ency and heat loss terms.that would enable.
’»Amatchlng the srmulated termlnal compOSLtlonswto experlmental
ones-. A summary of eff1c1enc1es and heat loss values that-
v‘-.permltted matchlng for each dlsturbance1&§ presegted ln Table

.[-4 3. R o / SR

However, 1t 1s stlll valld to make qualltatlve observa-

1?tlons as to how dynamlcs are altered by changlng the referencef‘

. {
locatlon. In all cases, the dynamlc behav1or of the bottom'
/

’v‘-comp051tlon responses are almost 1dent1cal to the base case33'

<
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THBLE 4.3
SIMULATION HEAT LOSS AND EFEICIENCY_

. INITIAL HEAT LOSSES o INITIAL EFFICIENCIES

Trays ’ 400 joules/sec' '; Strlpplng ,93
Reboiler '1000 joules/sec o Rectifyihg‘ .78 - L
 DISTURBANCE ~ FINAL HEAT Loss(j/S) «‘;FINAL Ef?ICIENCIESx.v .
. § ‘;ff - Trays Reb01ler Strlpplng Rectlfylng o
+10% steam - 700 1000#1f 95 - .90 .
-10% steam. . 200  g00 '.aski 12
+20% ‘reflux ‘ 196 1000 - .80 .e§ . -
-20% reflux 600~ w~1000 .85 - .72 B
+20% feed = 250 . - 800 .93 - 7g
-20% feed 650 = - . 10000 .93+ ff;..gslgp, .
- (04) series). 1 Dlsturbances examlned forced the bottoms ‘com~
:p051t10n 1nto an 1nsen51t1ve reglon, at approxlmately O 5%_ ;?:

"dmethanol in the plnch reglon of the equlllbrlum curve. As”a';;
':result the gayns were mlnlmally affected.' In addltlon, the . B
~relat1vely hlgh c1rculatlon rate 1n the strlpplng sectlon and‘
-.the large holdup in- the reb011er comblne +to make the rebOLler:gf
: comp051tlon dynamlcs domlnant These dynamlcs largely dependh
:upon reboller holdup so not much change from model to model

"‘would be expected

Y
i~

The effect of a changlng reference comp031tlon locatlon
does however,'SLgnlflcanegy affect the tOp comp051t10n dynamlcs.l

\‘The three dlfferent reference locatlons fgr varylng hth loss;:,f
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, _ ‘ levﬁeffects that.are common .
-bto both steam and reflux dlsturbances : Wlth heat. loss and f
eff1c1ency varylng w1th feed tray composition (06 serles) dis—
‘tlllate compos1tlon responds most rapldly, since the feed‘tray
hreacts qulckly to dlsturbances, the feed tray compoSLtlon belng
'1n a very sen51t1ve reglon of the equlllbrium curve.» ‘With heat
' loss and eff1c1ency varylng w1th bottoms comp051tlon (05 serles)
dlstlllate compos1tlon dynamlcs show the dynamlcs of two ef-.
} fects, the flow of energy dynamlcs cause the rapld reactlon of
the bottom product composxtlon to the flow dlsturbance. As the
bottom product compos1tlon more closely reaches 1ts flnal steady
7state, the comp051tlon effects worklng thelr wvay slowly through
‘the column, react more slowly at the condenser, eventually \

trlmmlng all comp051tlons to thelr flnal steady state values. "

The smoothest of the three responses, as is to be expected
'occurs for the case of heat loss and eff1c1ency varylng with

dlstlllate comp051tlon (04 serles) whlch seeMs to have the

bslowest response to dlsturbance 1n all cases.~

‘ The top product composrtlon responses for negatlve reflux
f,,flow dlsturbances, however, exhlblt an unexpected nonllnear - \S\\
hgtype of behaVLor that is not typlcal of the experlmental res-

ponses (as seen in Chapter 5) It is consrdered that by lettlng

heat loss and eff1c1ency vary w1th a certarn comp081tlon ln the ,//

h dlstlllatlon column the dynamlcs of that partlcular stage areb

-dlrectly 1ntroduced and ampllfled ln the dynamlcs of other



compos1tlons in the column as the s1mulated responses show.
In addltlon, the assumptlon of . unlﬁ@;m heat loss and’ unlform

’eff1c1ency in the rectlfylng and. strlpplng sectlons cause the

lslmulated column to adopt qpnatural flow and comp051tlon pro--

'flles, perhaps also contrlbutlng to the dlfferent curve shapes.:

emperatures The flttlng 1nvolved in such a
Vcase,'hQWever a,ould be a very complex and tlme consumlng

" procedure. -

~

©4.2.5 Thermal Capacity of Tray Metal and” Glass

Ty ; e

The p0531b111ty that heat effects due to the energy
vstorage ln the tray metaﬂ and glass could be 51gnlf1cant, was
examlned ' The modlflcatlons to- the model to 1nclude thls
“_,effect 1nvolved the addltlon of one extra term 1n the energy

3lbalance equatlon, the last term shown in. Equatlon (4 2)

67 -



the responses may be obserVed as sllght smoothlng, ev1dent

’upon close examlnatlon. Also ev1dent are the marglnally

68

":danhn . _.h‘i’ . v . HV..I; L“hiA- v
dt n+l n+l n-1n-1I.. . "n'n 'n'n
' | o o odr flﬂ _— AR

The plots of predlcted composxtlon responses allow1ng j_ﬁ"

for thlS effect are shown in- Flgures 4.6 and 4, 8 (the 08

vserles) Comparlson of the responses in these flgures w1th

‘?those of the base case show such effects to be negllglble,'f

a

for the pllot plant column used in- thlS study. Changes i_,

-

fslower overall dYnamlcs. Both of these effects are expected,,¢,”7

.'pan addltlonal heat reserv01r hav1ng a damplng effect, and

’fmay be observed in both dlstlllate and bottdms composrtlon |

_ L s

‘responses. -

4.2.6 variable-, Hjcs’i'aup o

Responses of models lncludlng the assumptlons of varlable
‘/,

'~holdup are presented ln comparlson w1th the base case (the

. 04 serles) ln Flgures 4 9 and 4 lO for reflux dlsturbances'

@

P e

h’Flgure 4 11 for the steam dlsturbance. Three dlfferent hold—f7v .

“-”up correlatlons were used One of those chosen was used by

N

Radedﬁker et al?oln thelr work 1n dlstlllatlon column model—;j«féﬁ

-

v"f_llng, the Franc1s w1er formula for flow over rectangular

7.}jW1ers was used 1n other 31mulatlon8.; The third correlatlon

R
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'was, as the other two, of the ge eral form presented in

Equatlon (4 3), but w1th arbltrarlly chosen parameters an,

y

WD, = aL, - by, AR )

For the Rademaker correlatlon, but not for the thlrd

(arbltrary parameters) holdup correlatlon, ‘the coeff1¢1ent<

of the vapor flow,fb had a larger magnltude than the lquld

coeff1c1ent ap- . This was to have an’ 1mportant effect upon

model trajectorles, the ba51s for the“selectlon of coeffl-_f

c1ent values 1s presented 1n sectlon 3. l 4 and in Appendlx C.

kR

The vapor coeff1c1ent b ' may be shown to be null ;n the
Francis w1er correlatlon, flow over a. w1er assumed to have
‘RO dependence upqn vapor f!QW‘3 Table 4. 4 presents a summary

of the coeff1c1ents of Equatlon (4 3) used in thls studf

‘:v_.

A compaflsdQ of the . SLmulatlons w1th holdups based on

the thlrd correlatlon (arbltrary parameters, the 07. Serles) T_

.w1th the 51mulatlons of the base case shows very llttle,tp

effect of the varlable holdup assumptlon upon column dynamlcs.h

RN

Frem the bottoms composltlon response due to a reflux d;s-.fﬂ'
turbance, dynamlcs appear to have been slowed down sllghtly,.

T as {is also the case, but more apparent in. the steam upset

srmulatlon (07 vs 04) However, ln Figure 4 10 1nclud1ng
s »
the Rademak’r correlatlon w1th smaller coeff1c1ents ln the -

holdup equatlon resulted 1n the prediction of responses w1th

I
T

B
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b S TABLE 4.4 8
, HOLDUP CORRELATIQN PARAMETERS A )
Holdup ' Series quUld ' -eVapor.-f _ éonstant
Correlation ~ Coeff1c1ent . Coefficient ' '
' - : a.. . b ' o c
o n - n
: RADEMAKER ETAL10 2.2 | ©-1.54 - 1500
FRANCIST 9o  1.39p /3 0 ~ % . 15855 .
WIER R . : : . N
ARBITRARY 7 . .=20 . 1500
v : ; R S .

lCorrelatJ.on depends upon the follow1ng parameters‘

\{\ el

L - llquld flow (g/s)  A  ‘:,';.: o '“ N
'fp - tray llquld den51ty (g/l) e ) S
o r;f#u’ o PP ‘J»an' Dl

Derlvatlon of’ the Franc1s w1er expre551on is presented ln'

<g&ppendlx F._v"

,
-

4

e
3 : .,



faster dynamics. In Figure 4'll ‘the same observation'may
be made with regard to the steam dlsturbance.” Use of the:

¢

Francis Wier formula (the 09 serles) resulted in slower dyna?
H

mics for. both steam and reflux upsets.

‘ These observatlons are explalned by con51der1ng the
effects of the coeff1c1ents "an" andy“b "‘ln Equatlon (4 3)
‘upon the holdup and flow rates when a dlsturbance takes

place. Flow rates and rates of change of holdup at -any tlme"

‘ are governed by the: total mass and enthalpy tray balances,

1whlle absolute holdups and flow rates are related by Equatlon .

- (4.3)~ As the eathalpy of tray holdup and llquld leav1ng

'3l the tray are ldentlcal, a dlsturbance whlch forces the hold—

satlsfy the enthalpy balance.. To what extent, and at what

"rate depends upon “the holdup correlatron coeff1c1ents.

B ’, B
PR - - - )

sThe three sets of equatlons mentlpned above, used in the

s

g jsolutlon of flow rates and holdups, are solved 51multaneously

‘.?;and it lS difflcult.to descrlbe tn#bprOpagatlon mechanlsm._,

E T8

";jThe lnitlal dlsturbance w111 cause a'change ;n llquld ‘flow: .

f»from aﬁpartlcular tray, aichange ln vapor flow,‘and a change

A

}~jln the rate of . accumulatlon of holdup, thh the magnltude of “

fthe changes determlned by the values of holdup coeff1c1ents, o

-7and the enthalples throughout the column To determlne the"sjw

}

“up to change w1ll qulckly cause the llquld flow to change to f'

&

"”exact nature of the 1nd1v1dual lnfluences of these parameters (t1’
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would involve a more,complete set of s1mulated runs, for a
spectrum of dlsturbance types and coe§f1c1ent values. For
*

this reason, no quantltatlve relatlonshlps of dynamlcs and

Rather, some

.column to a steam dlsturbance, an’ upset whlch lnltl;;¢“

»

.causes malnly an 1ncrease ‘in vapor rate. . Generally, flow’
. & . RN
changes occur more - qulckly than holdup ch nges, because of

thlS and the opposrte’sxgns bf the coefflcﬁints.of the Radeev

maker correlatlon, lncldalng the Rademaker correlatlon in~

i

" the- solutlon speeds up 51mulated dyn\mrcs.d In the short F
'term, because)of‘ slowlylg.:eactlng holdups,‘ the nature of
Equatlon (4&??‘mould cause a'vapor rate 1ncrease to predlct
‘a llquld rate lncrease, as a result of 1nclud1ng thls equa-'

tion ln the model solutlon.“ Thls results 1n ‘an 1ncreased

a

twfmass c1rculatlon rate, spreadlng the dlsturbance effects moref”

Ta e . e

.qulckly,‘and speedlng up column dynamlcs' EENEIE el

T

R . -
",a

KR X

Flgure 4. 10 shows the effects of holdup coeff1c1ent

magnltude upon column response.. Large holdup correlatlon
:coeffacxents such as used in Francxs welr correlatlon, or co

'isuch as the arbltrarlly chosen coefflclents ensure holdups

. . .
— ¥

_:sen51tlve to llquld and vapor rates._‘In.apd;sturbance,l‘

RS
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holdups change_faster and further, absorblng or damplng the

‘ \ )
liquid flow changes, and slow1ng the rate of column response_

0
(see section 3.2.2.2). | "*’f ST . - .

™o

s Flgure 4 9 demonstrates the SLgnlflcance of the ratlo_

of lquld coeff1c1ents to vapor coeff1c1ents For avreflux

v,. - -_

dﬁéturbance, almost no effect is shown in column response by

o

assumlng the arbltrary parameters represent holdup behav1or,
‘where for the steam a dlStlnCt effect is shown - In both v

-.types of dlsturBances there are 1ncreases ‘in vapor and llquld

flow, but ln different proportlonEH The coeff1c1ents happened
to be chosen in such a way, that the Vapor and lquld flow
rate terms in equatlon (4 3) were not changed by tray holduP

changes to affect column dynamlcs 51gn1f1cantly For other
\ . ,,N a‘ .
dlsturbancesL however, these coeff101ents had a pronounced

effect upon column dynamlcs.

The Franc15 we;r correlatlon predlcts a zero dependence
- R

HV‘ of llquld holdup upon vapor flow, and thus vapor effects are

ellmlnated Furthermore, the correlatlon also predxcts abso~ 4,
7 R .
lute holdup values approxlmately double the average measured

m?i va;ues, thus glVlng tray tlme constants that are gouble
_f-vactual~values.f Thls results ln a severe damplng of llquld

o

flow and composltlon dynamﬁef as can. be seen in Flgures 4, 10
,ug_and 4 ll L — ; |
Itiis‘intended~thatfthis discuSSion,servef_to;show*that;;

~



coeff1c1ent magnltude, 51gn, and ratlo are 1mportant in
determlnlng 31mulated column dynamlcs., The speed of ‘the
'dynamlcs may be altered by ch6051ng dlfferent sets of holdup

-correlatlon coeff1c1ents

NN

Inzcbhclusionﬁ the effects of allowrng a varlable volume
holdup.ln-the»model w1ll depend upon the holdup correlatlon
chosen. 5Simulation‘results ln thlS work have shown these
'effects-to'cause’an lncrease or. a decrease in the dlStllla-‘j,
‘tlon column models rate of response to a dlsturbance...The.?
-_results also show that the solutlon scheme oﬁ?th&&nonllnear
;x'dlstlllatlon column model developed in this, work 1s stable f;'

~jand Valld for a Varlety of holdup correlatlons - L ;%:;b
e S P . . '

- 4.2.7‘9Enthalpy-Reductionsz _

The feed and reflux enthalples were reduced by 5 kJ/kg

i

each in 1ndependent runs, to determlne the effect upon column '
dynamlcs. The results of these changes would be to ralse

the ;nltlal steady state methanol compOSLtlons on all trays. T

-
~

mThe results, presented in Figure 4 12 for steam dlsturbances,

;1nd1cate llttle change in dynamlcs

.
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CHAPTERS‘/: , ‘ 'v

5. 1 UIPMENT ‘

5.1, % The Column‘;

In order to ve ify- compos'tlon tranSLents predlcted by

‘the mathematlcal del opensloop tests were conducted on a

pllOt scale dlstlllatlon column separatlng a- mitﬁaﬁol—water

.

feed. The c» umn conflguratlon, shown schematlcally in Flgure

5 L ,'1s e sentlally the same .as that used by recent control
study wo.kers (28,f44, 47 ) at the Unrversrty of
,'except for changes ln bottoms composrtlon measure- f'

ment system as descrlbed 1n sectlon 5 1.2,

The 8 tray, 9. 1nch dlameter column is fully lnstrumented .
all pertlnent‘whrlables belng measured or controlled The

.'walls are glass enabllng v1ew1ng and estlmatlon of froth
@,

,_helghts.; The stalnless steel bubee cap trays were bullt at

—-. the Un1v€rsrty of Alberta, to accommodate thermocouples and

YA

flurd c1rcu1atlon for composltlon measurement purposes.; The

"column 1s equlpped w1th a total condenser and thermosyphon *

s PORR
r@borler. Constant llquld level 1n the condenser and rebOLler

'f 1s malntalned by adjustlng product flow rates, dlstlllate at B
the top and bottoms from the reb01ler., The feed rate, reflux

- rate and steam rate, whxch are the major manrpulated and/or

¥ . s

e

dlsturbance variables are measured and controlled at thelr
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1 set points. Cooling water flow 'rate to the condenser is em- |
S ployed-toﬂregulate'tower pressure:“AlSO controlled,arefthe

ilnlet temperatures of the feed ‘and reflux streams.r Plate

u\
T

llquld temperatures, coollng W?ter temperatures,lsteam and

Ly

condensate temperatures, produd@ temperatures and sezefgl//J

temperatures Jn the reborler are monltored The top product

_ compOSLtlon, hlgh in. methanol content was measured by a capa-.
\.

-c1tance probe,'and was controlled by an electronrc controlleT’ j

OO T
-cascaded to reflux flow rate. An IBM 1800 dlgltalfcomputeri
w1th a. Dlrect Dlgltal Control package provmded control and 0

fdata acqulsltlon, keeplng hlstorlcal records of lmportant

measurements. R ""“‘»7‘,~.; j»'; R e

-
N
|
J
. P ‘t_:, -
B ER
An onllne gas chromatograph, used to measure the bott m

comp051tlon at 4 mlnute lntervals, ‘was. drlven by the 1800 (
f .
g

s{}gomputer. It was equlpped w1th an automatlc lquld samplln

‘valve,_aVneater, andra ‘llquld circula
LI - // . RN =

dEEELlsddeEEription isgdeScribed;in;AppendinE; .

The feed solutlon was contlnuously recycled from ‘a large y,ﬂ

storage tank, coutalnlng a suff1c1ent quantlty to prevent

il

B
T

. :.-\

L : Y G
%eed composgtlon drlft durlng the course of a run.,;.,?. :?”1?,f' 3
L ‘.S;lC?:tBottoméiComPOSitiOn MeaSurement;_‘* DS ]‘:‘ﬂ_v"fL,*fg

,: ’ .
|

A e
AR " ‘

\' e o As methanol-water}mlxtures hlgh 1n water content can not Tl
A \ g g
be analysed reliably by a capacitance system, an alternate

ﬁ,n



 ‘phys1cally separated as the gas passes

83 .

‘ﬁethod*Wasffound.- Thls conSLSted of a Hewlett Packard model

& -

‘ ?.5722A chromatograph w1th ‘an automatlc l;quld sampllng valve

and a product c1rculatlon system as" shown schematlcally in G{I”

Flgure 5 2.

The gas chromatograph xs a dlscrete analy51s system, a,‘

}sample 1s lnjected 1nto a: separatlon column at perlqdlc 1n-~h

N . oot
3 e

~tervals. -\ carrler gas draws ﬁhe samp&e&xn gaseous form over 'if

m&‘ '*"”

'*a béﬂ 8¥“porous materlal hav1ng an adsorptlon select1v1ty to

5~V‘the components of the sample. As a res‘It, the components:are—t—

-rough the bed and \\

R = RN B .3
pass out of the bed as peaks of concentrat;on, norm&lly dls-;ng-#

trlbuted about a characterlstlc elutlon tlme, Thesé‘lmpurl-;

'ltles 1n the- Carrler gas cause a change 1n heat tra\sfer,pro—f‘-w

-pertles of the comblned gas, and passlng the mlxtf;e over

— /_0 o

”'heated metal fllaments«wlll cause a temperature rfse or faji_‘lgﬂ.

./ A
of the fllaments, altering thelr electrlcal conl ct;v1ty.«4,
jThe change in fllament res1$qhnce ls c0nvertedwéo;a,change,

'~,1n voltage and from the voltage 51gna1,/ratld"of peak slzfs
o determlne relatlve quantltlés ofm ‘;"_ th '\‘_ 2N
J«A sample voltage Slgnal ls presented'rd_?lgure 5 3 for a sample

h*contalnlng approxlmately 5 percent meth 01~«

ok

g

v
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For a- rellable analy51s,'1t is necessary to have good

-

fseparatlon of the components ln the column ThlS necessrtates
| careful adjustment of gas chromatograph operatlng condltlons,,.’h
| column temperature and carrler gas flow rate‘ The J.njectlon
.of sample lnto the separatlon column 1s also very crltlcal as.
f the sample should come lnto contact w1th the column pagklng
‘as a slug, to prevent talllng of peaks or sllaing of one peak
o lnto another. -Also, the sample must be 1n vapor form at that
R p01nt; Proper sampllng requ;res that a sample of unlform
‘size from the c1rculat1ng product stream be flashed qulckly,
and lntroduced as a slug to the. separatlon column Only one'
of three sampllng valves used in the course of thlS study

'isatlsfled these requlrements. A more thorough account of

h these valves is. presented later 1n thrs sectlon.j

. The sample volume of the flrst valve used was easrly

fenlarged so that the effect of sample 51ze upon gas S

\‘,

’chromatograph analy31s could be determ%ned ' The most lmpor—uf'p"77?

tant and perslstent problem encountered was that of repro,nav

k3 7~‘~'

ThlS was balanced by /(?;

R VNTAY

'le gave larger

Peaks but Poorer separatlon.'ﬁ“ ;?hgiSQWEl?hVQLPmé

TRy
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.System-, x

k_from the detector fllaments was approx1mately 50 mllllVOltS,

'methanol peak from the flrst derlvatlve values shown Ln

,of the llquld sampllng valve, 1t was/g&taﬁllshed from the..

'”chromat%grams that 2 - 2. 5 mlcrolltres of llquld sample was_

optlmum for a 6. foot POROPAK Q column for the methanol—water

]

quever,vacceptable measurement reproduc;blllty was not

.

fobtalned desplte much effort dlrected to’ deflnlng a G. C. com-

puter ]Ob to analyse the peaks for the partftular column
3

.operatlng condltlon \ The gas chromatogram was analysed uSLng
lﬂan IBM peak analysfs package, whlch deflned peak area calcula—
-tlons based ons flrst and second derlvatlves of the analog 1nput
i51gnal A computer program was wrltten to enable the user to
”‘_obtaln a: graphlcal presentatlon of the raw lnput data and the
dflrst and second order derlvatlves._ These results for a low :
'concentratlon mlxture are shown 1n Flgure 5 5 and revealed |

"the need for an ampllfled s;gnal \\he max1mum output SLgnal

-

'and wlthout ampllfrcatlon, exce551ve nOLSe«was 1ntroduced as

'-the smgnal was transmltted from the G- C to the computer,_and _”

A

'ln dlgltlZlng the small analog 51gnals. The dlfflculty en- .

ucountered 1n deflnlng exactly the beglnnlng and end of the

)Thls uncertalnty, cau81ng a va_ylng
s éf""-ar.'
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'an ampllflcetlon of 30 was lnstalled 1mmed1ately after the.
i'detector fllaments.-'The effects can be seen in. Flgure 5. 6
A . | !

For a- sample 51m11ar to the one produc1ng the results 1n

,-Flgure 5 5 the derlvatlve of the ampllfled 51gnal has much

pless n01se, deéreased by a factor of 30 or more, and clearly'i'
.deflnlng the beglnplng and end of the methanol peak Wlth hv:'f4
_the ampllfler lnstalled ~the’ parameters for the G C Job~de- |
'lflnltlon for the - computer analy51s program became less crl-
-;tlcal and reproduc;blllty was lncreased to a very satlsfactory
fléVei In essence, the ampllfler reduced the effect of noise

‘in the lnput 51gnal electrlcal n015e due to 1nterference bet-
’pween the computer and the gas chromatograph and n01se due to
'poor dlgltlZlng at low 51§§;i levels by the analog to dlgltal d

"converter.'

