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Abstract

Structured packings are known for their excelleaat transfer properties in multi-tubular
fixed-bed reactors. Previous research concludet tttea open-cross flow structures (OCFS) and
closed-cross flow structures (CCFS) have the best thansfer performance compared to glass beads,
foam and knitted wire.

The influence of the orientation on heat transt@pprties of OCFS and CCFS packings in a
single-tube fixed-bed reactor was studied. For Igbles of packings it was found that 90° alterrgatin

rotation of the packings is always better thanl@®raating rotation.

The influence of the fit on heat transfer propertod OCFS packings in a single-tube fixed-
bed reactor was studied. It was concluded that@#S packings with a better heat transfer

performance were the ones with a big gap betwezedlge of the packing and the reactor wall.

The heat transfer performance of the OCFS and Q&Elings are very similar. However, for
high gas velocities the OCFS are clearly bettem tha CCFS packings.

It was concluded that the simplified 2-D pseudoabgeneous plug flow model and the 2-D

pseudo-homogeneous plug flow model are not goockiadd these types of packings.
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1. Introduction

Oil, which is our most important source of energgay, is the owner of 40% of the world
energy market and 90% of the transportation fueltife form of gasoline and diesel) markét
However, since the reserves of crude oil will vartiefore the reserves of coal and natural gas, the
employment of alternative sources of energy becoragsimportant. One of the alternative sources
of energy which are likely to replace oil in theanduture is synthetic fuel. Synthetic fuel is any
liquid fuel obtained from coal, natural gas or bass.

The conversion of coal (CTL) and natural gas (GTritp hydrocarbons via Fischer-Tropsch
synthesis has become attractive to many compamiesube the reserves of crude oil will vanish
before the reserves of the coal and natural gaghendroduced fuel is cleaner. Also the conversion
of biomass (BTL) into hydrocarbons is an interegtadternative. The principal purpose of the
Fischer-Tropsch process is to produce a synthetioleum substitute for use as synthetic fuel or as
lubrication olil.

Fischer-Tropsch synthesis (FTS) is a highly exathereaction. Due to this, much attention has
been paid to reactor selection, with emphasis enetdse of heat removal. A good heat removal
decreases the temperature in the reactor and teetigiy of the reactionncreasedrom C; to
higher G productd?.

Many reactors have been suggested and even comafherapplied since Fischer-Tropsch
synthesis was discovered in the 1930’s but eathesh suffers from some kind of disadvant&fe
There are three types of reactors for the FTSahacurrently being used commercially: the multi-
tubular fixed-bed reactor, the riser reactor ardslurry phase reactét.

Multi-tubular fixed-bed reactors suffer from a largradial temperature profile which
consequently leads to a wider product distribut@revious researcfl found that the performance
of these reactors could be greatly improved with uke of structured packings. It was shown that
the heat transfer properties of structured packingkese reactors vary strongly with the type of
packing.

Structured packings typically consist of thin cgated metal plates arranged in a way that they
force fluids to take specific paths through theuowh, thereby creating a large surface area for
contact between different phases. Apart from tlaeivantages of reduced backmixing, improved
radial heat transfer behaviour and low-pressurg thiey also have the benefit of ease of scale-up.

The OCFS (open cross flow structures) and CCFSddia@ross flow structures) packings, see

figure 1, have shown the best results thus fartingjato the overall heat transfer coefficient,
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comparing with glass beads, foams and knitted whi@. this reason the OCFS and the CCFS

packings will be the focus for this continued resba

o~

xv\ '

-

o

Figure 1 — CCFS (left) and OQFR§ht) packings, with 5 cm of diameter.

The OCFS and CCFS belong to the same family ottstred packings as they both consist of
thin corrugated metal plates with the corrugatiohthe metal sheets inclined at an angle Gfw#h
respect to the vertical axis. In the OCFS the chEnare open to each other and hence the fluids
from adjacent channels get remixed with each dtiemeby promoting radial mixing. In CCFES a flat
sheet is inserted between two corrugated sheathihémiting the radial mixing to each channel.

Previous researcP also concluded that the heat transfer propertigbesfe packings depend on
the orientation of the packing and the gap betwkerpacking and the reactor wall. These packings
do not have the same physical properties in adlations, they are anisotropic. This is the reason
why these packings were not designed as single tyfigdrical modules but rather as short
cylindrical elements such that several of thesenetds turned by 90° at regular intervals could be
used to fill the columns.

The heat transfer in tubes filled with catalytiomdam packings is usually calculated using the
two-dimensional pseudo-homogeneous plug flow maedil two parameters describing the overall
heat transfer resistance: an effective radial tlaéroonductivity £.;) and a wall heat transfer
coefficient ¢). The le determines the heat transfer rate through thetstied packing from the
centre to the edge. The, determines the heat transfer rate from the edgkeopacking to the wall
(51

In this thesis a single-tube fixed-bed reactor wgifuctured packings (OCFS and CCFS) will be
studied and consequently it will be tried to improthe heat removal and flatten the radial
temperature profile on the reactor, so that theyeaof the final products of the Fischer-Tropsch

reaction can be decreased.
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1.1 Objectives

The objectives of this research project are (igsomg the influence of the orientation and the fit
of the OCFS and CCFS packings in a single-tubelflxed reactor and (ii) suggest improvements on
the packings to improve the heat transfer charigties.

To fulfill the first objective of this research pect experiments will be performed in a single-
tube fixed-bed reactor with structured packings ESGind CCFS packings) with co-current down
flow of gas (N) and liquid (ISOPAR-M). To determine the influenoé the orientation of the
packing in the heat transfer experiments will befggened with packings turned at 0° and 90°
alternating. Both OCFS and CCFS packings will helisid. To determine the influence of the fit of
the OCFS packings in the heat transfer experimeititde done with packings with different gaps

(small, medium and big gap) between the edge ogbdloking and the reactor wall.
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2. Literature Review

2.1 Gas-to-Liquid

Synthetic fuel or synfuel is any liquid fuel obtadhfrom coal, natural gas or biomass. The
process of producing synfuels is often referredddaCoal-to-Liquids (CTL), Gas-to-Liquids (GTL)
or biomass-to-Liquids (BTL), depending on de inifeeedstock.

The conversion of natural gas to hydrocarbons (Gi§Lgurrently one of the most promising
topics in the energy industry due to economic zdtiobn of remote natural gas to environmentally
clean fuels, specialty chemicals and waxes. Alterely, coal or heavy residues can be used on sites
where these are available at low cd8tAs can be seen in table 2.1 the resources ofarmhhatural

gas are very large compared to the ones of crude oi

Table 2.1 — World fossil fuel reserves and consimnpEJ, 168 )"

Reserves Consumption
(1991)
Coal 27,185 69.91
Natural Gas 4512 79.44
Crude Oil 6,054 143.67

Since the reserves of crude oil will vanish beftive reserves of the coal and natural gas, the
liquefaction of those carbon sources via Fisch@p$ch Synthesis has become attractive to many
companies.

The principal purpose of Fischer-Tropsch proceds groduce a synthetic petroleum substitute
for use as synthetic fuel or as lubrication oisdfer-Tropsch (FT) technology can be briefly define
as the means used to convert synthesis gas caomaimydrogen and carbon monoxide to
hydrocarbons products. Interest in FT technologyinigeasing rapidly. This is due to recent
improvements to the technology and the realizatan it can be used to obtain value from stranded
natural gas. In other words, remotely located m@tgas will be converted to liquid hydrocarbon
products (GTL) that can be sold in worldwide mask8t

GTL fuel is colourless, odourless and free of sutpand aromatics. It has a very high cetane
number (75-80) - a measure of diesel combustiotityuacompared to refinery diesel (45-55). The
higher the cetane number, the more complete thebgstion and the less waste is produced. It
significantly reduces local emissions (particulatatter, NQ, CO and hydrocarbons), either as a
blend with diesel fuel, or 100% pure compared fmeey diesel fuel — even ultra low sulphur (50

ppm) diesel. GTL fuel is ideal for reducing polariin major cities. Some other alternative fuels

4
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require modifications to existing vehicles or thetallation of a new fuel distribution infrastrucgu

(filling stations). This may limit their initial @wge to dedicated bus and truck fleets that onlyause
fixed refuelling location. However, the compatityilof GTL fuel with standard diesel infrastructure
means it can be introduced into a market withoatdbsts of modifying vehicles or installing new

infrastructures’.

2.2 Fischer-Tropsch Synthesis

Fischer-Tropsch synthesis (FTS) was discovered isghBr and Tropsch, the German coal
researchers, in 192&hdbecame first used in Germany in World War Il. laigrocess converting
synthesis gas (a mixture of CO ang) ito hydrocarbons.

The Fischer-Tropsch reaction forms hydrocarbonsveatgr over a heterogeneous catalyst. The
main hydrocarbon products are n-paraffins asadefins varying between methane and heavy waxes,
but also other molecules like branched paraffithels, aldehydes and carbon acids are present in
the product mixturé’®. The product molecular weight distribution depemasthe catalyst, the
temperature, the pressure and thg¢Q@ ratio . After separation and upgrading a part of FT
derived products can be used as transportatios. fiNein-fuel (waxes) products can be hydrocracked
to the desired transportation fuels or be recytdetie synthesis gas generation process&efrhe

major overall reactions of the FTS are summarinedble 2.2.

Table 2.2 — Major overall reactions of the Fiscliempsch synthesis®.

Main reactions

1. Paraffins (8+1) H, + n CO— C Han2+ N HO
2. Olefins A H; +nCO— CHz, +nHO

3. Water gas shift reaction CO %Gl CO, + H,

Side reactions
4. Alcohols 2 H; +n CO— CyH2n20 + (0-1) H,O
5. Boudouard reaction 2CoC+CQO

The product of FTS, the so-called synthetic crutieean be used directly in the refineries. It
contains mainly linear hydrocarbons chains, an&mo N containing compounds. By hydrocracking
of the synthetic oil, the heavy hydrocarbons;ofC are converted into diesel and kerosene.
Isomerization, catalytic reforming, alkylation, antigomerization, can further increase the octane

number*?,




The Influence of Orientation and Fit on Heat Tran$froperties of OCFS and CCFS packings in MTFBciRes

Typical conditions of FTS are pressures betwee®@@ar and temperatures in range of 200 -
350°C. An important aspect of FTS is the large loéataction, the formation for example of 1 mole
of —CH,- is accompanied by a heat release of 165 kJ/nfabhwimposes strong requirements on the
process design of large-scale uffits

Vannice et al*¥ showed that the average molecular weight of hyattwans produced by FTS
decreased in the following sequence: Ru > Fe > (®h>> Ni > Ir > Pt > Pd. However, only
ruthenium, iron, cobalt and nickel have catalyth@m@cteristics which allow considering them for
commercial production. Nickel catalysts under pecattconditions produce too much methane;
ruthenium is too expensive and its worldwide ressrare insufficient for large-scale industry. So
cobalt and iron-based catalysts are the most coryneatalysts used at industrial scifé. A brief
comparison of cobalt and iron catalysts is giveiable 2.3.

Table 2.3 — Comparison ofalblnd iron FT catalyst&”.

Parameter Cobalt catalysts Iron catalysts

Cost more expensive less expensive
less resistant to deactivatic
Lifetime  resistant to deactivatiofcoking, carbon deposit, iron

carbide)
Activity at low
: comparable
conversion
. higher; less significantlower; strong negative effect
I?roducthlty .at effect of water on the of water on the rate of CO
high conversion . :
rate of CO conversion conversion
Maximal chain
growth 0.94 0.95
probability
Water gas shift I L
X not very significant significant
reaction
Maximal ~ 0.1 ppm ~ 0.2 ppm

sulphur content

less flexible; significar
influenceof T and P ol
hydrocarbon selectivity

H,/CO ratio ~2 05-25

Attrition
resistance

Flexibility
(T and P)

flexible; methane selectivity
relatively low even at 613 K

good not very resistant

Although the reactor effluent contains a wide ugrief components, the product distribution
shows a strong regularity. Due to the polymerizatike growth mechanism, the selectivity to a
certain product or product range will always beitéd - Anderson-Schulz-Flory (ASF) distribution.
According to Anderson, the product distribution tofdrocarbons can be described by the ASF

equation:
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m=(1-a)a"" )

with m, the mole fraction of a hydrocarbon with chain lgng and the growth probability facter
independent oh. a determines the total carbon number distributiothefFT products. The range of
o depends on the reaction conditions and catalyst'tJp

The next figure shows that the maximum primary ety towards products in the range of

gasoline or diesel fuels is about 46%
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Figure 2 — Product selectivity as a function of A®fin growth probabilityo) *°..

Schulz*” provides a qualitative overview of the influendeseveral process conditions on the
selectivity of the FTS (see table 2.4).

Table 2.4 — Influence of certain process conditionsproduct selectivity characteristics:
increase, decrease, * complex reaction.

Chain growth Oleofin/Paraffin Carbon  Methane

probability ratio deposition selectivity
Temperature 1 l l 0 1
Pressure? 1 * * l
H,/CO ratio 1 I i) ! 7
Conversion? * ! 1 1

The main challenge in FTS is maximizing the selggtiof the process to desired products or
product ranges. However, the polymerization-likeure of FTS poses strong limitations on efforts
to, for instance, selective production of valuasatel high quality middle distillate range products.
Moreover, the strong exothermal nature of FTS posesrtant limitations on the reactor design and
operation of the FTS process. Also due to this;tora suffer from unequal temperature distributions
which consequently leads to a wider product digtrdn. The adiabatic temperature rise of FTS,

1600 K, makes heat removal a crucial issue, edhecansidering that temperature is an important
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parameter in controlling process selectiVif}. Therefore much attention has been paid to reactor
selection, with emphasis on the ease of heat rel&aA good heat removal decreases the

temperature in the reactor and the selectivityhefreaction increases from © higher ¢ products.

An increase in the temperature leads to a shifthénprocess selectivity towards methane formation
and carbon deposition on the catalyst and, consglguthe catalyst deactivatidfl.

The FTS is a process where several types of realctve been proposed and even commercially
applied since its discovel§l. Different types of reactors have been used tooowee the various
problems associated with the product selectivigatiremoval and uniform distribution of syngas.
All of these reactors can be considered as nonaptiompromises for reasons mentioned below.

Krishna and Sid"® developed an effective strategy for multiphasect@aselection in which
they analyze the process requirements in a systemay. They distinguish three strategy levels: (i)
catalyst design, (ii) injection and dispersion tetgges and (iii) hydrodynamic flow regime. For each
of these levels the ideal choice should be decigetependently, considering the specific
requirements of the process. The power of this agar is that independent of existing reactor
configurations ideal configurations for various gees aspects can be formuldtéd

From the catalyst design level, it follows that tpimal Fischer-Tropsch catalyst should have
short diffusion lengths, a good accessibility aightactivity. The injection and dispersion strategy
level results in several needs and wishes. Plug fiehavior with respect to concentrations and
mixed state of the temperature are strong needge8tinjection of reactants and in situ removal of
water vapor can be beneficial. The hydrodynamianmegimposes several preconditions. High
productivity, good heat transfer and mass trarefethe most important preconditidté.

Some of the requirements coming from the variotstesgies levels are difficult to combine in
conventional reactors. Many reactors have beenestigg but each of them suffers from some kind
of disadvantage. There are three types of reaforthe FTS (see figure 3) that are currently being
used commercially: the multi-tubular fixed-bed teacthe riser reactor and the slurry reaéfor

In the multi-tubular fixed-bed reactor (MTFBR) sitrdilameter tubes containing the catalyst are
surrounded by circulating boiling water, which rermas the heat of reaction. A high linear gas
velocity is applied and unconverted synthesis gaeaycled to enhance heat removal. This reactor is
suitable for operation at low temperature; theransupper temperature limit of about 530 K, above
which carbon deposition would become excessivalingato blockage of the reactor. This reactor
can be considered a trickle-flow reactor, sincargd part of the products formed at relatively low
operating temperatures are liquid (waxess:)C*. The major disadvantage of this reactor is related
to limited heat removal which leads to radial terapgre profiles which consequently results in a

wider product distribution.
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Figure 3 — Reactors usedscher-Tropsch synthesfs

In riser reactors for FTS two banks of the heahargers remove a significant part of the heat of
the reaction, while the remainder is removed by rwycle and product gases, which are then
separated from the catalyst by cyclones. The faomatf heavy wax must be prevented, because
this condenses on the catalyst particles causingloangration of the particles and thus
defluidization. Therefore, this reactor is prefdyalised at temperatures of over 570 K. In the riser
reactor gasoline is the major product howeveradpces a larger quantity of light products, such as
methane, which are undesired.

In the slurry reactor, a finely divided catalystsisspended in a liquid medium, usually the FT
wax product, through which the synthesis gas idlath This also provides agitation of the reactor
contents. As the gas flows upwards through thenglutr is converted into more wax by the FT
reaction. The fine particle size of the catalystuaes diffusional mass and heat transfer limitation
The heat generated by reaction is removed by iate&ooling coils. The liquid medium surrounding
the catalyst particles greatly improves heat tremndthe temperature in the slurry reactor mustdie n
too low because then the liquid wax should becameviscous, while above about 570 K the wax
hydrocracks, leading to a less favorable produettspm. Separation of the product wax from the
suspended catalyst has been a problem; a heavyqgtrisdproduced so distillation and flashing are
no options, while separation methods such astfistniaand centrifugation are expensitle

As we can see in the table 2.5 the three reacteld rather different product distributions.
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Table 2.5- Typical operations and selectivity data of theg¢hreactors type used in Fi5

Multi-tubular

fixed-bed reactor RIS€r reactor Slurry reactor

Conditions
Inlet T (K) 496 593 533
OutletT (K) 509 598 538
Pressure (bar) 25 23 15
H./CO feed ratio 1.7 2.54 0.68
Conversion (%) 60 - 66 85 87
Products Wwt%)
CH, 2 10 6.8
CH, 0.1 4 1.6
C.He 1.8 4 2.8
CsHe 2.7 12 7.5
CsHs 1.7 2 1.8
CsHs 2.8 9 6.2
C4H1o 1.7 2 1.8
Cs — G; (gasoline) 18 40 18.6
C]_z - Clg (diesel) 14 7 14.3
Cyo (waxes) 52 4 37.6
Oxygenates 3.2 6 1

a — Higher ratio is also possible.

