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Abstract

During two-phase flow blowdown from pressure vessels considerable pulsations of the discharged mass flow rate were found. Regions of
mass flow rate instability were predicted by a linear stability analysis. The pulsations are caused by the following closed feedback circuit: boil
up — level swell — void fraction of the discharged mixture — critical discharge rate — velocity of pressure decrease — boil up. They were also
observed in transient simulations of the depressurization. Finally, the regions of instability were confirmed by experiments. The possibility
of the occurrence of pulsations increases with the volume of the ventline and the volume void fraction of the discharged mixture. They may
influence the rate of pressure relief from pressure vessels as well as from chemical reactors.
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1. Introduction conditions are always reached in the relief device if the
vessel pressure is sufficiently high.

Emergency relief systems are usually very complex fa-  The sequence of the oscillations is shown in Fig. 1.
cilities regarding the geometries as well as the thermoflu- Four stages are distinguished. After starting the relief the
iddynamic processes within the system in case of pressurepressure decreases. Evaporation or degassing of the liquid
relief. For this reason feedback between the flow within the inventory of the vessel leading to a two-phase mixture is
ventline and the processes within the vessel may effect thethe consequence. This leads to a level swell. In stage 1 the
capacity of the entire system or parts of it. This paper re- top level of the mixture is below the inlet of the ventline,
ports on the results of an analysis of a special feedback be-but it is assumed that it still rises up. In stage 2 the level
tween the level swell within the reactor vessel and the dis- reaches the ventline and a two-phase mixture enters the
charged volume flow rate. In case of two-phase flow venting ventline. Because of the assumption that the critical diameter
this feedback may cause pulsations of the mass flow rate un-s located at the relief device, the discharged volume flow
der certain conditions [1,2]. By a linear stability analysis rate is determined by the flow conditions at this location. In
regions of instability of the mass flow rate were predicted. stage 2 still only gas flows through the relief device, with
The oscillations were also found at calculational results from the consequence that the volume flow rate remains high. In
codes developed for the transient simulation of the blow- stage 3 the mixture arrives at the relief device after a certain
down process. Finally the analytically predicted oscillations delay (time of transport). The critical discharge volume flow
were confirmed by experiments. rate strongly depends on the local mass flow quality. The

The component under investigation is a pressure vessel,decrease of the mass flow quality at the critical cross section
which is equipped with a vertical ventline connected at the results in a decrease of volume release, which is connected
top (Fig. 1). The relief device is located at the upper end with a decrease of the velocity of depressurization. This
of the ventline. It has a distinctly smaller cross section than leads to a reduction of the gas production in the vessel.
the pipe. Therefore, it can be assumed that the critical flow Under certain conditions the mixture level then starts to

fall. In stage 4 the top level of the mixture is located again
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Nomenclature

A =1 D m v volume source related on vessel volume . =1 s
K factor of the formula for the height of v volume source caused by evaporation

the froth region related on the liquid volume............. s
T temperature ..o K p AENSItY . ..ottt kg3
\% 1770 ] (1] 01 Sm o surfacetension .............o . N\
a auxiliary variable defined by Egs. (B.10), (10) ¢ auxiliary factor of the discharge model,
b auxiliary variable defined by Eq. (B.11 defined by Eq. (3)
cp specific heat capacity ........... LV w angular frequency ...................... s
d diameter........... i m )
f density of the interphase boundary surface’lm ~ !ndices
g constant of gravity acceleration. ... 9.81s? comp compression
h specificenthalpy ..................... kgt crit refers the values for critical flow
j superficial velocity ................... BTt eva evaporation
k prompt transfer function froth  froth
m massflowrate ..............covvin... kot i refers the phasé 6r v)
p pressure............ ... . i i i Pa in values at the inlet of the ventline
q heat flowdensity .................... i3 delay refers the delay time within the ventline
r specific heat of evaporation ... ....... kg i values of the liquid phase
§ independent variable of the Laplacian spacé s |evel  values at the top level of the two-phase mixture
4 UMe ... ; S open refers the transfer function of the open system
u spec!f!c internalenergy ............... .kg*1 orif values at the orifice
v SpeCIfIC VOlUme RRREERREE REEEEEEREE ?hk g out values at the end of the ventliae
w transfer function in Laplacian space stagnation point at the discharge channel
. vapor mass fraction phases refers heat transfer within the single phases
Z height......... ..o i m refers a transfer function defined at Eq. (4)
Greek symbols mv refers a transfer function defined at Eq. (5)
r density of the mass transfer rate. . . -thg 351 p refers a transfer function defined at Eq. (9)
© ]Ump function s saturation . .
o heat transfer coefficient . .. ... . .. W2.K-1 sep refers a transfer function defined at Eq. (11)
y auxiliary variable defined by Eq. (12)....... m sources refers the heat transfer from external
& void fraction sources (wall)
e velocity ... sl v values of the vapour phase
P adiabatic coefficient ventline refers the ventline
w factor of the discharge model considering vessel values of the whole vessel