'fduc1ng 1t in’ vapor form

J@the Beckman sllder valve, Hewlett Packar Optlon 513

ﬁ;automatlc sampllng valve, and an Applled Automatlon Model IX

valve.vf3

The two maln requlrements of the valve were adequate

flow of sample llquld through the valve and ;nstantaneous'hvmg»
lflashlng of the sample.j Of course rellable, steady operatlon

fat hlgh temperature over a perlod of tlme was de51rable as

fwell,;;The %?ckman valve, w1th sample volume and a larger’»
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a

. bypass drllled lnto a slldlng teflon block was orlglnally

Y

ﬂlnstalled 1n a Beckman Serles 4 Industrlal Chromatograph ‘in‘
the same oven and thus at the same. temperature as. the separa~ v"
tion column : ThlS conflguratlon had’ been used for dlStllla—
’_tlon column studles at the Unlver51ty of Alberta untll 1975
;Flow and operatlng rellablllty were adequate, but flashln&
of the llquld sample was slow,_resultlng in less than optlmum
“separatlon 'Adjustment.of'columh_conditions“was.difficulté
as a hlgh flash temperature but low column temperature.arei_f
needed for good analyses ' Also, temperature control was a
”trlal and error procedure, w1th only a. crude heater to- adjust
At the commencement of- thls work a new chromatograph w1th a-
separate valve oven and new sample valve were 1nstalled ”Theikrd
' sample valve, manufactured by Valco,'con51sted of a conlcal
':héVteflon block w1th sample volumes cut lnto the SLdes, rotatlng |
1‘ln a metal sleeve w1th ports.‘ The heat transfer and flashlng ﬁvbw
3; 1propert1es of thls very compact valve were much 1mproved e

”Wone face of the sample volume was metal Flow through the

,“valve, however, was not adequate, due to the complex1ty of

,the flow c1rcu1t Breakln procedures were dlfflcult and the

Pl

'teflon block would scorch onto the metal sleeve w1th con-ﬁi'
ftlnued use ) Slmllar problems w1th a replacement valve of the
%f:same baSlC de51gn led to the dec1s;on to search for another

_'z‘

/”“ftype of valve

;'alve"pr‘esentﬁly,\f’;’.‘n’stalled' is _aﬁ.k_Applieid'fAutomationk' o

I R
kS




.ﬂ“

~-Model IX. _ It is a unlque de51gn, ln whlch pneumatlcally o

1,

[actuated small plungers move small. fractlons of an lnch to

‘ffblock~or open flow passages of carrler gas or llquld sample

",gat the end of the Job cycle.i Thus, the comp031tlon was

Ithrough the sample valve or: bypass._ The sample volumetls
.encased in mv/al ‘on 5151des. \Flow rates through the valve

are hlgherwthan both other Valves and it has peen used |
successfully durlng most of thlS work.' A small teflon dlaphragm
:smust be replaced perlodlcally due to deterloratlon w1th tem—

: perature. oL 7;7 oL

The sample valve was actuated under control of the IBM '
‘rgas chromatograph package, whlch also performed the peak |
“ldentlflcatlon and area calculatlons.: The comp051tlon in
| welght percent methanol calculated from the areas determlned
“by the IBM package, was then wrltten lnto a DDC measurement
?loop by an onllne user wrltten prOgram ThlS program, deslé-

,*nated as DWL44 (see Appeqdﬁk B), was queued by the IBM package L

,,%gl

._avallable to the bottomsrcompo'Ft;o';qontrol loop

m'ewmass’holdup of

*_ i An_aj:;emgt_ua _made towdete_ mi

fllquld on each tray of the dlstlllatlon column and in. the’;~

‘common correlatlons.i Furthermore, an at;empq was - also made to flnd

;7un1que txay holdup correlatlon/for thls 'lstlllation column,_




e e e
”:based on liquid and vapor flow rates predicted;byfthe“model.7

|

Holdup could not be measured but was estlmated as follows.y

Vs;wlth one’ g as- a. standard (feed tray), estlmates of the

‘"arelatlve' g titles of lquld on. the trays were made by v1ew-f :
rlng the froth nature and froth helghts through the clear glass f
.walls of the column ”The total welght of solutlon ln the

fihtdglumn was determlned by operatlng the column at steady state o

lt:fand abruptly then stopplng all flows, and dralnlng the lquld .}

from ‘the column for welghlng The condenser and rebo;ler | -

"ﬂ;holdups were determlned w1th the column non-operatlonal.w;l‘u

vfffslnce the l:yels of the condenser and reb01ler are controlled

{ﬁlt ‘was . assumed that thelr holdups dld not change so by sub~ B
-.ftractlng the condenser and reboxler holdup from the total _
: column holdup,(the cumulatlve tray holdup could be calculated
-y_Ind1v1dual tray holdup was calculated by taklng the relatlve J

juw;$volume estlmates, applylng a- densxty correctlon, and multl-;sé

<

e

”itplylng thls tray ratlo by the cumulatlve tray holdup. This *
:fgr"procedure was followed for the standard operatlng condltlons,
fand for feed flows of ten and twenty percent above and below-;g_“

/—,_ -
‘ormal flow rate.:;

3 in Flgure 5. 7, for all operatlng condltions tested Also

‘}; plotted on: Flgure 5 7 are holdups based on publrshed holdup .fwf'
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correlatlons, u51ng llquldvand.vapor flow rates from‘{ndlvr—ﬁ
dual trays, predlcted by the model descrlbed 1n Chapter 3.,
.:;t Both experlmental holdups (for a varlety of operatlng condl—
tlons) and holdups derlved from correlatlons predlct.a slmllar.’
.trend of holdup decrease w1th an 1ncrease 1h»tray number.:

However,.holdup correlatloné"predlct values that are larger ; ;f{

than measured ones, and ln the case of the Franc1s Wler pre—wtféf

:?7 dlctlon,_larger by up to a factor of two. A complete summary i

'~jﬂte1ther caSe, although generally,_an 1ncrease ln feed rate_r

of estlmated and measured tray holdups is’ presented ln Appen_:fnf

l‘.dlx F

Attempts were made to correlate estlmated holdup values»Q"

Wlth both tray 11qu1d flow rate (predlcted by the model des-r"V'
crlbed 1n Chapter 3) and feed flow rate, usrng the plots shown:uﬁ

“‘ln Appendlx F No-deflnlte relatlonshlps were observed i

N

e v

-appears to result ln an 'rease ln holdup on all trays'f‘The¥* .

- exce331ve scatterfof data 1s'attr1buted to the estlmatlon SREAE

technlque, and may be observedtln Flgure 5 8

Thpublhdnldupltaw fllw ,

‘—é‘ e e . ,.‘

.'f»filijAICHE?Q method of eff1c1ency predlctlon for bubble cap

LA
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where'\zc ‘inches of liguid on the tray

w = weir height (ihches)l
o 0.5 - -
Fo=Vogw 4 |
V. = vapor flow from tray (ft/sec)
oG = vapor density (lbm/ft ) "

L = llquldhflow pm/ft of flow w1dth)

Volume'hOIdup was COnverted'to a mass by‘applying‘a
' dehSity;‘ . i

Ca . , 35, o o S
ii) The'Franc1s.W1er:¥ormula for flow over a rectangular

wier:

q = 4158 - 0.2n )l vzg. . (5.2)
:‘where’ q = volumetrlc £low over the welr (ft /sec)
L = length of the w1er crest (ft)
h6h= helght of lquld above wier (ft) .

local.acceleratlon due-to gravity (ft/secg)'l

4

‘Thisfeouatloh“was usea tohcalculate”a weir head'f0rta
glven flow through the weir. The assumptlon that theuterm
l--"O 2h f was negllglble next to the W1er crest 1ength L 51mp11—v
fled the equatlon.‘ The entlre lquld volume on the tray was
,cassumed to be clear (negllglble froth vq}ume),'and volume and’

f'welght holdup was calculated on’ that baSlS..-.

S iii) EoSq and'Gerstefaholaup edhatiohf'
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h. = 0.24 + 0.725h - 0 2§h'v 0.5 , 4 48‘q/z (5.3)
Lo T T w . w a G T ' '

-

where h_ = outlet wier height (in)

Js

liquid head‘?n tray (in)

Va_= gas veloc1ty (ft/sec)'
pG = gas denSLty (lbm/ft ) _

A llquld flow rate (ft /sec ’
'z = aVerage liquid flow wrdth’(ft)." -

'Sample calculations_for all cases-were made in, or the re-

_sults,converted»to,SI units, and are also presented_in

Appendix C.

"Holdups predicted'by the publishedfcorrelationSfare all

higher in magnitude th“n'th03e~measurea This may be explalned

////

N by the fact that bubble cap trays, deSLgned*and constructed -

v Svrcek S for the orlglnal dlstlllatlon column control

stu y,'may not be of a- standard de51gn. Also, the column lS_"u
' a pllot plant column, smaller ‘in scale than 1ndustr1al columns,
vfor whlch the publlshed correlatlonc were derlved _ For thls

- reason, these publrshed holdup correlatlons were.notrused“ -
;for»predicting holdups duringethezcomputer;simulations'of'the
'distillation_column{_asspresented‘inuChapter~43‘

}:.

5,2 RESULTS . o e
Considerable'ti.evwas‘spent_in’determining ansappropriate“'F

. set of operating conditions.:'lt washfound that a_tradeoff
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between sbnsitivity tofdisturbances and‘bottom composition
measurement accuracy was to occur It was: dec1ded that pro—' .

“duct CompOSltlonS should be between‘d and 5 percent ln the

":bottoms and between 96 and 97 percent methanol at the top

'The compOSLtlon range was srmllar to that used by other

”fworkers, but the column had been operated at lower bottoms

hfcompOSLtlon to. achleve good dlstlllate sen51t1v1ty to . upsets
For thlS reason certaln dlsturbances w1ll exhlblt lower

gaLns than open loop responses from prev10us tests by other'

‘,'workers.' A llSt of sample initial operatlng condltlons can

- be ‘found 1n Flgure 5. 9

-

As prev1ously mentloned“,a gas chromatograph was used to_
measure the bottom product comp081tlon.i Thls is a dlscrete
‘measurement dev1ce, and lnherently has a. dead tlme of 4.
-”mlnutes (1n the analy51s program used ln thlS study) As

‘w1ll be noted in the plots of bottom comp051tlon responses, R
"there appears to be a tlme dlfference of from 8 to l2 mkijte//

'-between the s1mulated and experlmental trajectorles.

lmay be explalned w1th the ald of Flgure 5 10. The G C P o-.

,';gram of the IBM 1800 computer ‘was used to collect gas ch. oma—__vf

tograph analyses. Upon completlng an analy51s, a G C queued;'
'_serv1ce program (DWL44 Appendlx B) would wrlte the analy51s ‘
\result 1nto a measurement word in. a DDC. loop record.-'Dee» ,
ptndlng upon when the measurement was taken with respect tor-?"'

‘the start of the dlsturbance, the delay in gettlng a measured

L
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comp051tlon lnto the DDC loop record‘co ld be - from 4 to 8 g
mlnutes. Another data accumulatlon loop,thh a pole tlme Of[_'f
256 seconds would take the measurement frhm the measurement X
loop,.and wrlte lt to a measurement hlstory fllﬁ.»‘If thls
loop were not ln phase with the gas chromatograph analy51s,;,
an’ addltlonal delay of 256 seconds could result. If‘thew
measurement were flltered another delay could be | |
"llncurred. Together, thlS could constltute a: total of 16

mlnutes delay However, allaresponse lags fall w1th1n the

,4-12‘ inute delay, as fllterlng was not used q:'; "A”--;:.v*,”~

N There also ex1sts a sllght process delay due to the G C

cycle loop (sectlon 5. l 3 Appendlx E), but thlS delay Was

5‘

consrdered to be small compared‘to other G .C. delays. hf"h
Results are presented for pOSLtlye and negatlve 20 per-:‘n..
cent step dlsturbances 1n reflux and feed rates, and lO per-
T cent steps 1n steam rate to the reborler. In Flgures 5 ll
.to 5 16 the experlmental response ln each .case lS accompanled e
:ﬁ by a. srmulated response.l The s1mulatlon results presented here&\\
o are for the 04 serles (Table 4 l), w1th the assumptlons of ‘

xl

constant mass holdup, varlable heat loss and varlable effl—

'y c1ency,_w1th the varlatlon accordlng to changes in top c0mpo-l;
_ srtlon., Thls s;mulatlon serles Was chosen because lt was

" found to adequately represent the experlmental response..'Tof'
ascertaln the agreement that would exlst between predlcted

/responses based on dlfferent assumptlons and the experlmentalf‘f
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>_‘results, the reader should refer to Chapter 4 Some of the o
‘_lnltlal experlmental steady states vary sllghtly from Tun to
':run, varylng by +.05 percent methanol whlch is- closg to -
~1nstrument resolutlon.'these runs were taken over a perlod
';vof weeks and although every attempt was made to keep the columnﬁat
-operatlon constant, such sllght dlfferences appeared and were_"ﬁ
}'con51dered normal In SLmulatlons,_no adjustments were made~;ﬁ

‘o

cfor thlS mlnor dlfference 1n comp051tlon..f‘

5.3 DISCUSSION
Comparlsons between experlmental and 51mulated responses_'-'

if.to dlsturbances may be made ln two dlstlnct areas to assess
‘the valldlty of the model used for the predlctions.v The
.flrst ls predlctlon of termlnal compOSLtlons at steady state
of varlous operatlng condltrons.d'The second areafor comparleTi -
‘son ls the column dynamlcs or rate of change of column com-=.
‘pOSltlonS due to changes 1n operatlng state.bj

The experrmental responses themselves are representa—w
,ptlves of dupllcate runs. Taken over a perlod of approx1matelyi;“
two weeks, they are dev1atlons from a set of reference steady
‘}kstate condltlons deolded upon w1th crlterla of column sensx-lthl
_yt1v1ty and compOSLtlon measurement accuracy ln mlnd It may
be n?ted that top comp051tlon response to a step 1ncrease ln

__feed flow raté is almost undetectable.c Thls was the result j‘.

'uof a compromlse between column sen51t1v1ty at dlfferent

~



‘operating conditions;vand?instrument sensitivity.

"The steady state condltlons resultlng from the moderate
|

dlstdrbances in steam, feed and reflux rates from the reference
'steady state values agree well w1th the experlmental behav1or"
:1n all cases. The max1mum dlscrepanCLes may be found in the‘
feed dlsturbance runs, belng of approx1mately O 2 percent
methanol (or 5% of range) Ln the bottom comp051tlon for both ‘an
.1ncrease and deérease ln flow.. The steady states here have
'been. matched more closely byrtaklng greater care in choosrng

heat loss and. eff1c1ency flttlng parameters.. In these cases,_

- as ln all heat loss was taken as- unlform for all trays,‘

« - t

f whereas tray eff1c1ency was consrdered unlform throughout the

Bl

strlpplng sectlon and agaln throughout the rectifylng sec~‘;

. tlon but both heat loss and eff1c1ency were allowed to vary
IKW1th termlnal comp051tlon to match the experlmental steady
state.' Although it was not p0551ble to determrne lf the.'.'
efflclency was representat;\e\of the experlmental‘value, the
heat loss chosen to match the coﬂbosrtlons at steady state
compared well to the ‘heat* loss from the phy51cal column as
'calculated by the energy balance program BALANC (see Appendlx

Y

FQB);_ The tray eff1c1ency, also used as a flttlng parameter,r

R

'waS' found to be less effectlve 1n thls regard than heﬁt loss

. and could-not be determlned byfmeasurement but only calculated

from column operatlng data. However, therfltted eff1c1ency values'vv

/—-'"r\
used ln the srmulatlons ranged between reasonable llmlts as
oo ‘:-:;K-‘U '”f.v' e ~.A"* e
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'can-beiseen from Table 4.3.

The‘transient responsewdynamics agree very.well in_ail
cases for thebettom'oroducthand’top‘productAcompOSition
.transdents-involving'reflux rate increases and“Steam rate
‘decreases" However, the feed dlsturbances, and other dlstur-,'
1bances cau51ng a decrease ln methanol concentratlons in the

’distillate requlre further analysls.

xgnique to~the_feed.disturbances is an;initiaiure5ponsev;7 =
in a'direction\ooposite to-that'expected,and to-the eventuaLJ

- trend. .This is'especially prominent‘in the negative feed“
?,dlsturbances, but always only in the dlstlllate response.
:Although no 31mulatlons were run testlng the effect of varylng

~eff1c1ency on the stages to vary lntermedlate comp051t:|.ons,j

1t 1s expected that the explanatlon may be found'there.i-

For 51mpllc1ty, eff1c1enc1es were taken as unlform from
otre to tray at some value ln the strlpplng sectlon, and at

'dauuther throughout the rectlfylng sectlon.,,Thls Smellf;ca-‘

.
Al

t;on,wastused,by Sta;nthorp»and~8earsonl in a;transfer func-4

tion model study;” In this worky_a;trial'and errorjprocedure
ywas“used”to natch.the initial steady state;..Once'this.steady
'ystate had bgen matched these 1n1t1al efflclenc1es were used
‘1n all SLmulatlons As ‘can. be seen from a sample steady

‘state presented 1n.F1gure 5 l7 the resultlng comp051tlon pro—

‘flle had a’ feed tray compOSLtlon of 51 0 percent methanol.
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«Thus,,a methanol balance about the feed tray shows that thev

'lnput flow w1th a comp051tlon of only 50 0 percent methanol

tends to ‘lower the’ comp051tlon on the feed tray. When thls»

lnput term is reduced in magnltude, the effect would be tO’

g

let the feed tray comp051tlon rlse momentarlly, sendlng a

'pulse up and down the column It is: postulated that this is

ithe effect that manifests ltself in the response shown by the

;dlstlllate, the same effect belng damped out by the large,
reserv01r in the rebOLler. ThlS inverse. response phenomenon.
jwas also observed by Luyben and Vlnantels'on a pilot plant
column, but was unexplalned as the study dealt w1th trans— .
°fer functlon models for terminal . decoupllng By the same’

u“token, -a negatlve respbnse could be predlcted for a step 1n—

crease ln feed under the same lnltlal condltlons, as. lS also“

observed mhese lnverse dev1atlons are very sllght only

0.1 percent methanol at the feed tray, but it can be .seen

'.from the srmulatlon results that thls pulse magnltude 1s

.malntalned through the rectlfylng sectlon

~To check thls explanatlon further, it would be necessary'

to use dlfferent values of eff1c1enc1es that would predlct

'1dent1cal termlnal comp051tlons, but dlfferent lntermedlate

-~

"comp051tlons at steady state, more spec1f1cally, a lower com— ﬁ

el

-posmtlon on the feed tray

’f;a‘
‘ Also show1ng moderate dev1atlons in. dynamlcs from the

experlmental responses, and somewhat pecullar curves 1n the

¥



response,.are dlsturbances.resultlng ln a decrease in dls—”
tlllate composrtlon.‘ Dupllcatlon of the response w1th an_f
d alternate 1ntegratlon method and 1ntegratlon tlme step ell-
'n.mlnated the stablllty of the 1ntegrataon as’ the fault 'A
behavmour such as exhlblted*by the dlstlllate comp051tlon .

' under a negatlve feed flow dlsturbance would lndlcate a serlest”
: R :
rof flrst order systems of varylng tlme constants between the-
feed tray and the dlstlllate tray : In a matrlx system,vlt
‘:would 1nd1cate varylng elgenvalues anthé' rectlfylng sec—'
tlon" of the matrlx » These elgenvalues are- completely a |

functlon of llquld and vapor flow rates and comp051tlons, and B

would change as comp051tlons change in a nonllnear nmdel

The pecullarlty of some of the>responses ln.questlon may
‘also be attrlbuted to the ch01ce of eff1c1ency As prev1ouslydb
mentloned eff1c1enc1es were arbltrarlly taken as unlform ‘
?throughout the strlpplng and rectlfylng sectlons. Certalnly
»Ithls forces the srmulated tray comp051tlons and flows to
~;assume«a\ arbltrary proflle- as vapor and lquld flows, llquld

.heads and compOSLtlons vary from tray to tray,‘so w1ll actual
| eff1c1enc1es. Each tray may be regarded as a buffer zone at
‘_steady state comp051tlon, w1th 01rculatlon between buffer
'zodbs on. elther 51de There are comp051tlon gradlents from’
'fthe reb01ler to the condenser and there are c1rculatlon rate':
ilgradlents,:w1th a dlscontIDUltY at the feed plate, as the

/

: feed is 1njected there.; A buffer zone w1th a/comp051tlon of
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'concentratlon gradlent out’ of llne from the natural gradlent
,would retard or propogate a dlsturbance in an unnatural way,

’as 1ts elgenvalue changed ih an unnatural way. A changlng

eff1c1ency or heat loss cau51ng a varlatlon in an elgenvalue,

would cause a change ln the rate of change ln the column

P

For example, the heat loss of tray 6 phy51cally changes ac-

:cordlng to tray 6 temperature, but ln the 51mulatlon, heat
iloss is’ varled w1th top comp051tlonr> Thls may cause the tray
: ,6 ‘liquid flow to react more slowly than in the physrcal

"Acolumn, and cause the 51mulated comp051tlon to also react

-

All 51mulatlons presented w1th experlmental data here»'*

4'are for the case of constant mass holdup Also, eff1c1enc1es

fytray temperature. In every type of dlsturbance, the heat i

jwork Also, tray heat losses were varled as functlons of

/”' and heat loss were taken as functlons of. dlstlllate comp051-jg
'tlon. For dlsturbances resultlng ln a decrease in dlstlllate,

ffcomp051tlons, the dynamlcs appear to be faster than shown by

.

'the actual column There may be several reasons for thls.'

\

In the actual column holdups vary w1th changlng condltlons.,

As holdups are a determlnlng factor 1n tray dynamlcs, changlng:

;condltlons affect column dynamlcs, the effects of varylng

fffholdups are not presented here, but in chapter 4 of thls fffr""

-dlstlllate comp051t10n, but ln actuallty, are functlons bf =

|

N

“loss on a tray would naturally rlse as tray temperature rose,*

"w . 3 . LAl
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'reduc1ng the macnltude of the dlsturbance to the next.tray,>:
and slow1ng 1t down , Agaln, lt was ‘only- for srmpllflcatlon'
ifpurposes that thls.assumptlon'was made.' The model solutlon_
Alscheme would readlly accept tray heat loss as a. functlon of'
ltray temperature, and only through further testlng can the
b“effects of that s1mpllf1catlon be establlshed The same holdsu
]

true for: tray eff1c1ency,,as effrcrency was - taken as a func— '

" tion of term;nal composrtlon also.

f.It lS lnterestlng to note that only ln responses 1n—
‘volv1ng a decrease 1n dlstlllate comp051tlon,‘are these 1rre-nj
gularltles exhlblted The large holdup of the reborler, flve
’tlmes thatxof an average tray, effectlvely damps out the |

isllght devraﬁ;on for all types of dlsturbances in the bottom o

composrtlon tran51ent. In the dlstlllate, dlsturbances cau51n§'

a decrease Ln dlstlllatlon compos;tlon, because of basrc non-'

i

'vllnearltles of the dlstlllatlon column are typrcally more

: severe, than other klnds.- For lncreases in. dlstlllate compo-'f
ys;tlon then, strongertreslstance to;changes,xor stronger -
{,dampino,‘ellminateslthe effects_of‘peculiarfdynamicS;‘”

fo‘test these explanatlons further, testlng w1th alter-,
inate eff1c1ency proflles and heat 1oss correlatlons must be

T

'*done.l The assumptlons of unlform eff1c1ency and heat lossi,jfﬁ
:Emay then be shown to be too restrlctlve.: However, thlS o

.ltestlng w1thout physrcal measurements to reference lS a trlal

rfand error procedure and thus tlme consumlng and expensrve. -
S : . . \ ,



118

The 51mpllf1catlons chosen, however, do not limit the gene—
'rallty of the solutlon scheme of the model as: any eff1c1ency'

or heat loss proflle could have arbltrarlly been chosen

o

splte these srmpllflcatlons,‘the model predlctlons com-:-
..paredyzry well w1th the experlmental dat\‘affﬁvery operatlng |
steady state. In all casés, the bottoms comp051tlons tra—';
Jectorles 51mulated are very close to those obtalned experl-'
qgntally Top comp051tlon responses for steam decrease and
"reflux lncrease dlsturbances predlcted by the model match |
| very well Wlth the - experimental responses, andrfor other'disjpy
:turbances w1th1n a reasonable error llmlt The solutlon
’scheme of thls model was thus con51dered valld ‘and was then

used ln comparlson studles of models of varlous degrees of

51mpllf1catlon.-



CHAPTER 6 »
CONCLUSIONS AND RECOMMENDATIONS |

6.1 CONCLUSIONS .~ .~

A nonllnear solutlon scheme to model a blnary dlstll—
lation column and to lnclude the effects of varlable mass
,_holduplln the model has been developed and tested for distur-
bance5~1n feed, reflux and steam flow rate Comparlsons to
actual.experlmental responses of a pllOt plant column have

0

shown favorable agreement

Slmulatlons were performed w1th “the rlgorous model altered
‘_u51ng several dlfferent common 51mp11fy1ng assumptlons.v ‘The
hpredlcted behavior was compared to the- predlctlon of the,h H
rlgorous model and the effects of the various Smellflcatlons 1

‘ were made evldent.