Currently, there are two operating modes: high- lamdtemperature Fischer-Tropsch processes
(Figure 4)*4,

Iron catalyst
Fluidized bed reactor
T=573-623 K, p=20-40 Bars

H,/CO=<2
_ HTFT
C1-C135 hydrocarbons,
olefins, oxygenates, ...
Cabalt or iron catalyst
Fixed bed or slurry reactor
T=473-513 K, p=20-45 Bars
H,/CO=1.7-2.15
—_— LTFT
C1-C100 linear paraffins

and light olefins

Figure 4 — High- and low-tempara Fischer-Tropsch proces$ts
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In the high-temperature FT (HTFT) process syngastsein a fluidized bed reactor in the
presence of iron-based catalysts to yield hydraosshin the @ — Gs hydrocarbon range. This
process is primarily used to produce liquid fuekhough number valuable chemicals, edm.,
olefins, can be extracted from the crude synthetic Oxygenates in the aqueous stream are
separated and purified to produce alcohols, aeetit, and ketongs”.

Both iron and cobalt catalysts can be used in dlnetémperature FT process for synthesis of
linear long-chain hydrocarbon waxes and paraffidggh-quality sulphur-free diesel fuels are
produced in this process. Most of the FT techne®gieveloped in the last two decades are based on
the LTFT process. These new LTFT processes hawview syngas with a highJHCO ratio, which
Is generated by vapour-reforming, autothermal refing, or partial oxidation using natural gas as a
feedstock. Because of their stability, higher pessversion, and high hydrocarbon productivity,
cobalt catalysts represent the optimal choice yothesis of long-chain hydrocarbons in the LTFT
process.

Currently commercial operations of Fischer-Tropplants are in South Africa — Sasol (90% of
the global production) and Malaysia — Shell (10%tlo¢ global production). Exxon, Rentech,
Syntroleum, Energy International and others haweldged pilot plant§?.

Previous research found that the performance ofi+tuldular fixed-bed reactors could be greatly

improved with the use of structured packings fer thasons mentioned in the next section.

2.3 Structured Packings

The term structured packing refers to a range @cigfly designed materials for use in
absorption, distillation columns and chemical reext Structured packings typically consist of thin
corrugated metal plates or gauzes arranged in athatythey force fluids to take specific paths
through the column, thereby creating a large sertaea for contact between different phases. Apart
from their advantages of reduced backmixing, imptbvadial heat transfer behaviour and low-
pressure drop, they also have the benefit of elaseate-up.

Since the 1960s corrugated structures have bediedgpccessfully in industrial distillation and
absorption columns. The early packings were BX gapackings and they were used for the
separation of heat-sensitive products. In 1970ddgak structured packings opened up a large field
of applications in chemistry, petroleum chemistamgd refinery and absorption proces&8s It is
estimated that today 25% of all refinery towers ldwide are fitted with structured packings. They
are used to improve the heat transfer behaviornaake process intensification possible. The next

figure summarizes the history of corrugated stmassince 1955.
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Figure 5 — Historfystructured packingé®.

In this thesis we are going to aboard the strudtpeekings as potential catalytic structures to be
applied for highly exothermic multiphase reactiopgrated in co-current mode. Thgsekings can
be classified in four categories:

1) Monolith, which are structures of parallel straigthhlannels, with typical
characteristics of low pressure drop, high porodiigh geometric surface areas, no
radial exchange and heat transfer characteristidéch strongly depend on the
monolith material,

2) Corrugated sheet/gauze packings which can be sdediinto:

a. The Open Cross Flow Structure (OCFS), which cosisibttorrugated
sheets stacked parallel to each other, and whoseigabion orientation is
alternately inclined to the axis; typical charaistigcs are low pressure drop, high
porosity, high geometric surface areas and efftaiadial mixing.

b. Closed Cross Flow Structure (CCFS) is a modificatbOCFS, which
consists of an additional flat plate between theugated sheets, forming closed
channels inclined to the axis; typical charactessare low pressure drop, high
porosity, high geometric surface areas and mixihgha wall thus allowing
efficient heat transfer from the packing to thelaat

3) Multiflament Wire Mesh Packing, which consists kiitted multiple fine
metallic filaments that are then crimped and spivalind; typical characteristics are
low pressure drop, high porosity, high geometridesie areas;

4) Open-celled foams, which are 3D cellular materralde of interconnected
solid struts (pores), forming a sponge type tortupath network; typical characteristics
are low pressure drop, high porosity, high georoedrrface areas, sufficient radial

mixing and good heat transfer characteristics coatbto glass beads”.
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Previous researchl concluded that the OCFS and CCFS packings havershuavbest results
thus far to improve the heat removal on a multutab fixed-bed reactor. See figure 6 where the
overall heat transfer coefficient is represented/@rious packings with different type of conditson

1400 -
1200 A
FT\
¢ 10001 BOCFS
N
£ 800 BCCFS
é ] O Foam
DB 600 - @ Knitted Wire
| OGlass Beads
400 - .
200 = |
O 1 T T

uG=0.4m/s uG=0.4m/s uG=2.6 m/s uG=2.6 m/s
uL=5 mm/s uL=22 mm/s uL=5 mm/s uL=22 mm/s

Figure 6 — Comparingo, for glass beads and structured packings for féfterdnt conditiond®.

It was also concluded that the heat transfer ptigseof these packings depend on the orientation
of the packing and the gap between the packinglandeactor wall.

The OCFS and CCFS belong to the same family otwtred packings as they both consist of
thin corrugated metal plates with the corrugatiohthe metal sheets inclined at an angle Gfw#h
respect to the vertical axis. The sheets are aedhngrtically and parallel to each other, so that t
corrugations of contiguous sheets are inclinedrately by ¥ and —6. In the OCFS (see figure 7
(@) and (b)) the channels are open to each other and hencButte from adjacent channels get
remixed with each other thereby promoting radiaxing. In CCFS (see figure (¢) and(d)) a flat
sheet is inserted between two corrugated sheetsbyhdéimiting the radial mixing to each channel.
The open channel packing geometry is then trangfdrimto a monolith-like structure with a
multiplicity of closed inclined triangular channéts

These packings were not designed as single lonmdeidal modules but rather as short
cylindrical elements such that several of thesenetds turned by 90° at regular intervals could be
used to fill the cold and hot section columns. Wi&s necessary as the packings are anisotropic, i.e
the physical properties are not the same in alatatirections™. Therefore the heat distribution will
not be the same thus obtaining different tempeegbuofiles along different angular directions a th

same axial position.
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(© (d)

Figure 7 — OCFS ((a) and (b)) and CCFS ((c) and@gkings rotated 0° and 90° into each other,
with 5 cm of diameter, the value @fs in these cases 45°.

Table 2.6 provides the geometric properties ofsthegctured packings used in this study.

Table 2.6 — Geometric properties of tH@FS and CCFS packin§s

_ . . Surface Area, & Hydraulic radius, Diameter,
Packing  Material Porosity, €

(m) dn (mm) D (cm)
OCFS Stainless steel 0.84 1885 1.8 49
CCFS Stainless steel 0.95 2400 1.6 49

Conventional open cross flow structures show tipessible flow types within such structures,

see figure 8.
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Figure 8 — Main fluid paths in open cross flow stues: a) flow following the valleys, b) bypassing
flow, c) flow crossing the valley8".
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In the first possible fluid path the liquid followise orientation of the valleys in the corrugated
sheets, is reflected at the side wall and returreugh a valley of the opposite plate - see fiusg
This type of flow is very important for the headrisfer to and from the tube wall. For construction
reasons there is a cleavage between the struauacbshe tube wall, thus creating a second flow
type, a bypass flow in the gap between the stracund reactor wall - see figureo8 The flow type
coming through the valleys is not directly reflett® the opposite plate, but tends to stay for a
certain time in this bypass before leaving it aghiough another valley further downstre&fh The
third possible fluid path always stays inside tlaeling, winding itself around cross-points of the
sheet’s corrugations and ensuring the good mixetgakiour and the heat and mass transfer between
fluid flow and structure surface - see figure)8The relative amount of flow in each regime will
depend on many factors, including the channel heighannel angle and channel width, flow
regimes and size of the g&p

To increase the heat transfer to the reactor wallhe CCFS the third main flow type - see
Figure 8c) - is closed by flat sheets between the corruglatgets. This forces the whole fluid flow
to contact the reactor wall where the heat trarsiezs place.

Initial flow distribution in CCFS packings is vermnportant. Since there is no exchange of
liquid between adjacent channels, radial mixingrab&ristics are poor. On the other hand, due to
the fact that the liquid in adjacent channels domix, the mixing takes place at the wal.

The CCFS packings are characterized by almost dialrenixing within the structure. What
makes this structure so special is that it is ogtethe wall and as the flow is directed from left t
right and vice versa in the adjacent layers it diyehits the reactor tube wall causing optimal
disturbances of the stagnant layers at the wathdfchannel size is sufficiently small, Taylorlo
will be induced provided the ratio gas to liquidvl rate is in the right range. The pressure drop in
these packings is lower than that of OCFS packegs though the closed channel has a higher
surface are&®. By inserting a flat sheet between two corrugateelets the energy consuming gas—
gas interaction at the channels crossing is remoleese type of packings are open at the wall and
the flow directed from the structure to the wabyy efficiently helps in disturbing the laminamifil
present in the gap between the edge of the packmthe wall. This creates turbulence thus
improving the heat transfer from the packing tows. These packings show a lower sensitivity to

gap sizes between the skin of the packing and #ig3A.

2.3.1 Definition of the Heat Transfer Parameters

For reactions which are strongly exothermic orragip endothermic a good heat transfer is

important to guarantee a homogeneous radial terypergrofile throughout the reactor. In

15




The Influence of Orientation and Fit on Heat Tran$froperties of OCFS and CCFS packings in MTFBciRes

exothermic reactions, a poor heat transfer cancedoot spots, which favor side reactions,
diminishing the selectivity of the desired produdbt spots can also lead to fast deactivation or
sintering of the active catalytic components aneheto temperature runawgﬁl.

Strongly exothermic, like FTS, or endothermic pssss are generally carried out in multitube
reactors to permit heat removal, respectively Bapply, through a fluid medium that surrounds the
tubes.

The heat transfer in tubes filled with catalytindam packings is usually calculated using the
2-D pseudo-homogeneous plug flow model with twaapeaters describing the overall heat transfer
resistance: an effective radial thermal condugtivite) lumping together all heat transfer
mechanisms within the fluid (conduction and conva)twhile neglecting temperature differences
between the liquid and the solid phase, and a Wwedlt transfer coefficientaf) . The Ae,
determines the heat transfer rate through thetsteat packing from the centre to the edge. dhe
determines the heat transfer rate from the edgleeopacking to the walf’. In this model two main
assumptions are made: (i) at any location of tlaetoe all three phases (gas, liquid, solid) arénat
same temperature and (ii) plug flow conditions efos the gas and liquid phases. This model also
assumes that the packing is isotropic.

The 2-D model is given by the following equatidn

)

ar O°T 10T
C oy |28

with the following initial and boundary conditions:

220, T=T, @
o1
r=0,—=0 4
> (4)
r:R,—AerZ—T:aW(Tr:R—TW) ©)
toor

The estimated overall heat transfer coefficiéht; is calculated fromie, anda,, using the
following equatiort?:

1 1 R
= (6)
Uest aW 4/16|’

The previous equation is valid for a cylindricabedinate systertf?.
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The overall heat transfer coefficiekls,, is calculated from the overall heat balance utiieg
experimentally obtained temperature profiles. Togaltamount of heat transferred from the heat

transfer column to the cooling water is:
Q=U,,27RLAT, 7)

where:

( min ) ( mout vx)

AT, = (8)

The total amount of heat that will be transfernehf the column is:
Q:(ULIOLCp,L + l'{'_;pG c:p,G)( Tm in_ Tm ou) (9)
At steady state both heat fluxes are equalldgadan be calculated:

— (uLpl—CP,L *+ WOc Cp,G)( Tm in_ Tm ou)
> 27R LAT,,

(10)

The inlet and outlet temperatures are the averag@dratures obtained from the mixing cup
averages of the temperature profiles at the intet autlet of any sectioff!. The mixing cup

temperature is calculated using the following eigunat

ZZTIT (r)rdr R
T,=—%>—=——+= IT(r)rdr (11)
Zn'[rdr 0

For example, for the section A-B the inlet mixingpdemperature is calculated from ring A and the
outlet of mixing cup temperature is calculated frong B.

Is very difficult to fit the parameterk ; anda, in equation (2) since the packings present a
very flat radial temperature profile. Therefore ttonfidence intervals of those parameters will be
very large. Since equation (6) uses those paramétercalculate the value dfes this value is
expected not to be reliable. To test this, theemlofUes;andU,, will be compared.

The total heat flux is dependent on both contrimgij e, anda,. The next figure illustrates

the effect of varyinde r anda,, on radial temperature profiles.
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A —
T Ae large,a,, small

T = Tr:R

Aer small,ay, large

r=0 r=R

Figure 9 — Qualitative representation of the eftdotarying heat transfer coefficients on radial

temperature profiles.

Large values fove, are given if the heat transport within the packisgyood, resulting in
almost uniform radial temperature profile. Smallues of/e, lead to significant radial temperatures
variations. Large values fef, correspond to a good heat transfer between theawdlthe packings
resulting in a small temperature jump near the v&thallo,, values allow only a poor heat transfer
from the wall and lead to a large temperature téfiee between the wall and the flifid.

Je, fOr structured packings is typically larger thdratt for glass beads; this is due to the
significant contribution of the radial convectiomneponent in addition to the improved static
conductivity which depends mainly on the geomefrthe matrix and the conductivity properties of
the material. On the other hang, is expected to be smaller in case of structuretipgs due to a
defined gap present between the skin of the packithe reactor walfl.

There are two different ways of determine the heatsfer parameters mentioned above: (i)
constant wall temperature approach and (ii) coms$teat flux approach.

In the first approach the temperature at the wialhe heat transfer tube is maintained constant
throughout the complete length of the column; tas be achieved by circulating heat transfer
liquids in the jacket of the heat transfer colur@are has to be taken that the heat transfer area is
sufficiently high to remove the heat from the hiahsfer column; most importantly the circulation
rates of the liquid in the jacket must be high egioto avoid any temperature variations in the wall
along the length of the column.

In the second approach it is necessary that tha@roolreceives a constant heat flux along its

entire length; this is commonly obtained by heatimg column through its entire length by electrical
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resistant wires such that provides a constant fheathroughout and the heat flux is known. In this
case the wall temperature will vary as the tempeegprofile is developing within the packing. The
metal should be insulated at regular intervalsraeoto limit axial conduction in the wall; if isoh
done correctly it will result in large errors in aseirement of wall temperatures and hence
calculation of the wall heat transfer coeffici€ht

In this work the methodology of constant wall temgtere was adopted for evaluating heat

transfer rates in structured packings since theigetas designed according to this methodology.
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3. Experimental

3.1 Description of the Heat Transfer Set-Up

The heart of the set-up is a heat transfer colurmadenof aluminum. Gas and liquid are first
heated and fed co-currently to the top of the baaisfer column. The gas-liquid mixture is cooled
by heat exchange with cooling water, thermostativegcolumn externally. Temperature profiles are
recorded radially and axially using several therouptes. These profiles are then used to
characterize the different packings based on theat transfer rates through two parameters: the
effective radial thermal conductivityd;) and the wall heat transfer coefficient,).

The heat transfer column is 1 m in length and mamiernal diameter of 5.0 cm. The column
consists of 6 modules, 4 of which are each 20 changth and 2 of which are each 10 cm in length.
The smaller length columns are placed in the pest of the column where the driving force is the
highest due to the biggest temperature differeretevden the gas-liquid mixture and the cooling
water. This arrangement enables the measuremehé aémperature profiles over shorter distances
in the first part. The temperature sensors weremaalion rings which were placed at 4 axial
positions each between 2 modufés

Previous measurements showed that the temperdtthve gas-liquid mixture at the exit of the
column, i.e. the temperature profile observed at@5rom ring D, got very close ( within 1-2°C) to
the temperature of the cooling water. Therefor@avoid this problem, the position of ring D was
changed from 95 cm to 55 ch Thus the total length of the column became 6t the ring D

changed to 55 cm, see figure 10.

10 cm h—m—’Ring A:5cm
%
10 cm |1 +—— Ring B: 15 cm
Y
20 cm
! i — Ring C: 35cm
20 cm
— Ring D: 55 cm
v —

Figure 10 — Column length of 60 cm with they D placed at 55 ci.
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The column tube which contains the packings is mV/é&y a chamber called as “jacket” used
for circulation of the cooling water. The outsidetloe column tube contains 4 set of grooves. Each
set of groove had its own inlet and outlet of 6 rnD. for inflow and outflow of cooling water
constructed on the external wall of the jacket. §h@oves help in increasing the heat transfer area
and generating turbulence in the cooling water. &teellent conductivity of the aluminum together
with the special design of the jacket is considarethe sufficient so that the heat transfer on the
cooling side is not limiting the heat transfer @es. The water flows in and out of each set of
groove in cross-flow mode. In total there are 2étsnand 24 outlets in the six column modules. A
detailed photo of the complete column is providethe next figure.

Figure 11 — Photo of the column with the rings, lcap water inlets and outlets and wall
thermocouples.

The OCFS and CCFS packings are 5 cm in height avidimmeter typically between 4.9 and
5.0 cm (less than 5.0 cm to fit inside the colunime) can be packed into the column (20 modules in
the 1 m column). These packings are anisotropicature. This means that these packings do not
have the same properties in different radial dioest Therefore the heat distribution will not be t
same thus obtaining different profiles along deéfar angular positions at the same axial position.
Therefore the rings have radial temperature sensdigee different circumferential directions (see
figure 14). A thermocouple ring has 21 thermocosigé 0.5 mm diameter, having an accuracy of
+/- 1°C, placed in three angular positions in #ane plane (R1=0°, R2=90°, R3=135°). Each
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angular position contains seven thermocouples WR&itmm length. The distance between the
thermocouples is chosen depending on how closedteefo the edge. Since the measurements near
the edge are more important, due to the strong lveat transfer resistance, more thermocouples are

placed near the edge than near the céhtras can be seen in figure 12.