the contraction of the flow ev refers a transfer function defined at Eq. (6)

of depressurization increases again causing a re-established A linear stability analysis was used in order to determine
level swell [3]. conditions for which the oscillations are possible.

At the top of a two-phase mixture a more or less
developed frothy layer can always be found due to phase
separation. It prevents a sudden change between one-phase Analysisof stability
and two-phase discharge. Therefore, continuous change of
the mass flow quality of the two-phase mixture, which enters

the ventline in case of small level fluctuations is more likely. . L . S
In this case oscillations caused by the mechanism describe ystem. An evaporating fluid is assumed. A linearisation of
y odels for the calculation of the mass flow rate is carried out

above are also possible. The only difference is, that instead¢,, e neighbourhood of an assumed working point. This
of a sudden change between only gas venting and two-phasgyorking point is an imaginary state of the system, for that
venting an increase or decrease of the gas volume fractiong|| the properties and their derivations are kept constant. It
occurs. The height of the froth (or transition) zone has a represents the system at a given time during the transient
remarkable influence on the oscillations. The higher this process. For the considered system the working point is
zone is, the more the oscillations are attenuated. mainly characterized by a consistent solution for the void

The method of linear stability analysis is applied to the
signals of the measured mass discharge for the considered
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High Volume
Flow Rate

Ventline

Stage 1
Discharge of Gas

Level goes up

Stage 2 pressyre Vessel
(Batch Reactor)

Relief Device

disturbance do not change within the ventline and the slip
between the phases within the ventline is neglected. This
assumption is reflected by the transfer function

Wyentline(s) = EXP(—Idelays) (1)
wheretgelayis the delay time and s is independent variable of
the Laplacean space. The delay time is calculated from the
discharged volume flow rate and the volume of the ventline
(' (1 — gou) + p"€out)
oum o Wentline (2)
When the disturbance of the void fraction reaches the end
of the ventline, where the relief device is located, it causes a
disturbance of the critical mass flow rate. It is assumed that
a change of the mass flow quality at the relief device results
in a sudden change of the flow rate, i.e., the inertia of the
fluid in the discharge channel is neglected. For this reason
the transfer functiorw,,(s) is reduced to a transfer factor

Idelay=

kn. In general, the mass flow rate is a function of pressure
and void fraction at of the relief device. The analyses can
be performed for any chosen critical mass flow model. For
the presented results a simple frozen flow model, derived in
Appendix A, was used:

Low Volume (Critical Flow)
Flow Rate
Top Level of
the Mixture

Stage 3 Stage 4 m = MbAorif\/P (0! (1 — goud) + pVeout)
DiSCharge of Two-Phase Mixture with ¢ — \/i _ 10484\8&38_’_ 030603‘0Ut (3)
Level goes down
From this equations results:
Fig. 1. Mechanism of the periodic oscillations. 3
Wy = ky = 1
ventline critical mass Smxx deout

I
p’—=p I
H o |:¢ 2 \/,01(1 — &out) + PY€out

3¢, 3¢,
" el flow rate
Wyentiine(S) Win(S)=Kpm
-1

rmass flow rate |
froth volume source + (0.30603— 0.459235&56
layer H ia) Wi\ ($)=Kmy
Wiroth(S)=Kiro ( ) =K.,
troth(S)=Kiroth Wey(S)=Key % \/p(,ol(l— cout) + pvgout):| (4)
8Zjgyel Vout
- " S(d_p) | ‘b , The disturbance of the discharged mass flow Batemay
separation | | Vihodel " | gt/ [volumebalance be converted into the disturbance of the volume flow rate
Wsep(s) Weva(S) p(s) related on the vessel volurieg: by the transfer factors,,,,
andkg,.
Fig. 2. Scheme of the transfer functions.
_ dvout _ 1 (5)
my — . —_— - 1 —
profile within the vessel, the void fraction in the ventline, am VveSSE({) a 80;’0 + pVeoud
the discharge flow rate, the velocity of depressurizationand , _ dvout m(p® —p°) 6)

the evaporation rate. A small disturbance of one parameter ©° deout  Wvessel0! (1 — gou) + pV€out)?