To obtaln good agreement w1th experlmental responses,..h
th was found that flttlng of 51mulated responses was an 1n£é-fi
'gral part of- the modelllng effort .Tray heat loss and tray
'eff1c1ency were used effectlvely as flttlng parameters, the
" column belng more sen51t1ve to the heat loss parameter.. It
'l was also found that overall column dynamlcs were\strongly |

'1nfluenced by the dynamlcs of the flttlng parameters.\\gt
appeared that the dynamlcs of the reb01ler comp051tlon were

t%largely determlned by the rebOLler tlme constant, other tlme

constants belng relatlvely less 51gn1f1cant..

4

.filg
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The - model was found to be stable in the solutlon of a
lnonllnear equatlon set 1nclud1ng the holdup correlatlon
,equatlons " The- hydraullc dynamlcs were found to be the sta=-
blllty llmltlng element comp051tlon dynamlcs belng much
dslower. Three types of holdup correlatlon equatlons were
used 1n Varlable mass holdup modelllng, and 1t was found that
overall column dynamlcs could be altered ‘in both dlrectlons,

dependlng upon the holdup correlatlon parameters chosen

’ L Flnally, the solutlon scheme developed in Chapter 3 has
',been shown to be credltable, 1ts solutlon satlsfactorlly represen
o tlng actual phy51cal data for dlsturbances studled and_ls

ea51ly adaptable to 51mpllf1catlon if desrred - p' T

6.2..RECOMMENDATIONS

-It 1s recommended that effort towards further dlstllla—

uftlon column modelllng be dlrected toward the follow1ng.

1. Ellmlnatlon of the flttlng parameters. It would be'
. useful to have heat loss and eff1c1ency data 1nj_’
functlonal form, relatlng these parameters to ope-»

‘_ratlng varlables.'

t2. -To further experlment w1th dlfferent holdup corre-

"-latlon parameters, and through srmulatlons attempt

to further deflne thelr effects upon s%mulated column

~

’ X e
v \ o
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. In’ addltlon, a problem ex1sts in the data gatherlng of "the
"‘bottoms product analyses,‘ Wh.'LCh should be. remedied for further )
fda.stJ.llatlon modelllng stud:.es Gas chromatograph analyses

"‘_'.must be properly phased with dlsturbance tlmes and - DDC accumu- v

' latlon loop pole tlmes, to reduce the tJ.me delays observed in

this work.,
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a,b,c,d

"

b

jldentlty matrlx

freflux flow rate (gm/sec)

__51destream flow rate (g/sec)
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NOMENCLATURE
@ L
parameters, unlque to partlcular equatlon”y'

system matrlx, deflned by comp051tlon balance

. equations

1ntercept of enthalpy - steam temperature
relatlonshlp : 4 :

slope of enthalpy - steam temperature

elatlonshlp

:dlstlllate flow (g/sec)

.

’xntegratlon.tlme lnterval'(sec)

'Murphree Vapor Eff1c1ency

o

3vector used in solutlon of vappr and llquld
'flows : : .

.vapor enthalpy of" vapor leav1ng stage n Gﬁl/gm)

: liquid enthalpy of 1lqu1d leav1ng stage n. |
‘(kJ/gm) : . ,

Ve

‘VrebOLler inlet steam enthalpy (kJ/gm) e g

reb01ler outlet steam enthalpy (kJ/gm)

& ) . : s : :
‘

‘ratio of ‘vapor to lquld comp051tlon on ‘each

tray L : R o o '-.?%

llquld flow rate leav1ng stage n (gm/sec) . "

parameter (heat loss ,or. eff1c1ency) : ';ayué“,5
E ,‘ﬁ;).:jz{

. . - s

‘heat 1nput heat loss (kJ/sec) . .M#gfr_

' ,Laplace domaln parameter C 7{;;;&;”'

team flow rate to the reb01ler (g/secfj.jyy;.-




Lo

. ; . * .\a .
Sy o - condenSate flow rate f:om'#he.reboileg (g/sec)
aT.“ f'temperaeurel(°c) | |
s - time (sec)
IT -‘matrlk“uged in solutlon of- llquld and vapor
o flow ratds; has enthalpy and holdup terms
ua . -~ heat transfer coeff1c1ent in reb01ler
o (kJ/sec°C) -
‘Vn - = vapor flow rate leav1ng stage n (gm/sec)
_WT - llquldlholdup on stage n (gms) /
X - llqu;d'comp051tion (% methanel)éﬁ”l
y - vape;.eeﬁpesiﬁioﬁ (%smethanel) ﬁ;
'.Sebscr;pts
¢ | 'e:cendehsere'
i o ”—;ini;ia;ﬂ
tf" . | ;.finéls‘ . ( -
© ”{e-vfeferehce“cenditienj‘
n —:stagexnember‘ﬂ
‘;' - 'é;rebeilerif E
Supersciipts B
LUK ‘.:“  : 'H;faehetes-ﬁariable valﬁe Aﬁ the'ﬁﬁﬂ-tihesigsﬁaht
* , '-"*equilibfium_ Valﬁ‘e“‘f ~ o |
: Nomenclature —bDlstillatlon Model |
‘AHLO‘.H - 1ntercept for steamrenthalpy correlatlon

(kJ/qm) HS (BHEO *# T+ AHLO) ‘f]" e;
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L Y

'BHLOl_ . slope for steam-enthalpy-correlation (kJ/gm°C)

~-cr .,';3— lquld coeff1c1ent in varlable holdup corre—c -
) ' .1atlon ' S R
C2» r i » fyvapor coeff1c1ent ln Varlable holdup correlatlon"
ACB_» B jt-llntercept 1n varlable holdup correlatlon
‘D 'f : ;y;+7(1n ENTH) derivative of liquid enthalpy with™

‘respect. to liquid comp051tlon
- (ln MAIN) disturbance. vector values (gm/sec)

fDHL' S derlvatlve of llquld enthalpy with respect to-:
, ‘ time : : . .
v : .
DT * =~ integration tlme 1nterval (sec) ‘
DWT B der1Vat1ve of holdup w1th respect to tlme
DXT _ - derlvatlve of llquld c0mp051tlon w1th respect
R - to .time . S -
IMDTLU .“evfff'#-derlvatlve of lquld temperature w1th respect
S totum_ -
D2 ... fdderlvatlve of tray temperature w1th respect to
. ' llquld Comp051thn ‘ : :
CEE G —beff1c1ency at the 1n1tlal steady state"
CEL e s eff1c1ency at flnal steady state‘fffpllf¥f
EF - - ‘].‘- eff1c1ency at current “time
F. . .- feed flow rate vector (gm)
' _Fi‘whi] : ,f?_lnltlal feed flow rate (gm)" :hf'.}'fj_
FT .. - v"?b(ln INTGR) work Vector - ratlo of vapor to - 8
E ' I”vulquld comp051tlon,bused to obtaln trl dlagonal o
‘matrix ' :

= (in VFLOW) work vector used in the solutlon ~‘i:fj_=”

:of flow rates o
L HE - feed enthalpy (kJ/kg)
.'HQT’ :ﬂb ni}'llquld enthalpy (kJ/kg)



" HXS
HYS

. HSI'

'ICHNG

IN
IT .
ISTRN

 ITEST

JM,JN

KT
LT

CLF .

CoMTT

NTT

N

NI

QLP . -

op

Sosp .

"ROG

- prlntlng counter, PRINTZ index -

,vector of poss1ble dlsturbances‘,

‘\1n1t1al feed flow (gm/sec) , ,f:: AR fv_.ﬁ;,

_-vapor den51ty (g/l)

o 128

liquid enthalpy data vector ( kJ/kg)

vapor enthalpy data Vector (kJ/kg)

;»steam enthalpy (kJ/kg)

vector of dlsturbance tlmes (mln)
dlsturbance 1ndlcator

prlntlng counter, PRINT 1ndex :.;'

ASCII characters 1nd1cat1ng dlsturbance type

"fvarlables spec1fy1ng’pr1nt tlmes (sec)

BN . -

- cycle 1nd1cator o .

1nd1cator”for Ooperations. occurrlng on the flrst

E program cycle (eg. read data)

‘ o

'llquld £low rates (gm)

number of trays plus reb01ler plus condenser'v

E:number of trays plus reb01ler e rgd:'ij_li‘;.x;
number of trays v | L | )

‘51mulated run tlme.(mln) _

_d‘heat loss at 1n1t1a1 steady_state (J/sec)

'f;reboller heat 1nput (j/SeC)

vu:heat loss at flnal steady state (J/sec)

lfheat loss at current state (J/sec)

'i_lnltlal reflux flow (g/sec) | :

"ratlo of feed to feed tray compos1t10n (to T
_obtaln a tr1 dlagonal matrlx representatlon) .

, R
R LAl
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‘ROL. - - - l'iqu"i'd" _dénSiLTY" (g/l)
| SF B -fstéAﬁ flowbratel(g/sec) ‘\‘“

: SF?H i l”f‘steam flow rate at 1n1tlal steady state

TS SEER - steam temperature (°C) | 2

Tf.,,- ‘_ ”-—_t;me.(mln)‘g -

YTL p," = tray.temperaturefvestor'(°él' N ; S ©
fi’TTl 'xj‘_.- :\haseematxix in‘iuteérathn sehemel |

.

“TA, TSU - matrlx in 1ntegrataon scheme

v
v

‘:TLS{"uZ _',l%.temperature—comp051tlon data vector ( C)
_TR,J : _i {'l reb01ler lquld temperature ( C)

iUA 1_ | p. ;‘heat transfer coeff1c1ent (j/sec°F)
vVTv:f t-' Aiﬁ;lvapor flow vector (g/sec)
"WTV. ’ Zij - holdup vector‘(gm)_'*
'_\Xf ef‘ j”.i"{:feed composrtlduﬁﬁedtbrt

fp"XFfit ‘i'v';<fplnltlal feed composmtlon:;td";::f; 'iflp -

\ XIF ?Aug‘#.flnal comp051tlon lnterpolatlon value (forlb
' R Lo ;varylng heat: loss, eff1c1ency) e

jXIN'd R A,-Alnltlal comp051tlon 1nterpolatlon value_u
":XT‘_ 3"bi'f;p11qu1d comp051tlon vectorq; | |
;Xsmﬁgdf = ';jllquld comPOSlthn data vector ”dp.“'fw
?1_XXT_p;f: p.ie prlntlng buffer for top comp051tlon
"kamt‘lv;.. ‘.+[pf1nt1ng buffer for bottom composmtlon
YT c e:j’;:vapor comp051tlon vector p'" | ”

<

'?fIYS¢Q.,,M;~4a**QvaP°r comp051tlon - enthalpy data vector

- Ys - - vapor comp051tlon data vector




0
0
.0

} 0.
L :O‘

-0

C
0.
0

- 0.
0.
0

N
0.
0.

- :0

15'_01°
R

0.
»OO

X

0000

0350  °
.0689
.1020 .
L1339,
L1650

2026

2389
.2739
.3078.
.3405
3772 .
.4028 .
.4325:
4612
4892
.5162 .
5246'
f5926 ‘
6400

7273

8508 .

.8767
9412
.9713
0000

APPENDIX A

Y.

1 0.0000

1 0.2158
0.3469

0.6143

'0.6556 .
1 0.6870

0.7100

0.7331

. e A o <,_'] i o .
 TABLE A.l. EQUILIBRIUM, TEMPERATURE DATA

0.4372
0.5055
0.5609 -

0.7500

0.7652

0.7793

0.7927
'0.8043

. 0.8159 -
. 0.8271
00,8449
1 0.8624"
10.8934

10.9224

. 0.9504

0.9759
-~ 0.9881L -
©1.0000

T, (00

. 100.0
. 93.3

1 93.6

g4.3

81.7

-ﬂf75 3~'

77.8

' (;:HE METHANOL WATER SYSTEM

91, 4 ;&'
: 89.1
© - 87. 5

796 L

' ;773 253 o
o 71.30
-69.4
. 67.9

14

66.1 -

65,4
64.7

. 88.8

T (°C).

100 0~;‘

99,6‘

-99.1
98.6 |’

98.2
97.8

L 96,4
. 94.9
93.2

. 91.6

'~}’84;7."3
...~ 80.8 -
. 76.6 o
72,400
. 68.3 7
66040
c 64,7

.130
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| TABLE A.2 EQUILIBRIUM, ENTHALPY DATA
X(wes) . Y(wts) hkdI/kg) | H(I/kG)

.00 " 0.00 . 418.68 = ' 2658.6
.05 . 0.2373 -..399.83 ©. 0 2597.0°
.10 . 70.4370 378.90 . 2535.3
.15 o 0.5342 . 355.88 . - 2473.9
.20 - " 0.6140 - 331.69 - 2412.5
.25 . 0.6656 -. '305.64 - 2350.9
.30 0.7110 S 280.52° © 0 2289.2
.35 - 0.7382 °© . 256.56 2227.8.
.40 0.7652 . 235.62 2166.2
.45 . 0.7874 . .221.90 '2104.8
.50 . - 0.8087 . 203.99 . .2043.2
.55~ 0.8337  ~ 191.66 - 198l.5:
.60 - 0.8476  ~  “183.05 - %0 1920.1
.65 - 0.8659 - . 177.94 - '1858.5..
.70 . 0.8837° . . :173.75 - 1797.1
.75 . ..0.9018 - - 170.73 = - 1735.4
.80 . . 00.9224 | 168.64 - - ° 1673.8
.90 - 0.9596 = 165.61 . 1550.7 . -
.00 .. 1.0000 ~ 163.28 11427.7 RIS

' P_oQ‘oo.o_o'ooo-ooooo.OOO‘o

- liquid phase methanol composition ... . < - . g
vapour ‘phase methanol composition S oo . .
liquid phase enthalpy (kj/kg) . .
vapour phase enthalpy (kj/kg) -

S E-NVEVIES



" PHYSICAL PROPERTYhCQRRELATIONS'

1

IR The follow1ng correlatlons were converted for use w1th
varlables ln the SI unlt system, from correlatlons for use

3w1th the englneerlng system of unlts."

a) density of liquid water |

© plgm/ml) = 1.005 =~ 2.14 x 107% - 2.51.x 107%2%  (a.1)
, S 40°c < T < 120°¢ o

b) density of liduid methanol s |

plgm/ml) = 0.808 - 7.74 x 10747 - 1.98 x 10°°7%  (a.2)

©0°C & T < 120°C

~ ©) density OflmethanoiQWater'mixture‘- , .
o(gm/ml)—l 020~5.12x10 4. 51x107°1%~1.52x107%-8. 11x10
40 c < T < 120 C\ : j‘__-.eih:‘f Lo (AaL3)
[ S

0 wt% MeOh <X < lOO wt% MeOH

“‘d) denSltY of saturated methanol-water solutlons S '
| p(gm/ml) 0. 960 - 1.36 x 107°% ~ 7.46 x 10 §x2‘ e

0 wt% MeOH <X < 100 wtg MeOH f‘i'

) ‘deﬁsityfbf stean | - | |

o D(gm/cm ) —'-1°018xio*3'}_3}sio;10 5T - 4.292x10 7T%ﬂ+ .
2,33 x 10702 :.i“.ﬂ (A 5
‘779CH§'T‘§,160°¢: S |



£)

g)

h)

i)

)

k)

.heat capac1ty of lquld methanol _
V*cp cal/gm & 5. 557 + 1.87 x"10 3T +9.01 x 10”6

133

. heat of Vaporlzatlon of water

* H(RJ/kg) = 2487.4 - 1.826 x 10711 - 420 x 10707 qae)
66°C < T<1ls0%c. . .

heat of vaporlzatlon of methanol

H(kJ/kg) = 651 - 1. 80T - 1. 156 x 10 =2 ~,,_7"'*‘(A.7)_ -

heat capacity of steam

cé cal/gmec = 433 + 1. 78 x 10 4 --2 68 x 107672
o _ 5.2

eé_kJ/kg'éc 1,811,+ 7.448 x 10 4T'- 1.12,xe10‘ T (a.8)

-6.2

e kJ/kg e '2;33 +‘7;82 x 10‘3T‘+'3.77"x,10‘ ™ (a.9)

heat capaczty of vapour methanol o v v

| cal/gm ¢ = .3206 B 6.19 x 10 4T --4 5 x-lof§T?

- 6.0} 1071130 o
~7.2

Cp kJ/kgﬂ°C,éil 34 +/2 59 x 10 3T - 1 88 x 0° T,:*'”
”“154;\;\§;. | 10,3 |

saturated liquid temperatures of. methanol-water mlxtures‘

'P

T(°C) = 99. 61 - .861X + 1.02 x 10722 .
- s 18 x 10 5x3 -‘ ,_‘:1 i ,_;*,” SR (a.11)

e

0 wt% MeOH <X < 100 wt% MeOH



1) saturated vapor temperature of methanol—water mlxtures

T(°C) = 99.91 - 1.25 x 10 lx - .994 x 10 3x2

'- 1. 294 x 10 553 ‘ff' T (aa)

0 wt% MeOH < X < lOO wt% MeOH

m) enthalpy of saturatgg methanol—water vapor ’

H(kJ/kg) =2 55. 3 - 12,29 i e"_‘; P ‘ ;‘ (A.13)
» 0 wt% MeOH <X < lOO wt% MeOH
‘f'h) enthalpy of saturated methanol-water liquid. k
. H(kI/kg) = 418.7 - 5.75%.+ 3.15 % 10°%% - (A.14)
o : o_wﬁ%'ixxliildo'wtg."' | : R
~\ o) vapor . pressure of lquld methanol ’ R
loglOV (mm Hg) = 7. 8786 - 1473. ll/(T( C)+23oif’-‘_fA,15)v
‘ o C'< T < 120°C | | N N
up), vapor.pressure of. quuld water ."“ _ e ‘ | ‘
y | loglOV (mm ‘Hg) 7.9668 - 1668 2/(T+220) ;u»_t]‘ (A.16) -

so°c<'1'<100c,g"
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" APPENDIX B

. ON-LINE AND SIMULATION SOFTWARE

y

21y

Computer programs used in thlS work were elther usedkln
’gatherlng tran51ent data for apen loop runs, teady. state
‘flnformatlon gatherlng and reportlng at the beglnnlng and end“
of the experlmental runs, or were used in the dlstlllatlon

SLmulatlons.

Data accumulatlon and control of all pertlnent varlables

on the dlstlllatlon column was handled by an on- llne IBM 1800

: computer w1th a DDC package.- All control or. accumulatlon

v_loops were acce551ble through a teletype near the pllOt plant

-column Other loops provxded the capablllty of storlng hls-7
”,torlcal 1nformatlon A program RETRV could access the hls-'

torlcal data, type it on a termlnal or punch lt onto cards

-

,v.f

‘for later plottlng.

The programs DASS FDATAC and BALNC were used to measure'{
and report column condltlons at steady state.' These programs*.
vwere run at’ the beglnnlng and end of experlmental runs to>

' chech callbratlons of flow and composrtlon measurements by
‘imass, compoSLtlon and energy balances. These programs were
fmodlfled from the orlglnals used by other workers at the_l.
roUnlver51ty of Alberta ln that a convers1on was made from :

'Englneerlng unlts to the new SI. system of unlts in all calcu- e

llatlons.and report ﬁormats. o
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The gas chromatograph system lnvolved ‘the use of several
'on llne computer programs.y_G C monltorlng and peak analyses
’fwere 1mplemented by the IBM: G. C program package avallable ”
h on the IBM 1800 computer used to control the pllot plant_b

column The package enabled automatlon of ‘the bottoms pro— |

Vi
e

_»duct sampllng system,.and 1n conjunctlon w1th a program DWL44,'
used peak areas @o calculate methanol- comp051tlon, and pro—"
v1ded output on a teletype w1th each analy515 A\spec1al

DDC data accumulatlon loop ‘was updated w1th each analy51s.,

The GCRAW group of programs, specrally supplled by the DACS

, centre staff alded in G.C. jOb defJ.nJ.tJ.onT the programs were y

. :used to scan G C. output of ‘a typlcal methanol-water chroma-

togram and plot the raw data along w1th calculated flrst and
.second derlvatlves. The plots were then used to choose - :
R .

reallstlc G.C. ]Ob parameters.; Documentatlon of the GCRAW

'gprograms lS avallable from DACS centre staff

» ALl dlstlllatlon column 51mulatlons.were run on an IBM.
o 360 and later an AMDAHL 470/V6 operated by the Computlng
urServ1ces department at the Unlver51ty of Alberta.v Slmulatlonk
,;Eprograms were kept on- dlsk flles and were run from a remote"

termlnal - _,' B ‘hf‘1 f’-'jiﬂf':; -
. 4 5 o e
The source module for the maln mdﬁelllng program was

e

7;kept under USOlO s,_and a. llStlng 1s prov1ded 1n thls Appendlx.“"‘

e

'fModlflcatlon to 1mplement srmpllfylng assumptlons were made

,;Qto thls program, but coples of modlfled programs were not kept'aﬂ,_

e
.
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: Data requlred by the 51mulatlon were kept in three
;flles, one:. “for ‘each type of dlsturbance examlned The nameS'

.fwere usolo. d USOZO d, USO30 a for reflux flow, steam flow:f

- ~and feed flow dlsturbances respectlvely.

o
o

‘Calculated output”of the simulation program waS'kept”in S
several dlfferent scratch files w1th varylng formats._ When

.de51red the flles were output to cards, for . later plottlng

The program EPLOT was used to plot tran51ent column res-t“"“'

ponses, both experlmental and 51mulated Several varlables

tl could be plotted on one set of coordlnates, for comparlson

purposes. o S F
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of lO equatlons,lipown below, where 'n"‘denotes the stage. e

a) COmpdsition balances_

 'b) total balances

: n

ch)_ enthalpy balancei’ g? ’}ﬁé;ﬁ;,‘i‘}e?_‘pl\;,éeftkrj

vfu‘*dl holdup correlatlons

APPENDIX C

DERIVATIONS =~ . =~ . *

The solution- schemes descrlbed in Chapter 3 had the ob- o

jectlve of solv1ng,the system of 40 equatlons, or 4 systems

) : 25“'.

vp,'”

T ' dhn l [ AT f A \ Lo 'xxd -
- TR WT

Bt e e
TR @ s ey

n+l‘n+f n'n onTne %

.
st

-¢W?nz*;énLh«+“bnvn *1¢n' e

These equatlons are not rlgorous, but specxflé*to thls.ﬁ'f

I

.f}work the llmltlng assumptlons used 1n thls mcdel have already

'»,lfbeen applied ' These equations apply to the general equlll~lf”;“,

"”fhr;gm-stage,, Terms must be added or deleted for specxal : ;;ﬂff;

(, e

TSI z . g R
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1

. K . ‘.(. : . \ n

. stages such as feed tray, reboiler and condenser. The column
,parameters x,y,L v and WT are all functlons of tlme t. The
follow1ng solutlon schemes attempt to .Solve this" system of

© 40 equatlons, although by two dlfferent methods.