F

Figure 12 — Top view of the ring and side viewtled ring.

Four such rings were placed at different axial f@s$ of the column. In total there are 84
thermocouples installed to measure the radial atdl grofiles. The radial positions and the

distances from the edge are given in table 3.1.

Table 3.1 — Radial positions on each angular mosiwith distances of each radial position

from the centre of the axis.

Radial R1 axis R2 axis R3 axis
positions  (+/-0.2mm)  (+/-0.2mm)  (+/-0.2 mm)

rl 3 3 0

r2 9 9 9

r3 14 14 14
r4 18 18 18
rs 21 21 21
ré 23 23 23
r7 24 24 24

Besides these, 24 thermocouples are provided tsure#he temperature of the cooling water
at the inlet and outlet of the jacket to see the#sé temperatures are maintained constant; 2
thermocouples are placed in 2 inlets and 2 theroqles are placed in 2 outlets of each modile
16 thermocouples are placed in the wall along #megth of the column to measure the wall
temperatures. The 20 cm modules are fitted witheBmocouples and the 10 cm modules are fitted
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with 2 thermocouples. The distance of each walintfeeouple from the bottom of the column is

given in table 3.2.

Table 3.2 — Wall thermocouples positiomsrfrthe top of the colum.

Module Number of thermocouples Axial distance (cm)

6 1 0
5&6 2 10
4&5 2 20

4 1 30
3&4 2 40

3 1 50
2&3 2 60

2 1 70
1&2 2 80

1 1 90

1 1 100

So in total the heat transfer column is equippettt W28 thermocouples.

In appendix A is presented the process schemeedight transfer unit andliat of equipment

code and valves for the heat transfer set-up withed description of each one.

A precolumn or calming column of 80 cm in lengtlscamade of aluminum, is placed on the
top of the heat transfer column to stabilize thewgerature and flow profiles. The liquid is
distributed on the top of the calming zone withhawserhead consisting of 51 points with the point
diameter of 0.5 mm. The gas enters through 4 ineeensure its equal distribution in the packing.

The column is designed for co-current flow gas laonad.

A gasl/liquid separation zone is in the bottom ef leat transfer column. In this zone the gas is
separated from the liquid and escapes to the sudlings via the ventilator and the liquid goes back

to X8 (see appendix A) and stays in circulation.

The set-up can be divided in three sections: @it flow loop, (i) gas flow zone and (iii)

cooling water flow loop (see figure 13).
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v GAS HEATER (1.5 kW)

I
GASIN(N
LIQUID HEATER @o . _( )
(2kw) f—4

COOLING WATER

|
8/

—  GasouT (N,)

IMMERSION HEATER \
(4 kw)

Figure 13 — Schematipresentation of the heat transfer sefup

\ 4

Liquid Flow Loop

The process liquid, ISOPAR-M (a mixture of isopéref typically in the diesel range), is
stored at atmospheric pressure in X8. In tables8r3e properties of ISOPAR-M are given.

Table 3.3 — Properties (20°C and 1 atriB&fPAR-M used in this experimental wofk.

Molar mass Density Viscosity Surface Flash Flammable
(kg/mol)  (kg/m® (mm?s) Tension (N/m) Point (°C)  Limits
LEL: 0.5%
ISOPAR-M 192 789 3.80 0.0275 81
UEL: 4.8%

The liquid is heated to 50°C (10°C below the opegatemperature) in X8 by an immersion
heater EH-1. The liquid level and the pressuréédooling vessel (X8) are indicated and controlled
with LIL-1 and PI-2, respectively. The liquid is mpped to the top of the precolumn with the gear
pump X3. A manual valve MV-9 is placed in the ligdine to regulate the flowrate by creating a
leak flow, which prevents the pump from running.dry

The liquid is heated to the operating temperat688¢) in EH-2. The reason why two heaters
were installed instead of just one is that as ttp@id cools down as it flows through the column,
there is a considerable drop in temperature, wbdeinot be predetermined; due to this uncertainty it
is preferred to have an immersion heat in the digank (which will heat up the liquid from room
temperature to 50°C) and the remaining temperatseeis provided by a flow heater placed in the
liquid line from the pump to the column (EH-2). $hway the heating load is divided between two
heaters and a better temperature control can bevachon the liquid coming out of the flow heater.
After the liquid enters in the top of the precoluaumd passes through the precolumn and the heat
transfer column the gas/liquid mixture enters ia gas/liquid separation zone where they will be

separated. Finally the liquid goes back to X8.

24




The Influence of Orientation and Fit on Heat Tran$froperties of OCFS and CCFS packings in MTFBciRes

Gas Flow Zone

Nitrogen was chosen as process gas because irisiinnature and it does not react with
ISOPAR-M. The nitrogen is obtained from the netypBefore it enters in the precolumn it passes
through a mass flow controller (FIC) and througheat exchanger (EH-3) that heats the gas flow
from room temperature to 60°C. After leaving thathwansfer column the gas/liquid mixture is
separated in the gas/liquid separation zone, fit3s cooled to condense ISOPAR-M, and then the

gas escapes to the surroundings.

Cooling Water Loop

The cooling water is storage in X9. The water impad to the jacket of the heat transfer tube
with the centrifugal pump X10. The X10 suction lisedivided in 24 inlets lines that are connected
to the column and there are 24 cooling water aufteim the column that are joined in one line out
of the set-up. Thus the cooling water is dischatigaezhly one line to X9.

The inlet and outlet temperatures of the coolingewan the jacket are measured and the
flowrate is large enough such that there is a mamnil°C between the inlet and the outlet

temperatures.

3.2 Experimental Procedure

The column is pre-wetted for a period of 45 minuteth a high liquid velocity (u= 21
mm/s) and a low gas velocitydu 0.17 m/s) to ensure fast spreading and wettfritpeo packing.
After the pre-wetting process, the heaters areche on to heat up the gas and the liquid. Also the
cooling water flow is started.

Measurements were carried out starting from thed to the highest liquid velocity (6.05 —
25 mm/s) at different gas velocities (0.4 — 2.6 )mEach experiment lasts 5 minutes and was
duplicated, with an interval of 2 minutes. When wedocity of the gas or the liquid was changed 15
minutes were waited to reach the new steady state.

The radial and axial temperature profiles are medrin real time, with an interval of 3
seconds, by LabVie®.

The first packing to be analyzed was the OCFS. ds wlecided to study first how the
orientation of the packing influences the heatgfan starting with the packings turned 90° intolea
other and then 0°. After that the influence of gja@ between the edge of the packing and the reactor

wall (small, medium and big gap) was studied. Faohetype of experiment (orientation or gap) 16
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experiments were performed (see table 3.6). 4eflthexperiments were repeated in the following

day to ensure the reproducibility of the resultd aometimes verify unexpected results.

Table 3.6 — Combinations with gas anditigvelocities that were made for each experiment.

u . (mm/s)\u (m/s) 0.4 1.1 1.8 2.6
6 *1 *2 *3 *4
12 *5 *6 *7 *8
18 *9 *10 *11 *12
25 *13 *14 *15 *16

* Experiment number

The same procedure that was used on the OCFS paackas used for the CCFS packings.
The procedure to dismount and mount the set-upydimgy testing for leaks in the cooling

water and the column, takes approximately one day.

4. Data Analysis

The experimental measurements in the OCFS and Q@aEBngs were done with the same
type of liquid (ISOPAR-M) and gas (nitrogen) wittifdrent ranges of gas and liquid flow.

Calibration of the liquid pump was done (see appeBjl

LabView® records the radial and axial temperatures evesgc®nds. The average temperature

was calculated for each thermocouple in each exygeri over a period of 5 minutes.

The overall heat transfer coefficied) was calculated by the overall energy balanceafor
system in co-current - equation (10) - using E®celhis balance takes into account all the heat
transfer in the column from the first ring to tresti ring. The overall heat transfer coefficient was
calculated for four different ranges: from A-ringD-ring —Uoy(ap)y from A-ring to B-ring —Ugy(as)
from B-ring to C-ring Uoy@cyand from C-ring to D-ring Yov(cpy Since ring A is placed only after
5 cm of the heat transfer column where coolingtstahe temperature profile is not yet fully
developed and therefore high heat transfer rateslatained for the section AB; at the outside of D-
ring the temperature of the liquid and the gaseasy\similar with the temperature of the cooling
water therefore low heat transfer rates are obdafoe the section CDUyy@rc) Was chosen as a
reference to analyze all data. An important redsorihis was to compare the results of this work

with the results of previous research.

The error ofU,, wascalculated by error propagation of equation (1@ (appendix C1l)The

error ofUeswas calculated by error propagation of equatior($é¢ appendix C2).
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The equation that was used to calculate the ovieeall transfer coefficient is a function of the
density and heat capacity of gas and liquid. Theeperties are a function of the temperature. To
calculate the density of the nitrogen the ideal gaisation was used, for the liquid the following

equation was uséetf:

p=-0.3367T + 885.97 (12)

Since the temperature range of the experimentsrissmall (20 — 60°C) the heat capacities
of the liquid and the gas were considered constafit= 20°C [Cpisopar-mv= 2170 J/(kg.K); Cpz =
1130 J/kg.K)]?* ¢l The value of heat capacity of nitrogen for thensaconditions found in the
literature!?”! [Cpn2 = 1039.7 J/kg.K)] was not the same as the onewhatused. However, the first
value that was mentioned was used so it was pesgibtompare the present results with previous

results obtained from other researchers.

Equation(2) is solved using MatLab (see the code in DVD: code of MatLab; regress mile.
to fit the computed temperatures profiles inside phcked bed to the experimental ones and the two
parametersier anday, are obtained by minimization of the sum of theasgd errors between the
computed temperatures profiles and the experimeaabk. Since the previous researchers used
Athena® to calculate thele, and ay values, the Athera program was also used to solved the
equation (2)for some experiments. Since this program used dneesequations as MatL®bthe
results should be the same. For both programs 3€ €onfidence intervals fote, and a,, are
obtained from the parameter estimation.

Since the 2-D pseudo-homogeneous is a relative locagd model the simplified 2-D pseudo-
homogeneous model — see equation (13) - was albto calculate the parametéssando, (see
the code in DVD — code of MatLab; regress_T.m).&mun (13) can be derived from equation (2) if
a parabolic radial temperature profile is assuffféddThe 95% confidence intervals for, anday are

obtained from the parameter estimation.

_TW_Uest UestD (I’jz 1
= - — | —= 13)
-1, a, /]r D 4

—|

27




The Influence of Orientation and Fit on Heat Tran$froperties of OCFS and CCFS packings in MTFBciRes

5. Results and Discussion

The OCFS packings were measured and were classifié¢dategories (small, medium and big)
according to the gap between the packings andethetar wall (see figure 14 and table 4.1). Since
only 24 CCFS packings exist (the exactly numbet ihaeeded to perform experiments) they were
not measured and classified.

Figure 14 — Representationafndb directions.

Table 5.1 — Average and standard deviatiom @hdb and range of the gap of the three types of
OCFS packings.

Small_gap Medium_gap Big_gap

average_a (cm) 4.99 4.97 4.95

average_b (cm) 4.75 4.74 4.72
standard-deviation_a 0.014 0.011 0.020
standard-deviation_b 0.015 0.0094 0.019

Range of the gap (%) 48-5.6 58-6.0 6.1-7.9

a andb were also measured on the top of the packingsitawds concluded that for the
direction the value obtained was the same as incéimére. However for the direction it had a
difference of 0.08 cm, 0.09 cm and 0.12 cm respelgtifor the OCFS packings with a small,

medium and big gap.

Before starting to investigate the influence & tirientation and the gap on the heat transfer
performance some previous results were reprodubedeproduce those results the minimum and
maximum value of liquid and gas velocities that frevious researcher used were chosen. Each
experiment was done in duplicate, with an intenfa2 minutes (see appendix D). In the next table
are presented the results that were obtained.
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Table 5.2 — Results obtained for the overall hesatdfer coefficient for the OCFS packings for this
researchWoy_averagd and previous researchld, previous_red With the respective deviations (difference
= (ma)Uov' minUov)/ r‘na)(Uov ; 4U = (Uov_average‘ Uov_previous_reL/ Uov_averag}-

Uov_avera e Difference Uov_previous res

u. (mm/s) us (m/s) W mK-) (%) (Wm2KY AU (%)
22 0.4 896 3 885 1
22 2.6 997 1 967 3
6.05 2.6 644 1 479 26
6.05 0.4 597 1 375 37

It was concluded that in this research a diffecantégory of OCFS packings was used than in
the previous researcim this research packings that have a small gag wsed and in the previous
research packings with a medium gap were usedigbrliquid velocities both type of packings are
completely wet and the behaviour of the fluid floare very similar which consequently makes the
overall heat transfer coefficient be comparable ¢be following two recordings: OCFS_90°_small-
gap_high gas/liquid velocities and OCFS_medium-bagh gas/liquid velocities). However, for low
liquid velocities the OCFS packings with a mediuap ¢have much more stagnant bubbles in the gap
between the packing and the column than the onsansmall gap (see figure 15) which makes the
overall heat transfer coefficient decrease (seeo adg®e the following two recordings:

OCFS_90°_small-gap_low gas/liquid velocities andFSCmedium-gap_low gas/liquid velocities).

Figure 15 — Snapshots of the recordings of OCFS $0all-gap_low gas/liquid velocities (left) and
OCFS_medium-gap_low gas/liquid velocities (right).
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5.1 OCFS PACKINGS

5.1.1 — Orientation

To study the orientation in the OCFS packingsviilees of the overall heat transfer coefficient

was compared for 0° and 90°. The maximum differdmet@veen the duplicate experiments was 6%
for the packings turned 90° into each other andfd@the packings turned 0° into each other while
the average difference between the duplicate exgetis was 2% for both orientations (see
appendix E1). In the next figures are presenteddhelts that were obtained (the valuedgfand
aw represented in the graphs were calculated with 2#i2 pseudo-homogeneous model - see
appendix E2).

It is possible to conclude that for every conditadrgas and liquid velocities the packings turned
90° into each other are always better than theipgskturned 0° into each othddd, oo-always
better than théJ,, o9. Since the packings are anisotropic when thentat®n is changed a better

mixing is obtained because the liquid that is gamdypass through the gap is obligated to pass
through the channels in the next packing.
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Figure 16 — Profiles obtained fdverage average Uesiimate@Nd Uoveran @S a function of gas velocity for

the OCFS packings with a small gap turned into(@9)c).(e).(g) and 0° (b),(d),(f),(h) into each other.

The Asatic IS the conductive component of the heat transpidre Agaic in OCFS packings is

estimated to be between 8 — 10 (W.Ki%) Y. Thus in this case the convective contribution is

highly significant as concluded from the valuesgf that were obtained, particularly for the

packings turned 90° into each oth&he graph ofle, versus gas velocity for different liquid

velocities shows an increasing trend until a cergas velocity and then a decreasing trend (this

effect is better visualized in graph (ajo, it is possible to conclude thaf, increases in the

stratified wavy flow regime and decreases in theutar regime (see figure 17).

This means that the radial convection of liquithigher at low gas velocities due to the presence

of mixing of the liquid by the gas in the stratdigvavy flow regime. At high gas velocities the lidu

slugs are destroyed forming a thin liquid film dretgap with the gas flowing through the channels

of the packing. Therefore the intense mixing attiglal to the liquid slugs is lost resulting in a

decrease in thé,  values. The large confidence intervals particylatl high values ofe indicate

that the radial temperatures profiles are verydiad hence estimation &§, can be inaccurate (see

appendix E2).
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Figure 17 — Flow — map of liquid vetyorersus gas velocity for OCFS packings

The graph ofx, versus gas velocity does not show a strong depeeden the gas velocity for
high and medium liquid velocitieIhe heat transfer at the wall is dominated parylyconduction
through the liquid film which flows in the gap beten the packing and the reactor wall and partly
by the turbulence generated near the wall as dtreswconvection of the liquid in the radial
direction. The small increase or decreaseyjrnvalues with the gas velocity for high and medium
liquid velocities indicates that both conductivelaionvective transport of heat at the wall does not
change with the gas velocity. However, for low ladjuelocities the value af,, strongly depends on
the gas velocity, especially when the packingstareed 0° into each other, because when this
velocity is increased more and bigger stagnant lestdre formed. Since the velocity of the liquid is
low the bubbles will not be pushed forward, whicdmsequently decreases the value,pds the gas
has poorer heat transfer properties than the liquid

The graph olUeg versus gas velocity shows a similar behavior \thign graph ofx, versus gas
velocity. This is due to the fact that, is very high and consequenty, becomes the rate limiting
factor (to compare directly the valuesigf anda,, we have to multiplyie by 4 and divide by R —
see equation (6)).

Just like was mentioned before, it is very diffictd fit the parameter&  anda,, in equation
(2) since the packings present a very flat rademhgderature profile. Therefore the confidence
intervals of those parameters are very large. Ségeetion (6) uses those parameters to calculate th
value ofUeg this value was expected not to be reliable. Commparbetween the values 0f,, and
UestShows that they are not the same; genetadlyis smaller tharJ,,. So it is possible to conclude
that this value is not reliable.

To verify the reproducibility of the results thaeme previously obtained some experiments
were repeated in a different day for the OCFS payskiurned 0° into each other (see appendix E1).

In table 5.3 are presented the results that wetiaraddl.
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Table 5.3 — Comparison between the results obtaioethe overall heat transfer coefficient for

OCFS packings for 0° in two different days and tibepective deviation (differenceGoy oo 1™ day -

nd
Uov_O"_2 day)-

Uoy sc (W.mZK™)
u, (mm/s) ug (m/s) 1% day 2" day Difference (%)

25 0.4 693 668 4
18 11 853 830 3
12 1.8 791 760 4
6 2.6 500 498 0

Since the maximum error that was obtained was 4&créproducibility of the results was

verified.