cause disturbances of all the parameters. The transfer OfThe discharged volume has to be Compensated by volume
such small disturbances is investigated. Fig. 2 shows thesources caused by the expansion of the phases and by
scheme for the transfer of the considered model Variables.evaporation_ The disturbance of the volume source caused
The modelling of the transfer of the disturbances bases Onby expansion for a given disturbance of pressure decay
transfer functions formulated in the Laplacian space. The s(dp/dr) is calculated by the transfer factdgomp There

model is valid for an evaporating one-componentsystem andis a prompt change of the phase volume in case of a change

a cylindrical pressure vessel. of the pressure. The factégompis calculated by:
An initial disturbance for the void fraction is assumed at ;
(1 — evessel di)

the inlet of the ventlingsi,. The ventline was approximated _ _Oveomp _ <8vesseldﬂ
by assuming a linear all-pass behaviour with a given delay d(dp/dr) pY dp p! dp
time. That means that the shape and amplitude of the (7

comp
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The compensation of the volume sources can be expressedvith

as

Svout+ Sveva+ Svcomp

d d
= dvout+ wevafs(d—f) +kcomr{3(d—f> =0 (8)

This leads to the transfer functian,, which models the

d = dyessel ?f dvessel< diimit
d =djimit  if dvesser> diimit

0.2
G s Vfroth =
ol —pV >

v o

g(p! = pv)
The superficial velocity of the vapour phase at the level is

djimit = 260J/froth<

transfer of a disturbance of the discharged relative volume cgculated by

flow rate Svoyt to a disturbance of the pressure decay
8(dp/dr):

I S )
Weva(s) + kcomp

The transfer functiorweys is derived at Appendix B. The
resultis:

wp(s) =

Weva(s) = 0Veva
VE T B(dp/dr)
. Pl —p"[1—evesself 1 dhls al
T opv—pl oV ,Ol dp s+ al
& 1 dn? a’
+ ve?sel<_v . S) j| (10)
pt \p* dp/s+a’
with
1 v
alz—l o« f ; and av:706f
Cp(l — Evessel P C}),t?vessepv

It describes the transfer of a disturbance of the pressure;
decay to the volume source caused by evaporation related

on the vessel volume.

The transfer functiomser(s) considers the phase separa-
tion within the vessel. It was derived under the assumption
of a non-inertial two-phase flow, where mass conservation
equations and a drift model are the only governing equa-
tions. It reflects the disturbance of the height of the top level
of the mixture resulting from the disturbance of the volume

source caused by evaporation related on the vessel volume,

The complete mathematical details are given in Appendix C.
Veva IS calculated according to Eq. (B.21).

Wseds)
_ ¢

B 5(1 — evessel

(o
(o

VZlevel
v

)-4)
17Z|eve|) 3 exp(— SZlevel
é‘U

é’l}

11
V+s ))i| ()
with

Veva
(1 — evessel
It is assumed that there is not a sharp level at top of mixture,
but a linear transition fromjeve to ¢ = 1. For the height of
this transition layer, called subsequently froth, an empirical
correlation from literature is used [4]:

V=

oY Yiroth
Vfrothg(,ol —pY) d

Zfroth = kfrothVfrothJi |léve|\/ (12)

(13)

with ¢evel according to Eq. (C.6). The transfer coefficient

kfroth reflects the disturbance of the vapour volume fraction
at the inlet of the ventline caused by a disturbance of
the location of the level. Because of the above mentioned
assumption of a linear transition it is calculated by

. — v
Jievel = ¢ Elevel

1— glevel

kfroth = (14)

Zfroth

This completes the transfer of the disturbances. The feed-
back of an initial disturbance of the void fraction at the inlet
of the ventline on itself can be modelled by these transfer
functions. The transfer function for the whole systems de-
scribing the disturbance of the mass flow rate caused by a
disturbance of the vapour volume fraction at the begin of the
ventline is given in the Laplacian space by