B S

c:l lsUBSTrTUTION’METHob e D

~In both the substltutlon method and matrlx 1nv¢r51onf

methods, the coeff1c1ents of the comp051tlon balances were'
AY .

determlned from the remalnlng three systems of equatlons. It;7

‘was the comp051t10n balances that were dlrectly 1ntegrated ,
%

to obta n the trajectorles of termlnal and 1ntermed1ate column

e
g

‘comp031tlons.

: The energy and total balances were solved together to .

obtaln prellmlnary llquld and vapor flow rates. ,The co—
/

J/

_eff1c1ents of these two sets of equatlons are enthalples
<

'(dlrectly obtalnable from current comp051tlons), holdups and

holdup derlvatlves obtalned from the prev1ous time’ step. *
'Holdups and holdup derlvatlves were recalculated 1n a correc-”
'tlon step, where the prellmlnary flow rates were substltuted
F‘lntO the holdup correlatlon equatlons (C 4) : The new hold-;
ups, accumulatlons and flow rates were then used as coeffl-;i

v'c1ents ln the next 1ntegratlon step.

In solvxng for the 20 llquld and vapor flow'rates, 20

B

fequatxons were used Specifled varlables were reflux flow,.

a ol . . v . - ' N . e MR - i .
o . L o AR : P = v o ) . .
i : . . :



feed flow, reflux and feed enthalples and heat 1nput to the

. The method for accompllshlng Ehls lS outllned be-

rebOLler.
”low, and malnly lnvolves consecutlve substltutlons of expres—

Ry
"sions- of varlables in terms of each other, unt11 an expre531on
in. terms of known quantlt;es-;s obtalned.

for one varlable (V )

The systems of equatlons used to solve for ‘liquid and
The derlva-

vapor flow rates are Equatlons (C 2) and (C 3) .
tlve terms are directly obtalnable from 1nformatlon from the

previous tlme step,. where’ K‘denotes the tlme step.

.

dWTK (w'rK TK‘ ﬂ:

Adt,
dh : dx _
._.Il':: C _._P.
dt ~ "mdt . .
. _ R e / ’ v :
The ¢oeffi¢ient C -1is the slope of the enthalpy-comp051tlon
relatlonshlp, ‘and contlnually varies: w1th comp051t10n. N e T

/

The llquld flows are,ellmlnated from Equatlons‘(c 3) by

substltutlng equatlons from (C.2).
. / S

Y

| stage 9 h L : o -
R V8H8 + Llohlo - Lghg'f y939 - QLP, =.WT9Dh9 + hgDWTy
,sﬁbstituting for Lg o S - ,;‘f:
- Vafs ¥ Tighio " RgVg + Ly - Vg - D - QLBg

Vg*

'1=~W$9Dh9h+,h90w$9;;



or - , . o o o R e
i . N " . . . . . N . ‘ ] ) . .
Vg(Hg = hg) + L)g(hy4 = hy) = Vy(Hy = hg) -.QLP

= WT, Dh R -

= =

Following the same procedure for stage 8 “‘ SR

3

Vy(j - Bg) + Bg(hg - hg) - Vg(sy - b - Qupy - -

=,WT8Dh8‘

“substituting

V7(Hg = hg) & Vg(hg - H gl * LlO( T hg) = Vglhg = hy)

v T QLR = WTBDH8.+ (h 9 ~ h )DWT9 o

One can’ coﬁtlnue thlS procedure for all stages, 1nclud1ng

”'.dterms for the feed flow rate and the reb01ler heat duty in

~ the equatlons for. stages ‘below the feed.stage and 1n the re-

A

| b01ler equation respectlvely.

If all non-vapor flow terms are collected on the rlght
hand srde of the equatlons obtalned, and all terms in vapor
jA:flow on the left hand 51de, a: matrlx representatlon can be

gfformulated. Let V be a vector of vapor flows and let F be a

jvector of terms on. éﬁe rlght hand sxdes of the resultant f}

' equatlons._\,‘{’,~;@.;» e 'ﬂ

'ff5*27’*§’ly’f‘i;~ fl~‘“hffd"}”,ufdtishit’ﬂ;:fu"c;sli‘
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vahd'»

" and where

QLP, o+ (h

lO(hn+

-4F(bn+l
QFPn + (h

+ Lyg(h

n+l-

n+l

1

-n+l»

9
-'h) =
b)) L

- hn) o

i=n

- h') + WT Dh
n “n 'n

- hn)

lI M0

l

Nl

- h ) + WT Dh-
n 'n"'n

"DWT;
A

‘DWT.
i

the matrix A has the form

Ta, ? |
b,a,- 1%

172

h b2a3 i

baaa 8

8 9'j  

' The elements in matrix A are: -

"4@"a‘.é
- “n

o SN
Y o =

fh;;v F.H 

) n+l ~ S o
L @, f, 0 5 :
R

.hn f §g+l :

(C.6).

Cc.8)
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All terms in the F vector deflned above are known, and the F
vector may be fully calculated The A matrlx ‘is- also fully
'_deflned as all enthalples are known.f All lquld flow .terms

(except'reflux flow L lo) have been ellmlnated from: the system

{,‘of equatlons represented by (C 5) .. Wlth further substltutlon,

an expreSSLOn for the vapor flow from stage 9 may be found

,1n terms of known quantltles -

vﬁ

From Equatlons (C 5) and (C 8)

stage 1

H‘
’—‘ N

]

)

£, AV obov, ERE
v, =221 2%

%2 q 3y

2 .a2.»:a2 a, .a o R e

sinilarly for stagen

oy oM S A PR
Vo= = (I ‘£, - Z b V ) - - 'n=1,8:
an =1 -1 - : 9 - o ; :

for stage‘9‘hoWever;_.nf' Qi
T T AgVg magvy
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s , %Y B
9. a, a, -
g £ g - .
=2+ Lz £, - I b,V
9 .79 i=1 Coi=1- -
solving for_V9
I ) . 9 "‘ v .
S VeI £/ (ag ¥

i
o R . . .
o Thls EXPIESSlOR for V9 may - be solved as all terms .on the

rlght hand 51de are ln known enthalples and derlvatlves. By

*back substltutlon, all other llquld and vapor flows may be

-calculated.

The change of lquld and vapor flow rates is acconpanled
vby a change ln tray lquld holdups, and the holdup correla-‘-
'1tlons (c. 4) were used to calculatenth“ e new values.f Rates

'<6’N\f'change of holdup were ggen cafculated by Equatlon (C.9) -

oo e S

:where the.superscrlpt * denotes the updated holdup and derlva-
tlves. Before completlng the cycle by taklng the updated co-
'»f{efflclents to the 1ntegrat10n step, flnal corrected flow
rates were calculated v1a the substléutlon method just des-';"x
._f crlbed ‘It was found €hat one such lteratlon was suff1c1ent
bto accurately correct flows for changes ln holdup, and vice j _
';“versa.‘ These updated values of holdup, rate of hbldup change,_“q:”
';dand llquld and vapor flow were used An further calculatlons dl;q’f‘

"l:;n the next tlme step.r'
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With new holdups,-flow'rates and'derivatives, the co-
eff1c1ents in the composrtlon balance equatlons had been
determlned These equatlons were then 1ntegrated {ga the ,-N

modified Euler or other lntegratlon scheme. L

Invsummary, w1th the substltutlon method the energy
balances were presolved together w1th the total balances for
'the general case,. yleldlng expre551ons which were solved for
liquid and vapor flows. WHoldups were calculated from llquld
and . vapor flows, and the latter were agaln corrected for‘f
uholdup changes._ The new’ holdups, flow rates and derlvatlves
.were used ln the 1ntegratlon step as coeff1c1ents, to completevs

" the lntegratlon cycle.a

c.2 . THE “ MATB.IXINVERS ION METH_OD'.
L . S |
| Unllke the substltutlon method, thelsystems of equatlons
' were formulated lnto a matrlx format, and were solved by com—/ihys
.{puter llbrary routlnes,_by matrlx 1nversron and vector opera—m;J
tlons.b Other dlfferences are: ev1dent in the ch01ce of the.,
systems of equatlons that are solved together., In the matrlx
‘1nver31on method, the energy balances (C 3) and holdup cor-i
. relatlons (C 4) were solved together to calculate vapor and
sllquld flows, and the component balances (C 1) and)total
",balances were solved by 1ntegratlon. The tray holdup derlva-c

’fgtlve term was ellmlnated from the energy balance by substr-;ljg,"

4;'tuting in the total balance (C 2).A Equatlons (C 10) and



(C.11) were the result.

_'WTn T e anLn + bnvn | .»;‘ : . . v“lC.lQ)A;ilaj

~dh
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: [0

Arranging the equations as

L]

YWTn gt oLP, —‘Lnfl(hn+l b o+ Vn(hn gnl"

+ Vv

n--l(H

n—lfhn)' S | | ‘T(C.ll)

allows a matrlx equatlon to be formulated - The equatlons to

be solved (analogous to C. ll) for the spec1al stages were aslgu

follows
feed tray h
. an,

WTS-Iﬁ?.+'QLBS_-3L6<h65h5)'+ Vs (By=H)

reboiler

‘]dhl'

ThEE O - = by ey

T a1y thy) 4 Fihgeny)

l-Hl)

{'Nb enthalpy_balance was requlred for the condenser

'iThe'matrinequation fOrmed1was

i “:
=

“ﬁ?‘
N

As can be seen, terms 1n lquld and vapor flows were gathered

on the rlght hand 51de,v

—

To solve for the lquld and vapor rates, the matrlx "A"' ,

lS 1nverted..-w

others on the left hand SLde.-,‘-‘

(.J\‘/.

En.
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-1
L &) |4 | " SRR
Vi "éz £ B . : : '

: Both'the "A" matrlx }nver31on and the transformatlon of

the "F" vector by the 1nverted A matrix were accompllshed by

d
W ~", W,

:,computer llbrary subroutlnes (;ﬁMproutlne SIMQ). The result

_of these operatlons 1s the flow vector, whlch consists of the
llquld and vapor flows for each stage.

S
w

The second step 1n the calculatlon cycle is the lntegra- _

tlon step The comp051tlon balances were worked 1nto ‘the

J-':., f
matrlx form {C.14) . . -

To obtaln thlS form, the follow1ng expreSSLOn was sub—_‘

vtstltuted for the vapor compos;tfons,J ffﬁ*a?a"'
> A PR e EERTE SR T L,
a0 ‘,<c,-15>;

"The ratlo K was calculated for each stage just prlor to the
7,1ntegratlon step, solely for the purpose of convertlng to
the matrlx form (C l4) As in- the energy ba14gces, the total

S /\
balances were used to substltute flowlrates for the holdup

".derlvatlve term. Thé resultlng set of equatlons

‘ﬁf'general form (C 16) p,ﬁ]f,vtdfp'»i?ﬁﬁ"f“



no L1 - L x =-VEKX_ +V

at T WT_ n (Ln+l n+l" “n'n nn'n n-1%n=1%n-1"-",

.

- L -V, +v:'l))

*-jxn(Ln+l

xn+l(.n+l

) f X (V (l-K )'-”L' Tiv ')'”?'

N, . . . ) . , . o :

R - ’:/

nfiKnél)]” ST :'f‘(C,%exh

i
j

From Equatlon (c 16), the trl dlagonal matrlx B of order

"n" where "n" is the number of. actual stages, can_bexreprernt
) . {‘/" i " ' B
sented as-’“ o , B

It
i
H : a e
~J
~—

Ly s w|
‘ 2

"‘}Thé-parametﬁrsAaré‘giVén‘byg
L N N

.:“_‘ _a: , ®

.,W‘V ‘1 K ) -1, 1,-Vn 1+F (R . =S

R
.ﬁhﬁfe (xF/x )

x .
SERE A

) = =2,4and 6,9 (C.18)

P
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n=2,10 - (€.19)

/
/
%

. n=l}9ﬁ V(dbzof

Upon- 1nspect10n, thls matrlx can be seen to’ be dlagonally

'domlnant as K the ratlo of vapor comp051tlon to llquld

comp051tlon on. any tray, is always larger than l,-and thus_"

all a terms are negatlve, and relatlvely large.

©

To lntegrate Equatlon (C l4), the follow;ng sequence

‘was used An approx1matlon to the derlvatlve at tlme step

K+l may be wr1tten~;

.K+1_'VrK_wg:f-;K'? e
x T , L

#;§KX/DTf

_where DT is. the w1dth of the tlme step

'itlon (C 14)

R+l

St itgé;);] |

. ‘substituting Equa-

*';561VEnglfo:g§ 'E',”ya?"ﬁ[pfig'}‘;:7~:

; + DT B )"1 _Fv'

- . ‘.

.§§+l

TN ..
N .

BRCEI
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A better approxlmatlon for the derlvatlve vector durlng
the time step may be expressed as an average of the derlvatlve

at the beglnnlng and end of the tlme step

[

R 1.kl K SR I
-?—‘av,;‘fﬁ v ey

N

substltutlng Equatlons (C kﬁ) and (C 21)

Kfl ;’ES)/DT =,% K+l Kfl

Nll—‘

+

.”4

(x’

o

2 81z + pr2 BN

In thineXQression-at time K, the’matrix B at time K+l

' is‘uhknoWn.’ If one assumes that the matrlx does not change
qulckly durlng the tlme step (1 e. lf the system is not very

. non=- llnear), 1t may be taken to be constant. ThlS results in -
‘ ‘ R+l ‘

; *.'Equatlon (C 24), from whlch X can be calculated '_@;"
§§+l:=f[;-?fDT/2;§K}-l‘I; + DT/2‘§K]§S‘ R (C.ZA);

i Agaln, as 1n the coeff;cment determlnatlon step,,llbrary com-hu
‘puter routlnes were used to do all lnverSLOns and matrlx—f'ﬁ K
r-vector operatlons. yf | |
A 51mple Euler method was used to lntegrate the total
V»'mass balances, to obtaln holdups.s ThlS set (3 30) of equa-;'

,tlons was not able to be formulated 1nto a matrlx form 31m11ar

'_to Equatlon (C 14), necessitatlng the use of the Euler or

Y
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% C.3 HOLDUP CORRELATIONS
o
- a) .Rademaker;et-al.

Accordlng to RadeAaker at least two/ways of expre531ng

la holdup relatlonshlp ‘can be found

o M:_=_M '“41 v@/ DR, ,

- R . . -

Rademaker presents parameters for these formulatlons.~.

In thlS work the latter formulatlon was chosen, and a,conuhp,

vvers;on was necessary.-]Accordlng.to Rademaker:

" M, : ZQV_

an= (3 am +(%%) AV - 2 '(Abv'),._]

'; or for the lth stage ln perturbatlon quantltles,

Lo
R Vl"‘l
aS Constant pressure WaS assumed the pressure CorrECtlon was

. /". ) .
dropped -»Rearranglng, “



" In the R demaker formulation, "

Tl

S
<
o
[\S]
N
()]
o
o

g

il
—~~
g8
}
o
L]
~

M= 2zan - s My o

. I .- 4<'. S
» Slnce thlS is the perturbated equatlon, modlflcatlons.
must be applzed for absolute values-*}

Moo= Hem, oL o- T HM, Vo= T o4 sy

MY - H= 4.2 (L) JEOLSse =Ty e

(]

M- 220 4 Lse®) 4o2n - 1y
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b)" AICHE Bubble Tray Design Manual“9

To predlct holdups for use in the AICHE eff1c1ency pre—

dlctlon procedure, the fOllOWlng equatlon has been determlned
W ‘ -

vemp;;lcally:

Y

.z = 1.65 + 0.19w - 0.65F + 0.020L . f
we 5 S S

> where

W \yelr helght (ln)

llquld flow (gpm/ft of flow w;dth)
© 0:5

VePg T - .

= vapor rate (ft/sec)

&
i

‘*DG # gas densxty (lbm(ft ) o v .‘, ~ e o o ek

,\,\
N
1}

helght of clear llquld on ‘the tray (1n) e

) ; w
& ST . T e . i e

©) _Frangis Weir Formula -+ |

- N

-hTheeeXpréééipn‘gi?enwpy;Lﬁybeﬁ3§7is S TR

LA &

‘FL_'— 3. 33’%&(1’1)‘# ‘»__'.',‘\ o > -

o wherev FL = quULd rate (ft /sec) ; o
- “‘-5)2; = 1ength of welr (ft) ‘\; ‘l | .

IR f.f‘7~f_hf helght of llquld over weir (£8) o - -
y'; whlle Perry331ves the folloﬁlng ﬁkpreSSLOnjl. ‘

3 ”Jqu:iipgﬁ;S(L;fso;Z}QSXH* /26' Hi_gf 7§f  : /3.;If®
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z
oy
0
H
o
e
]

crest length (ft)

-
f

headLahovefwei: (ft)

flow over weir (ﬁt3/secf"‘;

q
I

'g =vforée Qf.acceleratiqn due to gravity (ft/Secz)

If it is assnmed that O'Zh' L 1 e. small head on welr,

-

then the expre551on 51mpllf1es to

. »

q = 0.415L hl 5/§§

PRl
.

o and iﬁtrdddcing‘that'g £ 32.2 ﬁt/secz, reduces the equation

‘to the one c1ted by Luyben Expressed in SI unlts, the equa-~»‘ .
. / 5 °
tion becomes - ) B ’
: ;o . ;," ‘, B i
‘ q(¢m3/§ééy = 415L(cm)'h1-5(cm) <2g /sec NS L

Y e .. .
W , ©

[ . - N
Holdup values calcuiated at the standard operatlng condltlons

. are. glven ln Table c.l for the Franc1s Weir and AICHE corre-b

latlons. o ; . . .
& » o : N - n-"~

\, CALCULATED TRAY LIQUID HOLDUPS

'Tray»%y,‘ o R Francxs Welr v i" ": AICHE Ty
S T S Holdﬁp (kg) ol Holdup (kg) o \{'
A _r}.\.':-.z l3f S ,";._-.1 85‘Qe'fg.“:x_

T 2.07 - h”'ﬂ”f'.'l77‘ R,

e 899 e e ] A3 e

ell92 0 TS L
.82 BT L»»fl 53
Sl.sz o 1 lsy

B o L7900 T

G R *f7f~,;;ff-fL"”"»n*JVh

u_@\JQLﬁ&LﬂhﬁP”V
e
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| T . : ' - : \

‘These holdups were calculated for the base operating state as

'follows. _
feed £low - 18 g/s
stéam flow 14. g/s
|teflux flow o 'l4-g/s l o ‘ ..” )
T 'f . ' f' L o, S é§5
bslmulatlons u51ng these operatlng condltlons gave llquld andhv |
:'vapor flows for each tray,-whlch were then used along w1th
tray dmmen51ons to calculate the entrles in Tahle C.l.
. .\ It may: be noted that holdups predlcted by correlatlohs
are much largerﬁlh magnltude than those measuxed ' The AICHE L .;
fcorrelatlon was de eloped for use w1th 1ndustrlal scale PCV"’vv
_columns so the pllot plant tower may not fit' perfec#ly ln the
range in- whlch the correlatlon applles.’ However, aé lndlca-
| "tlonJof holdup'dependence upon column parameters w : obtalned: h
?show1ng weak dependence uponlvapor flow in’ one cas and a A
‘\weak dependence upon 1:quid’ flow in the other.. } | ";;}‘ £
- , . B o ey, i .
. . e . ’f; U 1:-»; PRI .
S C.4 EXPERIMENTAL-PARAMETER SAMPLE CALCULATIONS ' I
.;'C 4, l AICHEzaoldgp Correlatlon :'u:'n ;7',")ﬁ;;fﬂjﬁj:‘ ‘

relatlonship for lquld tray holdup given by the

n'iAICHE Bubble Tray Desmgn manual ls.f»f:

g 5*1'_5'65 o otsn s s v edon
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05 . ! ..'
VpG - »

£
o
0
H
(1]
H
it

" z_ = height of lquld on the- tray (in)

v %.vapoi flow» ft/sec) L
Pg = Vvapor den51ty (lbm/ft ) |

- L =vllqu1d flow (gpm/ft of. flow w1dth)

W-.= weir height = L o o <

‘assumptlon - feet of flow w1dth 8 in = .7 ft
example stage 3 (tray 2) |

X

o

.335 (lquld comp031tlon)

y = .680 (vapor comp051tlon) 7{ " f L _" ;',,f , ' 341

‘zgr , 7= lﬂf“,' : s , 5‘.4_‘ -

"v(ft /1bm)
forvMeon . df» b
{ﬂ( ft3 ) (454 gmolesy (lbmole
28.321° "Tbmole ’ '33.04 1Bm)

- (354.2°K) ' .0821 atm ¢
(1l atm} ~ "“gmole K
' . RO AT

14.553k£3/1bmf:

vv

‘51m11arly for water T [ R R -

v

26 83 f¥3/1bm

1‘a§f3fY' .680 g ' '; v."”

<
"

680(14 55) + 32(26 83)

= ;8 48 ft “/1bm

v gas volumetrlc flow 1s. Q'"Aa” 'f7f"-'*ﬂff; -"?ﬁ R

.V fg 1, 9/se° (454 gﬁf_‘_.lbm _5“
L .615 ft /sec S

3



‘A

L f,

L=

area for.

' L)

gas flow:

615 £t3/sec

1.

*.gas'dénsity:

.442 £t°

39 ft/sec.

r

1.

v

B

V7

2

”5:‘

31
18, 48

1bm/ft

.0541)

0.5

'vapof“term in correlation: o R ”

0.5%

%% = (1.39) (.0541) 0= 324

3 22 g/sec (-

"-'The71£quidffi8w}£érﬁ:“”"}

em® L £t

VO

) (.

3600‘séc)

170

A

3938/ 7 ft

J S

33 gms)'(306?>cm

21'555+ =19W'-

o % S k 'THﬂ
\’“.b#i 5625 me/ft of fLow w1dth

-

”1465 + 19(2)-:

.

l 83 cu 1n/1n2

hr

“w

65F + °020L

65( 324) + 0 20( 5625)

L

v’
y-

" o
B :
L .

a




fﬁb‘ o 7]' o - ‘» . L an

: zc (64)

116.4 in3 or 1910 cm

e
il

3

-liquid den51ty at X = ‘30 is .93 gm/cm3 ¢

example Stage 3 (tray 2) ._  :‘v ,’ o  .

Total welght of tray holdup 1774 gmsi“

-

; o . L . 35
€.4.2 Francis Weir Correlation

=3

The Francxs Welr correlatlon A

in SI units ls.'
q(cm'/sec) = 415 L(cm) hl 5(cm) /7— (cm/sec )

assume the weir is 3 sectlons of 2. 5 cm w1dths '_
p ‘ . .

‘llquld flow - !3 2 g/sec or 7 73 g/sec through one. sectlon

'f l1qu1d denSLty at x :,335:

?*;;_ﬂ; = 8 3 cm /sd¢=x=“ ;Z.qua%kl\ R
. _ PP ey

:: substltutlng | ‘f o ' 'F53IE'-‘"

of the welr.

DL j; .93 g/cm ' ,.;, T L
"vquQetr;c_liquid lew:i*v ,*a5-T; SRR |
a,éﬂ? (7 73 g/sec)/( 93 g/cm AN ' e |

' ‘;‘ I f'};\'¢,' ; i.;'v e i‘u; ;ﬁ;;'-i: ;Jﬂ:'i. ::'?gfv'tj:.:f’v' .:j é:ja%é::
78.37= 415 (2 s) hl‘§/§€I-Qa~?”f'f |
[_a:'- - N R TEE N TN

S,

AT

o v . B C L It R



| 2. 2
total tray . area 64 ln or*413 cm

totel'holdup =5, 4 cm (413 cm)( 93 gm/cm )

L

2074 gms"e o ,. o S

o

/,t;4;3L~FOSS'and'

0. 24 + 0. 7?5 h,

h

29h Vgs

’

_ where h outlet welr helght(ln) ' v,‘_{

L

L3

by L

-V =’E’[gas ve1001ty (ft/sec)

apfin .