In the next figure are shown the temperatures lpofof R1, R2 and R3 for each ring for the

OCFS packings turned 90° into each other with les gnd low liquid velocity.
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Figure 18 — Temperatures profiles of R1, R2 andfd3ach ring for the OCFS packings with a

small gap turned 90° into each other withequal to 6.05 mm/s ang equal to 0.4 m/s.
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These temperatures profiles are for a specific ex@at and a specific type of packing however
this is a representative example of all the expemnits and packings (OCFS and CCFS) since the
behaviour of the other radial temperature profdessimilar.

It can be seen, particularly in the figures of rla@nd ring B, that the temperature drop near the
wall is smaller for R2 than for R1 indicating ateetheat transfer along R2 as compared to R1. The
heat transfer along the R1 axis is mainly convectince this axis is parallel to the gas and liquid
flow (see figure 19). So in this direction a goadlial mixing is achieved and consequently all the
fluid will be at the same temperature, thus a féatial temperature profile will be achieved. The
length of the two corrugated metal sheets betwd@nhathe thermocouples of R1 axis are placed is
about the same as the diameter of the packingfiggae 19) so the fluid will only hit the wall once
Since the heat transfer just takes place at the thal temperature drop near the wall will be high.
The heat transfer along R2 axis is mainly condectince this axis is perpendicular to the gas and
liquid flow (see figure 19). The thermocouples loé tR2 axis are placed in different spaces of the
corrugated sheets. Also the width of the sheets goedecreasing along the R2 axis away from the
centre. As it is possible to see in figure 19,leswidth decreases the number of times that the flu
will hit the wall increases. This results in a betheat removal at the wall along R2 axis which

consequently leads to a lower temperature droptheawall.

60T

o TIT]

Figure 19 — Sketch of a structured packing and ti@wprofile in R2 direction would look like
due to the placement of the thermocoufts

5.1.2-Gap

The values of the overall heat transfer coeffici@are compared for the three types of OCFS
packings. The maximum difference between the dagicexperiments was 2% for the OCFS
packings with a medium gap, 6% for the OCFS packingh a small gap and 7% for the ones with
a big gap while the average difference betweendtiicate experiments was 1% for the OCFS

packings with a small and a medium gap and 2%h@iones with a big gap (see appendix F1).
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In the next figure are presented the resultswiesie obtained. The graphs af, andU,, versus
gas velocity are given since those are the impbdaas to be analyzed. The graphsdgfandUes
versus gas velocity are given in appendix F1. Thalees ofl., anda, represented in the graphs

were calculated with the 2-D pseudo-homogeneousimake appendix F2.
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Figure 20 — Profiles obtained f@ryerage aNd Uoveran @s a function of gas velocity for the OCFS
packings with a small4),(b)), medium (c),(d)) and big gap(é).(f)) turned into 90° into each other.

In general the OCFS packings with the higher vaii&,, are the ones that have a big gap.
When the column is filled with packings with a shaald a medium gap it is not completely wet in

some parts of the gap (see figure 21) which makes.t decrease, since the gas has poorer heat
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transfer properties than the liquid, and consedyéné U,, (see also the difference in the following
two recordings: OCFS_big_gap_low gas/liquid veiesiand OCFS_small_gap_90°_low gas/liquid

velocities).

Figure 21 - Snapshots of the recordings of OCKS dap_low gas/liquid velocities (lefgnd
OCFS_small_gap_90°_low gas/liquid velocities (rjght

However, for medium gas velocities and for low anddium liquid velocities the OCFS
packings with a big gap are worse than the ondshidnze a small gap (see figure 22) because they
have lots of stagnant bubbles which makeslhalecrease (see also the difference in the following
two recordings: OCFS_big_gap_low liquid and mediungas velocities and
OCFS_small_gap 90° _medium gas and low liquid visg.

Figure 22 - Snapshots of the recordings of OCKf dgap_low liquid and medium gas velocities
(left) andOCFS_small_gap 90° _medium gas and liquid velac(tight).
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It is possible to conclude that for every conditioh gas and liquid velocities the OCFS
packings that have a medium gap are the worst.

Just like was mentioned before theic in OCFS packings is estimated to be between 8 — 10
(W.m™.K™) U So in this case the convective contribution ighhi significant as concluded from
the values ofl., that were obtainedThe graph ofi., versus gas velocity for different liquid
velocities (see appendix F3) shows an increasiagdtruntil a certain gas velocity and then a
decreasing trend - this effect is especially vizieal in graph (ajpnd (b). So, it is possible to
concluded thate increases in the stratified wavy flow regime aedréases in the annular regime
(see figure 17), for the same reasons that weea@rmentioned before (see chapter 5.1.1).

The large confidence intervals particularly atthigilues ofie ; indicate that the profiles are very
flat and hence estimation &f; can be inaccurate (see appendix F2).

The graph ofx, versus gas velocity shows a strong dependenckeogas velocity, particularly
for the OCFS packings with a medium and a big @& is related with the number and the size of
bubbles that are stagnant in the gap between ttiengeand the reactor wall. For the packings with
a medium and a big gap it possible to see that whervelocity of the gas is increased, more and
bigger stagnant bubbles are formed which consetlyuergtkes the value af,, decrease. However,
for high liquid velocity and high gas velocity, tpackings with a big gap have the higher value of
aw. This happens due to the size of the gap; sinesetlpackings present a big gap the stagnant
bubbles will be able to moved forward which consadly improves the value of,.

The graph olJes: versus gas velocity (see appendix F3) shows dasitmehavior with the graph
of ay versus gas velocity. This is due to the reasoaisvilere already mentioned before (see chapter
5.1.1).

Just like was mentioned before, it is very difficid fit the parameterk  anda,, in equation (2)
since the packings present a very flat radial teatpee profile. Therefore the confidence intervals
of those parameters are very large. Since equédionses those parameters to calculate the value of
Uest this value was expected not to be reliable. Commparbetween the values 0f, andU¢s;shows
that they are not the same; usudlly,is smaller tharl,,. Thus it is possible to conclude that this
value is not reliable.

To verify the reproducibility of the results thaere previously obtained some experiments were
repeated in a different day for the OCFS packingk & big gap turned 90° into each other (see
appendix F1). In table 4.4 are presented the ethdt were obtained.

Since the maximum error that was obtained was 2@,réproducibility of the results was

verified.
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Table 5.4 — Comparison between the results obtdwretthe U,, for OCFS packings with a big gap

turned 90° into each other in 2 different days t&respective deviation (differenceuav_oo_ftday-

nd
Uov_O"_2 day)-

Uov sc (W.m?.K™)
u_ (mm/s)ug (m/s) 1%day 2" day Difference (%)

12 0.4 879 857 2
5 11 626 622 1
1.8 681 667 2

5.2 CCFS PACKINGS

To investigate how the orientation influences ¢herall heat transfer coefficient in the CCFS
packings experiments with packings 0° and 90° @#ch other were done. The maximum difference
between the duplicate experiments was 5% for tlo&ipgs turned 90° into each other and 3% for
the packings turned 0° into each other while therage difference between the duplicate
experiments was 1% for both orientations (see afipghl). In next figure are presented the results
that were obtained (the values/gf anda,, represented in the graphs were calculated witt2tbe

pseudo-homogeneous model - see appendix G2).
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Figure 23 — Profiles obtained fdfyerage Taverage Uestimate@NdUoveran @S @ function of gas velocity for
the CCFS packings turned into 9@)(c).(e),(g) and 0° (b),(d),(f),(h) into each other.

It is possible to conclude that for every conditadrgas and liquid velocities the packings turned
90° into each other is always better than the pagskiurned 0° into each othédy( o IS always
better than th&J,, oo- see appendix G1, table G3). Just like was sefdre since the packings are
anisotropic when the orientation is changed a beti®ing is obtained because the liquid that is
going in bypass through the gap is obligated t@ pla®ugh the channels in the next packing.

The Jstaic in CCFS packings is estimated to be between 4W.611.K™) Y. Thus in this case
the convective contribution is highly significans aoncluded from the values &f, that were
obtained, particularly for the packings turned @@® each otherThe graph ofi., versus gas
velocity for different liquid velocities shows amcreasing trend until a certain gas velocity arehth
a decreasing trend (this effect is only visualizedraph (a))So it is possible to conclude once more
that le r increases in the stratified wavy flow regime aedréases in the annular regime (see figure
24) because of the same reasons that were alreadiiomed before for the OCFS packings (see
chapter 5.1.1). However, this graph does not shodefinite trend due to the relatively large
confidence intervals obtained from the paramettmesion (see appendix G2).
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Figure 24 — Flow — map of liquid vetyosersus gas velocity for OCFS packifgi

The graphs ofy, versus gas velocity show a dependence on the glasity, mainly for low
liquid velocities.When the gas velocity is increased more and bigtggnant bubbles are formed.
Since the velocity of the liquid is low the bubbledl not be pushed forward. In view of the facath
the gas has poorer heat transfer properties tlealiqind the value of,, decreases.

The graph olUeg versus gas velocity shows a similar behavior \thign graph ofx, versus gas
velocity. This is due to the fact thag, is very high and consequently, becomes the rate limiting
factor - see equation (6).

Comparison between the valueslyf, andUes;shows that they are not the same; in geréggal
Is smaller than tdJ,,. Thus it is possible to concluded that this vakiaot reliable for the reasons

that were already mentioned before (see chapte?)5.1

5.3 Comparison between the type of packings

From the previous sections it was concluded thatotiientation that provides the best overall
heat transfer coefficient was 90° for both typepatkings that were studied. It was also concluded
that the OCFS packings with the best overall heatster coefficient were the ones that have a big
gap between the packing and the reactor wall. Toerein this sections the heat transfer
performance of CCFS and OCFS packings with a big \ydl be compared. The heat transfer

performance of those two packings will also be carag with the one of glass beads.
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figures glass beads are different

Comparing the graphs &f ,versus gas velocity it is possible to conclude thatvalue ofie

is much higher for structured packings (OCFS and-&)Cthan for glass beads. This is due to the

significant contribution of the radial convectivengponent in addition to the improved static

conductivity which depends mainly on the geomefryhe matrix and the conductive properties of

the material (stainless steel is much more condeithian glass). Comparing the valueggffor the
OCFS and CCFS packings it is possible to conclbde for low gas velocities g= 0.4 m/s) the
CCFS packings have a higher valueigf while for medium and high gas velocities the OCFS

packings presents the highest value. A possibléagapon for this effect of gas velocity can be

given from the flow regime visualization experim@ntSince no flow regime visualization

experiments were performed the conclusions of ttexipus researcher will be mentioned. The

channels of the CCFS packings have a large sudiaaze (bigger than the surface area of the OCFS

packings). With the addition of gas, especiallylat gas velocities, well defined liquid waves,

slugs, are formed in the small chanrféts On the other hand, in OCFS at low gas velocities

previous researcher observed that the liquid wavee not as well defined mainly due to the
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interaction between adjacent channéls Consequently the radial mixing in OCFS packings i
lower at low gas velocities than in CCFS. At higits yelocities in CFFS packings the annular flow
pattern of the liquid destroyed radial mixing i tspaces between the sheets leading to lower values
of ler. INn OCFS packings the annular flow pattern ald@saplace but the radial mixing is still
comparatively high due to the gas-gas interactiwh @so the gas-liquid interaction in the adjacent
channeld?!,

Comparing the graphs af, versus gas velocity it is possible to conclude thalow liquid
velocities the OCFS and CCFS packings present lehigalue ofa,, compared to glass beads.
However for high liquid velocities glass beads presthe highest value af,. The glass beads
perform very well at high liquid velocities due hggher convective flow at the wall leading to the
formation of liquid eddies which can transfer heaty efficiently[zsl. The values ofx, are very
similar for the OCFS with a big gap and CCFS pag&irHowever, for high gas velocities the value
of ay is clearly higher for the OCFS then for the CCF8kpags. Since the OCFS packings have a
larger gap between the packing and the reactortivatl the CCFS packings, with high gas velocity
the stagnant bubbles will be able to move forwahicty consequently improves the valuengf

The graphs ol versus gas velocity show a similar behavior whté graphs oé,, versus gas
velocity. In the case of OCFS and CCFS packings ithidue to the fact that, is very high and
consequentlyx, becomes the rate limiting factor (to compare diyethe values ofte , and ay, we
have to multiplele , by 4 and divide by R — see equatiey). For glass beads the rate limiting factor
is e r that is why the values tfes;are not so big as the valuesopf

Comparison between the valuesly, andU.s shows that for OCFS and CCFS packings they
are not the same; in genetaly is smaller tharJ,,. Thus it is possible to conclude that this vakie i
not reliable for the reasons that were already roratl before (see chapter 5.1.1). However, for the
glass beads the valuesldf, andUcs are very similar. This is due to the fact thatdtass beads it is
very easy to fit the parameteis, and a,, in equation (2) since they present a paraboli¢atad
temperature profile; therefore the confidence wdkx of those parameters are very small. Since the
equation to estimatdes; - equation (6) — uses those parameters this valagpected to be reliable
and consequently very similar th,.

Comparing the graphs df,, versus gas velocity it is very clear that the OCk#8l CCFS
packings are better than the glass beads sincenthaya better overall heat transfer coefficieot. F
the OCFS and CCFS packings the valuedgfare very similar. However for high gas velocitiee
OCFS are clearly better than the CCFS packingstwikiln agreement with the higher valuexgf
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5.4 Error analysis

Just like was mentioned before the confidence vmter of Uy, were calculated by error
propagation of equation (10) (see appendix Eby. all the experiments that were done the error
obtained forU,, was always smaller than 5%. Since the errors weremall the error for eadby,
value was not given individually. The reason whgsth errors were so small is because the deviation
of the temperatured§, Tout andT;,) — See equation C3 - are also very small.

Since the 2-D pseudo-homogeneous model can ribefiexperimental points, the valuesigf
anda, that are obtained are not the correct ones. Asutrihe value ofJeg that is obtained is not
correct. This is the reason why the valudJgf; is not a good representationd§,. For this reason

the error olUesswas not analyzed.

5.5 Comparison between the models

To calculate thele, and e, parameters two models were used: the simplified @sBudo-
homogeneous model and the 2-D pseudo-homogeneals ftive assumptions of each model were
already mentioned before). For both models Ma®atas used to fit the computed temperature
profiles inside the packed bed to the experimeatas and the two parametets, and a,, are
obtained by minimization of the sum of the squaeetbrs between the computed temperatures
profiles and the experimental ones. In the nexirBgis presented a representative example of the
results that were obtained. Since the previousareber used also the 2-D PH model but used the
Athena® program to fit the computed temperature profitesde the packed bed to the experimental

ones in the next figure that fit is also represente
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Figure 26 — Representation of the experimental tpadbtained for the ring C for the OCFS
turned 90° into each other and the fit of the twodels that were used to calculate theand a,,

parameters @@= 1.5m/s ; u= 18mm/s).
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Table 5.5 — Sum of the squarediteds (SSres) obtained for each model that werg. use

Model Program used SSres

5-D PH MatLab 0.230
Athena 0.223

Simplified 2-D PH MatLab 0.213

As is possible to see neither model fit the expental points. Since the radial temperature
profile in the OCFS and CCFS packings are veryiflst very difficult to fit a model to those posit
The model that presents the minimum residual vsluke simplified 2-D model so, in this case, the
simplified 2-D model is better than the 2-D PH miodehe residual values of 2-D pseudo-
homogeneous model calculated with Mat®adnd Athen® programs are practically the same (3%
different). Applying the Kolmogorov-Smirnov (KS)deto the residual values it is possible to
concluded with 95% confidence that the residualieslpresent a trend thus they are not normally
distributed. Therefore once more it is achievablesay that both models are not adequate for the
obtained experimental radial temperature profiles @onsequently for the OCFS packings. It is also
expected that these models will not be adequatehirCCFS packings. A new or an improved
model should be developed to apply in this typ@axdkings. Since the values &f; are relatively
high compared tae.,, the a, parameter becomes the rate limiting factor. Tigsrtew model that

must be developed or improved should give more mapae to the, parameter.

5.5.1 — Athena and MatLab programs

As was seen before the residual values of MatLab Atlena for the specific experiment
shown in figure 26 are very similar. In the nexiléaare presented the results that were obtained fo

that specific experiment.

Table 5.6 — Values of.; and a,, parameters obtained with MatLab and Athena progrionsan

representative experimentg(g 1.5m/s ; y = 18mm/s).

MATLAB ATHENA
A A a
(Womikly Amin o max (W.qu.K'l) Gmin  Omax | iy A wmzky TTe | A Ae
198 196 200 1012 10091014 142 50 923 23| 29 9

As it is possible to see in table 5.5 for this expent the difference between the sum of the
squared residuals of both programs were very sintlawever the difference between the solutions

of MatLab and Athena programs is 29% and 9%i§eanda,, parameters, respectively. In figure 27
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a) Is represented the calculated temperature psofibtained from MatLab for the fittéd, and oy,

parameters of the two programs (see table 5.6)alFdnhe experiments that were done the average

difference between the solutions of MatLab and Athes 32% and 5% fote, and a,, parameters,

respectively. Since both programs used the samelnodalculate the parameters (2-D PH model)

and the difference of the sum of the squared resdbetween them was small (3%) it was

investigated how the radial temperatures profileenged with the value @t - see figure 27 b.
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Figure 27 — a) Representation of the fit of the eth and MatLab programs for the OCFS

packings turned 90° into each other for a speafiperiment (g = 1.5m/s;u = 18mm/s) ; b)

sensitivity of the radial temperature profiles with.

As it is possible to see in figure 27 a) the fithafth programs are very similar. The small

difference can be related to the intrinsic optitmsolve the model for each program. This is the

reason why the difference between the sum of tharsg residuals of the two models is so small.

To analyze the sensitivity of the 2-D PH model witk 1., parameter - see figure 27 b) — the

same value ofa,, was usedd, = 968 W.nT.K™). It is possible to conclude that when the valfie o

Aeris very low it will influence the fit significangl However if the value of  is not very small

> 100 W.m"K™) the fits will be very similar independent of the value and even that difference

between the fits is practically in the range of émeor of the thermocouples that were used. This is

generally the case in the experiments that wer@meed. This means that if the valueigf will be

equal or larger than 100 WhK™ it will be very difficult to estimate that parametsince it

practically does not have influence on the radiadpperature profile behaviour so its value could be

anything between 100 and infinity.
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6. Conclusions

For both types of structured packings that weuslistl it was found that 90° alternating
rotation of the packings is always better than Q&raating rotation. Since the packings are
anisotropic when the orientation is changed a betteing is obtained.