_om Wventlinekm
d¢in 1+ Hopers)

sm

(15)
with

Hoper(s) = —wventline(kmKkmv + ksv)wp wevawse;kfroth

For the analysis of stability the transfer function for the open
systemHopenis plotted for a periodic stimulation & iw) at

the complex number plane, i.e., a Nyquist-plotis considered.
The system will oscillate if the disturbance reacts in phase
with an amplification greater than one. This corresponds to
the Nyquist-criterion, which is well known in automation
theory: The system is stable if the plot does not enclose
the point 1,0). That means if the point{1,0) is enclosed
oscillations may occur.

3. Casestudies

Case studies were performed under consideration of
the properties of the Pressurizer Test Facility (DHVA)
at Hochschule fur Technik, Wirtschaft und Sozialwesen
Zittau/Gorlitz (FH), which was also used for experiments
described in Chapter 4 (see Table 1 for data). Typical
Nyquist-plots are shown at Fig. 3. In this example case
no oscillations should occur for a length of the ventline
of 0.25 meter, because the point,0) is not enclosed
by the corresponding Nyquist-plot. In case of a ventline
with a length of 0.39 meter this point is just enclosed, the
amplification of a disturbance is near to 1. For case of longer
ventlines the amplification increases. That means for the
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Fig. 3. Nyquist-plots for several lengths of the ventline.
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Fig. 4. Predicted amplification and frequency as a function of the ventline
length.

Table 1
Reference data set

Parameter Value
Vessel height 2.96m
Vessel diameter 0.274 m
Ventline length 1.8m
Ventline diameter 25mm
Orifice diameter 6 mm
Pressure 2.25 MPa
Average volume void fraction within the ventline 90%
Velocity of the void phase 0.7 1
Density of the interface boundary surface 5t
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Fig. 5. Predicted amplification and frequency as a function of the discharge
void fraction.
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Fig. 6. Predicted amplification and frequency as a function of the pressure.

The dependency of the amplification and the frequency
from the length of the ventline as important parameter is
shown in Fig. 4. The calculated frequencies are valid only for
very small disturbances. In practice the frequency may differ
considerably amongst others because of non-linear effects.
As discussed above oscillations are predicted for a length of
the ventline of more than 0.39 meter.

Another important parameter is the average void fraction
within the ventline. As shown in Fig. 5 the possibility
of oscillations increases very strongly with the ventline
void fraction. The largest amplification is observed for the
extreme case of — 1. This region of high void fraction at
the outlet is always passed through during the pressure relief
process (when the level collapses). We can expect the system
to be stable only in case of stability fer— 1, i.e., thisis a

example case oscillations are predicted by the linear stability adequate condition.

analysis for a length of the ventline larger than 0.39 meter.

In Figs. 6 and 7 the variation of the system pressure

For the reference parameter set listed in Table 1 the cal-and the diameter of the orifice is shown. The possibility
culated amplification is more than 5. That means oscilla- that oscillations occur decreases with increasing pressure
tions are predicted by the stability analysis. These oscilla- and increasing diameter of the orifice. A dependency of the
tions were also confirmed by transient calculations using the amplification on the vessel diameter occurs only for vessel

one-dimensional vessel models BLDN [5,6] and BRICK [7,
8], combined with a simple ventline model [9].

diameter of less than 0.25 meter (see Fig. 8). That means, the
tall vessel of the experimental setup (see below), which is
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3 1 the oscillations at the three different needle probes in the
55 11.0 ventline, which reflects the transport time.

Transient simulations were made using the BRICK
code [7,8]. Fig. 9 includes a comparison of the averaged
void fraction within the ventline measured by the pressure
drop and calculated by the brick code. Apart from the dis-
agreement in the first seconds, which may be caused by non-
condensibles in the experimental setup, the frequency of the
oscillations as well as the sawtooth type shape and the de-
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5. Conclusions
Fig. 8. Predicted amplification and frequency as a function of the vessel

diameter. Oscillations of the mass quality in the discharged two-

i . hase mixture connected with considerable pulsations of the
also used at the reference parameter set is not a condition fo'gischarge mass flow rate were predicted by linear stability
the occurrence of the instabilities. The instabilities should analysis and by transient calculations. They were confirmed
also occur at vessels with a larger diameter. qualitatively by first experiments. For further investigations

a more detailed modelling of froth layer, of the fluid

) ) ) ) entrainment and the ventline as well as some modifications
4. Experimentsand transient smulation of the experimental setup are necessary.

