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Abstract

The possible occurrence of accidental fires impacting vessels for the transportation and storage
hazardous matesakpresents a kegfsty issu@ the process industry. In saaituatiors, the vessel

heats up and pressurizes. This can lead to its catastrophjgéam&rsting devastating consequences.
Such scenasdave beemrxtensively investigated in the past decadkghe am of increasing the
understanding @heirdynamic evolutioand providing useful information to improve vessel design and
emergency response planning. Numerous field studies and laboratory scale tests were carried out
reproduce fire impingement on gzerized tank#t the same time, several models were developed in
order to predict the thermal and mechanical response of vessels exposed to fire attack. However, previc
modeling approachesiffer severalimitations and need to be improved. On theradtiaad, data
collected during previous experimestsot sufficient toeffectivelysupport the development and
validation of advanced modelling tools such as computational fluid dynamic (CFD).

With the aim of overcoming these limitations, a novel repeagcam was proposed. This combines a

fire tests campaign, carried out by means of an innovative experimental apparatus, and a modelli
approach based on CFDhe tests were desigrisdlian Bradley, a PhD student from the University of
Edinburgh A compehensive description of the experimental apparatus and a detailed analysis of the
tests results will be presented in his PhD thesis.

Here, the experimental setup is briefly described in a dedicated deatoa,preliminary alysis of
the datarbm thefire tests carried out in the last two years is presented. The majs, fusdiful for the
modelling activityare discussed and recommendation for future tests are pointed out.

The present work focuses mainly omtbeelling partStarting from pregus approaches presented in
literature by different authors, an improved CFD modelling setup was developed. Conditions of sever:
fire tests involving LPG tanks were simulated and the results are compared with experimenta
measurements highlighting streagand limitations of the modelling. Then, the same modelling
approach (with minor modifications) was used to simulate the response of water tanks to fire exposur:
Again, comparisonith experimental data allowedaasessent of themodel capabilitiesn the last

part of the work, an alternative approach is presented, based on models developed for the study
subcooled boiling flows that showed promising results in other fields of application. Tdgetaim w
explore the possibility efktendhg this appoach to the case of vessels exposed to fire. The results
reportedin this part represent a preliminary assessment of this modelling setup. The work proves tha
CFD isa powerful tool for the development of advanced models able to accurately desceithetand p

the response of a pressure vessel exposed to fire. However, further work is needed especially regarc
submodels for boilingn this perspective, the aforementioned experimental set up has the potential to
provide relevant data.



Introduction

In the last dcades, the quantity of gases stored and transported as pressurized liquids experienced a f
and constant growth. In industrialized countries, chemicals handled in such conditions are widely
exploited in several sectors. This is the cagestéomce, of many raw materials for the process industry,
such as ammonia or chlorine. Liquefied Petroleum Gas (LPG) and liquefied butane are extensively us
as fuel for cars and tracks. Liquid Natural Gas (LNG) and liquid hydrogen are consideratetpdoe st

in the transition towards a more sustainable society.

At the same time, due to theiherentharmful properties, together with the large inventories often
stored and transported, many liquefied gases are deemed to be potential major iraddstiddtaz

of them, in fact, are either flammable or toxic (or have both charactétistias}edeleassof these
substancesan cause severe damage maamy environment and facilitiEg.ampls of such events are
the acidentshathappenedt Viaregio (laly) and Lateganti¢Canada)lhe firstof theseoccurred

29" of June 20Q@&tankcar of a freight train containing liquefied petroleum gas (LPG) overtutned an
released its entire content. This vaporized and formed ¢helbextended overesidential zone near

to the railwg. The delayed cloud igniti@aused extended damages and 31 fafdljti€se second
accidentook placeonthe &' of July 2013, whexi74-car freightraincarryingcrude oiderailedAbout

5.7 millionlitersof crude oil were released into the sailemand air after tlaecident, generating a fire
that burnt fortwo dayq2].

Due to accidents such as those described, éfteencerns about the risks related to liquefied gases is
growing together with their uge thisframework, ne of the most critical safety issues is the possible
occurrence of accidental fires affectinagsels devotew the transporation and storagef such
materialsWhen this happens, the heat load due to the fire attack can lead to thg-iheucedl
rupture of thevessel. Consequentlye liquefied gas experiencesi@gden depressurization from the
storage pressure to ambieoditionsThis phenomenon is associatgtth overpressureffectsandis
referred toas BLEVE(Boiling Liquid Expading Vapo Explosion) As pointed out by many authors
[3]4]5]6] 7], BLEVES can have devastating consacgsln addition to the shock wave generated by
the fast phase transition, the shell fragments projectedumnmayvessel failure (missitepresent a
severe treat for people and equipnierthe proximity of the vessel itselftHe released fluid
flammablethe BLEVE can béllowed bya fireball If it is toxic, the resulting gas clancreasgthe
damage potential of such scenémitheir review of accidensbbasi and Abbafs] highlighted how

the 80odd major BLEVEs occurred between 1940 and, #0@8ving several kinds sfibstances
caused more than 1000 fatalities and over 10000 imjueiesore, peventing the occurrence of such
ewvents iof paramounimportance

Since thel9605 several researchers have devoted their work to improve safety in the field of
transportation and storage of liquefied gaseasehbus field studies and laboratory scale tests were
carried out on pressugtt tanks in order to simulate fire impingement conditiotiis the aim of
increasing thanderstanding of such scenarios. In parallel, a series of models has been developed t
predict the vessel response to fire exposure.

Particular consideration wasegivo the fire exposure of storage and transportation \eesgealsing

flammable pressurized liquefied gaspeciallyPG. Over the yearsxperimentproducedvaluable

knowledge in this figloh terms ofdentification of the physical phenomenamicguinside and outside

a vessel under firexposure The main mechanisntharacterizing such scenane aow better

understood and models have hwedifiedin order to be able to reproduce themginel more accurate

predictions ofthe vessel responddowever, todifferent exterg all of them rely on adjustable
5



parameters and simplifying assumgtiomed tospecific experimental datass€his limits their range
of applicability and the possibility of usngh modelfar fromthe experimental comidns usedor
theirdevelopment

Several authors have pointed that knowledge gastill exist Analysis of data collected during fire

tests highlighteldgow the formation of a natural convection boundary layer and the thermal stratification
of the liquid phase play a key role in the pressurization of a vessel under fire attack. However, none ¢
the models in literature accurately describes such phenomena. On the other hand, specific experimer
data supporting their empirical characterizetsmare, due tdimitations innstrumentation design of

the aforementioned fire tests.

Thespecifiassessment of the inner fluid behavior during fire exposure in terms of velocity, temperature
and boundary layer determination was rieg@bject ofdetailednvestigation. This is critical for the
development and validation of advanced modeling tools suchpasational fluid dynansi¢CFD).

CFD is believed to be the best candidate to solve the problem of predicting the vessel response to fir
attack in termsf pressurization ratemperature distribution and titodailure andto support étailed

safety and external emergency studiézct, being able to predict how fast the pressure will rise under

a given fire load and to quantify the energy caftdre vessel at the moment of failuoaild represent

a valuable advantage for those involved in the emergency response and management (e.g. fire figh
and authorities).

With the aim of overcominiipe abovdimitations, a novel research program wagoped. This
combines a fire tests campaign, carried out by means of an innovative experimentalaaoi@aratus
modelling apwach based on CFD. The projeeblves searal internationatstitutions The modelling

activity is the main subject of thesereg PhD worunder the supervision of profesgoCozzaniand

will be extensively described in this th@sishe other hand, the experimental camptegts (were
performedat theFederal Institute for Materials Research and Testing in Berlin, @ezprasents the

core of the PhD work carried out by lan Bradley, from the of University of EHi(Bcofand)The

entire research project is supervised by protessbr Bi r k, from t he Queend
Canada)

The present work is dividien three sections as described in the following.
Section 1

This sectiopresents the state of the art in the field of pressure vessels exposed to fire. The first Chapte
gives an overview of the main experimental works carried out starting froormthéaléob the last

century. Due to their particular significance and data completeness, some of them are described in det
These represent the reference data sets for the assessment of the prediction capability of the CFD ba:
models presented in tlast section of this thesis.

In Chapter 2, a review of the of the modelling approaches proposed over the years is presented, in orc
to show the improvements introduced in this field and highlight the critical issues requiring further
investigation

Sectbn 2

This section is devoted to the description of the experimental activity carried out at the Federal Institut
for Materials Research and Testing (BAM) of Berlin (Germany)

The experiments involve a 1/3 real scale transportation tank, instrumenfidb ligrmocouples.
These are positioned to accurately capture liquid stratification, boundary layer thickness, wall and ladi
temperatures. The tank is cut in two parts, hold together by two flanges. A glass window is put betwee
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the flanges. One end bkttank is filled by the operating fluid and engulfed in fire. The other one hosts
video recording instrumentatitmstrumentation for Particle Image Velocimetry (PIV) is also present in
order to characterize the flow inside the vé&sl.collected ithe experiments represents a rich set of
information for the validation of the modelling work.

A detailed description of the experimental apparatus and the analysis of the test results are extensiv
described in the PhD thesis of lan Bradley, fromftbaiversity of Edinburg (Scotland).

Section 3

This section represents theecof the PhD research work: 68D modellingof pressure vessels
exposed to fire.

Chapter 4 focuses on th®G tanks. Starting from previous approaches presented in liteyature
different authors, an improved CFD modelling setup was developed. This was used to simulate th
condition of several fire tests involving LPG tanks exposed to full engulfing hydrocarbon pool fires. In
addition, a forest fire scenario was also considEned calculated resulisre compared with
experimental measurements in terms of temperature profiles and pressurization rate to assess the mc
capabilityStrengths and limitations of the modelling setup are analyzed in detalil.

In Chapter 5, the samedelling approadmwith minor modifications) was used to simulate the response
of watertanks exposed to fire. Modelling results are comparexpetimental measurements collected
during the fire tests described in Chapter 3 and other data avditebd¢ure. Again, advantages and
shortcomings of the CFD model are discussed.

In the last part of Chapter 5, an alternative approach is presented, based on models developed for t
study of subcooled boiling flows that showed promising rediésnimcear industry. The aiis to

explore the possibility eftendhg this approach to the case of vessels exposed to fire. The results
presented in this part represent a preliminary assessment of this modelling setup.



Section 10 Sate of the art

The phenorana occurring when a tank experiences fire exposure are complex and iRteracave.
gualitative point of view, they have been described by several2j&fjig} Heat is transferred from

the fire to the tank by means of a combination of thermal convection and radiation. The relative
contribution of this two heat transfer mechanisms depenis erposure mod€ésill/engulfment or

distant fire) and the fire characteristics. In a hydrocarbon pool fire, for instaheat thanainly
transferred by radiation (this represents about the 80 % of the total heat flux from the fire to the tank
[10). The opposite is true in case ofifet where the high momentum of the flame proscotevective

heat transfer. In cases where the flames are not in contact with the tdanecealles onlthermal

radiation from the firevith theconvectiveeontributionbeingnegative due to the cooling effect of the
surroundingir.

Regardless theexternal mechanism, heat is transferred through the tank wall (and insulation if present)
by means of condition. Then, the inner surfacenpeerature starts rising ahe fluid content in the
proximity of the wall begins to warm. This determines the formation of texdiahts thedre the

driving force foffreeconvection flowsTherefore, théquid (andthe vapor in the ullagegar the wall

starts moving upwards. This phenomenon affects a layer whose thickness depends on the therm
properties of the fluid. In this way, heat is continuously removed from tBeievedi the low value of

the heat transfeoefficientand the heat capacity, the wall portion in contact with the vapor space gets
very hot. Thisesults i severe weakening of the dtesl can lead to failure at pressures well below

the design pressure of the taBddow the liquiekapor inerface, the wall is kept cold by the liquid. In

fact, eepending on the saturation temperature of the liquid, the heat transfer mechanism can be eithe
justsingle phase convection or a combination of convection and bobioidy cases, the heat transfer
coefficient is much higher than in the vapor spaeswarm liquid leaving the walhches thiquid-

vapor interfacand then fadlback towards the liquid bulk. Ttdterminethe establishment of a vertical
temperature gradient in the liquid: theaperature increases with the vertical coordinate. Such
phenomenon is called thermal stratificaionsubstances stored at saturation condition, such as LPG,

it is the temperature of the liquid surface (hotter than the liquid bulk) that drives ttessand. p

With the aim ofcharacterizing the abewentioned phenomeneoin a quantitative point of view
several large ataboratoryscale fire tests were carriedawdtr the yeartn parallel, a series of models
hasbeen developduy different author® predict the vessel response to fire exposure.

The next paragraph presents an overview of the main experimental works carried d96gt&rtiag

to their significance and data completeness,cddhem are described in detéhen, a review of the

of the modelling approaches proposed over the years is presented, in order to show the isiprovemen
introduced in this field and highlight the critical $ssaeiring further investigation.



Chapter 1 Fire tests of LRG tanks

The increasing interest in thddfief fire safety of storage and transportation tanks is testified by the
large number (considering their high costs) of fire tests on vessel of various scales carried out in the |
decaded.ablel provides Ist of the main experimental works directly related to reproduce fire scenarios
involving LPG tanksstarting from 1964t has been obtained considering the literature review carried
out byMoodie and cavorkersin 198§11]and those published bgslie andirk in 19913] andBirk

in 2006[12] Studies carried out lateath2015 were also included.

The tests carried out over the ybaxe illustratetthe behavioof the tank lading subjected to an intense
heat load due to fire attack. In this way, the influence of the physical phenomena described in th
introduction of tis section was analyzed in detail.

Due to the good quality and quantity of data collected during the experonments, the fire tests
reported inTablel are described more in detail. They represent a vaksdlece to assist the
development of models aimed at predicting the vegsahse to fire exposure. Datanf these tests

are will be used to assess the prediction capability of the CFD based models presented in Section 3.

! Some of the works presented ablel considered other lsstances (mainly water), but their aim was
to acquire knowledge of fire scenarios involving vessels devoted to LPG transportation and storage.



Tabld: List of the main fire tests involving LPG tanks from 1964 to date

Date

author/institution/sponsot

Tank
size/scale

Tank content

Performed tests

Reference

1964

Bray and covorkers

5 ton

Water

Water spray protection test. Kerosene fire

[13]

1973

AAR-RPI

1:5 scale

LPG/water

7 tests:
- 2 with water (to evaluate test procedures no ug
data)

- 2 tests with uninsulated tarfktests with 3
different types of insulation

[14]

1973

US DOT FRA

64 ton
(full scale)

LPG

2 tests:
tank with and thout insulation

[15]16]

1980

Appleyard/Transport
Canada

1:5 scale

LPG/water

6 tests:

- 2 with unprotected tanks

- 4 with 3 different configurations of thermal
insulation

[17]

19811982

HSE/Shell

0.25-1 ton

LPG

5 tests:
- 2 with 0.25 ton tanks
- 3 with 1 ton tanks

[4]

1983

HSE

LPG

3 tests (tanks not taken to rupture):
- 1 without insulation
- 2 with insulation

[18]

1984

BAM

2.5ton

LPG

3 tests taken to tamlestruction:
- 1 without insulation
- 2 with insulation

[19]

1985

Birk and ceworkers

0.5 n

Water

Test conducted to study the thermal load induce
PRV flare

[20]

1985

HSE

0.25 ton

LPG

7 tests, total engulfment, water spry protection
system

[21]

10

1983186

Venart and cavorkers

40 |

Freon
11/Freon 12

Extensive laboratory tests involving a 40 liters
cylindrical vessel electrically heated. The vesse
fitted with was fitted with observation windows a
both ends and contained Freon 11 or Freon 12
simuhte the. It was extensively instrumented

[22]

11

19851986

HSE/Shell/Cowley

5 ton

LPG

5 tests with total engulfment in a kerosene pool

[23]
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Tank

ID Date author/institution/sponsot size/scale Tank content Performed tests Reference
12 1988 BAM 4.85 M LPG 15 tests W|_th 2 different water spray systems to [24]
their effectiveness
2 tests with tanks exposeduth engulfing pool fire
13 1993 Faucher and esorkers | 2.6 LPG Mineral cement was applied as thermal protecti [25]
14 2001 Persaud and egorkers | 4.0 m LPG 4 tests conS|der_d|fferent|rhg degrees. Tank 26]
exposed to partial engulfment
15 2006 Birk and ceworkers 1.8 ni LPG Test on 1.8 ALPG tanks to 25 % fire engulfment [27]
. Test on a 1.9 h.PG tank with defective insulatio
16 2006 Birk and ceworkers 1.9 ni LPG (partial engulfment) [28]
. Test on 1.8 ALPG tanks to study the transition
17 2006 Birk and ceworkers 1.8 ni LPG from NonBLEVE to BLEVE [29]
18 2009 Landucci and eworkers | 3 n? LPG 2 tests with LPG tanks protectelldhnntume.scmg [30]
materials exposed to full engulfing pool fire
19 2013 Heymes and eworkers | 2.3 ni LPG/Water | Series of tests simulating a forest deaario [31]32]
Water and Series of fire tests on 1/3 linear scale US DOT 1
Water/Sodium tank car containing water and a mixture of wate
20 2015 FRA/BAM 2.4 Hydroxide Sodium Hydroxide. Different filling level were [10]
mixture tested. Proteaieand unprotected tank were used

AAR: Association of American Railroads
HSE: Health and Safety Executive (UK)
BAM: Federal Institute for Materials Research and Testing (Germany)
FRA: FederdRailroad Administration (US)
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1.1 US DOT FRA (1974)

The two tes, carried out in 1974 by the U.S. Department of Transportation Federal Railroad
Administration (FRA)L5]16]can be considered as a milestone in the resééirelresponse of LPG
vesselsThey involved two full scale railroad tank cars (18.3 m long and 3.05 m in diameter) positionec
in a large excavation (45.7 x 30.5 m) filled witheiRuel to simulate a total engulfing pool fire scenario
(the test layout is depictedrigurel).