Generally the OCFS packings with the higher vali&g are the ones that have a big gap.
When the column is filled with packings with a shald a medium gap it is not completely wet in
some parts of the gap which makes déhalecrease, since the gas has poorer heat tramefeerpes
than the liquid, and consequently thlg,. However, for medium gas velocities and for lowd an
medium liquid velocities the OCFS packings withig bap are worse than the ones that have a
small gap because they have lots of stagnant bsibblech makes thé&),, decrease. For every
condition of gas and liquid velocities the OCFSkpags with a medium gap are the worst packings
since they have the smallest values of overall traasfer coefficient. It can be concluded that the
size of the gap plays an important role in the heaisfer performance.

In terms of thele , parametefor the OCFS and CCFS packings this value is alvwagker
than glass beads and than the valuésgf.. This means that the radial convective contribui®
highly significant compared to the improved statmnductivity which depends mainly on the
geometry of the matrix and the conductive propsraéthe material (stainless steel is much more
conductive than glass). For low gas velocities@I@&FS packings have the highest valug.gfwhile
for medium and high liquid velocities the OCFS pagk present the highest value.

Relating to the value o, for low liquid velocitiesthe OCFS and CCFS packings present
the highest values compared to glass beads. Howewéigh liquid velocities glass beads present
the highest value aof,. The glass beads perform very well at high liquitbeiies due to higher
convective flow at the wall leading to the formatiof liquid eddies which can transfer heat very
efficiently. The values of, are very similar for the OCFS packings with a gap and CCFS
packings. However for high gas velocities the valtiex, is clearly higher for these type of OCFS
packings than for the CCFS packings. Since the O@&&kings have a larger gap between the
packing and the reactor wall than the CCFS packingth high gas velocity the stagnant bubbles
will be able to move forward which consequently iowes the value aiy,.

For the OCFS and CCFS packings the graptJgf versus gas velocity shows a similar
behaviour with the graph @f, versus gas velocity. This is due to the fact fhats very high and
consequently,, becomes the rate limiting factor. For glass behdsate limiting factor ige .

For glass beads the valuesldf, and U are very similar. This is due to the fact that for

glass beads it is very easy to fit the parametgranda, in the 2-D pseudo-homogeneous model
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since they present a parabolic radial temperaturélga Since the equation to estimdtls; uses
those parameters this value is reliable and corsgtyuvery similar taJ,,. However for the OCFS
and CCFS packings these parameters are very diffciestimate since those packings present a
very flat radial temperature profile. Since the &tpn to estimatdJ.s; uses those parameters this
value is not reliable and consequently differeatrfrthe value oU,,.

The OCFS and the CCFS packings are better thas lg&sls since the valueld§, for those
packings is always higher than the one for glassl®eFor the OCFS and CCFS packings the values
of Uy, are very similar. However for high gas velocitibg OCFS packings with a big gap are
clearly better than the CCFS packings which isgreament with the higher value 4f.

The simplified 2-D PH model and the 2-D PH modetevesed to fit the experimental points.
However, neither of these models are a good mantelhie structured packings that were studied
since they do not fit the experimental points. 8itize radial temperature profile in the OCFS and
CCFS packings are very flat it is very difficult i a model to those points. If the value AQf; is

large the fits will be very independent of the \&abf /e .
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7. Recommendations for Future Work

To verify the conclusions that were obtained is tesearch additional measurements should
be done even with different velocities of gas aqdidl.

Because no time was left, the influence of thenfthe CCFS packings was not studied. This
influence should also be studied in the followiegearches. Comparison between the influence of
the fit in the OCFS packings should be comparett #ie conclusions that will be obtained for the
influence of the fit in the CCFS packings. It igpekted that the influence of the gap in this type o
packings is in the same order of magnitude as tBESpackings.

To have more accuracy in the results that weraindd and consequently in the parameters
that were calculated more thermocouples shoulddokedhto each arm in each ring. Since it is
already known that thé&. , parameters very high therefore,, is the rate limiting factor it is more
significant to add more thermocouples between titge eof the packing and the wall than in the
centre of the packing or use a different type ofsses that has a smaller error.

Since the tank of the cooling water does not haveding system the temperature of the
cooling water slowly heats up during the day (tifeecence can even be 10°C). To have exactly the
same conditions for all the experiments and corsetuto have a more uniform temperature at the
wall in the column during every day an effectiveloag system should be designed.

A new or an improved model should be developegpyato this type of structured packings
since both models that were used do not fit theeexental points. Since the valuesigf are very
high a, becomes the rate limiting factor. Thus the new ehtitat must be developed should not take
into account thee  value or should give more importance to dygarameter.

Residence time distributions experiments shoulgdrormed to investigate the plug flow
behaviour of the column.

On this research it was concluded that the OCFRipgs with a big gap have better heat
transfer characteristics. Thus new experiments ldhba performed with OCFS packings with a
bigger gap since that phenomena was not investigate optimal value for the gap is expected.

If it is possible OCFS and CCFS packings shouldm@nufacture with a material more
conductive than stainless steel, like carbon opeopThat will improve the heat transfer.

It was concluded that alternating the orientatibthe packing increases the heat transfer. If
it is possible to decrease the height of the payskihe orientation will be changed more times than
before. As a result better heat transfer is expecte

Try to improve thé. , in the y direction (R2 axis).
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Figure Al — Process scheme of the heat transier
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Table Al — List of equipment code of heat transftrup and brief description of each &

Equipment Code Description
C-1 Condenser for the hot gas leaving the column
DAQ Data acquisition box
EH-1 Immersion heater for the liquid (from room farature to 50°C)
EH-2 Electric flow heater for the liquid (from 50%€ 60°C)
EH-3 Electric flow heater for the gas
F-1 Filter for the liquid from the pump
Fl Flow indicator
FIC Flow indicator controller
LIL-1 Level indicator and switch (limiter) for theooling vessel (X8)
LL-2 Level switch (limiter) for the collecting vesls(X9)
Pl Pressure indicator
PIC Pressure indicator controller
PI-2 Pressure gauge for the storage vessel fgrdwmess liquid
PL-1 Pressure switch (limiter) for EH-2
PL-2 Pressure switch (limiter) for EH-3
PL-3 Pressure switch (limiter) for X7
TI Temperature indicator
TIC-1 and TL-1 Temperature indicator controlleiimiter for EH-1
TIC-2 and TL-2 Temperature indicator controlleiimiter for EH-2
TIC-3 and TL-3 Temperature indicator controlleiimiter for EH-3
TIC-4 and TL-4 Temperature indicator controlleiimiter for EH-4
TL-5 Temperature limiter for C-1
X3 Pump for the column
X5 Ventilator
X6 DAQ + short circuit protection box + emergenayitsh
Column for measurements (precolumn + heat trarsiemn + gas/liquid
X! separation zone)
X8 Storage vessel for the liquid
X9 Collecting vessel for the cooling water
X10 Centrifugal pump for the cooling water
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Table A2 — List of the valves for the heat transfet-up and brief description of each &ie

Equipment Code Description
MV-1 Manual valve for the high flow sensor
MV-2 Manual valve for the low flow sensor
MV-3 Manual valve to open the nitrogen net line
MV-9 Manual valve for the gear pump X3
MV-10 Manual valve to drain the liquid from the sioa side of the pump X3
MV-11 Manual valve to drain the liquid from the ige vessel X8
MV-12 Manual valve for the centrifugal pump X10
MV-13 Manual valve to control the flowrate of theating water
MV-14 Manual valve to drain the cooling water tax
Sv-1 Magnetic solenoid valve (NC) to open the mjgo line from the net
SV-3 Magnetic solenoid valve(NO) to release thaitigrom the EH-2 to X8

sv.4 Magnetic solenoid valve(NO) to close the systeithatyas exit line
going to the suction

55




The Influence of Orientation and Fit on Heat Tran$froperties of OCFS and CCFS packings in MTFB
Reactors

Appendix B

Table B1 - Parameters measured that were neceassargke the calibration of the pump of

the liquid.
Pump rate time Volume  Vaerage Q Q Qaverage  €I1O1
(%) (s) (mL) (mL) (mL/s)  (L/h) (L/h) (%)
60 750 13 45
0 60 755 753 13 45 45.2 0.7
40 680 17 61
10 40 675 678 17 61 61.0 0.7
40 930 23 84
20 40 920 925 23 83 83.3 1.1
25 875 35 126
40 o5 885 880 35 127 126.7 1.1
20 820 41 148
50 20 830 825 42 149 148.5 1.2
Calibration
160
140 -
120 A
100 -
e
S 80
= i y = 2.1036x + 42.432
o o ) R?=0.9977
40
20
0 T T T T T
0 10 20 30 40 50 60

Pump rate (%)

Figure BARepresentation of the calibration of the liquid pum
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Reactors
Appendix C
Appendix C1 —Derivation of the error oo,
MCp( m,in Tm, out) - (uLIOLCp,L + l'&.‘:IOG Cp,G)( Tm in_ Tm ou) (1)
v 2L ATy, 2L AT,
and
(T = To) = (Toou= T

AT — m,|n m out c2

- (Tm in Tw) ( )
(T, m, out -T )
2 2
AJ,, = I\/Cp M, —XAT, | + —NCp—aU"" ATm o I\/Cp WM, — AT (e2))
27RL 9T, 27'[F2L6];in ’ ZTRlB T o
where:
ou, _ 1 + 1 c4)
aTW (Tm,in - Tw) (Tm out Tw)
ou,, _ 1 (C5)
aTm,in (Tm,in - Tw)
ou,, _ 1 (C6)
aTm,out (Tm,out - TW)

and4Ty, ATminandATy ourare equal to 0.0546. These values represent thdasthdeviation

of the measurements during 6 hours.
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Reactors
Appendix C2 —Derivation of the error ofJeg;
1 R
U =|—+— c7
est [aw 4Ae’rj ( )
oU > (au i
AU = [ﬁAawj +[W:5‘A/]erj (C8)
where:
41, a, R—-4A, (4, + Ra
aUest: erw er( er2 W) (C8)
oa,, (44., +Ra,)
U _164,.a,- 4, (4, +Ra,)
est — ) > (C9)
aAe,r (4/]e,r + RO’W)
So:

AU =

est

er

> 2
4/]e,rawR_4/]e,r(4/]"ﬂf+RaW)Aa + 160, a,- bew(éﬂeﬁ RaW)A/] (C10)
(41, +Ra,) " (44, +Ra,)’
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Appendix D

Table D1 — Results obtained for the overall heatdfer coefficient for OCFS packings with a smalp durned 90° into each other and the
respective deviatian

U (W.m2K™ Uaverage (W.m?.K™) Deviation (%)
u. (mm/s) ug (m/s) A-B B-C A-D c-D AB BC AD CD AB BC AD CD
5 0.4 837 767 600 593 520 503 368 369 802 597 512 368 1 3 0
2.6 843 925 640 648 588 620 401 423 884 644 604 413 1 5 5
” 0.4 1299 1322 881 911 921 933 729 720 1310 896 97724 2 3 1 1
2.6 1260 1277 994 997 1080 1079805 807 1269 997 1079806 1 1 0 0
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Appendix E

Appendix E1 —Results obtained for the OCFS with a small gapediinto 90° and 0° into each othél,().

Table E1 — Results obtained for the overall heatdfer coefficient for OCFS packings with a smalb gurned 90° into each other and the respective

deviation

Ugvy (W.m2K™ Uaverage (W.m2K™) Deviation (%)
u (mm/s) ug (M/s) A-B B-C A-D C-D A-B B-C A-D C-D minAB maxAB minBC maxBC minAD maxAD minCD maxCD
0.4 998 993 1009102010231009 905 905 919 702707709 1000 1017 910 706 O 2 0 1 0 2 0 1

25 1.1 10581053103811121097 1106 955 947 952 734730748 1049 1105 951 737 O 2 0 1 0 1 1 2
1.8 105010451069112611231161 971 972 983 781793777 1055 1137 975 784 O 2 0 3 0 1 1 2
2.6 113311321103122612301200103710311017829818832 1123 1218 1029 827 O 3 0 2 1 2 0 2
04 862 861 --- 894 897 --- 774 775 - 714717 --- 862 895 774 715 0 0 0 0

18 1.1 935 937 912 997 997 947 843 841 818 743743742 928 980 834 743 O 3 0 5 0 3 0 0
1.8 991 988 987 104110611040 883 881 883 749734760 989 1047 882 748 O 0 0 2 0 0 1 3
26 972 965 1049113811281133 924 924 952 737752780 996 1133 934 757 1 8 0 1 0 3 2 6
0.4 741 741 747 763 759 811 642 646 664 583599605 743 787 650 596 O 1 0 6 1 3 1 4

12 11 783 783 --- 905 917 --- 710 710 --- 634632 --- 783 911 710 633 0 1 0 0
1.8 796 797 792 939 939 950 717 717 715 636639630 795 943 717 635 O 1 0 1 0 0 0 1
26 691 689 --- 914 929 --- 675 671 --- 605612 --- 690 921 673 608 0 2 1 1
04 837 887 -- 600 593 --- 520 504 --- 368369--- 862 597 512 368 6 1 3 0

6 1.1 795 876 871 671 674 683 628 656 653 391395385 847 676 646 391 1 9 1 2 0 4 1 3
1.8 761 774 --- 738 730 --- 660 657 --- 431429 --- 767 734 659 430 2 1 0 0
26 843 925 --- 640 648 --- 588 620 --- 401423 --- 884 644 604 412 9 1 5 5
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Table E2 — Results obtained for the overall heatdfer coefficient for OCFS packings with a smalb gurned 0° into each other and the respective

deviation

Uovy (W.m2K™ Uaverage (W.m?2.K™) Deviation (%)

u. (mm/s) ug(m/s) A-B B-C A-D C-D A-B B-C A-D C-D minAB maxAB minBC maxBC minAD maxAD minCD maxCD

0.4 10501051 1059 681 692 694659 658 665480465492 1053 693 661 479 O 1 0 2 0 1 2 5
1.1 112211201110 878 878 866749 752 751486483490 1118 874 751 486 O 1 0 1 0 0 1 1

25 1.8 112111261120 979 986 973862 858 856 656 644 651 1122 979 858 650 O 0 1 1 0 1 1 2
26 10731127 --- 10621104 --- 9821012 --- 758780 --- 1100 1062997 769 5 4 3 3
0.4 11031089 1100 685 689 687642 646 639405409404 1097 687 642 406 O 1 0 1 1 1 0 1

18 11 906 910 909 850 854 854750 754 756529531537 908 853 753 532 O 0 0 0 0 1 0 1
1.8 902 905 909 904 891 905836 836 838700710703 905 900 836 704 O 1 0 2 0 0 0 1
2.6 991 987 983 884 884 900864 861 863740737730 987 889 863 736 O 1 0 2 0 0 0 1
0.4 857 858 859 493 490 482567 564 575479472505 858 489 569 485 O 0 1 2 1 2 1 7

12 11 761 761 756 728 700 718714 711 699635655614 760 715 708 635 O 1 1 4 0 2 3 6
1.8 794 786 772 799 803 772733 733 716600606601 784 791 727 602 1 3 0 4 0 2 0 1
2.6 745 743 --- 754 755 --- 711 710 --- 620618 --- 744 754 710 619 0 0 0 0
0.4 739 708 710 481 482 474508 498 493391384380 719 479 499 385

6 11 686 682 625 582 594 575533 542 511390402375 664 584 529 389

1.8 560 572 559 559 552 555493 496 493383392388 564 556 494 388
2.6 466 466 461 501 497 503461 462 461406415407 464 500 461 409
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Table E3 — Results obtained for the overall heatsfer coefficient for OCFS packings

fOf 00 and 900 and the reSpeCtIWHtlon @U: Uo\/_a\/erage_go"' Uo\/_average_()’.

U V_av o U V_av °
u. (mmi/s) ug (m/s) (V?/ _ran ?zralge_{)’ (\?an e_fzaf(e?f)o AU (%)

0.4 693 1017 32
o5 1.1 874 1105 21
1.8 979 1137 14
2.6 1062 1218 13
0.4 687 895 23
18 1.1 853 980 13
1.8 900 1047 14
2.6 889 1133 22
0.4 489 787 38
12 1.1 715 911 22
1.8 791 943 16
2.6 761 921 17
0.4 479 597 20
6 1.1 584 676 14
1.8 556 734 24
2.6 500 644 22

Table E4 — Results obtained for the overall heatdfer coefficient for OCFS packings with a smalb gurned 0°into each other and the respective

deviation (second day)

U (W.m2K™ Uaverage (W.m?.K™) Deviation (%)
u. (mm/s) ug (m/s) A-B B-C A-D c-D AB BC AD <CD AB BC AD CD
25 0.4 960 948 664 672 661 647 528 511 954 668 654619 1 1 2 3
18 1.1 766 770 812 807 643 645 469 479 768 809 64474 1 1 0 2
12 1.8 619 623 758 762 625 626 582 581 621 760 62682 1 0 0 0
6 2.6 411 407 501 503 408 407 390 387 409 502 40789 3 1 0 0 1
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Appendix E2 —Results obtained for the OCFS with a small gapedr@0° and 0° into each other for the simplifieD 2H model and for the 2-D PH

model.