_ i ) The probability for the occurrence of the pulsations rises

Experiments were carried out with water/steam at the ity the volume of the ventline between vessel and relief

Pressurizer Test Facility at Hochschule fur Technik, Wirt- yavice. It could be possible that these pulsations lead to
schaft und Sozialwesen Zittau/Gorlitz (FH). The pressure yqgitional mechanical loads on the blow down system and
yessel is equipped with a 1.8. m long ventllne_ with an thatthey influence the efficiency of separators or condensers.
inner diameter of 25 mm. The diameter of the relief device | aqdition to the mechanism of the oscillations considered
amounts to 6 mm. The predicted pulsations were confirmedpere also other mechanisms are possible, e.g., a spontaneous

by these experiments. Even the sound produced by theyansition to a slug flow regime within the ventline.
discharge has shown periodical changes, which could be

clearly heard. Oscillations were found in the readings of the

pressure drop over the ventline as well as in the signals of Appendix A. Critical discharge model

the needle shaped conductivity probes that measure the local

void fraction. In the calculations, an isentropic homogeneous flow
The oscillations are measured already at the inlet of the model was used. It is based on the assumption of a perfect

ventline, meaning that they are not caused by establishingabsence of both evaporation and slip, i.e., the liquid phase is

of a plug flow within the ventline. There is a time delay of entering into the region of metastability, while the moment
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of both phases are in equilibrium. The following system void volume fraction as a parameter. The results were fitted
of equations must be integrated along the flow path in the by the following correlation:

discharge channel: Dot

4A% — vdp A1) 1 = Acrit /ﬁ (V2 - 1.048424%8 + 0.306030u) (A.9)

¢ =~2Ah (A.2) Considering the relation

mo ¢ 1

A (A3) = =p!(L— o + p"eou (A.10)
ou

Here, Egs. (A.1) and (A.2) represent the momentum conser-an introducing a facto, which considers the contraction
vation, A/ is the decrease of the specific enthalpy due to the of the fluid (x = At/ Aorir), finally yields:

acceleration of the fluid. Eq. (A.3) describes the increase of

the velocity with decreasing cross section of the discharge ;; — uquorif\/p(p’(l — gou) + P Eout) (A.11)

channel. _

The assumption of a maximal thermodynamic non-equi- With

librium leads to a corresponding state equation. It was p=+2— 1.04849&1438_'_ 0.30603 1

assumed that the density of the liquid phase remains constant

during the expansion, i.e., the specific volume of the liquid For the discharge modebyt is an input parameter charac-

preserves the initial value, which is given by saturation terizing the state of the two-phase mixture in front of the

conditions in front of the discharge orifice, i.e., at the discharge device. In case of a single phase flaw: & 0),

pressure before the start of the acceleration. This is athe mass flow density reduces to the value for liquid dis-

reasonable approximation for incompressible liquids, like charge according to the Bernoulli-equation. At growing

water. For the state change of the vapour phase a constanthe mass flow rate decreases. Main advantage of Eq. (A.11)

adiabatic coefficient( = 1.3) was assumed: is that it is very easy to handle. In reality, the metastability

1 is more or I_ess _destroyed due to evaporation, which leads to

v — véut(l_ Xout) + Ugut(&m> Xout (A.4) an overestimation of_ the mass fl_ow by Eq. _(A.11). The ac-
P curacy of the model increases with decreasing length of the

discharge channel.