OUTER AND INNER STAINLESS POOL AND TORCH FIRE
SHEATHS-50 mil. X THERMOCOUPLE AND
CALORIMETER LOCATIONS

INORGANIC FIBER
INSULATION

6 X4X1/2 in, THICK
RECTANGULAR STEEL PIPE’
STAINLESS WATER

FEED AND RETUR

PIPES i @ ~  —~— POOL FIRE CALORIMETER

WATER SUPPLY
AND PUMPS

THIN WALLED STEEL OUTER
JACKET

INORGANIC FIBER INSULATION

STAINLESS
FEED AND RETURN
PIPES

4 X4X1/2 in. THICK
SQUARE STEEL PIPE

Figuréd: Test laydotigial picture fr¢h6).

One of the vesselvas insulated withsprayon thermal protective coatifidhe tanks were filled with
LPG, the composition of whidh reported ifTable2

Table: Composition of the LPG mixturehesezBid 6]

Component Propane Ethane NormatButane Iso-Butane
Percentage 97.96 % 1.96 % 0.07 % 0.01 %

Both tanks were instrumented with pressure transducers, liquid level monitors, devices to measure tl
lift of the PRV.The PRV opening pressure was set to 18.Ew#rermore, numerotisermocouples
(ChromelAlumel) were installed in different positions in order to characterize in detail the thermal
response of the tank. In particular, two stations were devoted to the measurement of the inner wall ar
lading temperature. Here, the therauples were positioned on a grid according to the scheme depicted
in Figure2, where the green dots indicate the thermocouples in contact with the wall. Additional
thermocouples were positioned onto the extealaFmally, ten fire thermocouples were installed to
register fire temperatures. Four at each measurement station (at the top, the bottom and both sides

2These tests are usually also referred to ad@ts TownsendOads
3 The composition reported in the table was obtained via chemical analysis of the LPG mixtureusimgsindted tank
test. No analysis was carried out for the LPG used in the insulated tank.
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each station) and two at the center of the elliptical ends of the vessath L@ for the end
thermocouples) gap was letiween the fire thermocouples dmel wall.

Measuring stations ——

18.41m (60.41ft.)

// 2.39m
S 1)

| 4.56m
(1495 f1)

3.55m | (2904

| (1.640)

@/ 1.59¢m (5/8in)

i
i
|
|

1.05m (3.46 1)

o Wall thermocouples o Fluid thermocouples

Figur@: Lading thermocouples positions scheme.

The test with the uninsulated tank had an approximate duration of 25 min, after which the tank failec
cabstrophically at a pressofeabout 24 bafThe relief valve opened after 3#t a pressure of and

cycled (i.e. closed and opened agém times before remaining opantil the end of the te@figure
3).

30
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Figur&: Pressurization registered during the test involving the uninsulated tank.
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Temperatureatais showrin detail in Chapte, since they are adopted to validate the CFD model.

The fire load on the tank wast uniform,with the rear part experiencegiore severe fiess shown

in Figure4. Beforethe PRV opening (this is the period of time considered in the CFD modelling work
presented in Chapter 4) the fire temperature wasl&t000 °F (1366 °C) for the rear section and 1700
°F (927 °C) for the front one, with an average of 1850 °F (1010 °C).

2 ! A

o .f/ * \‘ J ‘ \
2k o] QO — B> =4 —>» ®
2000 Q*":J \ 4 / 4 /
v v

laoo

5 2 ™
100 / ! { X QVERALL
x iy AVERAGE

1400

(AVERAGE) FIRE TEMPERATURES ~ *F

1200

1ooo

8] £00 400 00 800 lelas] 1200 1400
TIME FROM [GNITION -~ SEC

Figurd: Fire temperatdoe the uninsulated ta(igasal picture f{@6).
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1.2 Moodie and coworkerstests

The data sajenerateduringan experimatal campaign carried out by the H8R3]is one of the
most completamong the experimental wsliktedin Tablel. The fire testinvestigated the response

of LPG tanks of different sizasdfilling degreems afully engulfing pool fire scenatio.particular,
three series of test were carriedroutiing0.25 ton, 1 ton and 5 ton tanks (corresponding to a volume
of about 0.5, 2.8nd 10.3n° respectivelyfror the first two caseempeaturewasmeasured at the
external wall by eight thermocouples positioned according to the sdhigaoreSa

a)
— ) JI 8 ™
E
4 4
I I
: L) o
5 S
c
L/3 L/3 L/3 B
‘r - l | A

» TR

Il —
| |
|
KEY 3 a3 i i | ]
3 ‘@[-’-' FLUX THEAMOCOUPLES, 8 PAIRE (- --—dom=w—— ‘> -------------------------- |- -----------

WD PATRS PER LOMGITUDINAL AXIS)
® ATTAZHED TO WALL
@ INTERMAL THERMOCOUFLE
& SHEATH lea PROUD OF SURFACE
O SHEATH Ges PROVO OF SURFaCk === F-------=-----
B SHEATH J0ne PROUD OF SUNFACE

tas
Looo_____198 | )
T47

Leo

INSIDE
9 RADIALLY AT
SECTION A-A ® 550 SECTION B-B 1000 SECTION C-C ® 1770 156'::“ SECTION U-D e 3170
SECTION(E) - @ o 4210 15mm.

Figuré. Ther mocoupl e posi ti othdORfand Ictdneanks (a)f(aviginal pittee
from[4]) ant the 5 ton tank (b) (original pic{@&) from

Three lading thermocouples (B, M and Higiire5a) were positioned vertically at the cergesfithe

tank at different heights. The biggest tank was more extensively instrumented with 55 thermocouples ¢
the wall (both on the internal and external surface), in the vapor and in liquid space. A scheme indicatir
thermocouple positioning for thiseas depicted Figuresb. Part of then wasnounted at progressive
distances from the wall (1, 5 and 10 mm in the radial direction from the inner wall) with the aim of
capturing the thermal boundary layer. Thlestawvereequipped with PRVs with a set pressure of 14.3

bar. For all of them, a pressure transducer measured internal pressure.
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A firebrick made bund was buaittd filled with keroserne reproduce the pool fire scenafibis was
characterized by fire th@ocouples installed around the tank and, for the 5 ton tank test series, by three

watercalorimeters.

Table3 presents the list of the fire tests carried out, the size of the tanks involved, the filling degree an

the initial pressure.

Table: List of the fire tastried out by the HSE and prefg28tl in

Tank capacity | Tank diameter Tank length Filling level plrgggrt:r(ﬂt;ar)

Yaton 0.51m 2.26 m 40 % 6.6

20 % 5.5

1 ton 1.00 m 29m 40 % 5.3

80 % 7.1

22 % 5.5

36 % 5.2

5 ton 1.70m 4.88 m 38 %* 5.6

58 % 55

72 % 5.8

*Test was aborted to instrumentation problems. l@nitgddatais available for this test.

Figure6 shows the pressure curves obtained in the different teatsbié seen thtte filling degree
appeasto have a negligible effect on tank pressurization. This aspect and othelae=ait$his test
will be analyzed in détiai Chapter 4.

a) 19 b) 19
17 17
S 15 S 15
=) / =)
&) 13 [} 13
5 5
@11 a1l
g g
a 9 a 9
7 7
5 = 5
0 150 300 450 600 0 200 400 600 800 1000 1200
Time (s) Time (s)
—1ton-20% lton-40 % —5ton-72% 5ton - 58 %
—1 ton - 80 % —0.25 ton - 80 % —5ton-36% —5ton-22%

Figuré: Pressure curves obtained in the fire tests involving the 0.25 and the 1 ton tank (a) and the 5
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1.3 Heymesand co-workers tests

In 2013, Heymes and coworki@2] carried out an experimental campaign aimed at characterizing the
thermal response of a 2.8aylindrical LPG tank to forest fire exposure.

Setting as reference a 100 m wide by 40 m high fire front with an average emissive power’pf 90 kW/m
they considered two different real scenarios as reported in Table 1. In the first one, the LPG tank i
positioned at 50 m from the fire front. In the second one, this distance is 28 m.

Due to difficulties (cost, safety and environmental concerns) in reproducing such scenarios in real sca
the authors performed a scale down of the proBleimple homothat transformation of the fire was

not appropriate (i.e. scaling the problem geometry by maintaining the same ratio among all th
dimensions: height/length of the fire front and faekdistance). In fact, since the tank was not scaled
simultaneously, du¢ransformation would have changed all angles of the rays exchanged between the
pre and the tank. The authors demonstrated that, at a scale suitable for experiments, this chan
determines a strong mismatch between the real and the scaled scenario in terms of two key paramet
themaximum incident heat flux and tb&l incident tarmal power reaching the tafkerefore, they

carried out a large set of calculations aimed at finding the values of fire front dimensions and tank distan
(changing the ratio among these dimensions) that provided the best possible agreement dedveen real
experimental scale scenarios with respect to therabottened parameters. The results of these
calculations led to the definition of the most appropriate experimental geometric configurations
corresponding to the real scale scenarios. The fedtimesest sda fires are reported Trabled. An

overview othe scaling procedure can benfbin Appendixd, whereas further details are presented in

the original publicatid81]

Tablel Definition of forest fire scenarios considered in the present study. Real scale indicates a fire sc
dimensions reproduced in the small scale apparatiksthycarn)ythis shol8a}in

Scenario 1 Scenario 2
Parameter Real Experimental Real Experimental

scale scale* scale scale
Flame height (m) 40 3 40 3
Fire front length (m) 100 8 100 8
Tank distance (m) 50 3.8 28 2.8
Average emissive power
(kw/m?) 90 90 68 68
Maximum incident radiation
(kw/m?) 24 26 41 42
Total incident thermal power
(kW) 84 80 133 130

* Test adopted to obtain data for the validation oh ClFRpteyd|

The forest fire scenario was reproduced by means of a 3 x 8 m steel wall equipped with a burners syst
consisting of five 50 mm pipes. Holes were drilled along the pipes in order to allow the outflow of the
natural gas used to feed the krgure7a shows the position of the fire wall and the tank.
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Figur@: Experimental apparatus configuration. a) The steel wall to reproduce the fire scenatio is visibls
tank is on thedt. b) sketch of the thermocouples positioning in the lading (filled dots) and on the tank w:

The main test instrumentation consisted of:

- 23 type K thermocouples welded on the external wall of the tank aimed at measuring the
external watemperature;

- 8 type K thermocouples positioned inside the tank, along the vertical axis at the tank center
aimed at measuring the lading temperature;

- 1 pressure gauge aimed at measuring the internal pressure in the vapor space;

- 2 radiative heat flux metdocatectthe points of maximum incident radiation, based on
preliminary evaluations (§82]for more details)

Figure7b shows a sketch of the thermocouple positioning on the external wall (empty circles) and alon
a vertical at the center of the vessel (dots).

The LPG ank, with a nominal capacity of 2.30was made of carbon steel (A48P1) with a minimum
wall thickness of 6.1mm, diameter of 1.0m and total length of 2.6m. Tivadaetuipped with a
pressure release valve (PRV) with a set point pressure ofgl9.6 bar
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1.4 FRA tests

In the summer 2015, Birk and coword€icarried out a series of fire tests on 1/3 linear scale US DOT
11 tank card~{gure8a). The aim was tprovide data for the validation of computer programs for the

prediction of the response of vessels to fire expd$igrexperiments took place at the Federal Institute

for Materials Research and Testing (BAM), Berlin Germany.

The tankwas fully engulfeth a fire (Figure8b) generated by liquid propane fueled burmiérs.
arrangement was designecefiroducex hydrocarbon podire scenariavith a total heat flux to a cool
surface of approximately 100 kV¥/m

Figur®: Picture of one of the tanks ready for testing (a) and duringdioeiginglifirotmagofL O]

The tanks wemaade of carbon steel with a to@uwme of 2.4 A{outer diameter: 91.5 miotal length:

3600 mmyvall thickness3.1 mm). Water was used as test flTiable5 reports a list of the five tests
described ifiL0]. The first four tests in the list were carried out with a filling degree of 98 %,iwhereas
the lastone the tankwasonly 50 %filled with water. In the first test, the vessel was exposed to fire
without any protection. In themnd one, a 3 mm steel jacket surrounded the tank, with a 102 mm gap
between the wall and the jacket. In the lastdststhis gap was filled with a figkrss blanket. This
insulation material was rated teelatively low temperature (250 °C) andnd the fire exposure, it
experienced strong degradation. This, according to the authors of tHi®phkgukto a loss of insulating
performance.

Tablé: List of testsported|[i0].

Label nglgi;rrEe Insulation
98%_Bare 98 % Absent
980 J 98 % Only steel jacket
980 Ins a 98 % Insulant + steel jacket
98% Ins b 98 % Insulant + steel jacket
50% Ins 50 % Insulant + steel jacket

The tanks were instrumented withll and lading thermocouplesessure transducers atigctional
flame thermometets measure fire conditions.
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Figure9 shows the pressurization curektained in the five tests listed able5. The pressure rise in
the unprotected tank was fast anddelde vessel rupture in about 1Z0h& presence of the steel jacket
(test 98% _J) delayed the beginninbeopressurization, but did not significantly affect the slope of the

pressure curve. The insulated tanks pressurized in a simikttowdyy no influence of thdirig
degree.
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Time (s)

98% Bare = = 98%_J

50%_ Ins ——98% Ins_a 98% Ins_b

Figur®: Pressurization curves obtairfize ite st listeDaibl .

Quite clearlythe highest peak wall temperatliigure10 was registered in the test involving the
unprotected tank, followed by the telséxe only the steel jacket was surrounding the vessel. Looking at
the results from the other tests, it can be notedahmgher peak tempenatuvas registered for the
caseb(®_Inscase. This isiost probablylue to the cooling effect provided by thedigu the cases

with the higher filling degregdowever, this becomes visible only after about 500 s.
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FigurdQ Wall peak temperature measured during theltadts. listed in

Resultgrom the lading thermocouplg®t showed here) suggest the formation of a very thin boundary
layer in which subcooled boiling was occurring. In fact, thermocouples positioned in the liquid bulk
indicated that this was much colder than the saturatioer&tonp.
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Chapter 2 Modelling pressurized tanks
exposed to fire

In parallel wittthe numerous experimental works described in Chapter 1, many authors dedicated theil
research to the development of models for the prediction of the response of a vessel toréite exposu

Over the years more and more complex modelspnmyesed Early approaches were based on the
partition of thgoproblem domain in control volumes (or Za@d the solution of integral mass and heat
balance equations for each of these volukitesnptgo improve such models were done by increasing
the number of partitions and usingrenaccurate correlat®for the description of the physical
phenomena taken into accouddwever empirical correlations were usually considérecefore, the

use of gach kind of models is limited by the range ofiGgiplity of these correlatiofairthermore,

most of them fail in reproducing aspects indicated as crucial by the analysis of experimental results.

More recentlydifferent authors started to consitlee use of CFD cdes as a promising tool to
overcome the inherent limitations of zone models. However, work done using this approach is still
limited.

The next paragraphs present a review of the most important models developed oWertshgdass,
higHighting strengths drimitations.

2.1 Zone models

Models based on tipartition of a problem domain in control volurfeszona) and thesolution of
integral mass and heat balance equédioaach of these volumes are calteeemodels.

To t he rowlaedpepthedirgonémodeldevelopeda predict the response afvessel exposed

to fire is CALSPAN33] presented in 197The model considers a tgdmnensional vertical section of

a horizontal cylindrical tarlhe domain is dividedtmseveral elementie liquid and theapor share

the same temperature. The pressure of the tank is assumed to be the saturation pressure at tl
temperature (later verssmi this model allowed the prediction of vapor superhedimegheat transfer
coefficient at the liquid wetted wall @gnvith temperature and pressure. On the other hand, the heat
transfer coefficient at the vapor wetted wall is constentnodel can take into accountphesence

of thermal insulation and of one or more pressure relief ¥a\msntel out by Birk irhis PID thess

[34] CALSPAN predictiopare not in good agreemevith fire test results. He pointed thatthis is

mainly due to the fact that the model neglects impoadequilibrum effects in the liquid phase
observed in the experiments.

The samdémitation is found iM\FFTAC. This computer pgoam wasriginaly developed by Johnson
in 1984 under funding from the United States Federal Railroad AdminiJB&{i8é] AFFTAC is
currentlyadopted {p theNorth American Standard for modelliragardous materiadsmksexposed to
fire. The model assuméhat vapor and liquid areeiquilibrum conditionsneglecting the influence of
thermal stratification.