'pG gas den31ty_(lhm/ft T gw Af,

llquld flow rate (cu ft/sec)
“,Z,;: average liquld flow w1dth Lft)
_er# ‘liguid head on tray (inl _ L ’
assume average lquld ﬁkaw w1dtH“’ 8 ln or = Jfftyff-f

2
o

T

s
n ..,.»

-
example stﬁge 3 (tray 2)

1 ’ev;é 15.1 g/s
L= 23 2 g/sec e , :
T hw '335 ;?‘fﬁj; 4”5.;7;;e~5311-€‘?1e;$;; w;fjé,

R T T T A SR

- : T LA : Sl T

¢680 o A : K . o e - ._.A. R ' a .
\ - . ‘;‘.A ; ‘ e . .o

'}N-
‘ﬂ

\;ﬁ;ffém the sample calculatlon of the AICHE ho;ﬁup predlctlon-

. O 5 B B ‘ ...v'; - B .' _. .. vvl\- P
Va g = 324..,< SR .3;-‘;g...;

volumetrxc llquld flew'

A

o
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h, =0.24 + 0.725(2) -.. 29(2)( 324) +in.48(.000879)/(.7)".

1,507‘in.or 3. 33 .,

. C 3 ) .
| total masé>holdup4 | |

3.83 cm (413) mzf(-93 gn/em®) .. o S
1470 g'ms

AR

el 29 | e ' 7
Gﬁ4.4 AICHE Trax_Efficiency Calculation -

" The aorrelatiOn to determlne eff1c1ency glven by the_*-

AICHE Bubble Tray DeSLgn manual 1s.

3 ‘ - |
.776 -116 zw_, 290 VGpG + 0.0217°L
G — . D 0‘ 5 T
S : NSC-f

1}

. where:
e
: \pG DG

(dlmenSLOnless)

: height-of'outlét weir -(in)

B

1
s
N
]

e L RS

g = gas v1sc051ty ".q';- R V:.ff Qf‘

Pg gas den31ty (lbm/ft ) f ?7'j  u'3 ;f '7 '7
LT = 11qu1d rate (gallon/mln)/ft of average lbqu;d
cL f}ow width ;,_ . . R
G; ’ dlffu81vity of’ the géélﬁ.

‘e : S

3 ;}asgﬁﬁé;avgrage ;;quiaﬁflow;w;dtﬁ} 8 in‘or.-.7 £ty -

U

lh

. 2 Y e
e . .

&ﬁﬂminaﬁmw  th7f_.,*;?_ﬂﬁffﬂﬁﬁﬁfv ‘ngf?“
B Thls correlat.mn ‘'was 1vvel,oped from emplrlcal data ;.n

:

the fpllowlng ranges- iﬂff;i“:m;ffw;fﬁ“:“?ii ﬂq5vffﬂ?f {?}3

BRI N A T ST PR e . B A S ao . A : e



005 o _ AT R
Pa 1.0 - 2.3 L

5. 25 gpm/ft of flow width B

’ e

©ons

z = J. -5 J.n
example.j,}‘Sta‘g‘e '3,‘:t_ray_, 2

T L=23.29/5 |
| y_l=_“.680_’ | |

Calculate the Schm1dt number~ o : ﬁ' % -‘

+ =
MM,

| "'Estlmate the dlfo.SlVlty us;Lng correlatlon from Pérry?s SR \}

BT3/L2 / -—I L

“'P‘rlz‘lb

) Go:.ng through the steps of estlmatlng atomJ.c rad:L:L etc.,‘ a

dlffu51v1ty was calculated

4.p-;”;o417.;nz/ﬁeégé.;zssséﬁz/sec»»jJ ‘
SRR AR ese m /9ee
© - vapor demsity: © . .o o ot v e

- . AN ‘ . . 5 - -

‘using’ i.'de’é'l ,,gee‘..:lew;- o

V

MeOH 14 55 ft /lbm

_frotr'l _s’téa'.'m'. tables',‘"» L 3 ‘

'Vwater 26 83 £t /lbm SRR R R

»
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18 48 ft /lbm

at ¥ = .680, v

H

EETR 1150 cm /gm R

vaporfviscdsitiési;f» / :
 from Perry, visCositieSvare' R o l%% BT
water - Oll4 cp (gm/cm sec x 1079). Tﬁ&%, .

MeOH - 0116 cp

. assume an.average-ofz.OllS cp over éll'cchpqsitioné?%ﬁ

“G.”;, 000115 gm/cm sec 1150 cm /gm
D, . ”‘-u, .269 cm /sec ‘

N =
. sC -

= .487

- Lo L
- .

'.Liquiq’flow”rqte:_ S

R lcm ft- 3 360§§ec .1247gpm
5 ; SBgm 30 Scm . “hr - 7 Et /]

',\‘

T= 395 gpm
. or 564 gpm/ft of flow w1dth ;fl

. . .o s .
P I, o oo - K
A Y e
: N

Vapor flow rate‘"f V_”'fi,”av'lwviﬂf

\ .. \.v Lol
from AICHE holdup predlctlgg calculatlog// ;,LQ"F'*fi‘,_
.‘ .- o 5 , o “.“ :“ ‘» » "“v: ke ""?'_':,‘." / : ‘» ' (
.l:tV' C w_-'; .-r Pl e e
To calculate vapor transfer unlts' v T
776 4+ .16 7 - o, 290VGogf§,450:b2l7LQ’
Mg = ;v:;,;.pa'raqfirﬁﬁr,~--s~ '




L

: f‘fifquidiphaSQ;&iffﬁéivityibifﬁ 1. 5 % 10 5 cm /sec (Pefry)

- where . DL/— lquld dlffu51v1ty (ft /hr)

~Calculate number ¢f4;iquid transfer unifls:

176

u,““

(.776 + ;116(2)~5!b;290(.324)_+.;02;7(;564x)/.7o

] . . . Co S B R

1,323

‘[(1.065‘2 104)D ]°f5<(;25‘v‘b°-5ﬁ; i'SYtLJ ‘

N
]

holdup,flnches of clear lquld on-fray

. N
i

L= llquld flow dlstance (ft)

-~

j : ?rom'AICHE holdup sample calculatlon, .

U

R

R, i
SRS ,_,

>

:Qié =1, 83 in3/in?

v

. sz“ 8 in or }7”fti“l

\3.‘.

?l L€v? 563 gpm/ft of flow w1dth

w,

0.5 AR
cPe _‘ﬂ'324 ;f;', PR

‘\37 4(1 83y1 7) ;ff‘f;f. *5"j A
85 1 seC. t;{éE?';». AP

. - E B R
- B K sn!

L e e

.":;

Calculatlng the llquld traqsfer unlt

[(1 oss x 104)9@12 x: 10 1° 5( 2&( 324»-+ 1 5)85 1

B L . . _V N ",-, 2 L
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 Combine the liquid and vapor phase:

L

2z

‘where A= 5=

R

slope of équilibrium:linefﬂ“‘

=]
I

G =}vapor rate lbmoles/ft hr

liquld rate lbmores/ftzhrn

t
R

’ P
R . _ : ‘ G S

‘From equilibrium data,*at stage 3 composition’
L = 23. 2-g/se¢'

15 l g/sec ':‘.f' ': »v  e

o

Assume approxxmately 51mllar molecular welghts in both:_ K ;\'_w
= Ce _ R LA R i
” llquld and vapor phase,' ST coo : ,

v:70§4(15$1) S T
—23.27 T

‘  ,= .4"5‘4’ L
Lot

o + R
 ¢ 1 323 ;99,5‘_, SR




L3 L, N By . Y
,

To convert to Murphree tray eff1c1ency‘

:, calculate eddy alffu51v1ty

Dg =f(o.6124:+ ;0171-v¢ +>,00250L +.0150w) 2

]

- where Vg = vapor velocrﬁy (ft/sec) _ o

’ ':lllquld flow. ngm/ft of flow w1dth)
| SER

- W' = weir helght (%n)

N ol
1

"eubstituting inrprecalculatea Valﬁes, S v7‘x’¥y,"
(0. 0124 ¥ o. 171(1 39) + .oozsox,5$4jé$¢,orsp(2))
v.00456 R R R R |

8 i 2 .
D . ' N . Co

‘Calcﬁiateithe Pecletvnamber -

P 2R

yFrom Flgure 8a, AICHE Bubble Tray De51gn Manual, afrafigyigf

', obtalned from the Peclet number

.\ A X\oz_;'g‘, ;o }ﬂy»f_;e”‘r'ge,-f

N/
m.a

1.

th.

B - /
g
n

iE, ”;‘( 54)( 732)

e B

fr(;;;/%;/%zym

178

2
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R S

s O R T PR
e By T AL0200T73n AL

0746
' or Murphree vapor efficiency = (746 or 74.6%

T v
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‘ _APPENDIX D |
" . THE PILOT PLANT DISTILLATION COLUMN . S

v

The follow;ng is a detalled schematlc of the pllOt plant
%

ddlstlllatlon column, w1th all pertlnent c0ntrol and data

'“accumulatlon loops markEd : o | oo

E Detalled lnformatlon about all data accumulatLOn or con-'
- N

”'trol loops on the column can be found in the DDC loop re-

N

’cords in . thls Appendlx.u*DDC loops.gat marked ‘on" Flgure D.1,

fbut“lfiﬁﬁded 1n the DDC 1oop llst are hlstory data accumula- ﬁlb

-

'tlon loops.-

' Englneerlng drawxngs and dlmenSLOns of the pllOt plant ﬂfﬂf

column and bubble cap trays are obtalnable from the thesxs..

: 26 . R [ :\ ,‘.“‘.., . L
of SVrcek . ma.ﬁf‘g; TR : _
b ) . o .
1. R
R
N - v ;'f.
B o V (l °
\‘ : . l\ _
o .
&> v
| Ty
B o . &



. 0
. 10

32

£0AR

V0,147

N -~ 10 F‘C"S‘ "___ »

Yol
€090

" R
<arepes

\ . . . -

\ FIGURE D.1 A Detail’,ed»Sch@ét'ic“of ‘the Pilot Scalt . e mstluathO i |

i
)
§



N , ! . ‘lgl.
, N LEGEND ‘ ’ o
LPIDJ - 1nd1cates measurements avallable to 'IBM 1800

'u ADC : LPID - DDC loop ldentlflcatlon code in hexzdec;mal .

i

o crosshatchlng lndleates no loop _ ,

ADC;‘;' multlplexer input address (1n hexzdeczmal)

- DAC. - _multlplexer output address (ln hexzdecxmal).
L - :crosshatchlng 1nd1cated no output ' |

,loep is for data acqulsltlon only

% - lndlcates local analog equ:.pment L
: o ;YPE - glves functlon L.

: : TYPE CODES o .
- transmltter

3

-.:recorder,

-ff controller

-"~1nd1cator

flow ,
‘--.concentratlon (analyzer)
- temperature T,

\
/

\UCF; > oM HO W
.-l

e pressure ;
. . DP ~ differential _Pressure
nn= ldentlflcatlon number

v.‘A\'- y

‘ heater exchanger .
ﬁiﬁn lden:"flcatlon number

| - "~ " ZaS chromatograph "'?"

;- thermocouple e

incicates utllltle$:)
UT_- ST 80 p51g steam
- CW ; coollng water

- .

solenozd valve , e N
"“n. ldentlflcatlon number IR

L e control lz.nes

| c— process llnes




N ’
0601
TEEF
TFRF

. 0602

CTFFF
A358"

0603

TRFR
A3971°)

0604
TFFF

- EC4F -

0605
TEEF
0000

»OOOO

LOOP RECORN 0601

E218 ©005C 1006 3800
TFFF 200C  TFFF. 0000 °

0080 0000 6F17 ESCO

LOOP RECORD 0602

E218 005C. '1005 1800

TFFF  000C 7FFF 0000

0380 0000 A35C €000
. LOOP RECORD. 0603

E218 '005C +1004 3800
"TEFF  200C: 7FRF . 0OFA4
0080 0000 A384:*70C0
. LOOP RECORN. 0604

€218 204F 1004 0000

7FFF . 255C. -35E8  N000
2020 0000 E28F. 6700

LOOP RECORN 0605

E21B 0056 1007 334p

7TEFE  2DDC . 7FFF ..0000

0000 0000 0000 0000
"LOOP RECDRN 0606

~ EO10. 205F 1008 = 1000 9t _
. TFFF- 211C‘.7FFF 00007 :.A11C - -

'fﬁdéé;RECORn 0607

A”407F

TFFE 0000
"’i a»y\'

codn 0608~,_

COOF‘ 0000 OQOO

,LOOP RECORD 0610

n7f;F010 ZleF 5091 3800
. TEFF 2110 YFFF 0000 _

LODP RECORD 0611

_neoa 3400

k‘ 2110 7FFF 0000 -~

"9E4Q
2nNo -
. 00CD

_'9940
0029 -
0400

| 9€40
2000
0066

9100
0000 °
001F

GE40

20N0
0000

 4E20 0000”5

1FA8." 0000 QoO®

TFFF 3000 2000
FFC1 L

1719 FEE8 QOO

7FFF 0000  2{10
FRRQ o T

1050 FDF3 0700
7FFF;‘00003 2000

'0850 ;2422 -6021
TFFF 0000 0000

 FFDB

@N0S “FF6T 0000 .
7FEE 0000 0Q00

0000.

TV et .
T N

T ey

2868 FF4E 0990

,les.

FFBO. 0000

©.0000: "0104 @

182 .

3286
1064

1264

22E3
0602 -

3CTE

0000

6690

0000



0611 °‘FO10 - 21BF -F083, 3800 'AOCO 2868 FF4E 09C7  nooo
TEEF JFFF 2110  7FFF .0000 2110 o ..\  ' - IR

. LOOP RECORN 0612

SU

0612 " FOULO 218F - E084 3800 ADCO  2B68  FF4E 09C4 - 0000

 TEFF .. 7FFF 2110 7FFF 0000 * 2110, PR

« .1 BopRecorn.0613 . % -

0613 “FONS. 218F EO85 '3800 «AOCO 2R68. FF4E 2C78 N00O -
TFEF 7FFF 2110 T7FFF 0000 2110 SR -

3 LOOP RECORD Q6l4 o

S e sy o S
0614 FOLO0  21BF E086 - 3800 AOCO 2868 FF&4E 090D 0000
| 7FFF_TFFF 2110 7TFFF 0000 2110 = . . -

. LOOP RECORD- 0615 . -~ S
, 0615 FOl0 - 21BF  EO087 3800 AOCO 2868 FF4EL 09FA _nooo
- TFEF . TFFF 2110, 7FFF 0000 2110 L R

':LobbﬁREcDRoV06iat :

06167 FOLO  21BF “-£088 . 3800  AOCO. 28368 FF4E. 090A° Q000
 TFFE - TFFF 2110 '7TFFF . 0000 2110 - R
TR SRR P P
. LDOP RECORD 0617 ~ . o
0617 FOL0 21BF FE089 3800 AOCO 2868 . FF4E 0984 0000
_TFFETFFF - 2110 7FFF° 0000 2110 . = - w oo
« 7/ LODP RECORD D618 |
0618 FO10- 2IBF E08A 3800 'A0CO 2868 ' FF4E  098F 10000 -
TEEF - 7FFF 2110 7FFF 0000 2110 S T
LOOP RECORNIO6L9 .., il7 o 0 SR
0619 FQlO 21BF E08B 3800 AOCO 2868 FF4E 0906 0000
| TFRF TFFF - 2110 7FFE" 0000 2110 e

 LOOP RECORD 0620 . .=

7 0620 1 FOLO 21BF  E093 3800 AOCO 2B68  FF4E . 098€'fooobf“-gf[§
| TFFRLTRFE 2110 TRFF 0000 2110 o . o

o O0P-RECORD 062§
0631 ¥ F o
TFFF

. LOOP RECORD 0622 7%

. 0622 F010 zIBE E09s 3800 - ADCO: 2868
TTFFE . TFFF - 2110 TEFF 0000 - 2110

s

‘ N



0623

TFFE.

0624

0000

0625

- TFFE

0626

- TEFF

0627
7ERF

. 0628

- TFFF

o 0629

0630,
3804

38CC -
. 3889

38E8

v:;BSEAf’
- .38C4-

0631
2FOE"
. 40EC .

39F8:;

FO10
7EEE

EQlQ,
'J7FFF

E010
TFFF.

EOLO -
TRFR

“EQ,L0
_7FFF

FOlO
TRFF -

:‘8010
0000

LOOP RECORN 06%3
£096
TEFR

»IZIB_F_.,‘
2110

~ LOOP RECORD 0624

2097
. TFEF

200F
3Q00
LOOP RECORD 0625

'200F 100
3000 TFFF.

100¢C .
TFFE

200F-.
13000

LONP RECORD: 0627

205F 1009

211C

- LOOP RECORD 0628

218F
2110

.anz
7FFFY

LOOP RECORD 0629

800F
8000

0000 -
OOOO

-

”Z“T LOOP RECORN 0630

TFFF

0620

LooP

0620

3FE3

4085

3A29

LOOP

2 joazo
14581
'*“587

3808
3807

6000

“2F97

5000

,0602”
" 3FFE
3FD1

2F62

3800

0000 .

0000
- 0000
0000
0000

'LDOP'REgORD O626,>>

0000

0000

33407
0000

3800
0000

.

oooo
000

_10lE
2F4n
2F34

e

RECDRD 0632

5000
L4496
456C.;

0603

 44F4

4409

0010
4508

~AGCO
2110

8100
-3000*

. B440

3000

9940
3000

AEEQ .
AL1C

AQOCO
2110 -

9180
800C

0335 -

3889

38E9.

 03FF

3FF3 -

-2F65‘=

0335"
. 4598
_4480

g

DR

2868

E2F0°
' 03E8

BF28

3520

2868

4E20

FFON

El10D 4
4551&?

0200
CFF9C
LF40

. FAS6

FF76

0000

38CA
. 3887
“38E2

388F. .
3804

<

FF8E

0016

‘0000
0931
FEBA :'_:

38DF

38E9
- 38CD

= 2E86

©44FC 4
449D@¢

0004

o

gﬁ&ﬁ%ﬁn e
F4E 10987

00RQY’

0000

P

I

0000
:ooo§1i 
VOOQOf
6000 -

0000

‘3806
3804
38cC

368D

Ll84:'

-




0633
E6FC
0599
E6F7

0620 -
‘E703
0CDD

~L0o0p

0620
0104
0104
0104

0634
0104
- 0104
0104
' LOOP
0620
0174

Ol1lF
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APPENDIX E.

THE GAS CHROMATOGRAPH ANALYSIS SYSTEM
In thls work the bottoms composltlon analySLS apparatus
-was.changed from a Beckman serles 4 1ndustr1al chromatograph,- D
in whlch a common oven volume was shared by the separatlonb

- column and automatlc sllder sampllng valve, to a Hewlett

. Packard gas chromatograph (G.c. ) Model No 52 SA '{ with a
separate. oven for the sampllng valve.n Several . problems were’
.encountered durlng thls tran51tlon 'The approach to solv1ng:

A

zthese dlfflcultles is descrlbed hereln

- A short descrlptlon of the.steps lnvolved.ln an analys1s
'”xls in* order Before dlscu551ng some of the problems encountered.f
RZTA representatlve sample of the llquld to be analyzed must be
icollected and lnjected lnto the column. Slnce the bottoms

product 1s a. lquld _much shaller volumetrlc samples need be_l

-

e

f drawn from the process stream, in the order of 1 mlcrolltre,:xi
"Wthh 1s about one tenth of the volume that would be used
for a vapor sample ThlS creates two problems _It is more

ddlfflcult to consxstently prov1de a- sample of the same 512e

‘and furthermore a con51stent analysls for small sample volumes'
-becomes much’ more dlfflcult : As a consequence of the. small |
Avolume, the valve ig prone to plugglng by any partlculate

f'mattgr, and thorough fllterlng is necessary.;'
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“A lquld sample must be qulckly flashed before belng
-1ntroduced lnto the separatlon column ThlS requlred the'J
.sampllng valve to be. operated at hlgher temperatures than‘
vapor sampllng valves,_and resulted ln dlssolved SOlldS belng
‘dep031ted in the sample volume, agaln plugglng lt ‘up’. All*‘~
:these problems were encountered at some tlme durlng thlS work
"tand three dlfferent/sampllng valves were: trled and tested

vbefore the problems were sufflc1ently'resolved

By’ fardthe most dlfflcult of the ahove problemS'to:over-

' come ‘was that of hlgh temperature and proper'flashing,jVSche?
matic dlagrams of the valves used are'shownnin Figurs E.l to
E.4. With the arrlval of the new gas chromatograph the Valco

‘5r,va1ve shown in Flgure E. 2 was 1nstalled Flow throu%h the

valve was poor, 1ntroduc1ng a further tlme delay ‘in- the pro-wv'
,cess‘measurement whlch was unde51rable.‘ 'In addltlon, the H

;-f”,OVen in whlch the valve was operated 1n1t1ally had the Hewlett

'_Packard 1nsulatlon only, whlch was relatlvely poor, and slow

-

Aﬂ-.'flashlng was the result. ngh temperatgre operatlon caused
the valve 1nternals to scorch maklng actuatlon dlffloult ‘
The 1nternals were once changed w1th llttle 1mprovement
ﬁﬁoOther problems also surfaced but plugglng, low flow and hlgh
'?1temperature scorchlng were the most serlous. A lO mlcron _
:dffllter 1nstalled ln the sample llne ellmlnated much of the L‘

x)‘

lfﬂplugglng, but no amount of G C. and valve oven temperature>.m

iad}ustment could av01d the scorchlng problem,'and ma;ntalny,
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Another valve unstalled as shown 1n‘F1gure E. 3

jand E 4, manufactured by Applled Automatlon and known.as
f‘Mark IX, contalns very few mov1ng parts and has a hlgh metal
f~”content" Thls resulted ln good flashlng and negllglble mecha-:i -

'nlcal fallure ‘ The only problem encouﬂtered was a deterlora- lﬂh
'A~tlon of a teflon membrane w1th contlnued ‘use, Adequate docu-.'”

bmentatron\was not supplled w1th the valve, so after a trlal
'pand error procedure, proper operatlng condltlons were found.;
F_A hlgh temperature membrane was requlred as the valve waS°f
"frun at 150°C, ar temperature that was a, compromlse between
'deterloratlon and qulck flashlng ' Valve actuatlon pressure was'
- an 1mportant varlable, mlnumal pressure belng optlmum :‘The
‘-1nternal arrangement of the valve, contalnlng sprlngs to load
the flow paths was found to be lmportant A sprrng arrange-'“i ;;
. ment r&sultlng 1n mlnlmal pressure on thédlaphrag;n/rs r'ces-
bsary fortdlaphragnllonget1V1ty Other sprlng settlngs may be

used for hlgher pressure, lower temperature operatlons.f
B : AT : . ‘ .

The 1nternal flow path ls also crltlcal to good flashlng,vvl

uand good separatlon._ The valve allows for a chomce between

ptwo possrbllltles of the flow path The one whlch results

'1n better flashlng was establlshed by trlal and error. }A”vz

-

| “Nischeme was found to pass the 11qu1d sample from the process ;ff*‘

N 3
_stream to the separatlon column as a vapor,.WLth conSLstency,,f3

,i-rellablllty/and reproduclblllty necessary e?i\coﬂtlnuous L
| ”-’;51 j. N 1."“ s N

e
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accurate analyses. \ It was then the task of the gas chromato—

-~

- vhgraph to separate and analyse the sample, and the task of the
computer‘to 1nterpret the G.C. output and calculate a compo-

. 51tlon in welght percent methanol.
: \ e , .