After integrating Eqg. (A.1) and considering Egs. (A.2) to
(A.4) we get the mass flow density as a function of the local

in the disch h l:
pressure in the discharge channe Appendix B. Transfer function for the rate of

2508 (Shu(—ou (1 )+ Dbutrg (1— %D/ )wou) evapor ation
7 =l ~v =_1 (A5)
A Doyt 1—xou) +05utp /¥ xout . o . . "
In Eq. (A.5) related specific volumes Starting pointis j[he conservation equation for the specific
energy of the phase
~l véut and ¢ v(l;ut P P 9
Vgut= — Vgut= —— 9 i O iipisi 9 i
ou Ulout out= (A.6) 8[8 olut + 818 p'h't +p8t8
Vout = Vg 1(1 — Xout) + vE X i i ;
out = Vout( out? outtout ==+Ih; + q[l)hases+ dSources (B.1)
and a pressure ratio with
~ 14 . .
=— A.7 J
P Pout A1 re_ dphases™ 9phases

were introduced. The vapour mass fractig at the inlet of r

i i i i i i i i i o i
the d_lscharge channelis substltpted by the void fraoiggn G pases @ f(Ts -7 ) ~ (hs —n )
In this way, the mass flow density can be made independent )
of the physical properties, , andv,:

Q .

I' is the mass transfer rate from liquid to void phase per

- - volume. The positive sign is valid for the vapour phase, the
. Pout (1 _ — K_(1— pk—D/x . L . .
m_ \/2 tou (1= £0ud) (1 = P) + eourg (1 - 7 ) negative for the liquidg},ccdis the heat flow density from
A (1~ eoud) + soutp~ ¥ the phaseé to the boundary surface of the phase @i, ces

(A.8) is the heat flow density from the vessel wall or chemical

The only physical property remaining in Eqg. (A.8) is the reaSctlgnt_t;J tphase
adiabatic coefficient for the void. The critical pressure ratio ubstitution
is reached, when the mass flow density4 is maximal,i.e., ' =h' — ﬁi (B.2)
when the corresponding cross Appendix A is minimal. The p

maximum of Eq. (A.8) is found numerically with the initial leads to
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9 i g o . . . . .dp
e hi 4+ — Loipiel _ i 282
8t8 P 818 prL—e dr

= £I"h; + qsourcest q;l)hases (B.3)
Considering the conservation equation for the mass
i8",0" + i8";)"{" ==+I (B.4)
ot 0z
and the transition to the total differential
9 . 9 . d .
—n' '—h = —h B.5
ot +e 0z dr (85
one gets
d . 1dp F[i—h)+Gloycest 4
“pi=—P : _Tsources” Tphases (B.6)
dr ot dr gt pt

Replacement oz andqé,hasesaccording the terms given at

Eq. (B.1) yields:

dhi _ 1dp  gsources
dt  pidr | elp
hi _hi i . .
+(1¢5—) I (i~ n
r c},e’p’

hi —ht ol ;
st

: —hl B.7
r c'f,sip" ) ( )

where the upper sign is valid for the vapour phase and the

With the conditions

) bt . , bl + 8b!
Ah(t=0=— and IlimAr ()= +.
al t—00 t

(B.14)

the special solution for the considered jump function for
dp/dt is found as
Ah' = Ahy+ 8(Ah')

bt NN
=+t (1- exp(—a’t))?

The volume source density caused by evaporation is calcu-
lated by

1 1
Veva = F - ﬁ r
1/1 1 ! v
I S Y N
r\p o)\ ¢, ¢y

Considering Egs. (B.10), (B.11) and (B.12) the disturbance
is given by

(B.15)

(B.16)

d
dveva= Weva(f)a{d—];} (B.17)

with

lower for the liquid phase. The coupled system of differential Wy = }<i - i) (81,01 (i - ihé) (1—exp(—d'r))
r

equations is decoupled by the assumptions that there occurs
only a small deviation from the equilibrium state and that
the system is away from the thermodynamic critical state.

For these assumptions is

1 i
and terms of second order can be neglected. In the end ond-{1}= and L{exp(—a't)} = i+ s

AR =h' —hy L1 (B.8)
gets

d iy @S a1 9P gsources 9% (B9
dr chetp! ot dr gt pt dr

This equation is used to consider the time dependent

behaviour ofA#; in case of a sudden change of dir at
t =0 (jJump from dp/dr to dp/dr + §{dp/dt}. Defining

ai= S (B.10)
Clpslpl
and
po L0 gsoees_ 9,
ot dr gt pt dr
dsources 1 d i dp
= —— — — —h, |— B.11
el pl +(p’ dp S) dr (8.11)
for the values at the working point and
: 1 d . dp
b= ———h. )83 — B.12
<p’ dp S) {dt} (B12)

the differential equation has the general solutiorfer0

, . . bi + b
Ah' =C'exp(—a't) + o

(B.13)

ot Pl pl dp

1 d
+£vpv<ﬁ _ 5}4’)(1— exp(—a”t)))
Using the relations for the Laplace transformation