Already in 188, Birk (in his in his PhD thef34) proposed a model aimed at improving the description

of the thermodluid-dynamic behavior of the liquid phddas is implemented in the computer code
OTCTCMG, p u b [31] Is thie model, the IW@d&E: is divided totwo nodes as depicted

in Figurell the liquid boundary (i.e. a warm liquid region close to the wall due to buoyancy effects) anc
the liquid core.
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Vapor space

Liquid boundary

Figurdl Domainglicr et i zati on in the code 0T

The vapor space is again espnted by a single node @aonsidered to be in thermodynamic
equilibrium. In the liquid boundary the temperature rise is fast whereas the liquid core remains ir
subcooled conditions. In fathe vapor pressure in this region is lower than the tank pressure. However,
after the venting starts, the liquid core gradually reaches equilibrium with the other two regions. Mas
and energy transfer are allowed between the vapor space and tloeitidargt Bnd between the liquid
boundary and the liquid core. The model relies on two empirical constants, tuned on a set of fire test
These are the liquid boundary thickness and the energy partition factor determining which portion of the
heat from theife enters the liquid boundary and the vapor space. Further details on this model can be
found in[37] Similar approaches have been followed by Yu avarkers in 199[88]and Gong and
co-workers in 20089}

In the same decade, another model was propokedtgndRamskilln 198940] It was implemented
in acomputer codéwritten in Fortran 7f) a me d 0 E M&bttding @ the authgrthe code can
runconsideringny tank material and lading. Tk is represented as a cuboid as showeglinel2

VENT

T~ D

W

Figuré2 Domain discr et i zodadinal pictureifd®dh t he code ¢

The problem domain is partitioned in subdomains, called nodes. The lading is divided in two nodes: th
liquid space (node 1kigurel?) and the vapor space (node 2). The walhf@dered to be formed by

three concentric layers, each of which is further divided in two nodes, according the position of the
vaporliquid interface. Nodes 4, 6 and 8 refer to the portion of the wall layers above the liquid level;
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nodes 3, 5 and 7 to tpart below it. Furthermore, four surfaces are identified: the external surfaces of
the tank above and below the ligeagor interface (letters D and (Figurel2respectively) and the

wall portion in contact th the vapor and the liquid space. (letters B and A respectively). The code
calculates the temperatures for each one of the eight nodes and the four surfaces.

Heat is transferred from the fire to the external wall surface by radiation and throughdubythe wa
conduction in the lading.conductive heat exchange term between the upper and the lower part of each
wall layer is also included. From the tank shell, the heat is transferred to the lading. The wall portion |
contact with the@apor(surface B) h&aup thevaporspace by convection and radiation. The convective
heat transfer coefficient is obtained from empirical correlations for natural convection. The radiative hee
flux is calculated according to the StBfaltzmann law. Part of this is absdrbg thevaporand the

other passes to the liquid. The liquid wetted wall (surface A) heats up the liquid space by single pha
natural convection, nucleate boiling or film boiling according to the degree of wall superheating. In the
first and second cas®) empirical correlation for natural convedciiod theequation proposed by
Rohsenow41] are used respectively. If the critical heat flux is reached (calculated according to the
equation proposed by Zubgt?), then aspecific correlatiofor hydrocarbon film boilifg0]is used.

Finally, the heat flux through the liquagbor interface is considered according to be given by an
empirical correlation for natural convection on a flat surface.

Given the initiatemperaturdat the beginning of the simulatitime tank s considered to be at the
saturation pressure calculated at this temper#ter@)ternal energy of the vapor space is calculated
assuming the ideal gas hypothesis to be valid. tWheimulation starts, the internal endiagyd

therefore the temperat)of the vapor is updated according to the net heairftexnghe vapor space.

The pressure of the tank isriltalculated using the ideal gas lawr@owling the volume of the ullage

The obtained value is compared wittptiessure release vaRB\() setpoint and, if this is lower than

the tank pressure, a mass (only vapor) discharge is assumed to have occurred during thet@yhole time
The mass flowrate is calculated according the equations for sonic or subsonic flow through a hol
presented if40] If venting occurghe internal energy of thrapor space is decreased considering an
additional term in the heat balance and the temperature (of the vapor node) and pressure are recalcula
assuminghat the volume of the ullage has not changed during tkstepme

When mass is vented from the PR¥ vapor expansion may cdhsdank pressure to become lower

than the saturation pressure calculated at the liquid temperature. If this happens, the code lets a fracti
of the liquid space to evaporate. The amount of evaporated mass is calduléiat thecliquid
temperature decreases up to the boiling temperature evaluated at the pressure lbfaihin¢aekd

of the timestepthe criteria for evaporation is verified, evaporation is considered to have occurred during
the whole timetep. Thesame is true for PRV venting.

From the previous description, it appears that the model suffers several limitations. Fih& of all,
phenomenon of thermal stratification is not considered. Furthermore, before the PRV opening, boiling
is notconsideredand the tank pressure is calculated using the ideal gas law, neglecting thefinfluence c
the liquid phase.

IN1988 one of t he aut ho amsupdatedverdaNfG ULhFed odoedvee | noapneedd
| 1[48] The main improvemeni®plemented can be summarized in the following list:

- The tank geometry was assumed to be cylindrardeinto avoid the problems related to the
cuboid shape considered in the previous code

- The equation describing the heat flux from the fire were modified so-firatojetadiation
from a distant fire could be also simulated
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- Furthermore, in order to lable to consider partial engulfmem, iumber of partition of the
problem domain was increased

- An option for including thermal protection systems was included
- Atank failure prediction method based on the hoop stress calculation was implemented

As can kb notedthe improvementmainly aimed atideningthe number of scenasithat can be
simulated. Howevarpne of the criticalspecthighlighted abowsere addressed.

An attempt tamprovethe physical bases of the model was done by Beynomwaarkes in 1988

[44] with the development of HEATUP As i n the OENGULFS6 code, th
in two nodes: one for the liquid space and the fathééfrevaporspace. However, the way the pressure

is calculated is completely different. In fact, the tank s&dewed to be at the saturation pressure
evaluated at the temperature of the lijbel same approach was used by Salzano-wmkeos in
2003[45). The densitgf the liquid phase is calculated as a function of the liquid temperature, while the
ideal gas law is considered to be valid foagh@ The evaporation rate is calculated so thatithef

the massf each phase fulfils the mass balance and the suwalfithe of each phasgquals the total
volume of the tanlOther details on the model, such as the equations for heat transfer coefficient and
PRV discharge rate calculation,bmfoundn Beynor{44]

The way the odel was setup makes it unable to predict stratification. Furthermore, the formation of the
freeconvective layer developing near the watitisaken into consideration. Suichitations in the

physcal description of the problemake this model unrellakin the prediction of tank response in
situatios falling out of its validation range.

With the aim oimproving the description of thehaviorf the liquid phasspme authors proposed
new and more complex ways of partitiotiiegproblem domaiydemir and ceworkerg8]developed
a canputer code, naend 0 Ad, ivéhichfour different regionare identifiech the liquid space (see
Figurel3).

Vapour
Roundary
layer

Stratified Liquid
Layer

Figurd3 Domain discretizatidneode P L -G Soriginal picture figim

These consist of a bulk liquid region at the bottom aé&itthe a stratified layer below the liepaidor
interface and two fremnvective boiling boundary layer zones. Due to their limited size, these two zones
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are considered to have no mass. The tank pressure is assumed equal to the saturation jttessure calcu
at the temperature of the stratified layer. This is heated by the warm liquid coming from the boundar
|l ayer s. Their extensi on ¢o e sinHgureld Thisidentifiesithgu i d
beginning of a region of instability at the bottom of the tank, from which the liquid bulk zone is heated.
Other heat fluxes to this zone are the condensation occurring at the edges of theunoiéings and

the conductionrbm the stratified layer. Asn t he case of the OENGULFO6
transfer from the wall to the liquid are considered, depending on the degree of superheating. The vap
space is heated by free conduction and thermal radiation coming from thettegaevall. &t of the

radiation is not absorbed by the vapor and hits the liquid surface. Further details on the model equatiot
are reported if8].

A few years latan 1990Dancerand Sallgg6]pr oposed a computer code n
an even more cagrtex discretization of the tank domain (Sgereld). A total of 40 elements are
identified, equally divided between the liquid andajher space. The pressure of the tank is the
saturation pressure evaluatedha temperature of the liquid element right below the-ligpat

interface (labelled as CLntigureld). Further details on this model carfdaendin [4§.

WVn ——WVO T

v

Figurd4dDomai n di scr et i zoaginal patureif@d® t he code 0

Despite the effostto improve zone models, such as the increase in the number ofnzbttes a
application of more and more sophisticated correldtiey,still suffer several limitatemnThe
assumptions at the base of these models appear to be quite simplistic compeoecpiexitg of the
physical phenomena occurring outside anceiasigssel under fire expositireerefore, researchers
abandoned the zone (or lumped) model approach, decitbtigw the idea of solvirtbe equations

for mass, momentum and energy conservation in their local form rather than the integral oreg. Of cours
this allowsa more accurate analysis. However, it increases the computational asst arilil,be
extensively discussed in this thegieduces the need fepecificsubmodesto describe the physical
phenomena at local scale. In other wortsnéw approach moves the key points of modelling towards
more fundamental aspects.
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2.2 Beyond zone modelsCFD based approaches

IN1990t he awut hor sl 6o fc otdlree pa Rjd7{nSvhice tthey argupad, pverrthough

zone models are able to accurately describe some of the phenomena occuatagkiisezxpsed

to fire (such as the heat exchange between the fire and the tank wall), they fail in simulating other ke
aspects. In particular, they refah®sfree convection flows and heat transfer mechanisms between the
tank wall and the ladintheircriticisn arisegrom the fact thathe extension of the zones as well as the
interactions among them cannot be accurately dé&fomedis reason, if the scenario simulated deviates
from the experimental conditions used for the modapséte predictions walibe incorrecfThis is

true forany of the models presented above.

In order to overcome this limitation, they decidedltow a distributed approaieveloping a new
code named LoodP toErvation equationsnzdss,momentum and energy aadved
throughout tle vaporand the liquid region§he computational domain is discretized using the finite
volume method and the governing equati@sodved following the SIMPLEC procedure. The pressure
of the tank is calculated as the saturationupeessrresponding to the average liquid interface
temperature. THellowing simplifying assumption, introduced to reduce the complexity of the problem:

- two-dimensiongbroblem
- interface is assumed to be waveless and static
- Boussinesq approximation foe tfinee convection governing equations is assumed to be valid

- effective viscosity is assumedstanthroughout the solution domain and the turbulent Rrandt
number is taken as unity.

- boiling at the tank walls is not considered
- fire size and fire propess are uniform

From the first two assadnpdammost, bd U wdebdaviws @ rh
after the PRV starts venting. Therefore, only the initial part of a fire scenario can be simulated.

The model capabilities were testedrbylating the experimental conditions offd% filling levefire
test reported inM23] and presentedhapter 1 The comparison between praditd and field
measurement showetdexcellenagreemenwith respect tthe first PRV opening tim&.good match
was obtained for the liquid temperature in the first part the test (aftéhel8faid temperature
predicted by model started deviating from the measurements, especially neavépetiquetface).
Temperatures in the vapor space as well aswetsd wall temperatures were gwexdicted with
respect to those recordedridg the testsAccording to lte authorsthese discrepanciesuld be
attributable to fire variations during the test. After validation, the model wasstishdite effect of
the tank size on pressurization rate and thermal stratifiEatalty, tle following recommendations
for improvements were highlighted

development of a 3D model to simulate localized fire impingement

consideration of alternative turbulence models

inclusion of mass transfer at the liquid interface and

inclusion of the effectd boiling.
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The work presented jf7]can be considered as the atseempt to use a CFD based model to simulate
the response of a LPG vessels to fire exposure. More réoemtgrease @omputational powend
the development of commercial C&@dtwaresncouragedarious authors to follow similar approaches.

Amongthem, in 2004, Yooand Birk[48]used ANSYS Fluent to perform a 3D simulatioa IoPG

tank under fire attack. The Volume Of Fluid (VOF) was choskerasltiphase model. Trials were
conducted considering both laminar and turbulent flow (using the staiadardnlo d el ) f or c o
No boiling submodel was considered. The aim ofvibek was testudy the pressurization rate for a
range of defect configuratgin the thermal insulatiomhe filling level considered was always 97 %.
They defined a parameter (I3, normalized according to a base case) related to the averag@®temperatu
the liquid surface and dreonclusions based on the assumption that the pressure of the tank is dictated
by the saturation pressure corresponding to this temperature. They also compared the model predictio
(only in terms of liquid temperatures and before the PRV opening) with the experimental measuremen
reported if15]16] showing that they are n@asonablagreement antbncluding thathe turbulence
modelprovides better results.

In 2011 Bi andco-workerd49]carriedbut a similar work, agaionsidering the VOF multiphase model
withthe RNG ke t ur bul ence mod e-nodel & gnplementedyan from ahat] | n g
description of the model set up is poor. It is not clear how the pressure inside the tank is calculated. Mo
probablyit comes from the integration of the equation of state (not specified) over the volume occupied
by the vapalf this interpretation was correct, the pressurization predicted by the model would be almost
independent from the liquid behavior. This would besagaig experimental evidence. If, on the
contrary, the correct interpretation was that the tank is at the saturation pressure corresponding th
liquidvapor interface temperature, the model would not represent any improvement with respect to tha
presentedh [48]

A similar model was used by Ren et al. to study therstedtdeaton [50] however this asmed
laminar flow.

Ten year s | adowarkerg5h]prépaosed astvao diemendiomabde) agairfollowingthe

VOF approach combined with thegkurbulence modelnd scalable wall function for the near wall
treatmentThe laminar case and the use of the standard wall function were also invesigafadnt
difference between theirs and the previoushtiomed works, was the inclusion ofrttess transfer
between the liquid and vapor phase using a model based on thkettisén equation (s€aapted

for details)Results were provided in terms of pressurization curve, temperature maps andatelocity v
plots (sed-igurelh. The USDOT-FRA tesii15]16]on theuninsulated 64 ton tank was simulated to
assess thmapability of the mod&l.on st ant Im@asdd orythe xvesselavall in contact with the
liquid, whereas radiative hizatn asourceat constant temperature vegeplied on the vessel wall in
contact with the vapor.

The first PRV opening time is accurately predicted. Hotireveéynamic of the pressure rise in the tank
was not well reproducdd.thar conclusios, the authorstressed the importance of the effect of liquid
thermal stratification on the tank pressiine. same model was used by Landucci andr&ersin
2016[52]to extend thenalgis toa wider range of tank sizes and shapes.
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Figurd5 Example of temperature magsatydvector plots obtained in a LPG tank exposed to fire obtain
D6 Aul i wakef@lf(arigiralicture fei.

At the moment, according to the aut[blpandice Kk n o
workers repsents the most advanced approach to the simulations of LPG tank exposed to fire.
However, it still suffers from some limitations. The definition of two different boundary conditions for
the wall in contact with the liquid and the vapor is a model imitaterms of stability and accuracy

of the model. Furthermore, as will be showed latars¢hef wall functions developed for conditions

of forced convection is not appropriate in cases where the flow is dra&urdiyconvection.

2.3 Concluding remarkson currently available models

In the previous pagaaphs it has been emphasized how, despite the improvements proposed by severes
authors,currentlyavailable models for the prediction of elagsponse to fire exposwstll suffer
importantlimitations This is particularly true for the so called zone models, balsegbartition of the

problem domain in control volumes (or zones) and the solution of integral mass and heat balanc
equations for each of these volurre$ad, such modelare tuned ospecific experimental datts

and are not reliable outside their validation rifaye.recently, some authors have indicatedaSED
promising tool tamprove modelling capabilitie®wever, work done usitigs approach is still limited.

In this thesis, a new CFD model wasgein order to overcome tladovementionedimitations. Its
prediction capabilities are tested comparing simulations results with experimental measurements for
numeroudire tests.
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Section 20 Experimental tests

This sectim presents an overview of the experimental apparatus and the analysis of the more relevar
results collected during the fire tests carried out in 2016 arat @ Federal Institute for Materials
Research and Testing (BAM) of Berlin (Germa&hgseformed an integral part of the PhD research
program.

The detailed description of the experimental apparatus and the analysis of the test results are extensi
described in the PhD thesis of lan Bradley, from the of University of Ediffcotand).
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Chapter 3 Experimental campaign

Since the early sixtiesimerous field studies and laboratory scale tests were carried out on pressurizec
tanks (see Chaptérnnd order to simulate fire impingement conditidhssimproved knowledge tife

physical phenomena chagsizing such scenario and pded important information for theafer

design and management of vessels devoted to storage and transportation of hazardous materials.

Although significant steps have been taken towards a better understanding of tas&sadggon
exposure, some of the most important processes related to the inner fluid behavior are still not we
characterized. In particular, velocity fields, temperature distribution and boundary layer formation wer
neverthe object of detailed invesdigpn, as documented in the literature review shown in Chapter 1.
These aspects are critical for the development and validation of advanced modelling tools, such
computational fluid dynamic (CFD), aimed at predicting vessel pressurization rafeiltireeatal to

support detailed safety and external emergency studies.

Therefore, in order to overcome the limitations of previous experimental approaches, an innovative fir
test seup was builtor characterization of the key aspects oeediabovel heexperimentapparatus

was designed ayPhD studenflan Bradleyjrom the University of EdinbungScotland]53]and

consists of a 1/3 real scale transportation tank, extensively instrumented with thermocouples, pressu
transducers, and video recording devicesedMer, instrumentation for Particle Image Velocimetry
(PIV) measurements was also sefhuptests were performed at the B&bhnical safety test §bd]

in the state of Brandenburg, Germany. One of the main advantages of this facility is the large degree
flexibility, both in the size of objetttsan test and the fire configurations that can be developed.

The fire conditions, heated area, test fluid and filling degree can be varied among tests in order 1
investigate the influence of these parameters on the thermal and velocity proéifkitathed. Initial

tests were carried out using water and ethanol as tesMilntsnodifications to the experimental
apparatus will allow, in the near future, to adopt liquid butidredess fluid.

In this Chapter, the main characteristics afxperimental set up are described. Furthermoreotte
relevant resultsbtained during fire tests using water and ethaniefms of pressurization curves and
temperature profileare presenté@nd discusse@heserepresent a rich set of informatifor the
validation of the modelling work (see Chapt@&réliminary results PIV are also shown

Finally, limitation and suggestion of improvements to take into account in the planning of future tests
are pointed out.