Table E5 - Results obtained for the OCFS with allsgag@ turned 90° into each othérgnda for the simplified 2-D PH model).

u Uc )\'ae,r }\-ae,rmin 0ad  0amin 08max )\'be,r }\-be,rmin ab abmin abmax )\'Ce,r )\'Ce,rmin ac OCmin  OCmax }\-de,r }\-de,rmin )\'de,rmax Og admin udmax

(mm/s) (m/s) (W.m™.K? (W.m2K™ (W.m*K? (W.m32K™ (W.m™K™ (W.m2K™ (W.m*K? (W.m2K™
0.4 88 54 10731015 1139 83 51 10671015 1123 159 87 1100 1050 1156 57 45 79 1024 987 1064
1.1 280 102 11111056 1172 149 70 1136 1077 1201 303 145 1168 1128 1210 81 61 120 10601026 1095
301 102 11331073 1200 150 71 1162 1101 1230 278 147 11921155 1231 90 68 131 11101078 1143
1.8 340 108 11401080 1205 149 71 1174 1112 1242 299 154 11831148 1221 91 69 136 11261093 1161

25 349 97 11811107 1264 179 93 1199 1153 1249 142 98 1260 1220 1303 78 58 118 11271087 1171
387 103 12731192 1367 169 92 1302 1250 1358 121 90 1356 1315 1401 81 60 125 12051159 1254

26 422 105 12751193 1369 170 92 1306 1253 1363 112 91 1376 1345 1408 76 57 112 12001156 1248

410 106 12401164 1327 182 96 1265 1217 1318 163 112 1296 1258 1336 83 63 124 12101167 1255

04 74 44 11151036 1207 59 40 11271064 1199 74 52 1005960 1053 36 28 50 11361065 1218

224 78 11221047 1207 131 72 1154 1103 1209 241 114 10411001 1085 49 37 74 11551090 1228

1.1 234 80 11261052 1211 129 73 1161 1111 1215 244 114 1046 1005 1090 49 36 73 11481084 1221

18 127 68 11141053 1183 73 48 11621102 1229 97 65 10451001 1093 40 31 55 11651097 1242
284 82 11581076 1252 122 68 1204 1147 1267 170 105 1106 1071 1144 50 39 70 11771120 1242

1.8 310 80 11541068 1256 101 52 1217 1133 1314 115 88 1134 1105 1164 49 36 77 11501079 1230

327 81 11541068 1255 99 53 12201142 1310 123 92 1150 1120 1182 48 35 75 11351066 1214

26 351 82 11931101 1302 110 60 1258 1187 1338 137 100 12271195 1261 56 42 86 11691110 1235

53 33 976 900 1066 37 28 1008 951 1073 51 38 869 828 914 21 16 30 10832 1154

0.4 67 43 943 891 1002 37 28 1012 955 1076 49 36 865 821 914 21 16 29 10655 1194

103 46 932 859 1020 62 41 976 929 1028 90 50 885 830 948 25 18 39 1@88 1200

11 139 50 981 896 1084 98 56 1011 962 1065 169 72 964 906 1030 28 20 45 11231005 1273

12 129 49 987 902 1091 98 53 1014 959 1076 180 76 970 913 1034 28 20 46 11241000 1284
306 61 998 908 1108 72 41 10811006 1167 103 63 1022 971 1080 28 20 49 11341007 1297

1.8 324 62 1001 912 1110 72 41 10861012 1171 109 67 1019 972 1070 28 19 49 11431009 1319

351 63 994 905 1102 72 41 10801008 1161 114 72 1027 985 1074 27 18 54 1127978 1329

26 482 56 870 788 970 171 56 899 840 966 296 142 947 921 976 42 28 80 967894 1054
291 56 941 853 1049 132 51 976 907 1057 207 102 978 940 1018 38 25 76 983 895 1089
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Table E5 - Results obtained for the OCFS with allsgag turned 90° into each othérgnda for the simplified 2-D PH model) — cont.

up Us )\‘ae,r )vae,rmin 0a  0Amin 0Amax )vbe,r )\‘be,rmin ab  abmin  abnax )vce,r )vce,rmin 0C  0Chmin 0Cmax )\‘de,r )\‘de,rmin )vde,rmax oy  0dmin 00max
(mm/s) (m/s) (W.mLK™ (W.m2K™ (W.mK™? (W.m?2.K™ (W.miK™ (W.m2K™ (W.m™K™? (W.m2K™
04 57 36 791 745 843 29 17 861 763 989 16 13 701 657 752 10 7 1B16 672 1038
48 24 721 650 810 29 12 759 615 990 18 14 632 578 698 9 7 1824 662 1089
11 40 25 925 840 1029 36 19 918 799 1079 35 20 789 704 899 14 9 26 7846 987
6 31 16 870 727 1082 35 21 830 748 931 44 25 750 684 831 15 10 31 7607 934
18 46 23 779 690 894 32 20 824 755 908 60 32 821 745 915 17 11 7 3802 668 1004
47 24 794 704 911 31 20 846 769 939 61 32 806 732 896 16 11 2 3807 682 990
56 68 30 750 678 840 35 18 819 718 953 31 22 811 747 887 19 14 1 3714 646 798
41 25 936 838 1060 38 20 933 814 1093 29 19 841 749 958 17 12 26 8v12 917
Table E6 - Results obtained for the OCFS with allsgag turned 0° into each othérgnda for the simplified 2-D PH model).
uL Uc }\-ae,r }\-ae,rmin aa  08min 03max }\-be,r }\-be,rmin ab abmin abmax )\'Ce,r )\'Ce,rmin }\-Ce,rmax ac OCmin UCmax }\-de,r )\'de,rmin }\-de,rmax g udmin udmax
(mm/s) (m/s) (W.m™.K™) (W.m2K™ (W.m*K™ (W.m2K™ (W.m™K™ (W.m2K™ (W.m™K™ (W.m32K™
0.4 204 130 12331198 1269 63 37 13441207 1517 14 12 16 1096 991 1228 9 7 13 1126 870 1596
136 98 10621039 1087 52 30 11581034 1315 13 11 16 990 882 1127 9 7 14 1119 849 1639
25 1.1 528 204 12271191 1266 54 35 14171299 1558 19 16 23 12311118 1370 8 7 11 939 773 1196
1.8 410 222 10411024 1058 70 35 11241019 1254 31 26 39 12831194 1386 15 12 20 12711093 1517
26 534 241 11221100 1144 69 40 12271130 1341 28 23 34 14691353 1608 14 11 19 13851150 1742
04 96 72 11661127 1208 32 27 13831301 1477 9 7 12 13761061 1957 5 4 8 1264 846 2495
11 170 96 996 960 1035 44 22 1112962 1317 18 15 24 13421165 1582 9 7 10 1681 1344 2245
168 116 946 929 965 42 23 1061934 1228 16 12 23 12731053 1608 7 6 8 1445 1174 1878
18 18 112 73 978 945 1014 44 22 1064920 1260 22 18 27 13131196 1457 12 9 16 1688 1285 2460
115 76 981 949 1014 45 22 1067924 1262 22 18 26 13361223 1473 11 9 16 1697 1289 2481
26 330 175 1017996 1039 52 27 11321001 1301 26 23 30 12031147 1265 13 10 19 1636 1251 2364
330 176 10221001 1043 53 27 11351006 1301 26 23 30 11831126 1246 13 10 19 16501263 2382
04 53 42 943911 977 26 18 1069930 1246 9 7 13 877 684 1224 11 8 19 2337 1398 7127
11 64 42 826786 870 37 18 874750 1047 16 14 19 11431038 1273 9 7 14 1532 1091 2572
12 18 73 48 841 805 880 63 25 863743 1029 18 16 21 11961098 1314 10 8 14 1584 1180 2411
87 60 816 791 844 36 16 893752 1098 19 16 22 11301034 1245 10 8 14 1500 1117 2281
26 162 96 774 755 794 44 18 844712 1037 22 17 31 1025920 1157 11 8 17 1440 1061 2244
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Table E6 - Results obtained for the OCFS with allsgag turned 0° into each othergnda for the simplified 2-D PH model) — cont.

uL Ug }\-ae,r }\-ae,rmin 0a  08min 0dmax }\-be,r }\-be,rmin ab abmin abmax )\'Ce,r )\'Ce,rmin }\-Ce,rmax acC 0Cmin OCmax }\-de,r }\-de,rmin }\-de,rmax Og admin admax

(mm/s) (m/s) (W.m™.K™ (W.m2K™ (W.m*K™ (W.m2K™ (W.m*K? (W.m2K™ (W.m™K™ (W.m2K™

41 23 829 738 947 32 17 847732 1005 13 10 19 663 580 774 7 5 10 1322 858 2877

0.4 37 23 802 727 895 24 13 852717 1051 11 9 15 692 608 804 6 4 9 1399 874 3509

39 28 800 755 850 21 13 892771 1058 10 8 12 717 644 808 6 5 10 1273 830 2730

6 11 42 34 770 746 795 36 15 786662 967 13 10 17 876 761 10337 5 11 1275 856 2499
38 31 708 686 732 34 14 719605 885 12 10 16 856 750 996 7 5 11 1065 770 1726

1.8 33 25 647 619 679 37 15 638546 767 13 11 15 792 727 870 8 6 12 986 752 1434

26 41 29 540517 564 28 9 560440 771 15 11 26 648 560 767 8 6 12 909 712 1258
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Table E7 - Results obtained for the OCFS with allsgag turned 90° into each oth@gerage Oaverage@NdUestfor the 2-D PH model).

u. Ug A A_min A_max a o_min 0_max Uest Uest_Min Uest_Max Maverage Oaverage Uest_average
(mm/s) (m/s) W.m™K™ (W.mtKY W.miK? W.m2ZK?YH) (WmZKY (W.m?2K?Y) (W.mZKYH (Wm2KYH  (W.m2ZKYD W.miK?) (W.mZK?Y  (W.m?2K?Y
0.4 87 77 123 953 921 987 892 857 940 87 953 892
1.1 125 85 223 999 963 1035 951 899 1006 125 999 1 95
o5 18 134 84 230 992 956 1026 948 893 998 134 992 948
134 84 236 993 957 1031 949 893 1004
26 94 76 152 1029 989 1069 963 915 1024 94 1024 958
93 75 159 1018 974 1062 953 901 1019
0.4 68 59 79 928 898 976 850 820 906 68 928 850
92 66 150 968 930 1006 908 855 966
18 1.1 92 66 154 968 932 1006 908 856 967 92 968 908
121 119 123 958 956 960 913 910 915
1.8 78 68 126 972 932 1012 902 858 964 121 958 913
2.6 82 72 132 944 906 984 879 840 940 82 944 890
64 30 102 782 744 820 739 644 781
0.4 64 30 102 781 745 821 738 645 782 64 795 751
64 42 112 824 786 866 776 704 826
58 42 340 837 791 887 817 708 873
12 1.1 58 48 94 886 842 954 809 759 897 58 862 813
112 110 114 838 836 840 801 798 803
18 113 42 300 831 785 881 810 703 865 112 835 806
80 40 222 709 671 747 690 607 732
2.6 80 42 158 761 723 803 720 653 778 80 735 705
27 19 41 692 652 736 595 537 662
0.4 25 11 501 433 381 493 418 313 490 27 562 506
29 21 39 700 668 734 609 557 657
5 1.1 25 17 37 686 646 732 586 522 651 21 693 597
24 18 34 666 628 706 569 516 625
1.8 24 18 34 666 628 706 568 516 625 24 666 o568
21 15 33 577 539 617 493 440 552
2.6 23 15 33 620 588 654 529 472 582 22 598 o1l
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Table E8 - Results obtained for the O@HHE a small gap turned 0° into each oth(eags Aaverage@NdUest for the 2-D PH model)

ug Ug Y A_min A_max a o_min 0_max Uest Uest Min Ugg max Raverage Oaverage  Uest_average
(mm/s) (m/s) (W.m™K?) (W.m~K?YH) (W.m™K?Y) (W.m2KH W.m2KYH W.m2ZK?Y) (W.m2KYH (W.m2K?H W.m2ZK?Y) W.mK?YH) W.m2K?) (WwW.m2K™?

0.4 21 13 31 1019 901 1119 697 629 913 20 969 698
18 10 28 920 816 1034 698 540 840

25 11 26 14 38 966 860 1088 775 621 923 26 966 775

1.8 38 24 62 951 869 1041 823 709 942 38 951 823

2.6 35 21 53 1002 906 1106 844 714 978 35 1002 844

0.4 14 8 20 979 859 1117 691 514 828 14 979 691

11 26 16 40 1004 898 1112 809 665 947 o4 946 757
21 11 33 888 786 1000 705 543 841

18 18 32 20 44 949 871 1031 783 685 899 32 954 787
32 20 44 960 882 1042 791 691 908

26 34 20 156 815 743 893 769 603 862 34 809 763
34 20 158 802 730 880 757 594 850

0.4 18 12 26 866 788 906 662 559 744 18 866 662

11 23 18 40 805 751 863 676 596 760 23 805 676

12 18 30 23 63 804 746 864 707 620 796 30 795 690
30 20 48 785 733 841 674 596 758

26 32 18 54 704 650 760 619 530 699 30 685 598
27 15 43 666 624 724 577 495 655

0.4 18 12 28 748 670 808 592 497 685 18 240 587
18 12 26 732 662 790 582 492 664

6 11 22 17 39 641 605 675 552 495 609 21 627 541
20 16 36 614 578 650 531 472 584

1.8 21 13 33 540 504 580 466 406 523 21 540 466

2.6 18 10 30 404 376 432 353 304 396 18 404 353
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Table E9 — Comparison between the values obtainddtive simplified and the 2-D
PH model for the OCFS packings with a small gapadr90° into each other.

2-D model Simplified 2-D model

uL Ug ;‘-average aaverage )vaverage aaverage AA Aa
(mm/s) (m/s) W.mK?) (W.m2K"Y (W.miKY W.m?2K?Y (%) (%)
0.4 87 953 159 1100 45 13
o5 11 125 999 303 1168 59 14
1.8 134 992 240 1211 44 18
2.6 94 1024 132 1343 29 24

0.4 63 928 74 1005 14 8

18 11 92 968 194 1044 52 7
1.8 77 966 136 1130 43 14
2.6 82 944 137 1227 40 23

0.4 64 795 63 873 -1 9
12 11 58 862 175 967 67 11
1.8 112 835 109 1023 -3 18
2.6 80 735 251 962 68 24
0.4 27 562 17 667 -57 16
5 1.1 27 693 39 770 30 10
1.8 24 666 61 814 60 18
2.6 22 598 30 826 27 28

Table E10 — Comparison between the values obtaaitbdthe simplified and the 2-D
PH model for the OCFS packings with a small gapedrO° into each other.
2-D model Simplified 2-D model

UL Uc ;Vaverage aaverage }\-average aaverage AA Aa
(mm/s) (m/s) W.mK?Y) (W.m2K?) (W.m™K") (W.m?K?") (%) (%)

0.4 20 969 13 1043 -46 7
- 11 26 966 19 1231 -39 22
1.8 38 951 31 1283 -23 26
2.6 35 1002 28 1469 -27 32
0.4 14 979 9 1376 -59 29
18 11 24 946 17 1308 -38 28
1.8 32 954 22 1325 -48 28
2.6 34 809 26 1193 -30 32
0.4 18 866 9 877 -102 1
12 11 23 805 16 1143 -45 30
1.8 30 795 18 1163 -62 32
2.6 30 685 22 1025 -34 33
0.4 18 740 11 691 -58 -7
5 11 21 627 13 866 -65 28
1.8 21 540 13 792 -70 32
2.6 18 404 15 648 -14 38
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Appendix F

Appendix F1 —Results obtained for the OCFS with a small, mediunt a big gap turned
into 90° into each othetJg,).

Table F1 — Results obtained for the overall heatdfer coefficient for OCFS packings with a
medium gap turned 90° into each other and the oéispedeviation.
Uoy (W.m2K™

Uaverage (W-m_Z-K-l)

Deviation (%)

u, (mmis) ug (m/s)  A-B B-C A-D cD AB BC AD CD AB BC AD CD
0.4 11041106 1006 992 914908 746 747 1105 999 911 747 0 1 1 0

o5 1.1 1065 1072 1083 1077 928 930 755 762 1069 1080 929 758 1 0 0 1
1.8 11921191 1071 1052 988 984 856 863 1191 1061 986 859 0 2 0 1

2.6 13351335 1000 994 968960833818 1335 997 964 826 0 1 1 2

04 958 972 873 875 78800703712 965 874 792 707 1 0 2 1

18 1.1 10031004 961 961 846843753750 1003 961 845 751 O O 0 1
1.8 1074 1073 920 932 879879 827 820 1073 926 879 824 O 1 0 1

2.6 11501152 848 856 870870825815 1151 852 870 820 O 1 0 1

0.4 804 804 788 781 68@79 596 596 804 784 680 59 O 1 0 0

12 1.1 892 892 904 898 76362 674 668 892 901 762 671 O 1 0 1
1.8 992 1002862 864 793797 712720 997 863 795 716 1 0 0 1

2.6 840 838 699 704 70405712715 839 702 704 714 O 1 0 0

0.4 572 600 553 551 43235406 380 586 552 433 393 5 0 1 6

6 1.1 653 640 602 590 47878 423 444 647 596 478 433 2 2 0 5
1.8 658 670 565 571 49497 476 463 664 568 497 470 2 1 0 3

26 605 607 508 499 47067 439437 606 503 468 438 0 2 1 0

Table F2 — Results obtained for the overall heatdfer coefficient for OCFS packings with a big
gap turned 90° into each other and the respecaveation.
Uoy (W.m2K™

Uaverage (W-m_Z-K-l)

Deviation (%)

u_ (mm/s) ug (m/s) A-B B-C A-D C-D A-B B-C AD CD AB BC AD CD
0.4 1025 1040 1101 1145 921 932 685669 1033 1123 927 677 1 4 1 2

25 11 1020 980 11301157 925 932 691708 1000 1144 928 699 4 2 1 2
1.8 977 997 12071199 952 961 731753 957 1203 957 742 2 1 1 3

2.6 1263 1266 1526 1522 1185 1184 887 892 1264 1524 1185 890 O 0 0 0

0.4 1171 1164 1020 1011 1029 1033 882 898 1167 1016 1031 890 1 1 0 2

18 11 924 925 980 967 831 831 7485 925 974 831 722 O 1 0 2
1.8 1008 998 989 1000894 890 712724 1003 995 892 718 1 1 1 2

2.6 1049 1047 1162 1167 963 961 751748 1048 1165 962 750 O 0 0 0

0.4 872 863 875 883 743 745 6@O7 868 879 744 606 1 1 0 1

12 11 856 867 905 906 744 744 6685 862 906 744 606 1 0 0 0
1.8 623 633 779 803 637 657 5BO2 628 861 647 588 2 3 3 5

2.6 695 750 954 965 785 799 7905 722 960 792 792 7 1 2 1

0.4 892 858 613 616 510 506 3395 875 615 508 342 4 0 1 2

6 11 833 786 616 636 531 524 4182 810 626 527 414 6 3 1 1
1.8 720 680 706 656 542 482 4885 700 681 512 430 6 7 11 15

2.6 651 763 751 801 594 622 5B86 707 776 608 558 15 6 5 4

(o2}
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Table F3 — Results obtained for the overall heatsfer coefficient for OCFS packings with a
big gap turned 90° into each other and the resgedtviation (second day).