L@ ’ A0
s . . %

»

ems encountered in the separatlon were typlcal of

‘gas chromatography analyses ‘the spec1f1catlon of ope-

-

‘"ratlng condltlons for optlmum separatlon and mlnlmum elutlon'
.glmes., Poropak Q packlng had been used to separate water
and methanol but at small concentratlons, the methanol peak
was- always found hlgh on a long tall from “the water peak
' and made analyses dlfflcult. Experlments were done w1th
vPoropak QS, a new packlng, ‘but 1t was found to degrade very
-’rapldly w1th tlme Flnally, the. operatlng condltlons llsted
’yln Table E.1 were establlshed based on a. compromlse between B
'elutlon time and separatlon. | |
TABi.E ‘E:. 1 |

G c. OPERATING CONDITIONS'

,Separatlon Oven Temperature‘v'v ..,?ﬁh 90°C.- B
Valve Oven. Temperature - 150°C ;
~Carr1er Gas (Hellum) Flow '_¥ o d‘O.Q ml/sec

'.Detector Temperature v ﬁj* o > R - 200°C -
:Detector Current - & ".,‘ . 150 ma

~ Sample Size L 2

3 o~
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A sample 51ze of 2 mlcrolltres was.chosen, since for
small concentratlons of methanol use of lﬁnlcrolltre sample»
‘volume gave rise to a methanol peak so small that it was lost

'1n the n01se encountergd in transmlttlng the G.C. output
51gnal to the IBM 1800 whlle use of larger samples tended to
f'flood the separatlon column and degrade the separatlon. It
should be noted also that subsequently an: ampllfler was ln—
stalled on the G. C output thus reduc1ng the SLgnlflcance

of nOLSe o ‘ - A - & o (i

~

- The methanol content in - the samples was determlned by
the G.C. analy51s package on: the IBM 1800 | ThlS program'
"'lntegrates the area under component peaks, and by comparlng-
relative. areas, relat1ve quantltles in the sample are deter4
mined; ‘Operation of the orogram is by speclflcatlon of a
;"GC’job" for each partlcular type of separatlon or chromato-.
’v’gram; Peaks beglnnlngs and- ends are 1dent1f1ed by observ1ng
k'flrst and second derlvatlve changes in the G.C. output. "De-
._flnlng an approprlate G C. JOb for - typlcal chromatogram is
:accompllshed w1th the help of a new GCRAW group of programsﬁ

fwhlch collect and plot peak flrst and second derlvatlve data
The addltlon of the ampllfler was the,v_

tant<mod1f1catlon that reduced the dlfflcu ty 1n obtalnlng

n51stent measurements, once the sample ha been lnjected

s

1nto the separatlon iolumn The 51gn1f1cant changes in’ the

-

, 51gnals have already been dlscussed 1n Chapter 5.
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Dec-udatlon of‘analyses can be detected by a change 1n
the elutlon ‘times of’ ‘the peaks. Once the G, C. has warmed up,dlii
elution times should not vary'by'+.2 seconds;l Flow through
the sampllng valve is a rellable lndlcator ofvvalve fallure.'
,.Incon51stent analyses may be traced to valve fallure ln most
cases.. The line. filter must be cleaned perlodlcally and care'd
must be taken to keep the valve’oven temperature as close to
'uthe set operatlng temperature as p0551b1e. Also, since the
column is operated,as a closed system, any solids accumulateA
‘ln the methanol-water solutlon, the solutlon must be purged

from tlme to tlme, or plugglng of the valve by dlssolved -gﬁ -

‘SOlldS w1ll become a problem.

&
LY . . . ' . - B
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APPENDIX F .

EXPERIMENTAL PARAMETER DPREDICTION

3.

. . l'\‘ . K ' . . ' cod
The parameters of holdup and eff1c1ency are lmportant

i P [

"}f;n determlnlng the agreement between experlmental and 51mu—"
- @ .

flated dlstlllatlon columﬁ responses.a’Experlmental measure-"

1

”ments were performed to estlmate parameteruw

deflne a parameter range. The results of these measureme t

ﬁare documented ln thls appendlx In addltlon, parameter’

R
values calculated from several common correlatlons are also«
'presented

,F.lf'Sample Calculations for-EXperimentallHoldupiMeasurement}f“'

\\ .

Flrst estlmates were made of relatlve volumes of lquld

\

on . all trays, usrng tray 5 as the reference tray\\ Flve ln—

.dependent estlmates were made, w1th the column operatlng atv,j'_
"steady state and the results of the dlfferent observers ave—
: o

r'sample (for'illustration only, not actual'dataf{.

T
<0
(e}

TRAY. 1 2.3 4 5§

CRATIO . 1.2 1.2 1.1 1.1 1.0 . 0.9 0.95 0.85
& : B :>\ C iy ' R . v

‘The column was shut down abruptly, all 1nput and output streams'
jwere stopped All lquld was draxned lnto a’ contalner and

vlwelghed A densrty was determlned and a*volume calculated
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d‘total welght of solutlon in column : o ”2Q kg
average comp051tlon (measured) : S .25% MeOH- ‘
. v.\ : . . : . . . S T 7 ’ C e ‘
denSIty Co S : S D 7952.kg/2

o Slume ZO.kQ/QQSZJkg/R .

=531Lé,£

The measured VOlumeE of the rebomler and‘condenser, belng
constant were subtracted

- measured reb01ler volume: --;1f~" ;li"fT ‘wn?,BFZI

| \measured condenser volume - - yh-d ,dvaf_jl.7'2

.4,)

'Then the total tray volume was calculated

total tray volume 21 o - 7.3 - 1.7 é 12.0 ¢

-

The estlmated'ratlos were converted 1nto.fractlons and

lthe total tray volume multlplled by the fractlon to obtaln 3
- ,1nd1v1dual tray volumes. An approx1ma£$ denSLty ‘was applled
to each tray, yleldlng the tray mass: holdup, as glven below‘

_ln a sample set of data (not representlng dhy actual measure-’

: ments)
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'Tray' Ratio '  Fraction ,'”Volume (2) ',Density - Mass (kg)‘
T | | (kg/L) /
: ‘ o o - - ‘, Bt _ SE
1 .2 - .145. L7340 - 1.0 1.73
2 1.2 145 1073 1.0 1.73
3 1.1 L1330 1,59 0 95 o 1.51
Lo S : St I T S -
4 1.1 - 133 ¢ 1.9 . .95 1.51
500 1.0 L1200 145 .s0 131 .
6 0.9  .108 5 - 1.30 . - .90  1.17
7 0.95 .14 < .1.37 . 85 . 1.16
. 8/ 0.85°  .102 . . 1.23 .85 . l.04
Total 8.3°. . o SR SRR

‘Fraction ’1'278‘3 = .145 for first tray

A summary of all estlmated ratlos and the correspondlng tray
\

'holdups for a: varlety of operatlng condltlons ls glven in Table F ]

-

F.2: Attempts At Correlatlon of Measured Holdgg |

With the nonllnear model the steady state termlq%l com-
.p051tlons were matched w1th thelr experlmental counte/parts;k
fby flttlng eff1c1ency and heat loss parameters in the model
'The model ylelded also 1ntermed1ate comp051tlons and flow—-"
rates, whlch were used as 1ndependent varlables ‘in. a corre—:

"latlon technlque.-" . R SR .
I o B R

{1 Slmulated steady state values -of %ﬁquld flow rates,

vapor flow rates and . correspondlng measured tray mass holdups

. 'Lwere used’ as 1nput data to a correlatlon program on an IBM

?5370-atpthe Un;verslty'of Alberta.a The,namevof-theg



Operating . . - test no.

. EXPERI

Then

L3

Conditions ’

feed

reflux flow (g/s)

fldw-fg/é)

steam flow (g/s)

© total tray holdup (kg)
aﬁerqge ratiOS’(b#sié“tray'Sf=v

tray.

tray

tray

:t:?Y

- tray

tray
tray
~tray

, tray

tray.
tray

tray
tray
 tray

tray

- tray
-tray

0 ~1 OVE B WD
. :

R S - Y W S

holdups (kg)

TABLE F.1

18.0
" 18.0

18.5

- 18.2

0.81
0.85 -
0.91:

0.95
1.0.

1.12
0.96 -
.0.84

1.88°
- 1.09
1017
J1.14
1.20
1.24
1.07
- 0.90

OrHKEHHHE

s OOO

NTAL HOLDUP DATA

19.8"
18.0
15.0

18.5

/

estimates

.36
.33
.33
.28
.20
.08
.18
9L

-~ 0.86

©.1.00 -

H e e

" 1.04
1.02
0.98

"1.05

1.21
1.06

.34

.31
.07
.21
17
227
.22

1.y

R k= X=R=N~
. o

.97
.96
.98
.94

0.89 .
0,91
o782
. 0.87
0.90
. 0.88".
0.70

.13
.10 ..
:9l7

18.0
18.3

'14.5
. 18.6

1.15

1.30
1.18

1.20 -
1.0
1.0

0.98

‘0.98

1.12
1.27 -
S 1.14

1.17

0.97
0.97 -
0.87

199

21.6

18.0

14.0
- 18.7

1.51

1.33

1.28
1,07
1.07
1.01
0.90
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.correlatlon (regre551on) program was MLREGR and the desrred

format of the correlatron 1s glven below where P denotes

.

- fitting parameter. '_ d v

The regression gave no. meanlngful results, due to the
exce551ve scatter of the data. This data is presented in
Flgure 5. lO,where holdup lS plotted agalnst lquld flow rate,.
and where it may be observed that there is no- dlscernlble

' pattern.

- It would have been expected that even u51ng only llquld
'and vapor flow as. lndependent varlables .that some valld cor-‘
relatlon would have resulted Perhaps the v1sual observatlon
ctechnlque led to such varlatlon that any trends were obscured-

‘hEven when tray holdups are plotted agalnst feed flow rate

e

*vsuch as 1n Flgures F.l to F 4, con51derable scatter s ob‘“

ot

nserved although a general trend is dlscernlble. ‘An - 1ncrease

in feed rate appears to brlng about an lncrease ln holdup on

Vall trays.' The holdup values 1n these flgures represent a

V-graphlcal summary of all values that could be calculated from

5

;the dlfferent 1ndependent d%servatlons.j

F.3 Efficiencies Prediction BT R S

An exper1mental and a mathematlcal technlque was used to

_establlsh a range of eff1c1ency,that wouldvbelused‘in;the '
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FIGUREF‘J. Experlmental Holdup Estimates;' 

Trays 1 & 2

6T Ty 35

- 201



4

. TRAY - HOLDUP (KG)

TRAY HOLDUP (KG)

1.6] Tray 3 .

16

18 ' 20 - 22

- FEED FLOW (G/S8) " -

187 20 2
’-FEED'FLOW'(G/S). 1‘}’""',f‘

FIGURE F.2 Experlmental Holdup Estlmates,

3

- Trays 3 & 4
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~ TRAY HOLDUP (KG)

 TRAY HOLDUP (KG)

“Tray 5 i

-

fTray 6

o o A hd - A a A

FEED FLOW (G/s)

FIGURE F 3 Experlmentalb Holdup Estlmates,

Trays:5 & 6
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 TRAY HOLDUP (KG)

T

“TRAY HOLDUP'(KG)

1.6

1.2

Tray 7

e
Tray 8

’;FrGUREjnA’
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 _FEED FLOW (G/s) .
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Experlmental Holdup Estlmates,f'
3Trays 7 & 8

: f—\-. . . R
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" simulation.
o

At steady state, lquld samples were takeh from each
stage of the dlstlllatlon column ‘The samples were subse-‘*
quently analyzed by a gas chromatograph and a column compo- ’

3

'51tlon proflle was. determlned Thls proflle was matched by

O

51mulatlon with the- mathematlcal model Wlth the same ope-

. ratlng condltlons, eff1c1enc1es ;ere changed by trlal and |
'error, to glve new steady states. The eff1c1enc1es that gave i
'an 1n1t1al steady state compos1tlon proflle w1th1n a few per-

ﬂ;cent of that measured are shown 1n Table F 2.

[

Thls method'has two dlsadvantages. Flrst, the accuracy =
- Jf the mathematlcal model must be accepted before actual

'comparlson to experlmental results are- carrled out. Secondly,

_1t ls a tlme consumlng and expen51ve procedure, in terms of

-computatlon, Sane the values must be establlshed by trlal ‘
’uand_error If vapor comp051tlons could be sampled and mea—

‘Lsured eff1c1enc1es could be calculated dlrectly

: : : ) s
The only predlctlon attempted was done u51ng the recom-lQ'a
mended AICHE eff1c1ency predlctlon for bubble cap trays. ’
lehls method has llmltatlons (see sample calculatlons, Appendlx
:,C) for pllot plant scale operatlons, and the calculated estl—;
;‘mates afe lncluded yh Table F 2. The Peclet numbers offer an_ |
vflndlcatmon of the. extent of m1x1ng that takes place, a Pe of

el

r]near l 1nd1cates good m1x1ng, whlle a hlgher Pe of greater



TABLE, F.?2

‘EFEICIENCIES4PREDICTiON

Tray
S MeqSQred
1 '-3{izé 
{2 L 11.971
~i3_ , ‘:32.043
. . 38.33 5
5 ﬁiss.zéﬁ 3

6 73.504
8  89:759

R . . .758

. C"' - ‘..9.5 ‘63

o ‘ : .
- Composition

80.702 *

Composition Efficiency  Efficiency
Simulated = Simuylated

73.09 - 96.

31.78

BN

73105 .
C90.7%

12229 &

83.68

92.
89.

’

56.82 ™ 89,

. -87.

- 80,

R

.81

©U95.59 L a-

. :

43

74
74 .35

90

00

1 82.10

10

~

Calculated

"70.5 .

66.8
e
 78.9
78.5
77.5
76.2

' 75.3

206

Peciet

NumpEI

1,42‘

S 1.3l

1.26°

T 1.11

416
471
.526

.573
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than 5 indicates‘an,approach tovplug flow. The buble Cap trays ’

here all appear to be well mixed.

F.4  Estimation of Column Heat Loss

As presentedfin Appendiij the programs DASS DATAL
and BALNC calculate an energy balance on the dlstlllatlon '
column, with the dlfference between energy 1nput and removal
vtaken ‘as heat loss. ThlS heat loss was found to be due to
losses from the column walls and- Losses from the gas chroma-

ltograph recycle system. The comblnediheat loss as calculated
- by the'DASS program was of'the'Order of 8-9 kJ/s. To verlfy ’
these calculatlons to some degree, the follow1ng heat loss

,calculatlon was. performed
- a) " column
' 7'trays - 23 cm diam x 30 cm.height

hldtray - 20 cm X 60 cm-+ :9 cm X lZO‘cmv

e

1 reb01ler + glass below flrst tray area of:y ’ e

l 1/2 regular trays. - b [ .l"

) heat losSfdue'to'convection (45)‘

. .

q‘="h¥A(T—T-)' where T is the amblent temperature

assumlng natural convectlon lamlnar flow around column,

g

_'for vertlcal cyllnders45



~here AT

L cylinder héight:[ft]

EéFi

g

v
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. Using the temperaturés_prédicted'by the computer simu-

the nature of the correlations, calculations were dong in -

‘

Engineering units, and results,were'converted‘into ST units.

stage T AT/L - (a1/L)0°

(°F

N = )

205

163
156

O~ Y e W

-heat-losSjduéfto'fadiatiqﬁ(45)

¢

mo»oa
!

Q-
]

212
196

187

178
171

149

TABLE F.3

CONVECTIVE HEAT LOSS -

] O(°F/ft)

142
s
s 126

117
108
101
93

86
dg

Shape'facto; (L)

0.1714 x 10~

W wwew W w

.41
.35

.22

3.11
3.05

'2.98

‘surface area (££%) .

8

25 .
' (BTU/hr ft

.45 -

.29

A7

;BTp/hr‘ft

1 1.00
0.99

0.97 =

0.95
0.93

1

~0.90

0.89
. 0.86

AFoe (T2~ 3% BrU/Rr

2,.4.

°R

éﬁiséiviéy'(;QOf:br'pyrex giass) f;
= temperature of glass column’

0.92 .

A

(ft2)

1.77

177
1.77

1.77

1.77

1.77

1,77

4.90°

(Kj

Q

.110

.068
. .063
- .057
.052
- .048
'f;04§..
. .040.
- .097

)

)

_lationsg,heaq transfer cdéfficients'are‘calculated.m Due to

/sec)
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TABLE F.4. |

R “ir, HEAT Los'slour TO RADlATION ;
B O Y
: (°R)  (°R%Y) (°Rr%) (££°) (joules/sec) (Kj/s)

o (x10ll) o(x10lly . x 0%
: . | - e : s

1 672 2.04 1.25  2.65 °  0.15. .26

2 665 . 1.96  1.17  1.77 0.093 - - .17

'3 656 1.85 1.06 1.77 - 0.085 - .16

4 647  1.75  0.96  1.77 S9.077 .14

5. 638 1.66  .0.87 . 1.77 0.069 . .12

6 631 ' 1.59. 0.80 1.77  o0.064 .11
7 623 1.51  0.72 1.77 -~ ‘o0.058 .10
8 616 1.44  0.65  1.77  0.053 . - .09
9 609  1.38 _","0{.5_9' 4.90 - 0.130 .23

Note that ‘the total of convectlve and radlatlon heat loss

(the sum of the last column in Table F. 4) explalns one quarter,f"”

+

of the steady state heat loss.:

\, R »
\ S .
1 .
| : L

"b) 'G.C, recycle system o

-Heat loss ‘was not rlgorously calculated here due to the.
_complex conflguratlon of the recycle system,vthe c1rcu1t
1ncluded a small heat exchanger, arpump, lengths of tublhg
-of. dlfferent 512es ahd materlals and varlous other p01nts of
econtact w1th metal surfaces in ‘the system. Instead the '
materlal and energy balance programs DASS DATAC and BALNC

"ﬁere run w1th and w1thout the recycle system operatlve.: From



I

these rums, lt was found that half of the total heat loss

could be attrlbuted to.the G.C.‘sampllng system.

FF;S_:Energy Storage in Columi Material
. . . N - X . . : \ ‘ ,v‘ ) -
As 01nted out. by Rademaker et al. 3%, the storage of -

°

‘»energy in the metal and glass of the column may be an 1mpor—

tant’ enthalpy con51deratlon, more lmportant perhaps than the

-'w“energy storage in the llquld holdup on the tray Thls effect

was lntroduced into the model 1n the enthalpy balance
'kVolume*of’metal:in'a'tray{”'

plate itself - .3/8" x:-14" dlam (less cut- j‘ 55 60 (55 60)
.. - out area) SR . Co
downcomer © 1" oD x 11 7/8" 062" '[.,'; 2 34‘ : i', L
L . Ll/2"opx1 1/4" x 062" .37 0 (2.71)
downcomer - 11/2" oD x 2" 062" S .58
outlet wier = 1 7/8" OD plate x 062" IR | (0.75) -
" bubble capj(4X' 1 7/8?-OD‘X 2 1/4" X 062"7>7,_;82_
T - “1°1/4" OD x 1 7/8" x .062" .46 -
-1 7/8" OD plate x 062" BEEORE iy S R
i 111/4?'QD plate X - 1/8“ 0153 (6.412)

: \ . momaL - . e5.5in>
Total volume - . ',;1:Yj;fy:.~ '1f037§_tt3t
E Stalnless steel densztyﬁvl._ . ..488 lbm/ﬁtaV’
blTotal welght T 18.45 lbm'
 Heat' capac1ty S R L 0411 BTU/lhm°Ft"

shTo;raise'tray metal one degree CelSins,_thesamount'of}neat]”
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J'reqdired‘isr

Q) = mC”
Q P

i8c4 1bm (. 011 BTU/lbm°F)(l 8°F/ c>(1 054 K]/BTU)

3.83 K3 o .

Slmllarly, for the ‘tray glass,
¥ g-as .

gn dlam x 12" x 1/8" . . 37.7 in
‘ | 3

“total volume . . . 0218 ft
_glass denSLty S ’ A l7O‘lbm/ft3'
“heat capa01ty' I © . 0.2 BTU/1bm°F . .
Energy storage pérj°¢,is?ﬂ_"
. . =' .- C “ ‘ °
Q= m B _ _
4. l7 lbm (O 2 BTU/lbm°F)(l 054 K]/BTU)(l 8 °C/°F)

e

1. 58 Kj

e{Energy storage per tray and glass sectlon per °C is. thus.
1. 58 +3.83 K3'7
vff'dr'bvﬂ., . 'g' o e SRR

:.$§L-5;41.Kj‘;



EXPERIMENTAL STEADY STATES

APPENDIX G |
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G

. The pages follow1ng present a. summary of the termlnali

"operatlng states of the dlstlllatlon column open loop

'responses presented in this the51s- the run number codes

}are explalned below..
0L104 .
0L105 .
| 0L1os'-][;j¢, E
orlo7
oL108
0L109
-B3;'Beginning

E ) End

-20%
ffzbé]
;+go%

- -20%
 +low

-10%

Feed Flow

Feed Flow:

‘Reflux Flow

Refluxlflow*.

Steam Flow Coe

'Steam Flow



COSTEAOY L STATH NATA

RIT o i vAR

N1 0N T

CORFEFAUIX CFLMw
CSTEAR FLOY M i
FREN DLATE A CFEED G
NTST Coap L BA BT ’tﬁu‘vﬂTTﬂéﬁ'COHQ
,Ep;n ITMLET T 3NIEG C- 5QFF!HX‘I“LF%
STERA™M TELPR i ]_lu’f.?!'llf:l; c - .DRFQ‘@!H{‘;

Fng:FLDN' 1AL9TE/SEC T BATTAY prin
13 '

Beh7

SE20/SEC TﬂPcPRf”“\;ef> B.en
O35 /840 Cone S ATER 514,015

534 1)
‘ Gy

6542
-33.2

1

FLAOM S Cnep i E THAL

HG/SEC) . (WToPRT)

Ty : : : . . y L
iv '—,l o . 1H.O7 - K0y, 0)
AOTTAN PRODUCT Ay T g
CFApe p2nnct 0 L mitA »'”“0£f%7
LS R ERrne e hyu ;

F W R R GY R A LA NMC R

'"FMTQApr;IN‘ o
(¥.)/SECY o

CANLTes waTer 0 4 o
REFLE T o 2069
TOL DL s ' ERE
CFEFED

SThe v a3
BOTT e e L
CTOTAL e
HEAT LNSS -

R
4.h]

~a3 7y

G/SEC)

FeTHALDY
CARJ/SET)

71~
1.5

»
B
CALIED AN
S8

DA
>
jmi
P

o=l e
.

BIENY

)
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i ':‘&T _CCI)“
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STFAﬁY STATE QONDITIDNS BASED OM
RUUN NO DLIOAB

FEED FLOW

REFIZUX FLOM
STEAM FLQOWW
BATTOM PRON
TOP PRON

. CONL WATER-
S NIST COMP -
R0TTNAMS COMP

FEED COMP
PRESSURE .
COND LEVEL
REB'R |EVEL

" DIFF PRESS

REB'R O!HEAD

PLATE 1 TEMP
‘PLATE 2 TEMP
PLATE 3 TEMP
PLATE & TEMP
 RLATE S5 TEmpP
PLATE 6 TEMP
PLATE 7 TEMP
PLATE 8 TEMP

COND TEMP o

“STEAM TEMP

COMDIT TEMP
REFLUX .TEMP
FEED TEMP

- BOTTOMS TEMP
~ REBIR TEMP

C“FEED IMLET. .

QREFLUX. INLET
COL O'HEAD

 WATER. INLET

WAT:R OUTLET

RO OO TS I L I T L W

Wonowu o Wwhnonu i 1]

16.970
13.528

‘B.672
8,462
514°050

- 6.000
50.000
-30.357
17.942
35.988

93.6
‘82 .7
T7 4.
Ta,7
74,2
69.8
67-2
1 65.8
SN YY)

106.7
105.2
" 53.2
- 38.6

48.6
93,6
7443
- 65,3
64,8

”-21;4.

14,932

36.578.

62.7

50 POINTS

. nEv= 0.