1

(B.18)
and considering the whole vessel voluate— &yesselthe
transfer function is found as

L{Weva(1)}
L{1}

_,01—,0“ l1-¢/1 dhé al
Tyl oV ,01 dp s +al

g1 dnv\ av
(= -= B.19
+pl<p” dp)s+a”} (B:19)

The special case of thermodynamic equilibrium is obtained
by the limit testa’ — oo, what yields

Weval(s) =

Aeva = lim weva(s)
a'— oo
:pl—pv 1 _1—§d_h§_§dh7; (B.20)
he —hl [ pvpl pv dp  pl dp '

This transfer factor does not depend on s. The evaporation
rate change prompt with a change of/dlz.

The volume source caused by evaporation related on
the vessel volume for the working point of the system is
calculated according to
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Veva = Aeva(l—p The general solution of this partial differential equation is
t ~ ~
— Aevalft 58=Cexp<—v—i>F<t— %) +texp<—v—i>8ﬁ (C.9
(Aeva~+ Acomp WesseloL (1 — €out) + pvEout) ¢ ¢ ¢
(B.21) whereF is any function. Considering the conditions
3e(t=0,z)=0 (C.10)
Appendix C. Transfer function for the phase separation and
The change of a vapour volume with the heightin the Se(t — 00,7) = £ exp(_3>5g (C.11)
time At is given by: ¢v ¢v

AVY = VV(z. )AL — VP (z 4 Az, )AL a special solution is found as

+v%(z, 1) AvesseAz At (C.1) de = texp(—v—i)éf) fort < iv
Dividing this equation byAyesseAzAt and considering ¢ 5 ¢ (C.12)
Z Z ~ Z
VV(zt 85=—exp<——)5v fort > —
j'@n=— GO _ pvetzn (C.2) & & &
vessel Using the jump functior® this can be written as
one gets )
de ., 0¢ 5e = [t - <t - i)@(r - i)} exp(—z)éﬁ (C.13)
E—F{va—zzvv(z,t) (C.3) cv I cv
The liquid velocity is assumed to be zero and the vapour The Laplace transformation yields:
velocity ¢V is assumed to be constant in space and time 1— exp(—zs/¢Y) Sz
in order to simplify the derivation. The vapour volume L{d¢}= s—zexp<—€—v)55 (C.14)

source is caused by evaporation. Volume sources caused _ _ o _
by the compressibility of the phases are neglected for this Assuming the conservation of the liquid volume the dis-
derivation. For this reason the vertical distribution of the placement of the level is given by:

volume source only depends on the volume fraction of the [tevel 5 iy
liquid phase: 8Zlevel = 0——— (C.15)
1—e(z.0) (1 — elevel
v(z, 1) = ﬂ“ﬁ (C.4) That means the searched transfer function has to be calcu-
_ vessel _ _ lated according to:
The disturbance of the location of the top level of the mixture .
mainly depends on the sum of the changes of volume =~ _ Zievel _ 1 [ L{se}dz (C.16)
sources for all phases. For this reason the averaged volume >~ §vea ~ (L— clevel)  Oveval {1} '
source for the vapour phase is replaced byveya (s€€ A : :
L ccording to Eq. (C.6) applies
Eq. (B.21)), which is the sum of the volume sources caused g g (~ ) app
by evaporation for both phases. The resulting differential 1 — exp| Xleve! (C.17)
equation is (1 — elevel) oo '
5 5 _ , ) . . .
de n {U_S —P(l—¢) withi= Veva (C.5) Executlon of the integration and consideration of Eq. (C.5),
ot 0z 1 — evessel yields
For the working pointeys is not a function of time. For ¢
this reason is an appropriate solution of this equation. Wses) = ——————
. 5(1— evesse
e=1-— eXp<—5> (C6) X } exp VZlevel -1
é-v v é-v
A small disturbance ob causes a disturbance of This 1 D Zlevel SZlevel
leads to: ) f»+s(ex< T >_exp(_ T ))}

%(ewe) +§”a%(e+5e) =(V+60)(1— (e +8¢))
(C.7)

Neglecting terms of second order and considering Eq. (C.
an equation for the disturbance is received:
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