Ugy (W.m2K™ Uaverage (W.m?2.K™) Deviation (%)
u. (mm/s) ug (m/s)  A-B B-C AD C-D AB B-C AD C-D AB BC AD CD
12 0.4 10451042846868731727626 640 1043857 729 633 0 3 0 2

1.1 830 802 624620600594516 512 816 622 597 514 3 1 1 1

6
1.8 721 744 662672517488469 466 732 667 503 468 3 2 6 1

Table F4— Average of the results obtained for terall heat transfer coefficient for the three
types of OCFS packings with the best orientatiddP@nd the respective deviationul =

Uov_big _gap Uov_ medium_ga,pAU2 = Uov_small_gap' Uov_ medium_gays'a-nddU3 = Uov_big_gap‘ Uov_ small_ga}t-

u. (mm/is)  ug (m/s) U(%mr;d_i;"k—g;p (L\/J\‘/’Vr—;;i —}gg’l) L(J\‘;\;—;’;?Z”RQ_?’; AUl AU2 AU3
0.4 999 1123 1017 11 2 9
95 1.1 1080 1144 1105 6 2 3
1.8 1061 1203 1137 12 7 6
2.6 997 1524 1218 35 18 20
0.4 874 1016 895 14 2 12
18 1.1 961 974 980 1 2 -1
1.8 926 995 1047 7 12 -5
2.6 852 1165 1133 27 25 3
0.4 784 879 787 11 0 10
12 1.1 901 906 911 1 1 -1
1.8 863 861 943 0 8 -9
2.6 702 960 921 27 24 4
0.4 552 615 597 10 9 3
5 1.1 596 626 676 5 12 -8
1.8 568 681 734 17 23 -8
2.6 503 776 644 35 22 17
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Appendix F2 —Results obtained for the OCFS with a small, medaunth a big gap turned 90° into each other for thpkiied and the 2-D PH model.

Table F5 - Results obtained for the OCFS with allsga@ turned 90° into each othérgnda for the simplified 2-D PH model).

uL Uc }\-ae,r }\-ae,rmin aa  08min 0@max )\'be,r }\-be,rmin ab ubmin ubmax }\-Ce,r }\-Ce,rmin 0C  0Cmin 0OCmax }\-de,r )\'de,rmin )\'de,rmax Oqg udmin admax
(mm/s) (m/s) (W.mtK™?) (W.m32K™ (W.m™K™ (W.m32K™ (W.m™K™ (W.m32K™ (W.m™K™ (W.m2K™

04 88 54 10731015 1139 83 51 10671015 1123 159 87 1100 1050 1156 57 45 79 1024 987 1064

1.1 280 102 11111056 1172 149 70 1136 1077 1201 303 145 11681128 1210 81 61 120 10601026 1095

301 102 11331073 1200 150 71 1162 1101 1230 278 147 11921155 1231 90 68 131 11101078 1143

1.8 340 108 11401080 1205 149 71 1174 1112 1242 299 154 11831148 1221 91 69 136 11261093 1161

25 349 97 11811107 1264 179 93 1199 1153 1249 142 98 1260 1220 1303 78 58 118 11271087 1171
387 103 12731192 1367 169 92 1302 1250 1358 121 90 1356 1315 1401 81 60 125 12051159 1254

26 422 105 12751193 1369 170 92 1306 1253 1363 112 91 1376 1345 1408 76 57 112 12001156 1248

410 106 12401164 1327 182 96 12651217 1318 163 112 1296 1258 1336 83 63 124 12101167 1255

04 74 44 11151036 1207 59 40 11271064 1199 74 52 1005960 1053 36 28 50 11361065 1218

224 78 11221047 1207 131 72 1154 1103 1209 241 114 10411001 1085 49 37 74 11551090 1228

1.1 234 80 11261052 1211 129 73 1161 1111 1215 244 114 1046 1005 1090 49 36 73 11481084 1221

18 127 68 11141053 1183 73 48 11621102 1229 97 65 10451001 1093 40 31 55 11651097 1242
284 82 11581076 1252 122 68 1204 1147 1267 170 105 1106 1071 1144 50 39 70 11771120 1242

1.8 310 80 11541068 1256 101 52 1217 1133 1314 115 88 1134 1105 1164 49 36 77 11501079 1230

327 81 11541068 1255 99 53 12201142 1310 123 92 1150 1120 1182 48 35 75 11351066 1214

26 351 82 11931101 1302 110 60 1258 1187 1338 137 100 1227 1195 1261 56 42 86 11691110 1235

53 33 976 900 1066 37 28 1008 951 1073 51 38 869 828 914 21 16 30 10832 1154

0.4 67 43 943 891 1002 37 28 1012 955 1076 49 36 865 821 914 21 16 29 10855 1194

103 46 932 859 1020 62 41 976 929 1028 90 50 885 830 948 25 18 39 1888 1200

11 139 50 981 896 1084 98 56 1011 962 1065 169 72 964 906 1030 28 20 45 11231005 1273

12 129 49 987 902 1091 98 53 1014 959 1076 180 76 970 913 1034 28 20 46 11241000 1284
306 61 998 908 1108 72 41 10811006 1167 103 63 1022 971 1080 28 20 49 11341007 1297

1.8 324 62 1001 912 1110 72 41 10861012 1171 109 67 1019 972 1070 28 19 49 11431009 1319

351 63 994 905 1102 72 41 10801008 1161 114 72 1027 985 1074 27 18 54 1127978 1329

26 482 56 870 788 970 171 56 899 840 966 296 142 947 921 976 42 28 80 967894 1054
291 56 941 853 1049 132 51 976 907 1057 207 102 978 940 1018 38 25 76 983 895 1089
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Table F5 - Results obtained for the OCFS with allsgag@ turned 90° into each othérgnda for the simplified 2-D PH model) — cont.

up Us )vae,r ;‘-ae,rmin 0a 0dmin 0Odmax ;\rbe,r ;\rbe,rmin ab  abnin abma )vce,r ;\rce,rmin 0C  OChpin 0Cmax ;\rde,r )vde,rmin ;\rde,rmax 09  0dnin  0dmax

(mm/s) (m/s) (W.m™K™ (W.m2K™ (W.miK™ (W.m?2.K™ (W.mK™? (W.m?2.K™ (W.mtK™ (W.m2K™
04 57 36 791 745 843 29 17 861 763 989 16 13 701 657 752 10 7 1816 672 1038
" 48 24 721 650 810 29 12 759 615 990 18 14 632 578 698 9 7 1824 662 1089

11 40 25 925 840 1029 36 19 918 799 1079 35 20 789 704 899 14 9 26 781 646 987
31 16 870 727 1082 35 21 830 748 931 44 25 750 684 831 15 10 31 750 627 934
18 46 23 779 690 894 32 20 824 755 908 60 32 821 745 915 17 11 7 3802 668 1004
47 24 794 704 911 31 20 846 769 939 61 32 806 732 896 16 11 2 3807 682 990
26 68 30 750 678 840 35 18 819 718 953 31 22 811 747 887 19 14 1 3714 646 798

41 25 936 838 1060 38 20 933 814 1093 29 19 841 749 958 17 12 26 801 712 917

Table F6 - Results obtained for the OCFS with aioradyap turned 90° into each othérfida for the simplified 2-D PH model).

up Us )vae,r ;‘-ae,r min  0& 08min 0O&max ;‘-be,r ;‘-be,r mn 0D obnin  abyax ;\rce,r ;\rce,r min  0C  OCmin 0Cmax ;\rde,r ;\rde,r min )vde,r max Og  O0min  0dmax
(mm/s) (m/s) (W.mLK™ (W.m2K™ (W.m™K™? (W.m2K™ (W.mtK™ (W.m2K™ (W.miK™ (W.m?2.K™
234 124 14321376 1494 61 30 16031361 1951 89 43 992917 1081 61 45 95 11601099 1228

242 129 14431389 1502 61 29 16191370 1978 82 41 974899 1063 64 47 101 11621103 1228
559 183 12891245 1337 65 32 14441259 1692 2870 150 1038 993 1088 98 69 170 11451101 1193

0.4

o5 11 621 203 13031262 1347 65 32 14651276 1719 5173 157 1032988 1081 92 65 157 11601113 1211
18 402 220 13981368 1429 88 45 14921353 1662 155 65 11341058 1222 92 71 130 12831242 1327
795 245 13761337 1418 87 45 14881350 1656 288 58 1041 947 1157 93 74 125 13411303 1383

26 585 257 17441695 1796 102 56 18531690 2051 164 53 1011926 1112 65 49 94 15021419 1596

420 256 16541623 1686 120 56 17141553 1914 159 62 1052 982 1134 61 45 99 14471349 1560

0.4 112 73 12731212 1339 35 23 14761285 1733 69 36 915842 1001 30 23 43 13301200 1490

115 71 12711205 1345 35 22 14721276 1740 66 36 912845 991 32 24 47 1311187 1463

11 218 122 12601216 1309 51 29 14141245 1635 94 40 1018925 1132 42 32 63 13181218 1435

18 238 125 12871238 1340 52 30 14481276 1674 215 62 953 884 1033 43 29 76 13511212 1526
18 389 191 12851251 1322 79 41 13681238 1529 156 57 954 888 1031 43 34 59 14351339 1545
277 121 13101248 1377 78 40 13711240 1533 122 51 972 902 1054 44 35 61 14341336 1546

26 680 231 14621418 1510 71 32 16181371 1974 122 40 900 813 1007 45 35 61 13931305 1494
289 96 14271321 1552 114 42 14381265 1666 171 21 758 623 969 51 41 68 1523436 1620
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Table F6 - Results obtained for the OCFS withealium gap turned 90° into each othealida for the simplified 2-D PH model) — cont.

Up Us )vae,r ;‘-ae,r min  0& 08min 0O&max ;\rbe,r ;\rbe,rmin ab  abnin abpay ;\rce,r ;\rce,rmin 0C 0Cmin 0OCmax ;\rde,r ;\rde,rmin )vde,r max Og  O0min  0dmax
(mm/s) (m/s) (W.mLK™ (W.m2K™ (W.mK™? (W.m2K™ (W.miK™ (W.m2K™ (W.mtK™ (W.m2.K™

o4 84 50 10741002 1156 32 20 12101065 1402 40 25 851780 936 18 14 27 1231055 1495

94 56 10721009 1143 32 21 12181075 1405 40 25 847 778 929 19 15 26 1233074 1448

11 262 109 11291077 1188 47 27 12761126 1472 86 47 918864 979 24 17 39 1408186 1733

12 673 266 11091089 1131 51 27 12811122 1493 86 49 923874 979 24 17 38 1393182 1697

18 735 195 12251184 1269 49 20 14091111 1923 122 48 885 821 960 23 18 33 1444261 1689

707 217 12441208 1282 49 21 14311140 1924 280 42 853 761 970 22 17 31 1540332 1825

26 -942 342 10471012 1084 46 17 1229946 1755 93 25 618548 709 30 24 41 1307194 1445

-1365 292 1024 990 1061 44 17 1207932 1711 114 146 637 595 684 30 23 46 12632135 1422

04 80 44 806 759 860 30 17 893785 1035 21 11 621517 776 7 5 12 2552131 -9787

69 35 848 774 938 25 18 967886 1064 23 14 654584 741 6 4 8 7688775 -3299

11 170 46 893 818 984 31 15 1058866 1359 20 11 682562 867 8 6 13 1858072 6946

194 59 887 822 964 27 14 1070875 1377 27 13 624537 747 8 6 13 2219140 41288

6 18 100 46 910 836 998 24 11 1099830 1624 30 16 575513 656 10 8 15 1589131 2671

213 62 916 844 1002 24 12 1161873 1732 50 23 539494 593 10 8 13 1621188 2554

26 155 82 815 786 847 26 11 964717 1471 49 24 472440 509 16 12 24 891776 1046

261 112 806 780 834 26 11 981730 1494 45 25 490462 522 15 12 19 875784 989
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Table F7 - Results obtained for the O@R8 a big gap turned 90° into each otheafda for the simplified 2-D PH model).

up Us ;‘-ae,r )vae,rmin 0a 03dmin 0dmax )vbe,r )vbe,rmin ab  abpin abmax )vce,r )vce,rmin 0C 0Cmin 0OCmax )vde,r )vde,rmin )vde,rmax oy 0dmin 0dmax

(mm/s) (m/s) (W.m™K™ (W.m2K™ (W.mtK™ (W.m2K™ (W.m™K™? (W.m2K™ (W.m™K™? (W.m?2.K™
0.4 104 76 10951064 1129 41 27 12221107 1363 45 21 1216999 1554 42 30 72 11591068 1266
202 146 11261108 1144 63 36 12171111 1345 64 28 12511062 1520 47 32 88 1071992 1164
11 436 220 11201099 1141 68 44 12341159 1318 81 35 1235082 1437 52 37 87 11031037 1179

439 211 10651044 1086 115 49 11141029 1214 162 63 11741087 1277 54 34 135 11111018 1224

25 18 327 167 11081082 1136 129 52 11431055 1249 85 50 13081215 1417 49 31 106 11881079 1320
692 340 11261111 1140 140 53 11761081 1290 81 59 13021249 1360 46 30 99 12431118 1398

26 4415 487 14281401 1457 196 59 15101356 1704 75 41 17171512 1986 43 26 117 15331310 1848

"~ 958 186 14661399 1540 104 44 15901401 1837 69 40 1794579 2066 43 26 114 15731339 1905

0.4 73 49 11611096 1234 29 20 13721211 1581 36 19 12281006 1576 28 21 40 13041176 1462

77 54 13881314 1471 29 21 17351513 2035 38 22 14471209 1802 26 20 37 16541447 1929

11 97 64 10771028 1130 29 20 12881147 1468 38 19 1155950 1473 29 22 44 12211106 1363

18 100 65 10681020 1121 31 20 12511099 1452 37 18 1146941 1466 29 22 43 12461130 1389
18 183 121 11691140 1198 56 31 12781139 1456 48 23 1219023 1508 35 27 50 12261138 1329
421 255 11621146 1178 53 36 13411246 1453 52 25 12121028 1476 38 27 65 11861081 1313

26 556 174 12481203 1296 104 49 13271214 1463 56 28 1313131 1566 40 29 64 12671164 1390

"~ 838 303 12001177 1223 101 47 12901181 1422 56 29 13161137 1563 41 27 84 12481116 1413

0.4 173 86 1025981 1073 46 30 11561061 1268 36 19 1005855 1218 22 17 31 11891056 1361

175 88 1019 977 1065 48 31 11401049 1249 39 21 1019879 1211 21 16 31 11671031 1346

11 728 147 989 950 1031 51 33 11271045 1223 52 21 989831 1221 21 14 42 1175971 1489

12 1114 225 994 969 1021 83 26 1054 893 1287 45 20 984829 1209 21 14 43 1199984 1533
18 714 161 687 670 704 40 20 791702 906 70 31 786717 871 23 15 49 106394 1309

188 105 740 723 758 42 19 833722 984 77 34 848773 939 22 15 36 110M52 1301

26 119 69 775 749 804 34 14 876707 1154 94 53 1011956 1073 26 18 46 14991255 1862
103 64 834 804 866 29 16 985838 1194 94 49 1031964 1109 23 17 36 15641328 1901
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Table F7 - Results obtained for the OCFS with agaig turned 90° into each othéranda for the simplified 2-D PH model) — cont.