-

N1.06/74
G/SEC - nEv= 0.0428
G/SEC NEV= 00,1883 .
G/SEC NEV=-0,2170
G/SEC NEV= 0,0597
G/SEC NEV="0.1205
G/SEC NEV=15.0580
WT% MEOH  NEY= 0.113&4
WT% MEOQH - DEV="0.0000 "
WT'% MENH ~ NEY= 0.,0000
KPA NEV= 0.8900
CM . NEV= 0.0508
CM 9 NEV= 0.2913
KPA NEV="0.0830
DEG C < NEV= 0.1810
DEG: C NEV=0.1679
DEG C CNEV= 0.1470
DEG C ~DEV= 0.1305
NDEG C NEV= 0.1390 -
DEG C NEV= 0.1295
NEG C _NEVY= 0.,1277
DEG-C NEV= 0.1168
DEG C. - NEV= 0.1223
DEG'C . . .DEV= 0.,1371
DEG- C ‘DEV= 00,1868
DEG C . NEV= 0.1488
DEG C . NEV=,0.1411
DEG C NEV= 0.1030
DEG .C NEV= 0.1145
DEG C ~ NEV= 00,1829
DEG C NEV= 0,1361"
DEG C NEV= 043502
DEG C .NEV= 0.1147
DEG C - ~ NEV= 0.0970 .
DEG C 3214

214
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" STEANY STATE DATA
RUN NO OL104E -
01/06/76

. FEEN FLOW 13.61G/SEC- - - 30TTOM PRCN 6.24G/SEC
CREFLUXCFLOW . 13.49G/SEC: ~ TOP.PROND . 7.20G/SEC
STEAM FL MM 14,98G/SEC CNOL WATER- . 3509.43G/SEC
FEEN PLATE & . FEED CCMP . - 50.00NT3 ~4ENH
MIST COMP - 95.87WTE MENK BOTTOMS COMP - U,20WTE “enH
CFEEN IMLET ~ T3.1DEG C REFLUX INMLET 64,3DEG C
STEAM TEMP 110.0DEG C. PRESSURE = = =30.1KXPA

3

MATERIAL -BALARNCE.

COFLAW - CNMPp  METHANOL WNATER
S (G/SEC)  (WT PCT) (G/SEC) - (G/SEC)
. FEED - 13.61° 50,00 - 6.80 = 6.80.
SBOTTOM PRODICT - 6,24 0.20 - 0.01 6.23
TOP PRADUCT 0 T.200 0 95.87 ¥ 6,91 0.29 .
CLOSURE ERRNR=-PC o =1l.1 ; o l.T =4.,0 ‘
T ENERGY BALANCE"
S ENTHALPY IM' - ENfHALPY auT .
SR . (KJ/SEC) . (KJ/SEC) -
| CONLING WATER . 42.26 - . 57.53
C REFLUX = v 02063 o 2,50
- TOP PRONUCT = L 1.33
. FEED T 3,63
e STEAM_\ B o 40.4-5‘ ) T 6.92 _
BOTTNM PRODUCT s 2.56
TOTAL - . - 88,99 . -80.86

HEAT LOSS 8.l



STEADY STATE CDNDITIDNS SASED NN
: RN NA QLL04E .

 FEED FiOwW
RPEFLUX FLOwW
STEAM FLOWwW
PRON
TOP PRQD
CONL WATER
DIST CcOomMp
RATTNMS Comp
OMp
PRESSURE
COND LEVEL
CREBIR LEVEL
NIEF PRESS
‘N'HEAD=

ROTTOM

_TEERD C

RER IR
PLATE
PLATE
BLATE
. PLATE

PLATE
PLATE
OLATE -
PLATE

COND TEMP
STEAM TEMP
COMDYT TEMP.
REFLUX. TEMP
FEED TEMP
30TTNMS TEmMP
RERIR Tgmp -
. FEED TNLET
CREFLUX INLET
COL NtHEAD
CMWATER CINLET
MAT ER OUTIFT-

T ~NOW N W N —

TEMP=
TEMP=
TEMP=

"TEMP=
TEMP= .

TEMP=

uluuVuson

R T TR

ll'll II i ll-ll 1] ll tl o

13.510
*T?T:qs
~14.988
6.243
" 7.208
509.431
%5.873
04200

504000

-30.102
17.912
34,907
-7 .509

97.7
95.1

89,5

82.3
77 .4

6545
- 63.8
61.6
'110.0
©109.2
51.8
374
T 45,6
97.7

64,3
64.1
159.8
31.7

T1.2
67,5

73.1.

"DEG

NEV=

—~
4

50 PO zvrs
01/06/76
G/SEC NEV=.0.0950
G/SEC NEV= 0,1982
G/SEC NEV=-0,2437
G/ SEC NEV="0.0783
G/SEC . NEV= 0.0971 -
G/SEC - NEV=13.4008
WTY MFﬁH ncv- 0.1535
WTg MEHH, REV= 0.0N000
WT% MENM ﬁFv- 0.0000
KPA .~ - CNEV=0.5629
CM NEV= 0.0555
Cn NEV= 0.2771
KPA NEV= 0.1013
DEG ¢ NEV= 0.1794
DEG C NEV= 0.1573
DEG € NEV= 0.2057
DEG € "+ nEv= Q. 1701
DEG C - CNEVE 0,174%
DEG ¢ - NEV= 0,1300
DEG ¢ - NEV='0.1286
DEG C NEV= 00,1293
DEG C NEV= 0.1240
DEG ¢ DEV= 0.1450
DEG ¢ T NEV= 0.,2194
DEG C NEV= 0.2217"
DEG C NEV= 0.1266
DEG C NEV= 0.0970 -
DEG ¢ . NEV= 0.1128
DEG C . "NEV= 0.1982 ..
DEG C - NDEV= 0.2494
DEG C . NEV= 0,255]
NDEG ¢ NEV= 0.1335"
DEG C NEV=0.0940
of

0.1586

216
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STEADY STaA

TE DATA .

RUN NO 0L1058 .

BOTTOM PROD

TOP PROD -

. COOL WATER

FEED COMP -

8OTTOMS. COMP

8.92G/SEC

8.32G/SEC
- 287.10G/SEC -
50.00WTZ MEOH

AR

4,40WTZ MEOH

REFLUX INLET 63.5DEG C .
PRESSURE . -29.0KPA "
B ALAWCE
COMP  METHANOL  WATER.
(WT PCT) (G/SEC) . (G/SEC)
50,00 8.497"  8.49
4,40 0.39 " 8L53
196.45 . 8.02 - 0:29

ALPY INv,l
/SEC).

3.82
2.60

b.46 |
9.86

0.75

02/06/6
FEED FLOW - 16.99G/SEC
REFLUX FLOW . 13.55G/SEC
 STEAM FLOWW 14,80G/SEC
. FEED PLATE . 4
- DIST COMP . ' 96 ,45WT% MEOH
FEED INLET 72.20EG C
STEAM: TEMP 105 .8DEG c
L)
M A TERI A L
e FLON ,
(GZSEC)
~ FEED L 16.99
BOTTOM PRODUCT . - 8492
TOP_ PRODUCT - . - 8432
CLOSURE ERROR=-PC - 1.5
ENERG Y
ENTH
‘ ‘ UK
CDOLING_HAWER._’ 2
REFLUX -
‘TOP 'PRODUCT
, ,FEEDT‘_” o
. STEAM . 3
- BOTTOM PRODUCT
S TOTAL - R £
~HEAT LOSS ST

8 A LaN CE

ENTHALPY OUT
(KJ/SEC)

46 98"
2,48

' v6».'53i ’
- 3446
‘ 60 99
. 9y7/

e
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FEED FLDW

STEADY STATE CONDITIDN
‘ RUN NO OLlOSB

KPA

c
‘DEG C.-

C

C

‘DEG -

. WATER OUTLET

= 164992

REFLUX FLOW = 13.552
STEAM FLOWW = 14.801

© BOTTOM pPrOopD = 8.927
- TOP PROD = ..8.320
COOL WATER '=287.107
DIST comp = 96.452

~ BOTTOMS coMmp= 4.400
- FEED COoMP - = 50,000
- PRESSURE. - ==29.037
COND LEVEL = 17,714
- REB'R LEVEL = 42.509
. DIFF PRESS = —6.863
REB'R O'HEAD= 93.0

- PLATE 1 Temp= - 82.5
PLATE 2 TEMP=  74.5

-~ PLATE 3 Temp= 73,3
PLATE 4 TeEMp= T2.7
‘PLATE 5 TEMP= '~ gg.]
PLATE 6 TEMP= 65.5
PLATE 7 TEMp= 64,0
PLATE 8 TEMP= . 62.8
COND TEMP = 61.2
'STEAM TEMP = 195, 8
COND*T TEMP- = 104 .6
REFLUX TEMPI = 57,7

- FEED TEMP = - 35.8
- BOTTOMS TEMP= 46.6
‘REB'R 'TEMP = 92.9.

~ FEED INLET = T2.2-
© . REFLUX. INLET=/ 63.5
COL O'HEAD = . 63.0
WATER INLET =.19,8

= 39,1

DEG C
DEG C

AG/SEC T
G/SE

| G/ssg‘
:G/§ECF:'V1.
"G/SEC”
WTZ
“WT3Z

MEOH
MEOH
WT3

CM-
CM
Kpa |
DEG.

DEG
DEG

c
DEG C
DEG €
DEG C
DEG ¢
DEG C
DEG C
DEG C.
DEG C
DEG €~
DEG C
DEG C
DEG ¢
DEG C
DEG' C

C

8

S BASED ON
- 02/06/6

MEOH"

‘POINTS

" DEV=

031451 -

"’.DEV=

' *DEV=
- DEV=

0.0736 - -

.20
DEV= 0.0348
‘DEV=0.1919
EV=0.1979
EV= 0, .0458
" DEV= 0.1058
DEV.= 8.0902
DEV= 0.0811
DEV=.0.0000"
DEV=0.0000.
DEV= 0.5072
- DEV= 0.04271
-DEV= 0.2438
DEV="0.0889
0.1216
DEV= _
DEV= 0.1125
DEV= 0.1308
DEV= 0.0769 -
0.1269
DEV= 0
‘DEV=0.1072
DEV= 0.0897
DEV=0.0959
DEV= 0.1440
DEV= 0.1393"
DEV= 0.1143
DEV= 0.0883
- DEv=0.0976 =
DEv= 0.0977."
- DEv= 0.1439
DEV= 0.3441
DEV= 0.0897
0.0779

0«1477 -



FEED FLOW

REFLUX FLOW

STEAM FLOWW
EEED PLATE.
DIST COMP

FEED INLET

- STEADY.STATE DATA
RUN NQ OL105E . °
" 02/06/76

'20.43G/SEC.
13.55G/SEC

15. lZG/SEC‘
A

'BOTTOM PROD

TOP PROD
COOL WATER.
FEED' coMP -

12412675

9.036G/S

317.86G/SEC .
50.00WT% MENH

72 .4DEG c .

| 96.45WTZ. MEOH BOTTOMS COMP
"REFLUX INLET

- 12.00WTZ 'MENH
64.0DEG C .

. 102.2D€6G ¢

PRESSURE -

STEAM TEMP.

e b

'HEAT.LOSS

J

w

—28.9KPA

MATERTIAL BALANEE .
| . Flow COMP  METHANOL = WATER. -
. (G/SEC) _(WT PCT) (G/SEC) 1(G/SEC)
. oo Ny T oo :
| e . e
FEED 20443 50,00 10.21
BOTTOM. PRODUCT | 12.12° 12.00 1.45
0P PRQDUCT L 9.03° 96,45 g.71 2
" cLosy ERROR-PC - 3.5 B ~0.4" 7.5 -
N . ’
. T OENERGY BALaNCE | 1
- | ENTHALPY ‘IN - ENTHALPY ouT’
@ | (KJ/SECY. "_,,(KJ/SEC)’
- COOLING WATER 1T . Usl.e3
REFLUX - . 2.6 B
. ToP PRODUCT S o l.69
" FEED . . 5439 o~ T
J STEAM . 40.64 | 6.37
_ BOTTOM PRODUCT - e © 4436
: TOTAL 75,78

66,73 -
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- . . N .

|STEAD.Y STATE CDNDITIDNS ‘BASED ON 20 POINTS
, RUN NO. OLlOSE 02/06/76—— -

© o

20.430 G/SEC : NDEY= 0.0368

FEED_FLUN = ,
REFLUX FLOW = 13.557 G/SEC .. D&V= 0.1511
STEAM FLOWW ="15.126-G/SEC DEV= 0.2846
~BOTTOM PROD = 12.120 G/SEC. - DEV= 0.4370
TOP PROD = .9.031 G/SEC * DEV= 0.0895
COOL WATER =317.868 G/SEC - DEV=18.0728
DIST COMP = 96.455 WT% MEOH DEV= 0.079] -
BOTTOMS COMP= 12.000 WTZ MEOH DEV=.0.0000 ;
" FEED COMP = 50.000 WTZ MEOH DEV= 0-.0000
PRESSURE ==28.932 KPA DEV= 0.6574
COND LEVEL = 17.749 CM. . ‘DEV= 0.0%10
REB'R LEVEL = 44.476 CM DEV='1.7406 "
DIFF "PRESS =

-6.116 KPA .~ DEV= 0.1655

REB'R O'HEALU=  87.8 DEG C DEV= 0.1393
PLATE 1 TEMP=  77.8 DEG C° NDEV= 0.1288
PLATE 2 TEMP= = 74,5 DEG C DEV=0.1237 =
PLATE 3 TEMP=  72.9 DEG “C ‘DEV=0.1295" *.
2 - PLATE 4 'TEMP=  72.6 DEG C - DEV= 0.1295
+ ». PLATE 5. TEMP= 68.5 DEG.C ~ DEV= 041189
PLATE 6 TEMP= . 66.0 DEG C . DEV= 0.1168 .
PLATE 7 TEMP= = 64.5 DEG C © DEV= 0.1026
* - 'PLATE 8 TEMP=. 63.,3.DEG.C DEV= 0.1080 ° -
«~ Conp TEMP " = 6l.5 DEG'C - DEV= 0.0%993 ... ..
STEAM TEMP = '102.2 DEG C . DEV=-0,1333"
COND!'T TEMP =  99.9.DEG. C ~ DEV=.0.1416.
.- REFLUX TEMP. =  52:.3..DEG C DEV= 0.,1351
. * FEED TEMP = ,36.2 DEG C DEV= 0.1023 .
 BOTTOMS TEMP= 49.8 DEG C DEV= 0.0869 "
- REB'R-TEMP = '87.8 DEG C DEV= 0.1439
FEED INLET = '72.4 DEG C DEV= 0,1617"
"REFLUX INLET=  64.0 DEG C - DEV= 0.3211 -
COL O'HEAD = - 63.5 DEG C DEV= 0.1026
% WATER INLET = 20,4 DEG C DEV= 0.0895 -
c -

 WATER OUTLET=  39.0 DEG.

[\

"DEV= 0.2091
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e, - . .
' STEADY STATE DATA .
RUN NO 0L1068B* by , o
S 05/06/7T6 e
FEED FLOW = 16. QQGJSEC  BOTTOM PROD - . 9.06G/SEC
. REFLUX F10W '13.59G/SEC ' TOP PROD - . 8.126/SEC
STEAM FLOWW 16.96G/SEC  'COOL WATER - . 287.64G/SEC
FEED PLATE 4w CFEED COMP. . 50.00WTZ MEAM
DIST COMP -  96.50WT% MEOH BOTTOMS COMP ' 3.80WTZ MEDH
FEED INLET® 72.6DEG¥C. ~ REFLUX INLET . ~63.9DEG C
STEAM TEMP . . ~ 107.4DEG C ' PRESSURE = =-28.9KPA -
UMATERIAL BALANCE
=7 o U FLoW | COMP . METHANOL® WATER
- - (G/SEC)  (WT PCT) (G/SEC)  (G/SEC)
FEED " 16.99  50.00 8.49 8.49
BOTTOM PRODUCT 506 3.80  0.34  8.71
TAP PRODUCT . - . 8.12 - 96.50  7.83  0.28
CLOSURE ERROR-PC 1.1, 3.6 5.9
ENERGY BALANCE = ..
ENTHALPY. IN ~  ENTHALPY QUT = &,
C(KJ/SECY - (KJ/SEC) g
CooLING WATER . 23.87 . 47.59 Z g
' REFLUX  ~ 2.63 L 2.517EE
- TOP PRODUCT ~ S S-Sy S5
L FEED L 4.9 g S
STEAM .~ 40.34 ¢ .. .72
~ BOTTOM PRODUCT . * Sl RN L L
. OTOTAL . T.350 - 61,88
o _HEAT LOSS - R ERE R <L



U

N

STEADY STATE CONDITIONS BASED ON 50

39.5 DEG

o

POINTS
- RUN NO OL106B ~ 05/06/76 .
FEED FLOW ='16.990 G/SEC . . .NEV= 0.0473
- REFLUX FLOW = 13.596 G/SEC " DEV= 0.1908
STEAM FLOWW = 14.967 G/SEC DEV= 0.1997
. BOTTOM PROD =" 9.062 G/SEC NDEV= 0.0583
‘TOP PROD = Bel20 G/SEC 'DEV= 0.1266"
GOOL WATER . 5£87.641 G/SEC S DEV=14.4864
DEST COMP - % 96.509 WTZ MEQH . NEV= 0.1507
BOTTOMS COMP= 3.800 WTZ MEOH  NEV= 0.0000
REED COMP = 50.000 WTZ MEOH NEVZ 0.0000
PRESSURE . =-28.931 KPA . DEV= 0.6172
COND LEVEL = 17.166 CM Lo NDEV= 0.0888
REB'R LEVEL: = 40.636°CM ~ 7 . .DEV= 0.2578
DIFF PRESS = ~5,913 KPa .. .DEV= 0.2248 -
REB'R O'HEAD= ' 93.9 DEG C JDEV= 0.1889
PLATE 1 TEMP= 83.4 DEG: C_ - DEV= 0.1621y .
PLATE. 2 TEMP=  77.2 DEG C - DEV= 0.1366
PLATE 3 TEMP= 114.0 DEG C DEV=-0.2070
PLATE 4 TEMP= " 73,2 DEG ¢ NEV=" 0.1469
PLATE 5 TEMP= . 68.5 DEG .C NEV= 0.1456
PLATE 6 TEMP= - 66,0 DEG ¢ DEV= 0.1403
PLATE 7 TEMP= . 64.5 DEG ¢ DEV= 0.1246
PLATE 8 TEMP= ' 63,3 DEG C NEV= 0.1238
- COND TEMP = 61,6 DEG C "DEV= 0.1374
. (STEAM TEMP - = 107.4 DEG C NEV= 0.2012
"~ COND!T TEMP = 106,3 DEG C. - DEV= 0.2012
CREFLUX TEMP = 52,1 DEG C , - - NEY= 0.1289
. FEED TEMP ‘= 36,4 DEG C - NDEV=-0.1035"
-BOTTOMS TEMP=.  47.1 DEG C - "DEV= 0.1141 .
REB'R TEMP = 93.9 DEG C- .~ DEV= 0.1989"
FEED INLET = 72.6'DEG C - DEV= 0.1581
REFLUX INLET= "' 63.9 DEG C. - DEV= 0.2741
COL O'HEAD = '63.5 DEG C . .DEV=10[1369 -
WATER INLET =  19.8 DEG ¢ DEv= 0.1111 -
WATER OUTLET= c NEV=

’O‘._ZQ'ZQ",_‘ Co

Bl

222



 FEED FLOW.
,REFLUX_ﬁbgﬁuf/
STEAM FLOWW

| \\\«eﬁ . STEADY .STATE DATA

' RUN NO OL106E - -

FEED PLATE 4.

- DIST CoMP
FEED INLET .
STEAM TEMP

MATERIAY BALANCE

223

05/06/76 . R

//16.99G/sec . BOTTOM PRON ' 10.49G/SEC
16.18G/SEC ~ TOP PROD = - -  6.71G/<EC.
14.99G/SEC " 'COOL WATER . - 327,14G/SEC -

"FEED COMP . 50.00WTZ MENH

9T.09WTE MEOH BOTTOMS COMP. -~ 17.00WT% MEAH
T2.00EG C© REFLUX INLET  63.4DEG C
101.2D€6 C ~ PRESSURE" . -28.8KPaA.

L E

FLOW . comp | METHANOL = WATER .

. (G/SECH (WT pCT) (G/SEC)  (G/SEC)

)gFEED o '
'Y;BDTTOM PRODUCT
TOP PRODUCT IR
CLOSURE ERROR-PC

ENTER

COOL ING WATER .

REFLUX |
TOP PRODYCT
FEED"

. STEAM -
 BOTTOM PRODUCT_Q_-*

TOTAL .
HEAT LOSS

W

GY' ' BALAN c E

16.99 . 50.00 - 8.49 - g.49

10.49 17.00 1.78 - - 8.70

671 97.09 :  6.51 . 0.19

A
kS

‘ENTHALPY IN.E  ENTHALPY ouT’
C(KJ/SEC) . (KJ/SECH

26.09 51,79
el S le22
.45 ¢ o N

L EENEC 4  e 3 64. o
734,90 T - 65 84 y’



< BOTTOMS Ccomp

STEADY STATE CDNDITIDNS BASED oN 50 POINTS
: RUN. ND OL106E -05/O¢/76

FEED FLOW 16.990 G/sEc DEV= 0.0533

REFLUX FLOW = 16.186 G/SEC . . DEV= 0.1587 .
STEAM FLOWW' = 14,993 G/5EC - . DEV= 0.1928
BOTTOM PROD = 10.492 G/SEC  peye 0.0899
TOP PROD - = 6,711 G/sec DEV= 0.1211
COOL WATER '=327;146‘G/SEC . DEV=12.3664
 DIST COMP' = .97.099 WTg MEOH  neye 0.1334

17.000 WTZ MEQH DEV= 0.,0000

- FEED COMP . = 50.000 wTZ MEOH  -DEV= 0.0000
PRESSURE ~ =-28,873 KPA .. - DEV=.0.498)
COND LEVEL = 17.283 CM ;.-‘_TIDEV= 0.0521
REB'R" LEVEL = 43.577 CMm - DEV=0.4113
NIFF PRESS = =64.372 KPA . DEV=0.1229
REB'R' O'HEAD= 85.8 DEG C ° . nEev= g. 1758"
PLATE 1 TEMP= 75.7 DEG. C L. DEV= 0,1477
PLATE 2 ,TEMP= ~ 72.7 peg o - DEV= 0.1421
PLATE 3 'TEMP=. 116.0 DEG c "NEV= 0.1967
PLATE 4 TEMP= 71 .0 DEG o DEV=0.120¢4
PLATE 5 .TEMP= .66.7 DEG ¢ - .DEV= 0.1393
PLATE &6 TEMP= - '84.4 DEG. C ‘NEV= 0.1089

 PLATE 7 TEMP= 1 63,2 DEG C NEV="0.1293

PLATE 8- TEMP= 62,2 DEG ¢ DEV= 0.1088
' COND' TEMP = 61.0 DEG C NEV=0.1091 -

STEAM TEMP = 1012 DEG C. "DEV=0.1889"

~ COND'T TEMP,#/”_98;7.DEG C ' DEV= 0.1907 .

T REFLUX TEMP = .~ 5] .4 DEG C . - .NEV= 0,1250

. FEED TEMP = = = 347 DEG  C CDEVZE 0,1063 -
BOTTOMS TEMP= . 47,4 DEG ¢ "~ DEV= 0.1093

- REB'R-TEMP = " "85,7 geg C NEV=0,1957
FEED ‘INLET = ~ 7220 DEG . C . DEV=0.1502
_REFLUX INLET= 63.4 DEG C .DEV=.0.3800"

- COL O'HEAD "= ' 62.4 DEG c DEV= 0.1189
WATER INLET = 19.0 DEG ¢ DEV= 0.0980

c

WATER- QUTLET= - ~'37.8 DEG - DEV=0.2002



“FEED FLOW
REFLUX FLOW
STEAM. FLOWW
FEED PLKT
DIST COMP
FEED INLET
_STEAM TEMP

16 .97G/SEC .

e

STEADY STA

JRUN 'NO OL
.06/05/

13.47G/SEC
14, 94G/SEC

v4

IWTZ MEQOH
1. SBEG\C

cooy

TE DATA
1078 :
76

' BOTTOM PROD

TOP PROD
. WATER
FEED COMP -

BOTTOMS coMmP.