% The detailed description of the experimental appaaad the analysis of the test results are extensively described in the
PhD thesis of lan Bradley, from the of University of Edim@gcptland).
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3.1 The experimental apparatus
3.1.1 The test tank

The apparatus consists of a 1.016 m outer diameter carbon steel vessel with a total voléifse®f 2.6 m
Figurel6a)[53] The ends of the tank are 2:1 seliiptical heads aride vessel wall thickness 7.4.mm

The tankwas designed so that it can be openedintwopattsh e ot est enddéandwi t h
the o0camer a end6 , Theiwb éndsare gepdratedi® a shéet df 19 Tnm moughened
low-iron glass. This is hdll placebetween two dinges (as shown kigurel@), using a solidtate

gasket to allowressurization of the vessel upb tbar(tests reaching higher pressures have not been
performed yet)

[

Figurd 6. Piture of the tank used for the fire tests. Closed tank before glass window was put in place |
tank with the glass window {h)place

During the experimentd)e test end is engulfed in fire generated thraugw speed burnarray,

fueledby liquid propane to reproduce an engulfing pool fire scafasiends instrumented with wall

and lading thermocouples and pressure transdcarstombuilt pressure compensation system is
implemented to equalize the pressure in the two endseinmpreserve the integrity of the glass
window during pressurization and depressurization. The test end has manual and remotely operated v
valves. A schematic diagram of the equipment is shévwguiiel?. A differential pressure transducer
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compares the pressure in the test and the camera ends. When the pressure in the test hand increases
system opens a valve connected to a compressed air tank to compensate this increment. Likewise, wil
the test end isanted, the venting valve connected to the camera end is opened as well.

PROTECTED AREA - "EQUIPMENT END" FLAME ENGULFMENT AREA - "TEST END"
GLASS WINDOW DURASTEEL/PROMAGLAF FLAME SHIELD
/ REMOTELY OPERATED
PT2 VENT VALVE

ETHERNET CABLE TO DET4
CONTROL SOFTWARE 4‘%' M A

CONTROL

CABLES TO 3

MANUAL VENT -
ACTUATED VAPOUR PHASE

VALVES

FILL VALVE

COMPRESSED 7 T
AIRINITROGEN 1 ¢ | TUT J—_]-. i I_%_,
STORAGE VESSEL A . I

i | MANUALVENT.
i1 LIQUID PHASE

PT3

Pl I water 7
H P SADDLE | !

Figurd7 A schematic representation of the experimejotdd)impp Riatuse {EB).

3.1.2 The fire setup

The fire was generated through a low speed burnerfuatealyby liquid propane ($egurel8. Work
was undertaken to characterize the fire throughout the commissioning tests using directional flam
thermometers, a watewoled calorimeter anmdfrared thermography

Figurd8 Fire setup of the first (a) and the second (b) test series.

In the first series of tests the burners, consistbg mdzzlesyere positioned #ie bottom of the tank

as showrnn (Figurel8a).The fuel flow rate was 133 g per nozzle per minute corresponding to a total
flow rate of 450 kg/h. The fire setup was changed for the second series of test® &leagstwith 5

nozzles eachete positioned parallel to the tan distance of around 2 m from the tank Wajute

18). More severe fire conditions were achieved using a flow rates varying between 1000 and 1200 kg
(seeTable?).
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3.1.3 Thermocouple positioning

The thermocouples inside the tank are positioned at various distances from the vitiaed dis
several measuremdimies as showed Figurel9. Most of the thermocouples are holgliace by
(yellow) steel strips departirgm the tank centé€FigurelS and b).

Symble Thickness  Wall distance(mm)

. 1 in the wall
A B - (only for testseries2)
T T o 1 in contact
o o 1 ;
1 1 A 1 6
1 1
1 1 X 1 11
: : o 1 20
1 1 = 1 2
1 1
1 1 4 1
X 1 7
o . 1 11
o 1.5 30, 50,100, 200300
Station A Station B

Figurd9 Thermocouple positions in th@itdéstemnthken inside the test end: yelloimgttiyges hol
thermocouples (a) and zoom in the nedb)yvaltmegiatic representation of the thermocouple positionin
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FigurelS reports a detailed representaiothe thermocouple positiofidiere aréwo measurement
stationsA and B & 1 and 0.5 m from the glass respectiviefich of them consists of several steel stripes
departing radially from the center of the tank. An angular distance of 22.5° is present between tw:
adjacent stripeSype K thermcouples were used. Those indicated by black cifelgsraic have a
thickness of 1.5 mm, while tbiers are 1 mm thick. Mdlermocouples are in the proximity of the

wall (se€&igurel<x), in order to characterize the thermal boundary layer and thermal stratification of the
liquid phaseThermocouples indicated with a red void circle are in contact with the wall (e.g. the first
thermocouple on the right Figure1%). After the first series of tests, in order to obtain better
measurements of the wall temperatures, small holes were drilled in the tank shell and 1 mr
thermocouples were put directly inside these fblese @ indicated by red full circlefigurel<c.
Furthermore, measurements station B was removed in this teddisecigsnal flame thermometers

are installed on the external wall to measure fire conditions.

3.1.4 Thecamera end

Cameras positioned in the camera end recotzetiaviorof the fluid in the test en@heyprovide
visual information about both the boiling occurring close to the wall and the flé\n festdmple of
what can be observed by the camerag igitture irFigure20, showing the tank partially filled with
water.The cameras can zoom in and oufthequate lighting was provided by a set of four LEDs
pushed directly against the glass in order to liladtien.

Figur@Q Picture taken from the camera end looking through the glass. The liquid surface is clear
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3.1.5 PIV stup

In the second series of fire tests, a PIV apparatus was setup with the aim of capawifiglthenflide
the tankFigure21shows a schematic representation of the PIV setup.

C lenses
25mm focal

Side view length Front view

Liquid level

Mirror
Camera field of

view

' FLIR

camera

Dragon Lasers, 2 Watt Green laser Class 4

Figur@1 Overview of the PIV instrumentation setup.

A 2 Wclass 4 green laser (Model M&8322W) washostedn the camera end@wo cylindrical lenses

were positioned in front of it. In this way, the laser beam is transformed to a sheet that passes thorouc
the wall. The laser sheet is deviated parallel to the glass by a mirror fixed at thim thektestlend

at about 80 cm from the glass and inclined by 45°. The water in the test end is seeded with silver coat
holl ow ceramic microspher es hitgaloserntgthatohwateryv er a g e

Pictures are captured by two camera

- FLIR Flea3 FL3J3-20E4MC, 2 MP, 59 fps, 1600 x 1200 resolution
- FLIR Flea3-L3-U3-32S2MCS 3.2 MP, 60 fpaD80 x 1552 resolution

During each test, several sequences of imageenenatedt different times after fire ignition. Within

a sequence, ages were captured with a frequency of 10rkiz.size ofhe interrogation area varied
from test to test.
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3.2 Testlist

The apparatus setup started in May&8dpreliminary test@ot presented herajereperformedn

order get familiarity with the ex@ental environment. Apart from these, two series of tests were
performedTest seriesdnd ||, summarized imable6 andTable7 respectively. The first omensisting

of the 12was arried out between August and September 2B&6L0 tests relative to series Il were
performed during May 2017.

Tablé: Summary of test series |.

TEST DATE FTLFIJSI[T) FILL Rao:L?g?:czhiemes(trgi‘r‘];aﬂo NOTES

1 31.8.16 Water  95% NO - New LEDs installed

2 31.8.16 Water 95% NO -

3 01.9.16 Water 92% YES -

4 01.9.16 Water 92% YES - Repeat bTest3
First test with both

5 20.9.16  Water 95% YES 8 DAQ systems

functional

6 26.9.16  Water 75% YES 12

7 26.9.16  Water 50% YES 12

8 27.9.16 Water  50% YES 9 Small leak

9 27.9.16 Ethanol 50% YES 6 Small leak

10 28.9.16 Ethanol 50% NO 4

11 29.9.16 Ethanol 50% NO 3 Repeat of Test0

12 30.9.16 Ethanol 50% YES 9 Repeat oTest9

The first five testsf series Wwerecarried out in order tachieve th desired fire conditions, check the
instrumentation and define test proceddemasurements raded duringhese tests were not analyzed
in detailOn the other hand, tests from 5 and 12 representdhsdiurce of valuable data.

In all the 12 testonly a fraction of the tank surface was exposed to fire as deftetea®?2 The

test end was coated with insulation, except for a 1 m wide patch. Withekeeptign of tests 10 and
11, the upper part of the tank (corresponding to the vapor space) was coverstebgreet. This
created a radiation shielith the aim of limiting the steel temperature and ttielalyermal weakening

of the wall regiomicontact with the vapor spathis allowed tests of longer duration and preserved
the integrity of the apparatus.

For the first eight tests, the tank was filled with water, with different filling percentage (50 %, 75 % anc
95 %).Commercialtbanol was sed in the last four tests.
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Figur@2 Picture of the experimental apparatus. The black patch corresponds to the bare tank wall. T
sheet is visible on top of the tank.

In test series |the attention focused at colieg data for Particle ImagelocimetryPI1V) analysidn

all the tests the vent valve of the test end was lefsofkat the tank did not pressurize. This choice
wasmadein order to preserve the laser. PIV measurements under pressure will jpettbefoture
experiments.

Tabl&: Summary of test series |l.

TESTR DATE ';L'JAET"E F(téax;/ FILL P'VFggTAANSALi'JgE;LE NOTES
13 11517 1000  72% No
14 11517 1000  72% No
15 15517 1200  72% Fly 1
16 15517 1000  72% Fly1l&2
17 17.5.17 1000 60% Poor fire engulfmen
18 17517 1200 60% Fly 1 Water L?;fg/ja poor
19 17517 1200  96% Fly1&?2

Alternated LEDs ant

20 17.5.17 1000 96%
laser

21 18.5.17 1200 62%

22 19.5.17 1200 96% Fly 1 Water degassed
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3.3 Testresults

In this section, the main results are presented and briefly discussed. The aim is to provide an overvie
the typology of data that the ekmental apparatus can provide and highlight the main findings.

Some of the dataill be used for comparison with the results obtained in Chapter 5, where the modelling
of water tankexposed to fire is addressed.

3.3.1 Pressure data

Figure23shows the pressure curfresn water (5 to 8) and ethanold4.p) tests.

a) Water tests b) Ethanol tests
3.0 3.0
2.7 2.7

24 24

T 3

2 =3

o 21 s 21

=} >

? 18 B 18

o o

o [a
15 15
1.2 1.2
0.9 0.9

0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Time (s) Time (s)
—Test5 —Test6 —Test7 —Test8 —Test9 —Test 10 —Test 11 —Test 12

Figur@3 Pressure curves for water (a) and ethanol (b) tests.

Considering the water tefffsggure23) the pressure rise was faster incsawith the higher filling
degree (95 %On the other handesults relativéhe other three tests are very sinmlame another,
showing no influence of the filling level on the pressuriZetiearge difference between Test 5 and
the other water tegtgis two explanationstakes very short time for the small amount of dhss itest

to get hot and, therefore, start pressigthe tank At the same time, the amount of vapor moles added

to the ullage due to bubble forming in the liquid has a stronger effect when theegasispe is
smaller.

From the comparison between of Test 7 (and 8) and Test 9, it can be noted how the pressurization ra
obtained in the case involving etha”R@ure23b) is higher. This due to the highetility of this
alcohol with respect to water. The difference between Test 9 and Test 12 is due to the faet that, at t

beginning of the latter teghe tank and its conteritad not completely cooled down after a previous
test.

As expected, the pressbrelt up faster when the radiation shield was removed (Test 10 and 11). It is
interesting to note how, in these two cases, the pressure curves are very close to each other, proving 1
the experimental apparatus ensure a good data repeatability.
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3.3.2 Temeraturdata

As highlighted in the analysis of previous fireftestd in literaturéseeChapter), tank pressurization

is strongly affected by the free convective lagedeévelops close to the walierefore, e detailed
characterization of thiid behavior in the near wall region was among the key objectives of the entire
experimental campaigiigure24shows the wall temperature as a function of time measured during Test
22 by the thermocouples pasigd into the wall. It is interesting to note how, after a short time from
the fire ignition, the temperatwemost of the wall stabilizetbse to the saturation temperature of
water at atmospheric pressure (100 °C)clHaidyindicates thdtoilingwas occurring at the wall.

Thelower temperature registered by thermaesul 49, T 101 and T 1@2s most probably due to
not perfect engulfment in the bottom right side of the tank.

120

Temperature C)

0 50 100 150 200 250 300

T 49 T94 —T 96 —T 97
—T 98 —T 100—T 101—T 102

Figur@4 Wall temperataea functiohtime foest 22.

In order to provide experimental evidence of the thermal boundaryFigyes 25 shows the
temperature profile dhe section at 135° from the vertical [ifee datais plotted as a functioof the
wall distancet different intervals of times frdire ignition. The temperatudleops quickly within the
first 223 mm. The thermal gradiémthe radial directiaesteep and confined very small region close
to the wall. Moving further toves the center of the tank, teenperaturgariation (in spacbecomes
negligibleFigure26 shows how théulk temperaturdase was versiow.On the contrary, in the near
wall region, theemperaturancreaseduickly (and almost lingaifor the first 50 s. Then, boiling started,
keeping the wall at a temperature slightly a8@v&C This behavior was captured by the thermocouple
positioned into the wallvhich registered a small degresuperheating (arau5 °C)andis typical of
asubcooled boiling regin@n the othehand, he thermocouplgist touching the wakgistered a value
which is a sort of averdgetween theteeland thdiquidbulk temperatuseThis is due to the fact that

the thermocoupl diameter (1 mm) was comparable with the thickness of the thermal boundary layer (2
3 mm).
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It is interesting to note how the noise visible in the temperature curves decreases moving from the we
to the liquid bulk. This explained bgonsidering thastabilityin the flow field due to periodic creation

and destruction of small eddies. Far from the wall, where the liquid is almost motidteiepsyttere

curve (green curve) is smooth.

120

Thermocouplesin the wall
100

Thermocouplesin the wall
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Figur@5 Temperature profilaiastepbfwall distance on the aed®& from the verticad$0 122 at
different intervals of time.
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Figur@6 Temperature profile as a function of time anliB&°Jectiothe verticad$o2? at diffeveal
distances. The red line réperenbuple in the walluglome retethéhermocouple touching the wall.
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The pressure increase determines an increase in the saturation temperature. Therefore, in those te
where &nk was allowed togssurize (dhe tests in series the temperature at the wall did revhain

constant, but followed the saturation temperature corresponding to the pressure ofTthis ignk.
clearly visible ifigue 27a ard b, relative tolest 5 (water, 95 % fillinghd Test 12Ethanol, 55 %

filling). The plots compare the saturation temperature (red curve) evaluated at the tank pressure, wit
measurements from thermocouples in contact with theQuake thewall is hoenough to determine
theonsetof boiling, the temperatucearve slope suddenly chan§eom this point on, the temperature

rise is dictated by the increase of the saturation tempdia¢usame behavior was observed in all the
tests of series I.

a) 140 b) 140
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Figue27 Temperature profiles as a functrefatiifferent thermocouples touchifay thestval(a) and
Test 12 (b). The saturation temperature T*(P) corresponding to the pressure in the fark is indicated

51n series | there wa® thermocouple positioned in holes drilled into the wall
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Another important aspect captured during the experiment is the phenomenon of thermal stratification
The warm liquid rising parallel to the wall region accumulates close toestinafree determining a
vertical thermal gradient. This is tyearsible inFigure 28 that considers data relative to the
thermocouples positioned along the vertical centerline for Test 5 (95 % filling) and Test 8 (50 % filling)

a) Test5 b) Test 8
70 35
60 30
o %0 e
o o 25
£ 40 g
g g
g g 20
2 30 K
20 15
10 10
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s) Time (s)
—T43 —T44 —T6 T7 —T8 —T9 —T40 —T41 —T 42 T43 —T 44
C) Test 5 d) Test 8
70 35
[ ]
60 0! e .
g 50 g RSP 0t
() .,-' o 25 S e ')
g 40 2 L . ’
[} (0] 20 | @;.ooot P YPPPTPPPPTS [ XXX
% 30 g "'::::'.'.'.'.2'.'.'.'.'.'.'.'.'.'.:'.'. g :
@ K
10 10
-500 -400 -300 -200 -100 O 100 200 300 400 500 -500 -400 -300 -200 -100 0
Vertical coordinate (mm) Vertical coordinate (mm)
...0.- 100 5--8-- 200 5--e-- 300 s ...0.- 100 5--@-- 200 5--e-- 300 s
- 400 s 500 s--e-- 600 s --e- 400 s 500 s--e-- 600 s

Figur@8 Temperat as a function of time on the vettimafaenhés{dyand Test(B). Temperature
profiles along the verticdiheessea function of the vertical abditfereimistarstof time for Test 5 (a) and
Test 8 (b).

The temperatunese is almost linear for all the thermocouples. The thermal gradient is steeper near the
liquid surfaceF{gure28) and increases witime. At the bottom of the tank, the flow is unstable
generating the noisyriperature signal of thermocouples T 40 and THigjune28b.
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3.3.3 PIV results

In this sectionthe results relative to the PIV analyisiee dataollected dung Test 22 are reported.
This wagarried out usingsoftwaredevelopedy DANTEC DYNAMIC. The interrogation area was

set at 16 x 16 pixels with a 50% overlap resulting in 7326 vectors for ea&aonagage w91
mm wide and 440 mm high.

Figure29shows therectorvelocity plots for Test 2& different instasbf time after fire ignitioThe

plots were obtained from the average of the instantaneous velocity values over 1 s from the time indicat
in each panel (e.g. panel (a) refers to the averagg pllobetween 101 and 102 s after fire ignition).

