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Tennoobmin y npoyeci KuninHi 3anexqcums 6i0 Yinoi HU3KYU YuHHUKI6 (cmaoii kuninus, GizuuHux ma ceomempu-
YHUX RAPAMEMPI, 3MIHHUX CMAaHY | yMO8U 0OMIKaHHs). Bcei eapianmu 3acHO6aHI HA eMRIPUYHUX CNIGBIOHOWEHHSX,
OMPUMAHUX HA 0A3] eKCnepUMeHmAaIbHUX OAHUX, OCKLIbKU 00CI BIOCYMHS Y3a2anbHeHd meopis memMniooominy. I3
36inbwennsm nepeepiey cminu (TW-TS) unapogyeanis 3MiHIEMbCA Gi0 KOHBEKMUBHO20 KUNIHHA 00 S0EPHO20, d
giomax — 0o film-xkuninus. /Jna pospaxynky xoegiyienma mennogiooaui KOICHO20 MUNY KUNIHHA ICHYIOMb OKpemi
pienanus. Icnye mooiciugocmi 8paxogyeamu HeUHAUEHICMb 8 OUHAMIYHOMY MOOeT08AHHI KUniHHsA. [ ybo2o
oyna pospobaena newimxa mooenv muny Taxaei-Cyeeno, ika Micmums HeuimKi nepexoou Midic cmaoiamu KUNIHHI.

KirodoBi ciioBa: mpoliec KHIiHHS, TEIUIOOOMiH, JHMHAMIYHE MOJICIIOBAHHS KHITIHHS, HEYITKa Mozaenb Takari-
CyreHo.

Tennoobmen npu Kunenuu 3a6uUcum om yeno2o paoa gaxmopos (cmaduu Kunenust, uzudeckux u 2eomempu-
YeCKUX NApamempos, NePEeMeHHbIX COCMOSHUS U YCA08ust obmekanust). Bee eapuanmul ocnoeanvl Ha dsmnepuyeckux
9KCHEPUMEHMANIbHBIX OAHHBIX, MAK KAK 00 Cux nop omcymcmeyem obwas meopus meniooomena. C ygenuuernuem
nepezpeea cmenvt (TW-TS) ucnapenue usmensemcs om KOHEEKMUBHO20 Kunenus 00 s0epnozo, a 3amem do film-
Kunernusi. [{1s pacuema Ko3@ghuyuenma menioomoauu Kaxco020 muna KuneHusi Cywecmsyron omoeibHble ypasHe-
Hus. Cyuecmgyem 803MONCHOCHb YUUMbBIEAMb CYUWECMBYIOUYI0 HeONPEOeIeHHOCMb 8 OUHAMUYECKOM MOOeUposa-
Huu kunenus. B cesasu ¢ smum Ovina pazpabomana neuemkas mooeab muna Taxaeu-Cyeeno, sxnouaiowas 6 ceos
HeyemKue nepexoovl Mexicoy CmaousimMu KUneHus.

KiroueBbie ciioBa: mpoIecC KHUIICHHS, TEIUIOOOMEH, TUHAMUYECKOEC MOJCITUPOBAHUS KHUIICHHS, HEYCTKAs MO-
nens Takaru-Cyreso.

The heat transfer during boiling depends on a wgrief factors (boiling stage, material paramet
geometrical parameters, state variables flow conditions). All variations are based on ergail relationship:
gained from experimental data because there i$ il comprehensive theory. With increasing walleshpa
(Tw-Ts), the evaporation changes from convectivinigao nucleate boilig and then to film boiling. For each ty
of boiling, separate equations for the calculatiohthe heat transfer coefficient do exist. This grapresent
possibilities to take account of the existing uteieties in the dynamic simulation of boiling. r this reason
Takagi-Sugeno-fuzzy-model was developed whichdeslthe fuzzy transitions between the boiling stage

Key words: the process of boiling, heat transfgmadnic simulation of boiling, fuzzy model of Takagi
Sugeno.