REFLUX INLET

105.6DEG C\~\ PRESSURE

>

CMA T E R 1 AL

‘FEED L ’
BOTTOM- PRDDUCT
TOP PRDDUCT- .

CLDSURE ERRDR ~-pC -

REFLUX -,

TOP PRODUCT

FEED.
STEAM

© BOTTOM pRooucr‘;.f”_ RO
T T1.53

©L.TOTAL -
 HEAT Loss

Y "“;f

©CooLING T WATER ;~f

FLDw .

(G/SEC)

16497

8406 |

1.2

N ER G_Y

BALANC

. comp:
(WT PCT)
50.00

. 4,40,
96451

=3,

.

B A L A N C a@

" ENTHALPY. IN,”

(KJ

4

30, 32 .
2454

-.:"' . 4....41 " f
49.24 T

/SEC):

 METHANOL
(6/seC)

" 225

9.126G/SEC

 8.06G/SEC
398,11G/SEC:

 50,00WTS
L4 40WTE
. 62.TDEG

-30.2KPA

E.

8.48
0.40
7.78
5 e

) 8
- 8.
0

ENTHALPY OUT
(KJ/SEC) |

55 92-

-_1;45:

3,50

7 89.90. 7

' ?

6058

MEOH
MEOH.
C .

WATER
(G/SEC)

48
71

28"
6 '



'STEADY STATE CONDITIONS.BASED ON.
RUN NO OL1078

FEED .FLOW

' COL O'THEAD
WATER .INLET
‘"WATER OUTLET:

<

A = 16.971
REFLUX FLOW = 134476
STEAM FLOWW = 14.946
'BOTTOM PROD = 9,121
TOP PROD. = 8.067

~ COOL WATER. =398.115
"DIST camp = 96.516
- BOTTOMS COMP=" 4,400
FEED COMP . = 50,000
PRESSURE ==30.246
COND LEVEL = 17.225"
REB'R LEVEL = 37.696
‘DIFF. PRESS = -6.206
REB'R-Q'HEAD=  92.1
"PLATE 1 TEMP= . 81l.4
PLATE .2 TEMP= = 75.5
PLATE 3 TEMP= ".121.0
PLATE & TEMP=. T71.9
~PLATE 5 TEMP=  67.2
CPLATE 6 TEMP= = 64.7
. PLATE 7 TEMP=  63.3
. PLATE 8 TEMP=  62.1
. COND TEMP = . 60.5
.. STEAM/TEMP = 105.6
- 'COND'T TEMP .= '104.3
"REFLUX .TEMP = 50,7
FEED TEMP , = . 35,0
. BOTTOMS TéMP=  45.6
- "REB'R TEMP. =.. 92.1
" . FEED INLE&\*= T1.5
REFLUX. INLET=  62.7

 62.3

- 33.6 DEG

50

06/05/76
G/SEC '~ DEVs
G/SEC . . REV=
G/SEC ‘DEV=
G/SEC DEV=
G/SEC NDEV=
G/SEC NEV=
WTZ MEQH. DEV=
WTZ. MEOH -~ DEV=
‘WTZ MEOH = DEV=
KPA . DEV=
CM. - DEV=
M - DEV=
KPA . . DEV=
DEG C - DEBv=
DEG C DEV=
DEG C DEV=_
DEG C . NEV="
DEG C ' . DEV=
DEG C " DEV=
DEG C “DEV=
DEG C DEV=
DEG C - DEV=
DEG C - -~ DEV=
0EG C .-~ DEV=:
.DEG C- - DEVs
DEG C. - DEV=
DEG C. - DEV=
DEG ‘C" ‘NEV=
DEG C ' DEV=
DEG C "DEV=
DEG C - NDEV=
DEG C- - DEV=
.DEG C -DEV=
o

POINTS

10,0417

0.1639
0.2142
0.1027 . .

8.6673

0.0000.
0.0000

0.3451
0.0446

0.2523
0.0919
0.1861 _

0.1602°
0.1064

0.1964
0.1390
0.1323
0.1265
0.1236
0.1236

0.1502 %7

0.2012 ;JJ

0.2204

0.1471

0,J1070 " =
0.1699
0.1625
0.4650 - °

0.0873 -

.091622 5¥:

226



FEED FLOW

REFLUX FLOW
- ~STEAM FLOWW -
- FEED PLATE

DIST COMP
FEED: INLET
STEAM TEMP

STEADY STATE DATA
RUN NO OL107E
- 05/06/76

16.99G/5EC

10.79G7SEC

_ _BOTTOM.PROD'
. TOP. PROD

14.97G/SEC = €OOL WATER
4 - -~ FEED coMpP -
94 .6 TWTZ MEQH BOTTOMS COMP
 T1.6DEG C REFLUX INLET
-109.3DEG C PRESSURE
.

HEAT Loss

22%

8 35G/SEC

1 8.82G/SEC

- 282.43G/SEC
50.00WT% MEOH
- 0.10WTZ MEOH

'=30.2KPA. ¢

MATER AL 8 ALANCE
FLOW . comp METHANOL - WATER
(G/SEC) - (WT PCT) (G/SEC) (G/SEC”
'FEED o ' 16.99 '50.00 8,49 8.49
BOTTOM PRODUCT. 8.35 0.10  .0.00 8.34 -
TOP PRODUCT -~ g_g> 94.67 8.35 . 0.47
- CLOSURE ERROR-PC’ 1.0 SRS TE- IR O
-
E N ERG Y B AL N € ””/Pi 8
ENTHALPY o ENTHALPY OUT
A C(KJ/SECY (KJ/SEC)
- -COOLING wATER 21,18 "_f43.95
REFLUX . - 2.06 71499
"TOP PRODUCT e ©1.63
FEED 442 o Y
. STEAM ~ S 404610 6487 -
. BOTTOM PRODUCT sl 3440
TOTAL = .. " 68,08 57,



"~ STEAM FLOWW

REFLUX TEMP

COL O'HEAD

VSTEADY STATE CONDITIDNS BASED DN
RUN NO OLlO?E

FEED. FLOW
. REFLUX_FLONV

‘BQTTOM°PROD
.TOP PROD
COOL WATER
NIST COMP

BOTTOMS COMP
FEED COMP
PRESSURE

COND LEVEL
REB'R.LEVEL
DIFF PRESS

REB'R 0O'HEAD=.

PLATE 1 TEMP=
- PLATE 2 TEMP=
PLATE 3 gsmp:
PLATE 4 TEMP=
~ PLATE 5 TEMP=
" ‘PLATE 6 TEMP=
_ PLATE 7 TEMP=
‘PLATE 8 TEMP=
- COND - TEMP
STEAM TEMP

" COND'T TEMP.

FEED TEMP ..
" BOTTOMS TEMP
REB'R TEMP.
- FEED INLET
REFLUX INLET

WATER INLET

- WATER QUTLET=

u»nulnﬂWlnllutru

16.991
10.793
;84351
18.824
282.433

50.000

17.139
34.797
=703

96.7

3;94.67

90 03'.
- 119.7

783"

73.0
- 68.9

66.2

63.8

'109 3

9646

94 672
0.100

108 6

51el
35,4
44,8

Tl.6:
62.9"

17.9"

37.2° DEG

50 POINTS -
05/06/76 K
G/SEC nev- 0.0566.
G/SEC DEV="0.1696
G/SEC NDEV='0.2333
G/SEC NEVE= 0.0692
G/SEC DEV= 0.1163
G/ SEC. DEV=12.8215
WTZ MEOH. DEV= 0.1492
WT%.MEQH  NEV= 0.0000
WTZ MEOH  DEV= 0.0000
KPA ~ DEY= 0.5832
CM: DEV= 00,0497
CM ~sDEV= 0.3009
KPA - DEV=70.1133.
DEG C DEV= 0.1641
DEG C * ., DEV= 0.1709
DEG C NDEV= 0.2493
‘DEG C DEV=_0.1588
DEG C NDEV=" 051772
DEG C NDEV= 0.1375 ..
DEG C. NDEV= 0.1315
DEG C | DEV= 0.1428
DEG C . DEV= 0.1087
DEG C _DEV= 0.1027
DEG Cy -~~~ DEV= 0,2055 -
DEG'C¥ DEV= 0.2279 -
DEG C/ = DEV= 0.,1225 -
DEG C . DEV= 0.1009 .
DEG . C ‘DEV= 0.1058
DEG C- DEV= 0.1784
DEG C . NEV= 0.1419
DEG - C. - DEV= 0.3479
DEG C - DEV= 0.1384
DEG 'C . DEV= 0.1002
C % DEV=

0.2129

‘»228‘



STEADY STATE DATA
RUN NO 0OL1088B

06/05/76
FEED FLOW . 16.95G/SEC BOTTOM Prop - 9.12G/SEC '
REFLUX FLOW 13 «49G/SEC ~ TOP PROp . . 8.09G/SEC
- STEAM FLOWW 15.04G/SEC..  cpgL WATER - 405.47G/SEC
- FEED pPLATE = T4 - FEED comp - 50.00WT% MEQH. -
~ DIST Comp’ ~ 96.51WTZ MEOH BOTTOMS Comp: 4«50WTZ MEOH
FEED INLET . T1.4D0EG ¢ REFLUX INLET 62.8DEG ¢ .
STEAM TEMP 105.6DEG ¢ f‘PRESSURE S =30.2kPA

MATERT AL g ALANC €

FLOW ~ COMP  METHANDL WATER

(G/SEC) > (wT PCT) (G/SEC)  (G/sEC)
‘FEED e 95,_r*,so 00 s.zq\~  8.47
BOTTOM PRODUCT Csar2n T4l 8 41— gl
TOP PRODUCT | - g7l .51 7.80 g.38
CLOSURE ERROR-PC 1.5 R
ENERGY @ AL ANTC E "V'“*’.' ST
ENTHALPY IN 'ibNTHALPY OUT
(KJ/SEC) o (KJ/SEC)
'COOLING WATER — S6.84 -
REFLUX - 2.44
TOP. PRODUCT S “led6
. FEED S e
STEAM e 6.62
BOTTOM PRODUCT - T ol 3.s0
- TOTAL. S R 3
-‘.'HEAI,LDSS:~,' R / 1.



- REFLUX INLET

~ WATER INLET

STFADY STATE CONDITIONS BASED ON
: ' RUN NO DLlOSB

 FEED FLOW
 REFLUX FLOW
STEAM FLOWW
BOTTOM. PRAOD
TOP PROD
CONL WATER
DIST COMP
BOTTOMS COMP
FEED COMP"
PRESSURE
COND " LEVEL

- REB'R LEVEL
" DIFF PRESS.

ulauicu11uanulLucru

REB'R O'HEAD=

PLATE
PLATE
- PLATE
PLATE
- PLATE
PLATE
PLATE
PLATE.
COND TEMP .
STEAM TEMP

. COND'T TEMP
REFLUX TEMP
FEED TEMP.
BOTTOMS TEMP
"REB'R. TEMP.
FEED. INLET

N .00 W 0N e
4~
m
=
0

COL -0'HEAD

‘WATER OUTLET

TEMP=

uaau WoH o uaiu uaru

.. 64.7 DEG
- 63.3 DEG

. 62.3 DEG

16.951 G/SEC
13.492 G/SEC

" 15.042 G/SEC.

9.124 G/SEC
8.091 G/§EC
5 472G/ SEC

17 WTg MEOH
, ;soo WTZ MEOH
.000 WTZ MEOH

50
-30.264 KPA
17.230 CM
37.735 CM-
-6.127 KPA
92.1 DEG
81.3 DEG
'75.5 DEG
121.2 DEG
71.9 DEG
. 67.3 DEG

.62.1 DEG
60.6 DEG
105%6 DEG
. 104.3 DEG
50.8 DEG
35.0 DEG
45.7 DEG
92.1 DEG
71.4 DEG
62.8 DEG

18.2 DEG
-_33.5 DEG

Q0000000 A0A0A00000AO

50

06/05/76'

',DEV-
DEV=
NEV=
CDEV=
NEY="
- DEV=

DEV=
NEV=
NEV=
DEV=

DEV=.
NDEV=
- DEV=

DEV=
NEV=

"DEV=

DEV=
NEV=
DEV=
DEV=

DEV=
DEV="

DEV=

" DEV=

" DEV=
+» NEV=
{ DEV=
. DEV=
NDEV="
DFV/"
fDEVsi
DEV="

POINTS

0.0831 .
0.2041

0.2244-
0.0723

D.0968

11.6224
DEV=

0.1345

"0-¢0000

‘0.0000
0.4101

0.2907

0.1682
0.1396

041473

0.1240
041450

0.1074 -

0.1451
0.2384
0.2010

0.1592
0.1160
0w1241 .
0.1732
0:1919
0.4666

0.1389

0.0917 .
0.1571

0.0974¢
0.1685
0.1681 .
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P
N )

~ STEADY STATE DaTa
" RUN . NO 0OL108E

06/05/76
- FEED. FLOW -16.99G/SEC BOTTOM PRQOD
REFLUX FLOW" 13.53G/sec- - ToP PROD,
STEAM FLOWW 16 49G/SEC COOL WATER
. -FEED PLATE FEED comp
DIST CcoMp 95 66WTZ MEOH BOTTOMS GOMP
FEED INLET - T2.3DEG C - REFLUX INLET
110.90EG C PRESSURE "

< STEAM TEMP

MATERT AL

FLOW. ¢

B ALANCE

comp

: ME
{G/SEC). (WT PCT) (G
FEED 16 .99 50.00
- BOTTOM PRODUCT 8:43 0.30
 -TOP PRODUCT , . 8.70 - 95.66
CLOSURE ERROR-PC 0.8 RS |

" ENERG Y.

ENTH

B ALANCE

ALPY IN = B

231

- 8443G/SEC
'8.70G/SEC -
513.54G/SEC .
50 .00WTZ MENH

NPHALPY OUT

o {KJ/SEC) (KJ/SEC)
’CDDLING WATER - ,‘,*41.28_ 69.22 .0
. REFLUX . - 2.60 2.50
TOopP PRDDUCT o lebl
FEED 4,48 S
. STEAM - : 44,56 CT.67
BOTTOM PRODUCT L S . 3.45
© - TOTAL - 92.93 84,47
-HEAT LOSss . ~ :

~0.30WT% MEQH -
. 63.5DEG ¢ =
THANOL . WATER -
/SEC) (G/SEC)‘
' 8449 8. 49‘
0.02 -~ 8,40

‘”: 2 )



v COND LEVEL

 FEED INLET'

A.wATER OUTLET

e .

STEkDY STATE CONDITIONS BASED DN
RUN NO OLlOBE

NFEED FLDw
- REFLUX FLOW.
. STEAM FLOWW
" BOTTOM PROD
TOP PROD - -
COOL WATER
DIST COMP
BOTTOMS COMP
FEED COMP
PRESSURE

REB'R LEVEL
DIFF PRESS
REB'R O'HEAD

PLATE 1 TEMP
. PLATE

2-
PLATE 3. TEMP
PLATE 4

PLATE 5 TEMP

PLATE & TEMP
PLATE 7 TEMP

“ PLATE 8 TEMP

cORD TEMP
. STEAM TEMP
‘COND'T TEMP
REFLUX TEMP
FEED TEMP
BOTTOMS TEMP
EB'R TEMP

REFLUX INLET

COL O'HEAD
WATER INLET.

3

=16, 997
= 13.536
= 164496
=, 8.435
= 8.709
=513 .544
= 95.664
_=‘ . O 0300
= 50..000
==30.,280
= 17.169
= 34.881
= ~5.,969
= " 97.3
= 9% o4&
= . 88.6
= 123.8
= T77.2
= 71.3
= 6T7.6.
= 654
= 63,6
= 61l.5.
= 110.9 .
= 110.0°
= 52.0
= 36.1
= 46,0
= 97,2
= T2.3 C
= 63.5.
_='-H64-0
= 19.2-
= 32.2

- pEV=

POINTS

' 06/05/76
G/SEC" DEV= 0.0451
G/SEC. ‘DEV= 0.1656
G/ SEC DEV= 0,.2495
G/SEC DEV= 0.0600
G/ SEC . NEV= 0.1090
G/SEC DEV= 9.7596
WT% MEOH DEV= 0.1545 .
WT% MEOH = DEV= 0.0000"
WTZ-MENH ~ DEV= 0,0000
KPA NDEV= 0.3768
CM- 0 " DEV=0.0472
CM . DEV=-0.3674
‘KPA - 'DEV= 0.1001
DEG C~ ..DEV= 0.1646
DEG C - "DEV= 0.1684
DEG C ~DEV= 00,2272 -
DEG C DEV= 0.2272
DEG C NEV= 0.1816
DEG C NEV=.0.1198
DEG C NEV= 0.1389
DEG C NEV='0.1458
DEG C NEV= 0.1333
DEG_ L&~  .DEV=-0.1199
DEG C'. . - DNEVs 0.2292 -
DEG C .. "DEV=-0.1935
DEG C ‘NEV.= 0.1458 -
DEG C - "DEV= 0.1039
DEG C . DEV= 0.1300 -
DEG C - .. DEV=.0.1692.
DEG C DEV= 0.1532
DEG C - - NEV= 0,5608"
DEG C - DEV= 0.1285
DEG.C. . NEV=.0.0874
DEG "C

0,1602

232



FEED FLOW
REFLUX FLOW
STEAM FLOWW -
FEED PLATE
_DIST. COomp.
FEEN INLET

 STEADY_STA
~_ RUN-NO OL
T 06705/

' 16.96G/SEC
13 .51G7SEC
14-966/SEC

96.56WTZ MEOH
72.8DEG C

TE DATA
1098
76

- BOTTOM PROD
~TOP .PROD
COOL WATER,
FEEN COMP
.BOTTOMS COMP

- REFLUX INLET

233

<

9.07G/SEC

\ 8413G/SEC
529.49G/SEC

50.00WT% MENH
4.60WTE MENH

| 64.0DEG C

STEAM TEMP 106.7DEG C - | PRESSURE ~30.2KPA
) )
TER T AL '3,A LANTCE |
,V FLOW . CcoMP METHANOL"fwAIEQ
| ' (G/SEC) . (WT PCT) (G/SEC) . (G/SEC)"
FEED 16496 . 50.00 "  g.48 8.48
- BOTTOM PRODUCT. 907 . 4,60 0.41 8.66
“TOP PRODUCT. . 8+13 96,56 = 7.85 - (.27
“CLOSURE ERROR=PC lo4 <2k 5.4
. Q.. .A
ENERG Y B ALANCE : ‘
o .'ENTHALPY ING ENTHALPY. ouT
o (KJ/SEC) | (KJ/SEC)Z :
CODLING WATER = 41,02 68 36 e
REFLUX g .. "7 " 2, 6Lﬁj S2a49] T
- TOP PRDDUCT N e e CL.so’.
: . FEED . SR e 4. 50“*-'_."~ e
"STEAM = 40,31 . - 6465
?”\ BOTTOM PRODUCT . 3.52
. TOTAL- o _88.46‘ - 82.54 -
- HEAT. LDSS o 5.9



R4

STFADY STATE CONQ B BASFD ON 50

=7  RUN NO £ e 06/05/76 .

. ¥ " T VA : 5
FEED FLOW = 16.963 G/SEC - ‘NEV =
REFLMX FLOW = 13,513 G/SEC. - - DEvV=
STEAM FLOWW 14.961 G/SEC NEV=
BOTTOM- PRON 9.079 G/SEC " DEV=
TOP PRON B.134 G/SEC" -~ DEV=
" CONL WATER 529.492 G/SEC © DEV=

96 .566 WT% MENH  NEV=
4.600 WTZ MENH  DEV=

PIST COMP
BOTTOMS COME

LI T VI | | S B VIR [ B T/ IR TR 1

FEFD COMP 50.000 WT% MENH  DEV=
PRESSURE . -30.,266 KPA NEV=
'COND LEVEL 17.287 CM ~ NEV=
RER'R LEVEL = 37,295 CM . DEVe
DIFF"PRESS ="-6,082 KPA ' ' nEV=
REB'R O'HEAD= 93,1 DEG.C NEV=
PLATE 1 TEMP= - 82.2 DEG C - NEV=
PLATE 2 . TEMP=  76.5 DEG C ' DEV=
. PLATE 3 TEMP= " 126,0 DEG C’ . DEV=
PLATE 4 TEMP=  73.0 'BEG C NEV=
PLATE 5 TEMP= - 68.4 DEG C , DEV=
PLATE 6 TEMP= ' 65.9 DEG C .- nEv=
PLATE 7-TEMP= ~ 64,5 DEG C NEV=
. PLATE 8-TEMP=  "63.3 DEG C NEV=
- COND. TEMP = 6l1.6 DEG C. " 'PEV=
STEAM TEMP '‘=.. 106.7 DEG C - DEV=
CONDI T-TEMP = 105,3 .DEG, C: NEV=
. REFLUX TEMP =  51,7.DEG C. " DEV=
. FEED .JEMP = 36,7 DEG C - NEV=
BOTTOMS TEMP= - 46.6 DEG.C __DEV=
REB'R "TEMP - = 93,1 *DEG C " DEw=
FEED INLET = %2.8.DEG C. " NDEV=
REFLUX INLET= | 64,0 DEG C " NEV=
- COL"DYHEAD =" 63.6 DEG C . ! NDEV=
. WATER \INLET =  18.5 DEG € . ' DEV=

WATER OUTLET=  30.8,DEG.C- ' DEV=

o .

POINTS

~0.0561
0.1970
0.2033
0.0513
‘0.0933
15044
0.1578
0.0000
0.0000
0.4615
0.0525

0.2577 .~

0.0948. .
0.1704
'0.1647 -
0.1535
0.1669 -
0.1379-
10,1427
0011?6 Lo
0.1340
0.1331. .
0.1390

'0.2126 . -

'0.1868
0.1463 -

03f178'. :

0.1001 —
0.1575

0.3542
0.1142 . -

0.0859
'0.1308

.234.'



[N

STEADY STATE DATA

235

b
RUN NO 0OL109€. y
06/05/76 '
. ) \ . . ‘ . g .

PEED BLow . 16.956/56c BOTTOM PRON 10.306/SEC
REFLUX FLOW 13.47G/SEC  Tnp pRrOp  '6.91G/SEC
STEAM FLOWW 135G, 3gc COOL WATER 530.006/SEC

FEED PLATE - 4 | L FEED COMP  T50.00wT3 MEAH
DIST Comp 96.88WTZ MEOH BOTTOMS Comp IE .00WTZ MENH
FEED INLET -~ '73.0pgg . REFLUX INLET 4.2DEG C.
STEAM TEMP 101.0D€6 C°  PRESSURE. =30,2KPA

" 3 ¥
MATERTI AL BALANCE |
© FLOW COMP  METHANOL  waTem
(G/SEC)  (WT pcT) (6/SEC)  (6/sEC)

FEED | 1 16.95 50,00 8.47 g7
BOTTOM PRODUCT - 10.30  15.00 1.5% 8.75
TOP PRODUCT | 6491 96.88. ©  6.69 .27
CLOSURE ERROR-PC . 1.5 =2.7  s.g

ENERG Y B ALaN c’e :
*;”ENTHALPY IN . ENTHALPY our
(KJ7SEC). (KJ/SEC)
. : ' b
" COOLING NATER 40.70 . - 6T.80-
 REFLUX . 2,61, 2.48
TOP PRDDUCT .27
FEED - 4051 o
STEAM o 136,30 - 5.63
BOTTOM PRODUCT 3.64 .
 .TOTAL - ‘ 84,14 ' 80.85
" HEAT Loss ° -

32.