It shell be noted that it tookeveral seconds for the fire to develop and fully engulf the tank.
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Figur@9 Vector velocity plots for aéstr 294(a), 65 (b)ad 13% (c) from the fire ignition.

In the early moments of the test, the water motion is very slow and chaotiwhatreeage velocity.
This isclearlyvisible inFigure2%. As the liquid near the wall startdingaa free convective layer forms

(Figure2%). Here, the vectors run parallel to the vdwever, lhe flow is unstahldddies form
periadically and depart towards the tank cenkeflow in the bulk remainshaotic.The thickness of
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the free convective laygrpeasto increase with timas can be seen compafigure2% andrigure
2.

Figure30reports the profiles of the vertical component of the velocity at differensivistiame along
the lines highlighted Figure2%a.
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Figur&Q Vertical velocity fametion of thall distance at differensioistiame along the lines highlighted in
Figur@%a.

In all three panels it is possible to recognize the behavior described above. The vertical velocity after
sis close to zero everywhdrke free convective layesible after 101 and 138 sonfined within the

first 10 cm from the wall, with maximum velocity close to 0.05 m/s. Going towards the center of the
tank, the profiles flatten, oscillating in thgeaof £ 0.01 m/s.
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Unfortunately, data are not available for the f8strd from the wall. In this region, the light scattering
due to wall reflection compromises the quality of the infagashenomenors clearly visible Figure
31

100 mm m 100 mm 200 mm
L —]

Figur8Z1 Picture captured during Test 22 for PIV analysis. The light reflection at the wall is well visible
with time.

Ascan be seen from the comparisofigtire3la and b, the aradfectedby light scattering increases
with the time. Furthermore, the image contrasedses and the particles bectass visible. This
compromise the accuracy of the PIV analysis

Due to thdack of data in thirst few centimeters from the walproper characteation of the velocity
field in the free convective layer could not be achievatlure tests, this problem could be avoimed
usingfluorescent particles to shifelight wavelength, combineith camera filters
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3.3.4 Calculation of thewvagboration rate

When a tank is exposed to fire, the pressureupuddn be thoughdf as theconsequence of two
synergic phenomena. On one hahdre is the temperature rigethe gasphase whichcan be
considered as confined an(almost) constant volume. On the other, the evaporation of the liquid
increases the number of moles of the gas phasénitsadier to better understand the vessel response
to fire attack and to provide valuable data to supyakelling,tiis useful tdind a way to measure the
contribution of each of one of these phenomena.

Figure32represents a schematization of the cylindrical tank used durirggtdstsfipresented above.
The fadedregion refesto the volume occupied by water (in this case, this represent the 50 % of the
total volume).

Figur@2 Schematic repatisenof the tank used irettesfs.

Considering the ideal gas éand assumingat the pressure is the same everywhere in the volume under
analysis (this is certainly a valid assumption in a tank exposed to fire before PR\thegaesg1)ie
in the volume\() can be expressasiaccording to E.1.

. ey

i Ty (Eq.31)
A2 W

L. E0'Y

i o T (Eq.32)
- Yoo @

For a transient probleifag. 3.1 can bee-writtenyielding Eg32. This eyresses in a mathematical form
what has been mentioned above: the pressure ans@isl exposed to fire increases tlueghe
temperature rise and the increase of the number of moles in the gas phase.
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At this point, itispossibteo def bo e | a ngmgagordng t&g. B3e This coincides with
the pressure in tivolumeV when the number of moles remains constaeteforepys represents the
contribution of the heat entering the vapor space. On the other hand, suptsaotithg pressure)(

measured during fire tests, it is possible to quantify the effedingf bepresented by the presgure

(Eq.3.9.

Noo ey n w
p Oy © P O (Eq. 33)
no no oo (Eq. 34)

The problem with this approach is that, in cxealculatews (and thereforgs), it is necessary to know
the temperature distribution over thire volume of the vapor space. Unfortunately, despite the
numerous thermocouples installed inside the vessel, it is not possible to obtain a dedealenletem
field that can be used to obtain the pregsefeom Eq.3.3.

A solutionto this problem can be founarn the observation of the results obtained in CFD simulation
of a 50 % full of water tank exposed to fire (details on this simulatiorgwidlromChaptel5). As an
exampleligure33shows the temperature contour plot after 180 s of simulation.

660

534

408

°C

282

156

30

Figur83 Temperature contour plot after 180 s of samatibn fwll of water engulfed in fire (50%_100
kW/m? ase define@aptes).

It is possible to note how the vappace (the upper half of the tank, above the white dotted line) is
thermally stratified. The temperature variation in the vertical diresdirvisible. On the other hand,

the horizontal component of the temperature gradieaty low in most of the gas domain (excluding

the near wall regipnThe same result has been found in other simulations that will be presented in
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Section 3regardlesof the filling degree, the heat flux and the fluid contained in the tank (and even when
the fire condition is not symmetric with respect to the verticativeatefr the tank).

If the result obtained using the CFD model was correct, it would allemgezature distributido
be expressab a function of the time and theoprdinate only.

Data from thermocouplgsaced along theertical centeline of the tanlare availabledm testsAs an
examplekigure34showghe temperature profiles in the gas space as a function of the distance from the
tank center at different instanf timefor Test 7 (water, 50 % filling). Note that the first thermocouple

(Y = 0) is just above the liquid surface (i.e. itizaetted by the watemathe last one (Y = 0.508 m)
toucheghe steel wall.
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Figur&4 the temperature profiles in the gas space as a function of the distance from the tank center a
of time for Test 7

Theprofiles inFigure34 are regular, showing that the gas phase is strongly stratified. Refjtrelless
time considered, the temperature always increases withotirdityate. The same behavior was
registered in foall the tests listed ifable6. This qualitatively confirms what observed in the CFD
temperature contour pldtigure33).

At this point, datardbm thermocouple®n otha measurement sections have to be considered.
Measurement sectomwithat anangle of 22.5° and 45° with respect to the horizontal -tinatare

taken into account and, for each of them, thermocouples positioned at 100, 200 and 300 mm from th
tank wallare selected. Data from these thermocouples are compared with the vertical temperature
profiles.As an exampl&igure35shows the results of this comparison at 200, 400, 600 and 800 s for
Test 7Both the bluesection at 22.5°) and the black (section at 45°) circles fall close to the red dotted
line, representing the linear interpolation between the temperature registered by two adjacer
thermocouples on the vertical line. This result satfygsat least ithis casethe hypothesis that the
temperature in the vapor spdseuniform in the horizontatlirection represents an acceptable
approximationin order to assess if this assumption is generally valid, the comparison sfigwed in
35has to be repeatedrfall the tests under analysis)sideringnot just four instastof time, butthe

entire duration of these tests. It is clear that a direct comparison would be unfeasible.
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Figur85 Comparison among the thermocouples in the vertical measurement section (red circles) anc

an angle of 22.5° (blue circles) and 45° (black circles) with respect tdirliecah difrenetal icsstdert
time, for Test 7

In 1991Hanna and coworkefs5]proposed a methaable to provide information on the predictive
performance of a model when the modelling results have to be comparechevibusiexperimental
data. This method is based on the calculation of the geometric md&nBigs35 and the geometric
variance/G (Eq. 3.9 of the measured and predicted vdlilesoveibars indicate that an average is
performed over all the six thecouples considered and over the entire duration of the fire test)

DO Qo &Y a &y Qo é,—,Y

LIGELY ) A} A er 3 er e \ o N "Y
w0 Quwna ey acgy Qwna aT
a&w™0 a& o

w
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Good model performands achieved when botdlG and VG are close to unityzor a systematic
performance assessm&f@ values may be plotted versus the correspoktfingnlues foeach data

set and mabe compared to theference parabola (in dog coordinateglescribed by E@.7 As

pointed out iy Landucci and eaorkerd56]Eqg. 3.5and3.6represents the correlation amwitg and

MG values in a model having only a mean bias with respect to experimental data (that is, a model
which the ratid e TmodS Nearly constant), but showingsgstematic deviations. Thus, models having

a good performance anasling no systematic deviatians characterized Y4 values that fall on or

above the correlation curve given byZqg.

In the case considered here, the analysis was carried thet temperatureegistered byhe
thermocouples positioned on the sections at 22.5° and 45° (i.e. the blue and blackigun8%)in

For each of these thermocouplesgetenatedemperaturelino) is calclated by linear interpolation of

the vertical temperature profile obtained from the thermocouples positioned in the vertical measuremer
section. On the other hand, the experimental valgsefers to the temperatures actually measured.
Figure36 shows an example of measured and modelled temperature, indicated by circles and squar
respectively.
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Figur@6. Comparison between values obiai(spiéoe3) and experimentaiuenipgcales) for Test 7
after 600 s. The vertical temperature profile is reported as reference.

The analysis described above was carried out considering filoent&sts 12 inTable6. These are all

the tests of Series | in which the gas space occupied half of the tankiKoewver, in the cases where
the tank was filled with ethanol (tdsisn 9 to 12) the thermocoumé the center of the vessel was
slightly below the liquid surfaées a consequendemeasured a lower temperature with respect to the
water caseproviding data that could not be used in this andlysieforeit was decided teplace it

with values estimated by linear extrapolation from the temperatures measured by thecdaapileermo
positioned at 200 and 300 mm above the figyadr interface. Looking at the thermal profiles showed
in Figure34, it can be concluded that this approach is reasonable.
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The resuliof the analysis are refeal inFigure37. For all the cases, tvelue oMG andVG are close
to unity. Furthermore, all the points fall above (and in the proximity of) the referencessuaceurate
estimations webtained for thevater cases (Test 7 and Test 8)
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Figur@7: Results of the analysis proposed by Hanna[abocotasisdrem 7 to 12.

The analysis w#&d outprovided onvincing evidences supportihg hypothesis that the temperature
in the vapor space is uniform in the horizafitattion. This allonthe temperature dependetzde
eliminatedrom the x and z coordinates. Therefore, considdsaghe geometry of the problem
depicted irFigure32(i.e.recognizing thatvV=/E( vy ), Ed.3.3 day be rearranged yieldingE§,.

n o = o QW (Eq.3.9

n o600 7 & ., Nnw ., N
Y Yaw - ® vy n o

p (Eq.3.9

At the same time, manipulattbg. 34, it is possible to calculate the number of moles evapevadsd
e function of time (E®.9.

At this point it is possible talculate the pressuyxg to analyze the contribution thibé increase of
the vapor temperature has on the tank pressuriZagone38 compares the measured pressure (red
curves) with the pressuyxe (blue curves) for the tetsm 7 to 12.
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Figur@8 Comparisaweetihe measured pré&gsadecurves) with the preséiteeRurves) for thiedests
710 12.
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Considering the cases in which the tank was filled with Migteed8a and h)the two curves are
almost coincident for the first 600 s, indicating that the effect of boiling on the pressure build up is
negligible. At this point, in Test 7, the slope of the blue curve stadsidgtnesis due to the fact that

the heat flux tthe vapor space becomes lower and lowlee éamperature increase) ancthsée start
tending to a constant value. On the other taedpressure in the tank keeps risatg rate which is
almost constanfThis means that the contribution of boilirgcdmes important and capable of
compensating the decrease of the pregsuténfortunately, this behavior cannot be observed in Test

8 because this was ended exactly afterl6@flst be noted that the delay with which the boiling effect
becomes visibwas most probabincreased by the fact that, in these tests (all the tests of Series I)
almost half of the teehdwas protected by insulatidinerefore, in the first part of the tests, part of the
vapor formed in the portion directly exposed tomae condensing along the cold part of the wall.

Analyzing the tests involving ethanol and, in particoifeideringhe cases where the upper part of the
tank was covered by the radiation shield (Tests 9 and 12), it can be noted how the blugvdbere follo
same behavior observed in Test 7. After a short time after the fire ignition, it starts folkdwiost a
linear dynamicThen, around 500 s, its slope decrdasesntrast with the water cagbg, measured
pressure and thmg start divergingirsce the beginning of the tests. This can be explained considering
the higher volatility of ethanol with respect to water.

The results for the tests where the radiation shield was removed (Test 10 and 11) feature a different a
unexpected behavior. Thiayrbe due to the fact that, in both cases, it took a while for the fire to proper
develop and fully engulf the talR@r this reason, the resuttiatedo these tests are not further analyzed.

At this point, using E®.9 thenumber of evaporated moke® calculated. It must be taken in mind
that the aim of this analysis is to provide an estimation of the evaporation rate, useful to be compare
with the results obtained with the CFD models presented in the next section (Section 3).

Figure39shows the number of evaporated moles obtained for the water tests (Test 7 and 8).
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Figur@2 Number of evaporated moles as a function of time for Test 7 and 83c&lculated using E
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The red cuve, relative to Test 7, shows that the number of moles in the gas space remains constant fc
the first500 s Then, due to evaporation, it starts increasing at constant rate of 884undl&. The
strangebehaviorshowed by the blue curve (Test &uis to the fact that E§.9is very sensitive to

pressurehangesin practice, the number of moles in the gas space can be considered constant for this
case.

Figured0shows the resultslative to the ethanokts (only Test 9 and 12 are considered Rerdhe

first 250 s, the two oees are almost coincident. Then, the curve relative to Test 12 (blue) starts rising
slightly faster than the other ohethe last part of Test 12, the slope of the curve sexr@aain. In

both cases, the number of evaporated moles is higher with respect to the vaataelytsidove.
Unfortunately, in contrast with Test 7, it is not possible to obtain a unique value for the evaporation
flowrate.For what concerns Tests Hf#sis around 0.015 molfer the first 500 s, increasing up to

around 0.044 mol/s in the last p&rhally, a net evaporation rate of around 0.027 mol/s is observed in
the last 300 s of Test 9.
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Figurd(O Number of evaponadéss as a function of time for Test 9 and 12, calci8aled using Eq.
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3.4 Concluding remarks related to the experimental activity

The results presented in this chapter show that the experimental apparatus represents a source of valu:
data both formaincreased understanding of the vessel response to fire exposure and for the developmer
of predictive modsl

Important information was gained about the thermal boundary layer thickness. The phenomenon o
thermal stratification has been observed baolie iiquid and the vapor space. The experimental results,

in terms of pressurization rate and temperature profiles are repeatable. Furthermore, they are consist
throughout the test series. This is especially due to the preliminary fire charactetizatiotinat

allowed to achieve very similar fire conditions from test to test. However, it must be pointed out that in
some testthe fire had somdifficultyin develomgfully and thatdue to the presence of wind, a good

and symmetric engulfmentsa@ot achieved. In future tests, particular attention shall be given to these
aspects, in order to always ensure stable and repeatable fire conditions.

For what concerns the drawback of the experimental activity, it is important to point out how the short
duration of the tests did not allow for a good characterization of the pressurization. The estimation of
the evaporation rate, as well as the CFD study presented in Chapter 5, show that the pragsure build
is not driven by boiling in the first minuteshef test.

Another important point is thact thatin test series bnlya portion of the tank was directly engulfed

in fire (as showed Figurel8) For this reason, while boiling was occurring in the neugylen fire
attack, part of the vapor produced was condensing along the cold wall in the not engdtiiechpart.

a strongnfluenceon the pressurization rateducing the contribution of evaporation on the pressure
build up.Furthermore, from the paiof view of modelling, this makes the experimental results hardly
(if not impossible) to reproduce using the 2D assumigltwaoverthe presence of the radiation shield
(with the only exception ofe$t10 and 11¢omplicates the task of definm@poumlary condition that
properlydescribe thactual heat load to the tank watifortunately, in test series I, carried out using
mode severe fire conditions and fully engulfing the tank (with no radiation shield), no test was performe
in which the tank vgaallowed to pressurize (the PRV was left dpamnthis reason, pressurization data
with more appropriate fire conditiomasnot collected. Therefore, in order to obtain pressurization
curves representative of a real fire scenario, tests of longen dar&ast 15 min) than those of series

| and with fire conditions and exposure mnsanmsidered faeries || must be carried out.

For what concerns the investigation of the velocity field, the results obtained thraungthyBishall

be consideresuitable only for preliminary considerations. The lack of data in the first few centimeters
from the wall did not allow for a proper characterization of the free convective layer. Therefore, the usi
fluorescent particles to shift light wavelength, combitied¢amera filters is recommended for future
testsThis appean® beasuitablesolution to avoid the strong light reflection at the wall.

Finally, i shdl be considered that the flexibility offered by the test facility and the apparatus itself, in
terms of generating different fire scenario, exposure modes, testing different thermal protection systen
(both presenting defects or not) as well as the possibility of performing tests using liquid butane have n
been fully exploited yet and may constitefevant elements of improvement.
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Section 30 Modelling

This sectionleals withthe CFD modelling of the thermalafluiddynamic response wésselexposed

to fire.Provided the appropriate boundary and initial condit@n€FDsoftware solveabe governing
equations fomass, momentum and energy throughoypribtldem domainAs explained in the next
paragraphs, two additional equations for the conservation of the turbulence kinetic energy and dissipati
rate are also included .the present ark, all the simulations were carried out considering a 2D vertical
(and perpendicular to the axial directboseeFigure43a) section of cylindrical tank positioned
horizontally. This choice sawenputationalime, lowever, it limits the analysigitose cases where

the fire load can be considered approximately uniform along the axis of Tinestaskumptiois valid

for full engulfingoool fires. On the contraryit is not applicable when only part of tdwek is exposed

to fire attack. Tis is the case, for instancgetfire scenariogurthermore, the 2D assumption excdude

the possibility of reproducing what happens in the vessel after the PRV opens. Therefore, in all th
simulations, only the perigding from the fire ignition to the first PRV opening was considered.