Introduction. Steam production is the basic The boiling process begins with convective
process for the generation of electrical energy imoiling. The wall temperature is only a few Kelvin
nuclear or coal power plants. By means of thabove the saturation temperature. No or only very
flow type, the boiling process can be distinguishefgdw bubbles are formed. The increase of the wall
between pool boiling and flow boiling. Pooltemperature increases the bubble formation and the
boiling occurs in free flow. In a forced flow theconvective boiling changes over to nucleate
evaporation process is called flow boilingboiling. Point A marks the onset of nucleate
Undercooled boiling is not investigated. Theboiling, ONB [1].

medium has reached its saturation temperature. The bubbles form on cavities or scratches on
The boiling process can be subdivided in threthe surface containing pre-existing gas/vapor

stable stages: nuclei. The rising bubbles mix the fluid and thus
— convective boiling, improve the heat transfer. This is demonstrated by
— nucleate boiling the growing increase of the heat transfer
— and critical boiling states (film boiling or coefficient. Further increase of the heat supply

dryout of the heated surfaces). causes also an increase in bubble formation and the

The transitions between the boiling stages aflow of fluid to the wall is lower. At a maximum
not sharp and they are determined by the wadikat flux density (point C, called the critical hea
superheafAT. The wall superheat is the differencdlux CHF) forms a closed vapor film restraining
between the wall temperature,,Tand the the heat transfer. This means that the transferred
saturation temperature of the fluids.TThe heat flow decreases, then reaches a minimum
saturation temperature remains constant in tkfeeidenfrost point) and increases. This behavior is
boiling process. The heat transfer is determined laghieved by setting the wall temperature. The
the heat transfer coefficient The correlations are evaporation process in nuclear or coal power plants
shown in the following figure. The abscissa is this setting the heat flow. This means that due ¢o th
logarithmic temperature difference{ITs) and the suddenly worsened heat transfer, the wall
ordinate shows the heat flux density.
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Figure 1 — Explanation of the boiling stages baseash the boiling curve of Nukiyama

temperature increases drastically (dashed line fram. The heat transfer coefficient is determined
CtoE) [2]. by the heat conduction process through the vapor
_ o . layer andos through the heat radiation process [2].
Mathematical description of the boiling The explicit equation of Bromley's proximity for
process. The describing variable for the modelinghe technical area of interest is defined in [4].
of the heat transfer is the heat transfer coefiicie Dryout
a. For each boiling stage many formulas do exist The calculation of the heat transfer coefficient
which mostly are based on experimental data.is based on the equations for forced convective
Besides viscosity, thermal conductivity, densityheat transfer [2].
thermal expansion coefficient and geometrical
parameters the heat transfer depends on many Takagi-Sugeno-Fuzzy-Model. To model the
influencing factors. During heat transfer withfuzzy transition between the boiling stages, a
phase change, the number of variables is extendpgkagi-Sugeno fuzzy model is suitable. The
by enthalpy of vaporization, saturationheight of the wall superheat is the decision
temperature, vapor density and surface tensiogviterion, which boiling stage is present. For this
Microstructure and material of the heating surfaceason it is fuzzified and\T is defined as a
are relevant as well. The multitude of inﬂuencing;nguistic variable (Figure 2), which consists of
factors and their complex interaction are the caugigree membership functions "small", "medium"”
that no comprehensive theory could be developeghd "large". Convective boiling is definitely given
yet. Thus, all mathematical calculations are basedihe wall superheat is located between 0 K and 7

on empirical or semi-empirical relations [2]. K ("small"), we speak of nucleate boiling , when
. . AT is between 20 K and 35 K ("medium") and
Convective bailing critical boiling states starts at a high temperir

The calculation of the heat transfer coefficieriook ("large”). The transition regions are
a is based on the equations for forced convectivfiodelled linearly. The data were taken from

heat transfer [2]. Figure 1. The decision which mechanism works of
. the critical boiling states is based on the critica
Nucleate boiling vapor content. If the vapor content x is low, tlien

_The heat transfer coefficient for nucleatgs fiim boiling, is it “high” then works the heat
boiling is described by empirical models. Theransfer mechanism dryout of the heating surface.
equation refers to a standard state wighand dq,
and considers the relative effects of wall rougnes  The following rule base is derived:

Cw, the boiling pressure by F(p*) and n and the |f AT = "small" thena = convective boiling

pipe diameter [2]. If AT= “medium” thero = nucleate boiling
If AT ="1 "andx = “low”
C_rlitict;)aj _l?oiling states arge %nenq :?i\{:ln boiling
Film boiling If AT = "large" andk = “high”

The heat transfer coefficient for film boiling is

composed of the heat transfer coefficientand thena = film boiling (1)
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Figure 2 — Linguistic variable "wall superheatAT" and “vapor mass fraction x”

Subsequently, the accumulation is performed
to determine the resulting heat-transfer coefficien

Modeling a boiling process.To illustrate the

methods / procedures developed, the following . ;
arrarried out with a computer algebra system. The

boiling process is applied (Figure 3). In

electrically heated thin-walled pipe is saturate

Heat balance pipe:

my, Gy GddT—\tN:Qei —aDAEﬁTW _TMm)- 3)

The realization of the model equations is

eat flux density is given. After 10 seconds the

water supplied and vaporized over the pipe lengtf€at flux density increases (Figure 4, left). Ae th

The dynamic behavior is described by followin

simplified non-linear differential equation syste
(Assumption: the pressure is constant).

/ﬁ Ma, hy

- -

T F F ¥

| ————

Pas |II\';'1-:'- he

_Pe, pa — Inlet- outlet pressure;
M., M — Inlet- outlet mass flow;
he, hy — Inlet- outlet enthalpy;
my — Pipe mass;
cw — Heat capacity of pipe wall;
m— Mass of the medium;
Tw— Wall temperature;

et — Electrical heat flux

Figure 3 — Model for describing a boiling
process

Heat balance medium:

dhy, -
V +V G’ﬂ—vm Baﬂj—+2M [y, =
(Qm (e ah m o ) dt e Hm
(2)

=2Me|:hm+0'm[ﬁ-rw _TMm)'

eginning of the simulation, the fluid temperature

s already at saturation temperature. This value
remains constant throughout the boiling process.
The simulation starts with the state of convective
boiling. The heat transfer coefficient is low. For
the first 10 seconds a steady state appears. The
wall temperature is a few Kelvin above the
saturation temperature.

With increasing heat flux density the wall
temperature rises. Due to the low heat transfer
coefficient, the wall temperature initially rises
steeply. With the onset of bubble production the
water is getting mixed and the heat transfer
improves. This means that the heat transfer
coefficient increases and the wall temperaturesrise
slower despite constantly increasing heat supply.
The heat transfer to the water improves until the
critical point is reached, so that the bubbles farm
closed vapor film. The steam has considerably
poorer heat transfer properties. That means for a
given heat flux density, that the wall temperature
(Figure 5) changes almost in a jump-like way and
the process switches to stable film boiling. Irtig
Figure 4 shows the heat flux over the wall
superheat. When the critical heat flux is reached,
then the wall superheat rises steeply.

Summary and Outlook

The article presents a possibility to take
account of an aspect of model uncertainty. Inst fir
step, the heat transfer coefficient for the dynamic
simulation of boiling process is realized with a
Takagi-Sugeno-fuzzy-model and integrated into
the differential equation system. The dynamic
simulation of the process example represents the
process behavior realistically.

To extend the model, the parameter
uncertainties for the major variables (e.g. pressur
temperature) are considered as fuzzy and in the
simulation.
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Figure 5 — Temporal course of the prescribed heatux (left) and qualitative trend of the heat flux
over the wall superheat T (right)

1200 — ._..._._......_._._...“ ....................... : ..........
| ; __ 190
B O SR T S L ()
o 000 | ; <, 170
= v
g 1 S T L 5 150
®
2
® 600 e 'g 130
a £ 110
£ T s s o
[ * 90
z =
R o S et ety et e st o L T 5
2
0 T T 50 T T
0 50 100 0 50 100
time [s] time [s]

Figure 5 — Qualitative temporal course of the waltemperature, left) overview right) zoomed
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