In the first part of this sectig@hapter 4)fire scenarios involving LPG tanks are considergdther

with other liquefied gases (such as propylene, butadiene, LNG etc.) LBEateg@importance in

the process industry. At the same time, past accident analysis has showed how the transportation &
storage of such materials represent a critical safety isstirg@oncerns in this field aestified by

the numerous studiesegented in Section 1. Therefore, it is cleathhnaharacterization of accidental
scenariosnvolving LPG (as well as similar compounds) tardsusnost importanceBesides, as
discussed in Chapter 1, there are several experiments on diffesenthistateay support validation of

the CFD modelling approach.

In Chapter 5the analysit®cugson vessels containing wafEine objective i® develop a CFD setup

to study the response to fire of tacdustainingubstances other than LPAGe focus isn those liquids
that,unlikeLPG, arestored far from their saturation temperature at the storage piiessarsubcooled
conditions) Themain reasons favaterbeingchasen for the analysis anefold. First, this substance

can be considered asremgntati® of water solutions and, mgenerdy, of those substances stbin
subcooled conditions. Theme present in large quantities in the process industry and being able to
predict the behavior in case of fire attaclofsprimary impaance.The secondeason directiyelates

to the huge quantity of data made available by the experimental apparatus presented in Section 2

In the first part of Chapter 5, the possibility to extensktiupused in the modelling of LR@nks(with

minor modificabns) is analyzedResults are presentethd compared with experimental data,
highlighting strengths and limitatiohthis modelling setuphen, an alternative approagbragposed

based on models developed for the study of subcooled boiling tidwkpthed promising results in
nuclear industry. The aimto explore the possibility eftendéhg this approach to the case of vessels
exposed to fire. The results presented in this part represent a preliminary assessment of this modelli
setup.
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Chapter 4Modelling LPG tanks exposed to fire

The object of the present modeling agtisithe characterizationld?G tanksunder fire exposure. The

aim is to provide a CFD based model able to predict the vessel response in sushirstemasi@f
pressurizatiorate and temperature distribution. These represents crucial information to support detailed
safety and external emergency studies

Commercial LPG is a mixtuteemain componeraf whichispropandollowed by butanavitha small
percentage of lightergdeethane) compoundghe composition varies depending on the country and

the period of the yeatowever, n the experimental reportsl@vanto all the fire tests described in
detaiin Chapter he termd PGand propane are usaterchangeablin fact, in the mixtures involved

in the experiments the percentage of this compound was very close to 100 %. Therefore, pure propal
was considered in the modelling activity presented in the following.

57



4.1 Theoretical background

Figured1gives an overview of thaysical phenomena characterizing the scenario under analysis. When
aLPGtank is exposed to fire, heat is transferred from the flartietankwallby a combination of
radiation and convectioiihe relativecontribution of thee two mechanisms depends on the fire
characteristics. The heat received from the fire is transferred by conduction througinith&eead

up the tank ladingrhe inner surface temperature starts rising affidithim the proximityof the wall
becomesvarmand less denséhis determines tliermation offreeconvection flows the upwards
direction In this way, heat is continuously removed from theywadnvectiorHot vapor rising along

the wall accumulates at the top ofwbesel. Similarly, the liquid forms a warm layer below the liquid
vapor interface. Thus, both phases (gradually) becomes thermally stratified. This has a strong effect
the pressurizationtea In fact, according to sevenathord8]9][3], it is temperature of the ligudpor

interface (hotter than the liquid bulk due to thermal stratificdt@anpeing at equilibrium conditions,
drives the pressure in the vessel until the PRV opening. When this happens, both liquid and vapc
experience strong mixing and the thermal stratificationes to the point of being negligible

¢
Freeconvection
and radiation

\ \--.\ Radiation_/ /A

l \j g r"" I]‘.‘l\l

Freeconvection
and boiling

V\

Figurdl Schematic representation of the physical phenomena occurring outside and inside a vessel ¢
Due to the low valuef the heat transfer coefficiemtdathe heat capacity, the wall portion in contact

with the vapor spaaeaches &y high temperatureghus, thermal radiation from the staatface
becomes importantaf of this is absorbed by the gas phase and the thstliogpidvapor interface

The situation in the liquid phase is differ@atqualitatively depictéa Figure42 the heat transfer
mechanism is a function of the wall superhe@tirtge wall heat fluxefore the fire attack, the tank
contens can bedealized as beig the equilibrium with the environmente heat flux through the

wall is zero and the wall temperature coincides with the saturation temperature at the tank pressure (po
O in Figure4?. When the fire starts heating the tank, the heat flux ahénevall becomes pibge,

resulting in walupeheating. A single phase fia@nvective heat transfer regimestsblishedear the

wall (curve OA). As the heating process prociedbeat flux increases. If the fteavective heat
transfer coeffient is not high enough, the superheating can reach the point when isolated bubbles star
forming at the walllhese bubbles grow until they detach from the steel surface and move away from
the wall, whre the temperature is lower. Thigy start condengi Depending on thieubble sizehe
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degree of sumoling and the travel distance between the point of detachment and the liquid surface,
some of the bubbles will collapse and others will reaglhathgecontributing to the pressure rise.

As the heatdix increasg more and bigger bubbles are formed. The regime passes from nucleate to slug
boiling, until the critical point C is reaclitste, the heat flux is so high that a stable film of vapor forms

at the wall. For propane, the value of the heatdhigsponding the point C (critical heat flux) is around

600 kW/n¥. This is severaineshigher with respect to the heat load determined by a hydrocarbon pool
fire. Therefore hiis situation can be excluded fitbm scenargconsidered here.

Interface avap. Bubbles Film
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Figurd2 Typical pool boiling @daptedrh[57).
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4.2 Model setup and fundamental equations

In order tosimulate the response of a LPG vessel exposed to fire, a Xiasedinodel was develaped
The aim was to reprodutetphysical phenomena describele previous paragrapithe following
sectionsthegoverning equations, the mesh generation antetifesetup are presented in detail.

4.2.1 Multiphase maahal continuity equation

Due to the multiphase nature of the problem under consideration, the first key step was the selection ¢
a suitable multiphase model. Following thteoaced by previous aut#49]51]52]58] the first part

of the modelling work was carried out by using the Volume Of Fluid (VOF). Thispubioieéd for

the first time in a journal papertiyt and Nichols in 19859] issuitablavhen two or more immiscible

phases are preseftttracks the interface between the phases by solving a continuity equation for the
volume fraction of one (or more)tbé phases. In the problem considered here, two phases are present:
the liquid ) and the vapol(). The vapor phase was chosenaprimary one, as suggestdaaito

avoid convergence problemsthiis casethe continuity equation for the idjnolume fraction () has

the following form:

" 2 7 @ a o d o (Eq.4.1)

T o

The termsx o andd o representhe mass transfer rate from the vapor phase to the liquid one
(condensation) aniteversa (evaporation) that willdefined later in this sectidine volume fraction

of the vapor phase is then obtaifredh the liquid volume fraction considering that, in each cell, they
must sum to 1:

All the material perties appearing in the transport equatoa calculated by averaging the single
phase property on the volume fradidfor instance, given the single phase properteasde , the
propertys that will be used in the transport equati®eslculated using the following formula:

° ° | ° | (Eq43)

4.2.2 Momentum equation

In the VOF model all the phases share the same velocity and temperature field. Therefore, fa single set
momentum equatiaasolved Eq.4.4).Note that in the VOF model thererie momentum source due
to masdrarser.

TT—”dn 0" i oo "R ® (Eq. 44)

The termt in themomentum equation represents the stress tendpfor a Newtonian fluid can be
expressed as:

WO (Eq. 45)

aln
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Where' is the viscositgndl is the unit tensof.ogether, Eqg..4and 44, are called the Navi&tiokes
equations.

4.2.3 Turbulence model and near wall treatment

When aank is exposed to fire, the liquid &ime vapor in contact with the wall start heatind lig
generatedensity gradientghich represerthe driving forcdor natural convection flowAs pointed

outin by many authof8][37]47] thebehaviorof the fluid in the near wall region plays a determinant
role in the pressure build up. Understanding and being able to simWateathais of paramount
importance in thdevelopment of a model able to predict the response of auaessdire attackn

natural convection flowthe Rayleigh numbgerRa = & kA !dT clt at es whet her
laminar (Ra < ®por turbulent (Ra > 2) being g the gravity comst t (9.81 m/s2),
expansion coefficient, thethermalldifusivityariptie crataaerisic d i f
l ength (assumed here as the i nt ef28]shbwsthatthimet er
difference isctuallyhigher) and considering the properties of pure propane at saturated satdition

0.7 MPa (typical storage conditions for LE&)Rayleigh number for both liquid and vapor phase is
higher than 0for all the casesalyzeth this workTherefore, being well beyond the threshold below
which the flow is laminar, the applicatba turbulence model was need#ik is in accordance with
previous CFD analyses of pressure-opiloh LPG tanks exposed to fif¢9[51]52]58).

The modelling of turbulence represents a key issue and, at the same time, a challenge. Tinechaotic na
of this phenomenon makedglitficult to reproduce. The most advamnsegito address this problem is

to direcdly solve the NaerStokes equations on a very fine grid using a very smateppresulting in

an extremely high computational cost. The application of this technique to the problem under analysi
wouldbeunaffordable in terms of computational time.

A simplemethod, widely used in engineering problems involving turbulent flows, ictled®RANS
(ReynoldAveragd NavierStokey approach. Here thastananeousvariables in the NaviStokes
equationsra decomposed intnean anfluctuatingcomponerg. For agiven variable, the following
formula is valid:

e o e (Eq. 46)

Wheres ande representhe mean and the fluctuation components. Atpibiist, by substituting
expressions of this form for the flow variables into the instantaneosiityomind momentum
equations and taking a time (or ensemble) averagenfandhg the overbar on the mean velpitigy
RANS equations can be obtained:

(Eq. 4.7)

AL N RO "R ® O (Eq. 4.8)
They are formally equivalenBq. 4.1 and 4.4 except for the last term of the left hand of Eq. 4.8. This
is the divergence of thesalled Reynolds stress tenisiroducing thdoussaesgapproximatioythis

can be expressed in terms of the mean velocity gradients:

% "0 %0 (Eq. 4.9)

tee
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Where' s the turbulent viscosity aks theturbulertekinetic energy, usually calculas the mean
of the turbulence normal stresses:

2P v (Eq. 4.10)
C

At this point, a closure modslneeded to calculate thebulent viscositgndthe turbulent kinetic
energyNumerous authors used initheorks([49]51]52][58) the ka&d m oTdhig it ane of the most
commonturbulence model in the CFD solution of engineering problems due to its rolitstndsast
concerns the near wall region, the abosationed authsropted for a wall function approadhis
clear that, inte problem under analysis, a proper representation of what occurs close to the steel surfac
is paramount fathe achievement of good model performance.

The presence of the wall, where thslippocondition holds (i.e. the velocity at the wall is zZeonyly
affecsthe flow and the turbulenaed, therefore, the heat trandfethe near wall region, the flow can
be characterized introducing two+gamensional parametersirepresenting the natimensional wall
distance) and" (representing theon-dimensional velocity) defined according to4EdL and 4.12
respectively

”(’)d)

o (Eq. 4.11)
5 (Eq. 4.12)
6
0]
(Eq. 4.13)

|

Whereyis the wall distance ahdis the wall shear stredsis called friction velocity.

Experimental works haghown howglose to the walthe flow is induced by viscous effects and is
independent from the free stream paramétepsirticularthe near wall region can be dividetthiee
layers:

- viscous subjyar(0 <y <5): here, the flow is dominated by the viscous forces. The shear stress
equals the wall shear stress and, therefore, the following equation is valid:

o 6 (Eq. 4.1)

- buffer laye(5 <y <60): is region where transition between the vissahiayeand the fully
turbulentregion occurs

- fully turbulent or log law regio®0(< y* <500) here, turbulence effects daminantand the
following equion is valid:

Pi 6 (Eq. 4.15

o)

Wheréki s t he Von Karman constant (k & 0.4) and C
( C 5far smooth walls).

62



Beyond the turbulent region, flav is dominated by ineraad depedts on the value of the Reynolds
number.

In CFD it is possible to address the problem of modelling the flow in the near wdlyriedjmring
two different approaches:

- wall function approach: the viscous sublayer and the blending region are not cadlihemati
solved, butser@ mp i r i c al formul ae called owall fun
law layer. In this way, the turbulence morel does not need to be modified in the near wall region

- nearthe wall approach: the turbulence model is modifitee near wall region toav the
integration of the governing equations throughout the entire boundary layer (the sum of the three
layers listed above), including the viscous sublayer.

All the previous work of CFD modelling of pressure vessels eipdisedollowed thevall function
approac(j49]51]52]58). However, especially in natural convection driven flows, thisofway
proceeding does not provide accurate results as pointed.euvéry in 20052}

Therefore,n order to obtain accurate results for the heat transfer at the wall, the usbuwénce

model able to solve the governing equation inside the boundary layer was preferred with respect to a w
function approaciThe turbulencenodel selected was thf k S[&]JHere the tubulent viscosity is
calculated accordingkqg. 416:

~
g

. R (Eq. 4.5)

1 0

This is proportional to the ratio between the turbldeetic energk and] the turbulehspecific
dissipation rate (L is a limiting functithre definition of which can be fougldewherfs0). These are
obtained fronthe following transport equations:

TT—b" Q0”@ 10¢p Q0 & Y (Eq. 4.7)
TT—b” 17 nd"1® nd® ] O & Y (Eg. 4.8)
In these equation¥) represents the generation of turbulence kinetic energy due teetoedn
gradients’O represents the generation ofw andw represent the effective diffusivitykadind]
respectivelyw and® represent the dissipationdafe to turbulenc€Y and™Y and are usetefined

souce terms. For the sake of brevity, the definition of all these terms are not reported here. They can &
found elsewhel&0]

Thek-p SST can be integr at edy insénsitivgdl This meansithatthe d a r
model should provide a solution which is independent from the first cell wall distance. However, in the
simulations carried out in the present workessensitivity to this parameter was found. This aspect
will be discussed in detail later in this chapter.

It is worth mentioning that, far from the wall regionkfpe SST i s eqg-&ei mableht to
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4.2.4 Energy equation

In the VOF model, all the phases share the same temperaturbdigiansport of energy is governed
by the following equation:

L0 y

TT_o” O 2®” 0n§ 00 = Y YO & o &.o (EQ 419

0" o (Eq. 4.2D
o & (
| |

) N6 (Eq. 4.2)
o 0 — —
C

WherePrr is the turbulent Prandtl number andhe kp S ST, 0.85# is isnpottantttoonote that,
in the present setup, the effect of thermal radiation was not considered. This was done in order not t
introduce further complexity in the analysis.

4.2.5 Evaporation and condensation model

The Leemodel[64]was used to describe thass transfer between the liquid and the vapor. phese
expresse$ie evaporation and condensation ratedans of E.22andEq. 4 23respectively

Y
a o ol ” ~ (Eq. 4.22
Y
a o o] " = (Eq42$
Y
For a given cellyaporatioroccurs whethe temperature is above the saturation temperature (calculated
a thecell pressure) accordingBq. 4.22whered o = evaporation | iquid pl

phase vol umet r i cT=fal emgenatords,= cgl saturatibe tensperatufe, and

Cc = coefficients, the subscripts L and Vaat the liquid arttie vapor phase, respectivély).the

contrary, when the cell temperature is below the saturation temperature, part of the content of the ce
will condense according to BR3(whered o = condensation liquid phase source}efhe Lee

model can be considered asimplifed versionof the model proposed biertz and Knudsen
[65]66]67]to describes the evaporation and condensation mechanism for a flat interface starting from
the kinetic theory of gasAccording to thabovementioneduthors, the net evaporation flux through

the interface can be described bylEaft

5
¢ Yy

o Aoy (Eq. 4.2%

Wh e reis thefevaporation accommodation coefficient.

Consdering the Clausi@@apeyron relation (E&5) and, in particulaits discretized fornE(. 4.5,
valid for near equilibrium conditignisy).24 can be rearranggatlding Eq27.

QR YO

e e o Eqg. 4.2
Y Ve (Eq. 4.25
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n n Yy (Eq. 4.2

o . o Yoy
YO . (Eqg. 4.2)

Eq.4.27 expresses a mass flux and, to be us€HD aode as a source term in the governing equations,
must be multiplied by the interfdsurfacereaand divided by the volume of the &#ifining the term

A, (interfacial area concentrationthasratio between the interfacial surface areal@futiephase and

the liquid phase volume, which in turn can be expressed as the product of the liquid volume fraction an
the cell volume, the source term due to evaporation can be written accordiaig8o Eq.

YO ——0 | " —— (Eq. 4.28

A similar expression can be derived for the condensatitoe terntt o . It can be noted thdhe
termwithin the square bracketsgq. 4.8 corresponds to the coefficiedt in Eq.4.17 In this way,

the uncertainties relatittgthe evaporation and condensation accatatiom coefficients and the term
A, arelimited to the choice of the value of the fiwehtsCe andCec. In the present work, thare both

set to the default value @fLs*, accordingt® 6 Au | i sworkeagbI]61]onvbo acdbpted the same
approacha sensitivity study was also carried out considering values of 1, 0.5, 0.2arfior b6
coefficients)lt is worth noting that the preserafeheliquid volume fraction ifeq. 4.22ensures that
evaporatiortannot occumi a cell full ozapor(thus with = 0). On the same time, the presence of
the vaporvolume fraction ifeq. 4.23ensures thatondensatiois not possible in a cell full lafuid
(thus with = 0).

4.2.6 Material properties

Pure propane was considered in all simuladumsl progrties are expressed as a function of
temperature accordingttiermodynamic data provided®d] The same dataset was adoptethto
determination of the saturation pressure used in the evaporation/condensation model déseribed in
previous paragrapfihe SoavRedlichkKwong equation of state was used for the vapor phase density
calculationThe thermal properties of carbon sfieeat capacity, tmeal conductivity and densitygrey
considered for thiank wal[69]

4.2.7 Floating operating pressure option

In order to calculate the pressure rise from the integral mass balance (due to heating and vapor mo
generation), separately from the solution of the pressure correction equation, the floating operatin
pressure option is activa{é@] In this way, th solver calculates the absolute pressure at each iteration
according tdq. 4.2. Here peis the pressure relative to the reference location, which in this case is the
cell with the minimum pressure value. Therefore, the reference locationots@iigis fl

NN ok n (Eq.4.29)

N f N ¥ (Eq.430
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The floating operating presspg.4s defined as the sum of the pressuré pgw the initial operatm
pressur@ . This hdps to prevent roundoff errors

4.2.8 Solution methods

For the transient formulation, a first order implicit scheme was adopted with a time step & 0.005 s.
order to check timestep independensenalatiorof one of the cases studies defined latell &dde

10) was also carried out halving this value (i.e. using a timestep of 0A0628&os)d order upwind
scheme was chosen for the spatial discretization of density, momentum, energy and turbulent quantiti
(kandp) , wher eas t he -REBEBUCHON schamed werelused f& ¢he pressure and
the volume fractiomespectively60] Pressure and velocity coupling was obtained by means of the
SIMPLEC (Semimplicit Method for Pressure Linked Equati@oasistent) algorithn@radients were
evaluated using the Least Squares Cell Based method.

At each time stephe solution of a given conservation equatiordea&sed to have convergedrié
of the following criteria was satisfied

- The sum of the scalediduals was below?0° for the energy equation)

- For a given time step, the rdiEtween the residuals and the residuals at the beginning of the
time step was below 0.05

In order to check the validity of this choice, additional simulations wevagsidiering more stringent
convergence criteria. The results of these simulations are presented inBApgendouations whose
residuals were monitored are continuity, momentum, energy, turbulent kinetic energy and turbuler
specific dissipation rate.

The maximum numbef iteratiors per timestep, in case none of the convergence crienefulfilled,
was set to 100 (howeulis number of iteraticswas never reached during simulations).

Under relaxation factongere set accordingttee values repted inTable8. All the simulations were
carried out in double precision.

TableS: Values used for the-netabeation factors.

Under relaxation facto Value
Pressure 0.3
Density 1
Body forces 0.8
Momentum 0.7
Vaporization mass 1
Turbulent kinetic energy 0.8
Turbulent dissipation ra| 0.8
Turbulent viscosity 1
Energy 1
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4.2.9 Mesh generation

Asmentioned beforehé geometry considered for simulationsawastical section of a tastkknmonly
used for storing or transporting LIgure43a) This only allowfer simulation othe vessel response
from the beginning of the fire to the first PRV opening

a)

0.000 0.500 1.000 (m)
N .

Detail 2 AN \ Detail 1

Figurd3 Tank section considered for the 2D Gnisnoverview (a) and details of the mesh close to th
(c) and (d).

The meslhwvas built using the ANSYS meshing softaratevas obtained @smbination of quadrilateral

and triangular elements, resgltman unstructured mestgure43 shows the mesh used to simulate
the last case study reportedTiable10. The meshing parameters were defined after a try and error
process that allowed numerical stability and grid independence of thetcdetamtinievedror all the
casesimulated, regardlegfdhe tank diametethe maximum cell size was 3.3 with a global growth
rateof 1.2 The inner and the outer wall wdreided in the same number of segments, so that each
segment on the outer wall was approximately 1 mm long.
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The mostriticalpartin themesling proceswasthe definition of the grid characteristic in the near wall
region and, in particular, the choitthe thickness of the first cell in contact with the steel sunface.
order to ensure a good resolutiothia important part of the computational domaihinflatiorlayers

were built starting from the inner wall of the {#mése are visibie Figure43c) with a growth rate of

1.1 The first layer thicknesss set to 70 um. Thakoice ighe result of aensitivity study reported in
AppendixD. As show in the appendix, thinner calh the first laydeal to valusof the vapor volume
fraction close to unity. This causes a drop in the heat transfer coedfciing invery high wall
temperature ana scenario similar tdim boiling regimesuchbehavioiis far from what observed in

the experimentand shll be considered as a limitation of the present modelling setup. On the other
hand, increasing too much the first layer thickeads to less accurate results and gives convergence
problems.

The above mentioned meshing parameters were usdd tiocbuiesh for the various tamlonsidered

in the case studies listedablelQ. In particular, four different tank diameters were analyzed. In those
cases where the fire scenario could be considered syahacetisa vertical plane cutting the tank in
the axial direction, only half of the section was mésiiad9 reports the mesh sized for the different
tanks considered in the case studies listabielO.

Tabl®: Number of mesh cells for the different tank considered in theTasi Studies listed in

Number of mesh cells
. Half tank Full tank
Tank diameter . .
(symmetric cases) (nonsymmetric cases

0.51m 29565 -
1.00 m 77492 155745
1.70m 172825 347780

3.05m 469186 -

Finally, in order to check the grid independence of the,resulgglditional meshes wdrailt for the

1 m diameter tardasevarying thenaximum cell sizéhelength of the cell faces lying on the inner and
the outer walland thefirst layer thicknesResults of the grid independestady are reporteith
AppendixD.
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4.3 Case study definition forCFD model validation

The CI setupdescribed in the previous paragraphssesto simulage series of fire testsith the
aim of understanding tahat extent theCFD predictions are in accordance with experimental
measurement§wo different scenarios were analyzed:

1) a full engliing hydrocarbormootire
2) adistant fire, knere the flames are not in direct contact with the tank

For the first(hydrocarbon podire scenaripthe test considered are thosarried out by Moodie in
1988[23]4] on LPG tanks of various sizad filing degreesandthe USDOT-FRA test(also known
astheTownsend tesfL5]16] All the® tests are described in det&hapter 1For the second scenario

one of the tests carried dteymes and eworkers in 201B2]wastaken as reference as example of
distant fire Thistestis part olanexperimental campaign aimed at studying the response of a LPG storage
vessel to a forest fire scenagiimubted by means of a fire wall. The details of the test setup are presented
in Chapter 1All the cases are summarize@ahlel0.

The cases are labelled in order to facilitate the reading of figures. Thedfidgntibes the main
author/institution that carried out the fire tests. The first numbes teetbe tank capacity inn® and
the last number indicatie filling degree.
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TabldO List of case stddigSFD model vaiaia

Tank capacity Tank diametel Bounc!ary condition - Initial Initial Referen
# Case ID (ton) 1 (m) (radiating black bod Filling level pressure | Temperature ce
temperature, K) (bar)* (°C)*
1 Moody-1/4t-40% 0.25 0.51 1060 40 % 6.6 11.25
2 Moody1t-20% 1060 20 % 5.3 3.85 ”
4
3 Moody1t-40% 1 1.00 1060 40 % 5.3 3.85
4 Moody-1t-80% 1060 80 % 7.1 13.87
5 Moody5t-22% 1060 22 % 5.5 4.85
6 Moody-5t-36% 1060 36 % 5.2 2.85 23]
5 1.70 23
7 Moody-5t-58% 1060 58 % 5.5 2.85
8 Moody-5t-72% 1060 72% 5.8 6.85
9 USDOT-64t96% 64 3.05 10650 1139- 1213 96 % 9.7 25.5 [15]16]
10 Heymeslt-14% 1 1.00 Variable** 14 % 7.0 13.41 [32]

* The starting pressun@as defined according to the experimental measwseftenstarting temperatiseéhe saturation temperature of pure
propane calculated at the initial pres$tiwe.may differ by few degréesn the measured starting temperature due to the preskglceof
components (e.g. Ethane) in the LPG mixtures used in the testertainties in data acquisition form the experimental reports (most exper
data are reported only in graphical form and are not easy to read accurately)
** Defined in paragph 4.5.1
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4.4 LPG tanks exposed to full engulfing pool fire
4.4.1 Definition of the bouraddrinitial conditions

The pool fire scenario was simulated by settcwnstant radiating temperaturetf@sboundary
conditionfor the outer wall surface of thekarhe solver usésq. 431to calculate the heat flux entering
the faces of the cells lyingtbe external wall of the tank.

n .- Ya Y (Eq. 431)

I n this equati onBolDZzmgpnmre seanrn st d& miev/(eS® ik Tiasd e q u e
- are the temperature and the emissivity of the dxtethaTlhis latter parameter was aw®rsd to

bel. The value of thradiating temperatwas defined according to the fire test ref[i23{gl[15]16]

ForMo o d festsptlse reporiadicatethat the fire temperature was around®080 °Cwith a fire
emissivity of 0.5&onsidering the upper valaf the range, the resultingde body temperatul@e ss

in Eq. 431) of thefire is 1060 KThe same logic was followed for the simulation of the Townsend test.

In this last case, however, the report indicates that the fire conditions were quilsemaddBeure

4is Section 1Y he fire temperature before the first PRV opening was around 1366 °C for the rear section
and 927 °C for the front oneith anaverage df010°C and a averagére emissivity of 0.425]16]
Thereforethree different simulatiswvere carried oabnsidering these three fire conditilsing the

afire emissivitpf 0.62the radiating black bpdemperature for this simulations resutidue 1065K,

1139 K andl213K (corresponding to the front, the average and the rear fire black body temperatures
respectively).

In all the simulatian theconvective contributioof the flamesvasnot consideed. This was don®

avoid the introduction dtirther uncertainties in the analysis, related imire@wnvalue of the fire
convective transfer coefficielimt.a pool fire, theontribution of convection represents about the 10 to

20 %of the total hedtux transferred from the firetothetaRko r t h e M this dontgbdtiesn t e s t
can be considered as incluihetthe radiation heat flux due to the choicsetectinghe upper value of

the measured flame temperature in the definition of then@gdiatck body temperature.

At the beginning of the simulations, the tank ladingssasnetb be motionless (i.e. the value of the
horizontal and vertical velocities was set to 0) and at the saturation temperature relative to the presst
indicated inrable10 (corresponding to the initial pressure measuredladhming of each fire test).

Inthe fullscale test case, this introduces a discrepancy of 4.4 °C between the measured and the simula
starting tempature. This is due to the presence of a small percentage of ethane (2 %) in the LPG mixture
used for the experiment, decreasing the saturation temperature (or increasing the vapor pressure) w
respect to pure propariBurbulent kinetic energy aspeciic dissipation rate were initialized at 10

m?/s? and 10s* respectivelyThe naslip condition was set at the inner wall (ieevétocity at the wall

is zero) whereas symmetry was assigned at the tank vertical centerline in those cases wofateeonly hal
domain was simulated.

According to the experimental repoelative to thdMo o d testgP3[4], it took several seconfbr
the fire to fully develog-or thisreasonthe CFD results curves had to dbeftedin timeto allow
comparisonvith the experimental measuremditisshifting operatiowas theame within each series
of tests, in order to be esnsistenas possibl@heshiftinginterval was set &0 s for the 0.2fon test
and80 sfor both thel tonand theb ton testsNo shifting was introduced in the analysis of thedale
test data.

As mentioned before, only the part of the tests from the firargibttte PRV opening was simulated.
In the following, results obtained in the CFD simulations are compared witheskpbmeasurements.
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4.4.2 CFDsimulationssafall scale tests: prpesdictions

Figure44 shows a comparison between the pressurization curves calculated by the CFD and thos

measured during the fire tests caoigdy Moodie ad coworkerg23]4].
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Figurd4 Comparison of CFD (blue lindpaodiest® (fed line) pressurization before the first PRV openir
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The results are in general positive agreement. The pressure in the fisisixalbpesdicted while it

is underestimated in for the last (mgure44g andrFigure44h). It is importanto stress that, while in

the CFD simulation the heat load is applied instantaneously érdnagihning, a real fire develops
gradually. This means that shifting the CFD curves as introduced above is nai ensuighat perfect

match between model and actual conditions at the beginning of the simulation. Therefore, the predictio
capability othe CFD model should not be judged exclusively considering absolute values, but insteac
focusing on trends showed by the different variable of interest (e.g. pressure and temperature).

a) Moodie-5 ton-tests b) Moody-5 ton-CFD
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Figurd5: (a) experimental and (b) C$dormation curves for different filling degrees.

Comparing the experimental results in terms of pressurization Eigwe=lH within the same test

series (5 ton series) it appears that the filling degree dvadamt effect. The same behavior can be
observed looking at the CFD results. Here, however, the case with the lowest filling level (22 %) show
a slightly higher pressurization rate.
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4.4.3 CFDsimulations of smaltsst&etemperapueskctions

In the following, temperature predictions from the CFD simulations are compared with available
experimental measurements considerinylthe d fire t8ssg4]23] Most of the temperature data
refer to the tests carried out using the 5 ton tank.
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Figurd6 Comparison of the lading (liquid and vapor) temperature measurements and CFD predictions
case.

Starting from the test with the I@st@ling degree (22 %&igure46shows the results obtained for the
internal temperature. In particular, thermocouples positioned on the vertical center line of the vessel a
considered. The liquid temperature is predicted with high accuracy. On the other hand, the vapor pha:
resultsappeato be hottethanthe experimental measurements. A similar deviation was observed in all
the cases analyzed (as will be showed in the following) and appears to be systematic. A possil
explanation for this behavior could be an inhomogeneousdirm lthe vertical coordinate, with the
resultingheat flux lower at the top of the tamder experimental conditioB®th CFD and test results

show that the vapor phase is stratified. However, this phenomenon is more evident in the simulatior
wherethe# ar i ous Ot her mocouplesd on the vertical I
hand, in the real test, the vapor space appears as divided in two zones: a hotter zone (thermocouple
44, T 45 and T 59), quite well mixed, in the uppesfhiaé tank, and a colder one, just above the liquid
surface (thermocouples T 46 and T 47). This may be a consequence of three dimensional effects. Vay
flowing axially from the ends of the tank towards its center could have promoted mixing. Itng importa
to note that, as pointed out by several authors, it is the temperature of the liquid that drives tank
pressurization. Therefore, being able to closely reproduce the temperature field in the liquid phase is
fundamental requirement for a model that atrpsedicting the pressure build up. On the other hand,
high accuracy in the vapor temperature prediction does not seem so be so decisive.
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Most of the available temperature datavant tolte 5 ton tank test series reterthe 72 %Nloodie

5t-729% filling degree case. Considering the liquid temperature close to tgumdl7q), it can be

seen how the CFD prediction is in good agreement with the experimental data for thermocouples T 5!
and T 56 positionedat 10 and 15 mm from the inner wall respectively. On the other hand, the
temperature relative to the point T 54 (5 mm from the wall) appears to be under predicted. It is interestin
to note that the temperature curves are not perfectly smooth. Thimidypdwue to the unstable flow
condition, caused by the cyclic formation and destrottoldiesn the near wall region. Furthermore,

bubbles departing from the steel surface are replacetiéy liquid from the bulk, determining a
periodic cooling &fct.

Moodie-5t-72%
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Figurd7: (a) Comparison between CFD predicted and measured liquid temperatures at different distal
for the 3M_72 case. T 54 T 55 and T 56 are positioned at 5, 10 and 15 mm from theiguad respectivel
temperatures at the bottom of the tsldlofi¥tti2%case simulated without considering the symmetry conc

The temperatures measured by the thermocouples T 24 (1 mm from the wall) and T 25 (5 mm from th
wall) are both slightly over pictdd Figure47a). Ths could be due the fact thatshgoints lie on the

vertical line, where the symmetry condition was imposed in the CFD calculation. Therefore, a furthe
calculation considering the entirgktaection was carried out. In this case, the results obtained for the
thermocouple T 25 are in better accordance with the measurements, while the temperature of T 24
slightly under predicted. It must be said that, from the report, it is not clehishtberinocouple (3

mm, type K) was held in place at a distance of 1 mm from the wall. This may have affected the
measurements. All the other results remained almost unchanged with respect to the case where t
symmetry condition was considered.

As observe in the22 % filling case, the temperature prediction for liquid Figlk€48) is in good
agreement with the measurements registered by thermocouples T 46 and T 47. A small discrepancy
found between the CFE2sult and the experimental data for the thermocouple just below the liquid
vapor interface. Here, the temperature is slightly underestimated. This explains the difference in tf
experimental end calculated pressure curves obsefigured4h and represents a further evidence
supporting the hypothesis that the pressure inside the tank is dictated by the liquid temperature. Agali

as already observed in the lowest filling levelMasdi€¢5t-22%), the vapor phastemperature is
overestimated.
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Figurd8 Bulk temperatues th&loodibt-72%illing degree test.

Apart from pressure measurements, the only data available festsatthe 5ton tank serieis the
maximum wall tempature. These are reported=igure49 Clearly, they refer to the wall portion in
contact with the vapor phase. The curves obtained from the CFD simulation are coincident among then
suggesting that the fillinggdee has no influence on the maximum wall temperature.

500

Moodie-5t

450
400
&£ 350
2 300
g 250
S 200
£ 150
" 100

o 22%
o 72%
36 % CFD

200
Time (s)

o 36%
o 38%
58 % CFD

300 400

O 58%
22 % CFD
72 % CFD

Figurdd Maximum wall temperatureMay iheb toe tank tests.

At the first glance, this seems to be in contrast with the measurements. However, the variabn registe
during the experiments is most probably caused by the variability of the fire conditions. Thisassumpt
is supported bthe curves obtained for the 36 % and 38 % filling level tests (the 38 % test was aborted
due to technical problems, the resultsveld inFigure49are the only ones reported28]relative to
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this test). In fact, the results of the 38 % case are coincident with those obtained in the 22 % filling cas
The same is true fboth 36 % and 72 %. This seems to confirm the hypothesis that, for a tank of the
size considered.y m diameter), the maximum wall temperature does not depend on the liquid level, at
least when this is not higher than 72 %.

a) Moodie-1t-20% b) Moodie-1t-40%
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FiguréQ Comparison between predicted @&mgtdelnoeas ur
tank.

For the test series involving the 1 ton tank (Mstslie1t-20%,Moodie1t-40% and Moodi&t-8099,

the comparison between CFD and experimental results reflecissgdesn for the 5 ton tank tests.
Considering the lading temperagtareasurements are available from three thermocouples (B, M and T),
positioned on the vertical centerline at 50 (B), 374 (M) and 759 (T) mm from the bottom of the tank
respectively (the tank diameter was 1 m). Pleigure50show that there is a general good agreement
between calculated and measured temperature curves. For the tests with the lowest filling degr
(Moodielt-20% Figure50a) the dynamic of the temperatuerease is well reproduced in all the three
points. The CFzurves appear to be translatealgut 20 s in time with respect to the experimental
ones. The calculated liquid temperature is slightly higher than the real one, explaining the pressure ov
prediction observed Figure44b. On the other hand, for tiMoodielt-40%tests Figure50a),the data

from thermocouple M isxactly reproduced, leadingatcery good match between predicted and
measured pressure cunkagyred4c). As already observed in the 5 ton tank tests, the absolute value of
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the vapor temperature is opeedicted, but the dynamic is well captured. In the last test of the series
(Moodie-1t-80% Figure5Qc), the agreement does not appear as good as for the other cases. There is al
offset of about 10 °C between the CFD results and the experimentlbatdagior points M and B

This is exadtlthe difference in the saturation temperatures of propane evaluated at the starting pressur
of testMoodie1t-20%(equal taVioodie 1t-40%) and tesMoodie1t-80% However, the plots show the

same starting temperature for all these three tests. If fweanemnts were correct, then the liquid in

the tank for testMoodielt-80%was at equilibrium conditions (it would have been subcooled). This
hypothesis is quite unrealistic. Thereforepbtepressure and temperature measurements must have
been wrongl reported. Without arguing about the correctness of the experimentadetad

shows the comparison between the temperature curves obtained from the CFD model and the
experimental measurements translatdd BZ, so that the first point is at the saturation temperature
corresponding to the irat pressure of the tank. In thiay, temperatures of point B and M appear to

be well predicted whereas the temperature at point T (in the vapor space) indsbigitddiated.
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Figur®1l Comparison between predicted and measured vapor (a) and (muitier ) e derailres
for the Moodieds tests involving

Figure51showsthe test and CFD results for the vapor and the liquid outer wall temperatures. For the
wall part in contact with the vapor ph&sgure51a), the CFD predicts the same profile for all the cases,

up to200s fromthe beginning of the test. From this point, the temperature relative to the 80 % case
starts increasing at a lower rate with respect to the other two cases. This due to the cooling effect provid
by the liquid. In fact, the vapor space is derably colder in tHdoodie1t-80%test with respect to

the other two cases. This is clearly visibleigare 50 both looking at CFD and experimental
measurements. After 200 s, thermocouple T indicates a tera@axaind 120 °C for tidoodielt-

20%test, 100 °C for thiloodie 1t-40%test and only 50 °C for tihoodie1t-80%test.

6 1n this testpoint T & very close to the ligwdpor interface. In this region, the temperature gradient is high and a small
difference in the position of this point between the CFD simulation and the test can result in a poor agreement between th
predicted and measured temgture.
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All the predicted curves follow the measurements obtained in the 20 % test. The differences among tf
experimental curves are masiyably a consequence of the variation in the fire conditions.

Analysis of the results relatiogthe liquid wetted walFiQure51b), shows poobetween the CFD
prediction and the experimental reslssexplaied in detail in AppendR, the prediction of the
temperature in the wall portion wetted by the liquid represents the weakest point of this modelling setuy
Wall superheating around 50at€ found in the simulations. Experimental st{icii¢g1]of propane

pool boiling show that, for heat fluxes around 100 KA{tyrpical of hydrocarbon pefiles), the wall

superheating close to 10 °Glishe expecte(this value can change by few degrees depending on the
morphology of the heated surface

It shouldbe notedthat also theexperimental measurements sholigdre51lb appearto be of
guestionable kiability The behavior registered in Meodielt-20%and theMoodielt-80%cases is

quite strange, especially considering what happened in the test with the intermediate filling degre
(Moodielt-4099. The sudden increase in the curves slope suggiestissibme point, the thermocouple

lost its contact with the walocusing exclusively on the data from Nesidielt-40% it can be
observed how, despite a disagreement in absolute terms, the temperature curve predicted by the CI
presents a slope veaiynilar to the measured anehe Moodi€lt-40% case

Moodie-1/4t-40%

a) 350 b) 350

300 300

~ 250 ~ 250
e NS
[ (0]

2 200 £ 200
< 8

2 150 2 150
IS I
() (O]

= 100 =100

50 50

0 0

0 50 100 150 200 0 50 100 150 200
Time (s) Time (s)
————— M and B-----M CFD ——T —TCFD ---= BCFD ---=-Tliq =-----Tlig CFD Tvap ——Tvap CFD

Figur®2 Comparison between predicted anadngasamesall(b) temperatures fivtabeid/4t-40%.

To conclude the comparison among predicted and nibtesperaturefromMo o d i e, &iguret e st ¢
52shows the results obtained for the case involving the smallest tank of the thBicaieds40%).

Again, the CFD model proves to be able to reproduce the liquidatemgpEigure52a) and therefore

(as previously explained) the pressurization Eugueed4a). The vapor temperature, similarly to what
happened in the cases analyzed above, is greegtimated. Finally, the CFD prediction of both the
vapor and liquid wetted wall temperature is not in agreement with the experimental results.
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4.4.4 CFD simulationsfoll scale testsmparison between model and experim
results

Sections 4.4.2 andi8 show a good agreement between CFD results and experimental measurement
obtained from the small scale tests carried out by Moodiewaarkecs. This is true both for pressure
and lading temperature data. On the other hand, liquid wetted walltteenjgevaerpredicted.

In this sectionthe results related to the-&dhldestcarried out by the USDGHRA test (also known

as Townsend tegf)5]16]are analyzeds mentioned before, three simulations were carried out using
different values of the radiating black body temperatmeid€ring tank pressurizatiigure53
showsthatthe experimental data fall between the curves obtained usagtheline) and the average
(green line) black body temperatures.
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Figur®3 Pressurization before the finstdaBRWedhe full scale test (red circles) and calculated by the CF
modaelettintipe froriblue) the rear (red) and thdgreerdgidlack body temperature as boundary conditions

Analyzing thesesults, it shidbe taken in mind that the presence ofi@lgpercentage of ethane in the
LPG used for the experiment increased the pressurization rate. The red points wou(a e dboser
to thegreercurve)if pure propane would have been used.

Considering the high variability of the fire conditiessibed in the experimental report, it is possible
to conclude that thenodel pedictions are imcceptableagreement with the test measurements.
Furthermoreit appears that the tank pressurization was driven by the fire conditions at the rear section

Consdering theemperature resultSigure54 reportsthe comparison between the predicted and the
measuretiquid temperatures both for the rear and the front measurements .st&tDnesults refer

to the simulatio carried out using tlaeerage firblack body temperatui2ue to the initial difference

of 4.4 °C in the starting temperature caused by the presence of ethane (as discussed above), this amc
was subtractécbm theCFD data to allow comparison. Téfere, the following results diee analyzed
focusing on trends rather than absolute temperature values.
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Figur&4 Comparison between CFD and measured temperature in the liquid phase on the different ver
stations: centerline for the front (a) and rear (b) sections and lateral measurement stations for the fron
sections. The scheme of the thermocouple positioning for the front (e) and rear @)-8edatms are also

refers to thawdation carried out usangethge brack body temperature.
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CFD and experimental results are, in general, in good agreement. Indi@FkQasal fire test data)
it is possible to observe that the liquid is thermally stratifiederTicalthermal gradient increases as
time advanceAs observed in the reduced scale tests, the temperature in the liquid rises almost linearly

Considering the case where thefredlblack body temperature was set as boundary condhigums,
55 shows that the temperatsied the vertial center line (rear section) arerestimated by the CFD
model. The same is true for all the otheasurement stations (not shpwn

40 Rear section center line
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Figur®s Comparisatween CFD and measured temperature in the liquid phase along the vertical cen
rear section. CFD data refers to the simulation carried out using the lower black body temper:

Therefore, considering both temperature and pressutisand takig into account thalhe pesence
of ethanol in the teasccelerated the pressurization rate, it can be concluded that the susgtibe
averagélack body temperaturetaseboundary condition gave the best prediction.
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4.4.5 Velocity profiles

Figure56 shows the pathines for theMoodie5t-72%case at different instamif time. The first five

panels refer to the case where the entire section was simulated (i.e. not considering the symmetry of
problem).

0.00 0.16 0.32 0.48 0.64 0.79
| B i -

Figur&6 PatHines at different irssiftimhe for toodibt-72%case. Full tank simul@)dge) and half
(with symmetry) tank sim(flation
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The flow rear the wall looks quite steftyweverfFigure56a and b stw that for the first two minutes

the pick velocityn the near watkgion is a bit highevith respect to the rest the simulation)lhe
thickness of the regi@ffectedby free convection is limited ewf centimeters. It is clearly visible how

the liquid rising at the tank sides reaches the\lgpid interface, runs paralleltttowards the tank
vertical axiand then goes down to the bulk, where it mixes with the cold liquid and slows down. Here,
irregular eddies are formed which dissipate the momentum of the stream coming from thétank wall.
the bottom, a regioof instability can be observeden though the flow is not exactly symmetric with
respect to the vertical ceniee, the patiines on the left half of the tank are similar to those on the
right one.For comparison, the last panel (f) shows thelipath plot at 300 s for the simulation
considering symmetijhey are similar to those observed in panel (e). From the pressurizdtan poin
view, no difference was obszhbetween the symmetric and-spmmetric simulation.

In the vapor spacthe behavior isimilar tathat observed in the liquid regiGtose to the wall, a free
convective layer forms. The vertical extension of yeis decreases with time. In fact, hot vapor
accumulates at the top of the tank and a zone forms where the temperature reaches a plateau. T
suppress the framnvective flows since its driving force, the temperature gradients, gets weaker and

weaker.
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Figur®7: Vector velocity plot at different horizontal sections in the liquid region (in the proximity of th
centdine) for tivoodibt_72%case, after 300 s of simulation)

Figure57 gives a focus on the freenvective layer near the vimlthe liquid regianAs mentioned
before, the thickness of this layer is quite small with respect to the tank diameterMloedictte
72%case is considered, where the tank diamdtar m). Withia bit more than 8m from the wall

the velocity decays and the liquid is almost motionless.

This is even more evidenFigure58 whichreportsthe yvelocity profileas a function of the d#snce
from the walht different instastof time for theMoodie1t-80%(a)and theMoodie5t-72%(b) cases.
The plosrefer to the horizontal centigre of the tankThe velocity gradient near thall is very steep.
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The maximum velocity (around 0.4 @ridm/s for theMoodielt-80%and theMoodie5t-72%case
respectively) is found to beapproximately mm from the wall for both cases. Going towards the
center of the tankhe velocity decreasssreducing rate until it reachegegative value h€ dstane

from the wall at which thegsichange occurs is higher in the larger tank. It is worth noting that, in both
cases, this distance corresponds to about the 4 % of the tank diameter.
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Figur&8 yvelocity profiles imgtnd Epace at differentsastame for teodi&t-80%(a) an®loodibt-
72%(b) cases at the horizontdiheesmea function of the wall distance.

As mentioned in the discussiorFaure56 in theliquid phase the velocity profiles near the wall reach
a pseudo steady state conditinrboth theMoodielt-80%and theMoodie5t-72%cases the curves
referring to different instants of time are almost coinditierdmall bumps visible on the blueeimv
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Figures& are due to the transient formation of eddies in the liquid bulk as isglesst). A slightly
higher peak velocity can be observeckifirst parof the simulations

For the vapor sice, things are a bit differelhalyzing the two cases with the lowest filling degree,
Moodie1t-20% and Moodie5t-22% (Figure5% and b respectively) appears thahe pek of the
velocity profile is very close to the wall (about 1 Tms)is similar to whatasobserved in the liquid

for theMoodie 1t-80%andMoodie5t-72%cases. Here, however, the velocity profiles do not show the
same pseudo steady state behdwn fact, the point where tlyerelocity becomes negative get closer to
the wall as time advances. Thimagse evident in thease of the 1 m diameter tank (ddsedielt-

2099, but the same trend can be observed for the largest one.
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Figur®9 yvelocity profiles in the vapor spacsias@iffeotitne feMbodi&t-20%(a) aniloodibt
22%(b) cases at the horizontdiheesmea function of the wall distance.
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The difference between what happens in the liquiti@rndpor spadswell represented Figure60.

The three panels show thelis@s corresponding to a velocity magnitude value of 0.05 m/s at different
instans of time for theMoodie5t-72%case. The first thinthat can be noted is that, at the beginning

of the simulation@~igure60a), the line relative to the liquid spappears quite irregular. The opposite

is true for the last panel leigure60 (c), where the profile is smooftne thickness of the convective
layerappears to increase going from the bottom of the tank towards the liquid surface. However, for &
given vertical coordinate, this remains constant. On the antldeirhthe vapor space, both the thickness

and the extension of the free convective layer decrease with the time.

Finally, it is worth noting that th@osition of the liquidapor interfacenoves a bit towards the top of
the tank. This is due to the exgan of the liquid phase.

a)60s b) 180s c) 300s

FiguréQ Isevelocity line corresponding to a velocity magnitude vaifesofd), Bthss(a) and 300 s (c)
for th&oodibt-72%case
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4.4.6 Thermal stratification

In Section 1 it has beenipted outthat many authors have stressed how thermal stratification plays a
key role in the determination of the pressurizationJasequently, most of the modifications made

to improve simple models for the prediction of the response of vessetlérpioe wer@aimed at
reproducing this phenomenon. The capability of CFD in reproducing in detail the flow and temperature
fieldsinside the vessel makes it a powerful togiltdythe importance of thermal stratificationthe

following, the tempetare distributions obtained from the simulations of all the cases summarized in
TablelOwill be analyzeid order to assess the importance of this phenomenon.
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The simplestway to understand how the inhomogeneous distribution of the tempsffaetisethe
pressurizatiom the tank is to compatke pressureurves (obtained with the CFD model) with the
saturation pressure calculated at the average (mass weighted average) temperature of the liquid ph
Figure61shows the results obtained for the tests involving the 5 ton tank. The platskgaoirend,

with the green dotepresenting the saturation pressure falling onto the presseiferctire first two
casesMoodie5t-22%andMoodie5t-36% and deviating from it in the other twddodie5t-58%and
Moodie5t-72%). The deviation increases with the increase of the filling degree.

This behavior becomes even more evident in the full scalédRREET(64t96% Figue 62). Here the
difference between the blue curve and the green dots reaches abailuediar after 0& fom the
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beginning of the testhese results refer to the simulation carried out using the average fire black body
temperature

USDOT-64t-96%
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Figue62 Comparison between pressure and saturation pressure calculated e @viEnatie [figlid tem
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Figuré3 Parity plot comparing the pressure and saturaticst¢uessive aadcabe liquid temperature for all
the cased abld Orehtingo the fully engulfing pool fire scenario
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Looking at the complete set of cases list€dbtel0, Figure63(reporting a parity plot comparing the
pressure in the tank with the saturation pressure calculated at the average liquid temperature) confiri
the trend observed in the 5 ton tank test séiwestermediate filling degretrse pointdall very close

to the liney = X, indicating that stratification has almost no effect on the pressurization rate. On the
contrary, when most of the tank volume is occupied by the liquid phase, the roleaftistrégtomes
important. This phenomenon appeato bestronger for biggetank diametes. A strange result is
obtained for thioodielt-20%casewhere the saturation pressure calculated at the average temperature
of the liquid phase is slightly higtian the tank pressure.

In 1996, Birk and Cunninghd#®] adoptedthe dimensionlessmpa me t e r4.3) to qudniify. the
effect of thermal stratification on the pressurization rate.

n Yy (Eq. 431)

It is defined as the ratio between the pressure of the tank and the saturatiorppoadsuletéd at the
awerage temperature of the liquid phdseg)(Figure64 shows the variationof this parameteas a
function of timefor the cases listed TablelOrelative to the fullgngulfing pool fire scenario
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4.4.7 Temperature fields

Analyzinghe temperature distributidfigure65a and b show the liquid temperature maps relative to
theMoodie5t-72%case after 60 and 300 s from the beginning of the simulation respectively.

a)60s b) 3M s
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Figurés Temperature contour plots at 6039(0a3 dnidand vertical temperature profiles at diti€rent instan
time (c) for Meodibt-72% case.

After just one minute of simulation, the liquid appe&ealready stratified. This phenomenon becomes
more and more visible as time advancebleAidttom of the tank, the effect of the instability of free
convective flow on an almost flatfaoe are also clearly visiblgure65c shows the temperature
profiles on the vertical centere of the tank (&fm the bottom to the liquid surface) at different irstant
of time. The curves confirm what already observed looking at the temperature conthe hietsal
stratification is not negligible and becomes more evident in the last part of the simulation.
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