Up Us ;\rae,r ;vae,rmin 0a 03dmin 0dmax ;vbe,r ;vbe,rmin ab  abnin abmay ;vce,r ;vce,rmin 0C 0Cmin 0OCmax ;vde,r ;vde,rmin ;vde,rmax oy 00min 00max

(mm/s) (m/s) (W.m™K™ (W.m2K™ (W.miK™ (W.m2K™ (W.mK™ (W.m2K™ (W.m™K™? (W.m?2.K™

04 27 19 1005901 1137 24 13 1066 861 1397 25 11 840653 1176 6 5 11 20441026 2931

30 21 950 858 1065 26 13 1006 795 1370 24 14 839704 1038 7 5 10 19351099 2859

11 40 21 875 762 1028 20 12 1046 862 1330 22 13 863718 1082 8 6 13 18891147 3350

33 19 844 732 998 31 13 850681 1131 23 13 885726 1131 8 6 12 18581156 3728

6 18 38 27 1008927 1104 33 16 1020842 1292 24 15 841733 984 9 6 14 2082219 3141
30 23 947 871 1038 25 14 980 820 1220 23 15 791695 918 8 5 14 2070077 2642

26 70 38 812 757 877 27 16 935806 1112 28 12 900691 1290 13 9 20 14811116 2203

43 28 936 857 1032 26 16 1044905 1233 32 17 983820 1228 11 8 17 17431230 2992
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Table F8 - Results obtained for the OCFS with allsgag@ turned 90° into each oth@kerage Aaverage@NdUes for the 2-D PH model).

u. Ug A A_min A_max a o_min 0_max Uest Uest_ Min Uest_mMax Raverage Oaverage Uest_average
(mm/s) (m/s) (W.m*K? (W.mtKY Wm'K?YH) Wm?2K?H Wm2K?YH) W.m?KYH W.m2KhH Wm?K?YH)  Wm2KhH W.miK?hH Wm2iK?) (W.mZK™
0.4 87 77 123 953 921 987 892 857 940 87 953 892
1.1 125 85 223 999 963 1035 951 899 1006 125 999 1 95
o5 18 134 84 230 992 956 1026 948 893 998 134 992 948
134 84 236 993 957 1031 949 893 1004
26 94 76 152 1029 989 1069 963 915 1024 94 1024 958
93 75 159 1018 974 1062 953 901 1019
0.4 68 59 79 928 898 976 850 820 906 68 928 850
92 66 150 968 930 1006 908 855 966
18 1.1 92 66 154 968 932 1006 908 856 967 92 968 908
121 119 123 958 956 960 913 910 915
1.8 78 68 126 972 932 1012 902 858 964 121 958 913
2.6 82 72 132 944 906 984 879 840 940 82 944 890
64 30 102 782 744 820 739 644 781
0.4 64 30 102 781 745 821 738 645 782 64 795 751
64 42 112 824 786 866 776 704 826
58 42 340 837 791 887 817 708 873
12 1.1 58 48 94 886 842 954 809 759 897 >8 862 813
112 110 114 838 836 840 801 798 803
18 113 42 300 831 785 881 810 703 865 112 835 806
80 40 222 709 671 747 690 607 732
2.6 80 42 158 761 723 803 720 653 778 80 735 705
27 19 41 692 652 736 595 537 662
0.4 25 11 501 433 381 493 418 313 490 27 562 506
29 21 39 700 668 734 609 557 657
5 1.1 25 17 37 686 646 732 586 522 651 27 693 597
24 18 34 666 628 706 569 516 625
1.8 24 18 34 666 628 706 568 516 625 24 666 o568
21 15 33 577 539 617 493 440 552
2.6 23 15 33 620 588 654 529 472 582 22 598 o1l
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Table F9 - Results obtained for the OCFS with aioredyap turned 90° into each oth@fyrage Taverage@NdUes:for the 2-D PH model).

u, Ug A A_min A_max a o_min 0_max Uest Uest_Min Uest_max Aaverage Oaverage Uest_average
(mm/s) (m/s) (W.mK?) W.mik?H) Wmik?) wm?2K?H WmikK?h W.m2K?hH W.mik?h W.mikKh WwW.m?K?YH WwmiK?hH WmiK?h W.mZK?
04 78 47 129 1051 983 1125 964 869 1067 g 1053 965

80 45 121 1055 985 1129 966 866 1067
11 118 72 346 1016 958 1078 964 884 1057 146 1015 963

o5 115 69 341 1014 954 1078 961 878 1057
18 118 74 258 1048 996 1106 993 919 1077 17 1038 988

136 72 340 1028 966 1088 982 891 1067
26 109 43 501 929 831 1037 883 741 1024 922 876

112 42 502 914 822 1012 870 732 999
04 69 24 52 1022 954 1090 867 764 964 69 1017 863

69 23 53 1012 942 1080 858 750 958
11 78 44 100 974 920 1050 882 814 985 78 971 879

18 78 42 110 968 908 1048 877 800 989
18 87 43 111 951 893 1031 861 790 974 89 953 865

90 42 120 954 898 1014 868 792 963
26 81 45 501 836 758 920 812 686 910 81 830 807

81 33 501 825 755 899 802 661 889
04 64 22 124 793 737 853 749 609 818 64 792 748

64 22 126 791 737 851 747 609 817
11 79 37 501 838 784 894 820 692 884 81 825 808

12 82 52 500 813 759 887 797 696 877
18 89 59 501 784 732 890 769 679 880 g7 284 269

85 65 501 784 734 896 769 686 886
26 44 24 88 685 617 745 624 532 708 46 694 634

48 26 108 702 634 764 643 550 732
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The Influence of Orientation and Fit on Heat Tran$froperties of OCFS and CCFS packings in MTFBciRes.

Table F9 - Results obtained for the OCFS with aioredyap turned 90° into each oth@ffrage Taverage@NdUestfor the 2-D PH model) — cont.

Ug Ug A A_min A_max a o_min 0_max Uest Ugse_Min Uest_max Aaverage Oaverage Uest_average
(mm/s) (m/s) (W.mK?YH WmiK?H WmiK?H)  WmZiK?H) WmZK?H  WmZK?YH  (WmZKhH  (W.mZKH  (W.mZKhH (W.mtK?) (W.m?Kh (W.mZiKY
34 28 70 701 653 757 633 570 709 35 115 645
0.4 35 26 64 729 677 791 658 582 734
11 41 25 161 625 569 685 571 498 667 41 633 578
5 42 26 124 641 587 701 585 514 677
18 29 15 49 584 538 642 518 439 593 29 586 01
29 13 55 589 535 649 524 426 604
)6 18 8 30 408 370 452 356 287 413 17 411 357
16 8 28 413 373 457 357 289 415
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The Influence of Orientation and Fit on Heat Tran$froperties of OCFS and CCFS packings in MTFBciRes.

Table F10 - Results obtained for the OCF® wibig gap turned 90° into each othR(age Aaverage@NdUestfor the 2-D PH model).

u, Ug by A_min A_max a o_min 0_max Uest Uest MiN Uegg MaxX  Aaverage Oaverage  Uest_average
(mm/s) (m/s) W.mtK?) W.mtK?) W.mtK?) (W.m2K? W.m2K?Y) (W.m2K? (W.m2K? (W.m?2K" (W.mZK?Y) (W.mtKY (W.m2K?) (W.m2K™?
04 81 37 85 993 933 1055 892 806 979 o, 993 910
82 60 150 992 926 1036 910 845 993
11 112 74 274 972 926 1024 922 859 1001 4 932 933
25 149 79 347 983 937 1029 944 872 1010
18 135 75 297 1001 955 1045 957 885 1023 44 957 961
142 76 340 1009 959 1057 966 889 1037
2.6 150 98 398 1254 1196 1312 1192 1111 1286 150 1254 1192
0.4 40 28 60 1035 973 1101 890 799 988 40 1035 890
40 30 58 1034 1178 1330 799 946 1163
11 40 26 62 948 890 1010 826 733 917 41 947 828
18 42 28 66 945 887 1005 829 740 918
18 72 56 132 922 872 984 853 795 940 -8 923 850
84 64 192 924 876 976 865 807 946
26 117 73 339 924 876 976 881 815 959 . 926 882
117 73 337 927 883 975 883 821 958
0.4 73 57 141 850 808 894 792 742 860 3 848 290
72 58 156 846 804 892 788 740 861
- 118 58 286 822 784 862 788 723 846 1 898 201
12 103 51 289 833 783 887 793 714 870
18 97 49 215 663 629 699 636 582 685 97 687 664
96 49 247 710 674 750 692 621 736
6 84 46 180 785 741 831 742 673 808 a4 297 750
84 42 154 808 764 858 762 686 829
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The Influence of Orientation and Fit on Heat Tran$froperties of OCFS and CCFS packings in MTFBciRes.

Table F10 - Results obtained for the OCFS withg gap turned 90° into each oth&ldage Taverage@NdUes:for the 2-D PH model) — cont.

u, Ug by A_min A_max a o_min 0_max Uest Uest MiN - Ut MaX  Aaverage Oaverage Uest_average
(mm/s) (m/s) (W.m™K?) (W.m~K?Y)W.mLK?Y) W.m2K?Y) W.mZK?YH) W.m2K?) W.m2KY (W.m?2KY (W.m?2KY W.mtK?) W.m?2K"Y  (W.mZK™h
04 20 12 30 968 962 1166 768 641 938 969 269

23 15 33 969 891 1035 769 650 865
11 26 16 44 802 738 866 673 573 7 789 666

6 28 18 46 775 717 837 660 574 752
18 29 19 45 757 709 819 651 575 735 4 610 515

13 5 37 464 372 592 379 254 538
26 84 22 154 541 507 577 520 443 564 56 607 553

28 18 46 673 629 719 585 516 655
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The Influence of Orientation and Fit on Heat Tran$froperties of OCFS and CCFS packings in MTFB

Reactors

Table F11 — Comparison between the values obtaintdthe simplified and the 2-D

PH model for the OCFS packings with a small gapadr90° into each other.

2-D model Simplified 2-D model

uL Ug ;‘-average aaverage )vaverage aaverage AA Aa
(mm/s) (m/s) W.mK? (W.m2K"Y (W.miKY W.m?2K?Y (%) (%)
0.4 87 953 159 1100 45 13
o5 11 125 999 303 1168 59 14
1.8 134 992 240 1211 44 18
2.6 94 1024 132 1343 29 24

0.4 63 928 74 1005 14 8

18 11 92 968 194 1044 52 7
1.8 77 966 136 1130 43 14
2.6 82 944 137 1227 40 23

0.4 64 795 63 873 -1 9
12 1.1 58 862 175 967 67 11
1.8 112 835 109 1023 -3 18
2.6 80 735 251 962 68 24
0.4 27 562 17 667 -57 16
5 1.1 27 693 39 770 30 10
1.8 24 666 61 814 60 18
2.6 22 598 30 826 27 28

Table F12 — Comparison between the values obtaindthe simplified and the 2-D
PH model for the OCFS packings with a medium gapett 90° into each other.

2-D model

Simplified 2-D model

uL

Ug

}\-ave rage

Aaverage

(mm/s) (m/s) W.m™K?" (W.m2K?" (W.m'K?" (W.m?ZK?

}\-ave rage

Aaverage

AA (%) (AO/S

0.4 79 1053 86 983 8 -7
o5 11 116 1015 71 1035 -64 2
1.8 127 1038 221 1088 43 5
2.6 111 922 161 1032 31 11
0.4 69 1017 67 914 -2 -11
18 11 78 971 155 985 50 1
1.8 89 953 139 963 36 1
2.6 81 830 147 829 45 0
0.4 64 792 40 849 -59 7
12 11 81 825 86 921 7 10
1.8 87 784 201 869 57 10
2.6 46 694 103 627 56 -11
0.4 35 715 22 637 -56 -12
6 11 41 633 24 653 -76 3
1.8 29 586 40 557 28 -5
2.6 17 411 47 481 64 15
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The Influence of Orientation and Fit on Heat Tran$froperties of OCFS and CCFS packings in MTFB
Reactors

Table F13 — Comparison between the values obtainédthe simplified and the 2-D
PH model for the OCFS packings with a big gap tdr@@° into each other.

2-D model Simplified 2-D model

UL Uc ;Vaverage aaverage ;\'average aaverage AA Aa
(mm/s) (m/s) (W.mK™ (W.m?2K" (W.m'K?) (Wm2K?") (%) (%)

0.4 82 993 54 1234 51 20
o5 11 130 932 122 1204 -7 23
1.8 139 957 83 1305 -66 27
2.6 150 1254 72 1753 -108 28
0.4 40 1035 37 1338 -8 23
18 11 41 947 38 1151 -9 18
1.8 78 923 50 1216 56 24
2.6 117 926 56 1315 -109 30
0.4 73 848 38 1012 -92 16
12 11 111 828 49 986 -128 16
1.8 97 687 73 817 -32 16
2.6 84 797 94 1021 11 22
0.4 22 969 25 840 12 -15
6 11 27 789 23 874 -20 10
1.8 21 610 23 816 10 25
2.6 56 607 30 942 -87 36

82




The Influence of Orientation and Fit on Heat Tran$froperties of OCFS and CCFS packings in MTFB
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Appendix F3 —Graphs ofkaverageversus gas velocity andes; versus gas velocity obtained for

the three types of OCFS packings.
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Figure F1 — Profiles obtained f@gyerage aNd Uesimate @S @ function of gas velocity for the

OCFS packings with a smalkj,(b), medium (c),(d)) and big gap(§),(f) turned into 90° into

each other.
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Appendix G

Appendix G1 —Results obtained for the CCFS turned into 90° &ndtd each othedy,).

Table G1 — Results obtained for tblg, for CCFS packings turned 90° into each other ded t
respective deviation.

Ugy (W.m2K™

Uaverage (W-m -2- K_l)

Deviation (%)

u, (mm/s) u g (M/s) A-B B-C A-D cD AB BC AD CD AB BC AD CD
0.4 1307 1308 1104 1110 986 980 614 602 1308 1107 983 608 0 1 1 2

- 1.1 13031301 1061 1058 940 938 583 586 1302 1059 939 584 0 O 0 O
1.8 1309 1313 1081 1084 947 947 597 583 1311 1082 947 590 0 0 0 2

2.6 13901378 1122 1132 970 969 602 602 1384 1127 969 602 1 1 0 O

0.4 10891190 1121 1071 911 970 693 740 1139 1096 940 716 9 5 6 6

18 1.1 10951109 1051 1048 907 918 684 693 1102 1049 913 689 1 0 1 1
1.8 11251130 1059 1055 901 911 628 655 1128 1057 906 641 0 0O 1 4

2.6 12031204 974 994 855867 562 572 1204 984 861567 0 2 1 2

0.4 10251000 885 898 806803 642 657 1013 891 805650 2 1 0O 2

15 1.1 999 1010976 977 800814 568 596 1005 976 807582 1 0 2 5
1.8 1052 1048 1031 1039 851 847 610 611 1050 1035 849 611 0 1 0 O

2.6 10231028 789 789 688691 461 467 1025 789 690464 1 0 0 1

0.4 848 852 630 630 49695336335 850 630 495336 1 0 0O O

5 1.1 800 771 713 700 54338391387 786 706 540389 4 2 1 1
1.8 816 821 686 679 57575444433 818 682 575438 1 1 0 2

26 712 746 612 599 50827 364384 729 606 517374 4 2 4 5

Table G2 — Results obtained for tblg, for CCFS packings turned 0° into each other amrd th
respective deviation.

Ugy (W.m2K™

Uaverage (W-m -2- K_l)

Deviation (%)

u, (mmis) ug (m/s)  A-B B-C A-D c-D AB B-C AD CD AB BC AD CD
0.4 11291128 777 768 862 860 762 765 1128773 861 764 O 1 0 0

o5 1.1 10921096 712 707 876 876 866 869 1094709 876 867 0 1 0 O
1.8 11461146 715714 910904 919 903 1146714 907 911 0 0 1 2

2.6 11551148 766 766 971 973 1007 1016 1151 766 972 1012 1 0 0 1

0.4 10501044 720 729871 869 869 862 1047725 870 865 1 1 0 1

18 1.1 1089 1090 641 635 860 862 896 903 1089638 861 900 O 1 0 1
1.8 11231131 631627 845845 859 859 1127629 845 859 1 1 0 O

2.6 891 887 73825842842 873 887 889 731842 880 O 2 0 1

04 982 979 61H19767 758 756 735 980 618763 745 0 O 1 3

12 1.1 938 933 54%49 732737 763 770 935 547735 766 0 1 1 1
1.8 979 980 53%27 746745 785 786 979 531745 785 0 1 0 O

2.6 844 844 62®15647 649 675 688 844 618648 682 O 1 0 2

0.4 798 784 448141553562 539 547 791 445557 543 2 2 1 1

5 1.1 704 715 42218564560 574 573 710 420562 573 2 1 1 O
1.8 670 670 41310562563 615 614 670 411562 615 0 1 0 O

2.6 727 727 44458534535 541 537 727 451535 539 0 3 0 1
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Table G3 — Results obtained for the overall heatsfer coefficient for CCFS packings for 0°

and 900 and the respeCtlve deVlatlmUé Uov_a\/erage_g()* Uov_a\/erage_(}‘.

U (mmis) ug (mM/s) (Vk’,amtgg;?;) (\‘,Jvavrg? 28 AU

0.4 773 1107 30
25 11 709 1059 33
1.8 714 1082 34
2.6 766 1127 32
0.4 725 1096 34
18 11 638 1049 39
1.8 629 1057 41
2.6 731 984 26
0.4 618 891 31
12 11 547 976 44
1.8 531 1035 49
2.6 618 789 22
0.4 445 630 29
6 11 420 706 41
1.8 411 682 40
2.6 451 606 26
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Appendix G2 —Results obtained for the CCFS turned 90° and @°aath other for the simplified 2-D PH model andthe 2-D PH model.

Table G4 - Results ated for the CCFS turned 90° into each othear(da for the simplified 2-D PH model).

uL Uc )\'ae,r }\-ae,rmin 0a  08min 08max )\'be,r )\'be,rmin ab ubmin abmax }\-Ce,r }\-Ce,r mn O0C OCmin 0Cmax
(mm/s) (m/s) (W.miK™ (W.m?2.K™ (W.m™K™? (W.m2.K™ (W.mtK™ (W.m2K™
146 11 1268 757 3922 65 38 1360239 1508 193 78 11921109 1289

04 232 16 1213 841 2178 61 35 1334207 1492 163 66 11941098 1309

11 149 16 1216 847 2156 50 25 1354147 1650 491 63 11591024 1335

o5 120 11 1322 766 4811 51 26 1461239 1779 602 58 1147 999 1345
18 132 13 1305 822 3159 51 25 14401222 1774 279 77 11611002 1378

148 14 1319 850 2945 50 25 1480241 1833 233 76 1163 997 1395

26 168 131 14001379 1423 53 27 15771327 1943 89 31 12451082 1466

171 77 14091324 1507 52 27 15981349 1959 94 25 12491037 1571

0.4 128 11 1273 747 4310 60 35 1364233 1532 122 16 1093 822 1629

197 19 1318 940 2207 69 38 1428285 1607 356 21 1138 885 1592

11 131 10 1186 698 3951 54 29 1287138 1482 102 14 1107 804 1775

18 115 8 1273 661 1731 61 33 1353212 1537 140 16 1106 823 1684
18 237 11 1150 691 3425 43 20 1334091 1722 113 15 1138 825 1835

105 7 1258 610 1986 47 23 1389154 1745 108 14 1133 820 1832

26 131 75 12461192 1304 36 20 14721219 1858 129 14 1032 758 1618

139 71 12461180 1319 37 21 14671218 1845 124 14 1074 778 1734

0.4 108 7 1167 563 1679 87 31 1191026 1419 92 53 938901 979

103 7 1157 579 1892 87 33 1174030 1372 46 20 959 830 1138

11 109 11 1131 698 2973 91 38 1148030 1296 95 14 1009747 1555

12 107 9 1165 665 4722 162 66 11281059 1207 213 16 977 746 1415
18 87 6 1188 568 2652 52 25 1269077 1530 136 11 1080 714 2215

90 7 1196 582 2097 52 25 1274087 1547 108 12 1080 740 1999

26 115 9 1141 648 4796 25 13 1478093 2285 68 7 847 530 2113

111 8 1155 635 6388 25 13 1493094 2352 68 7 850 536 2058
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Table G4 - Results omedl for the CCFS turned 90° into each othheanda for the simplified 2-D PH model) — cont.

Up Us ;‘-ae,r )vae,rmin 0a  0dmin 0dmax )vbe,r )vbe,r mn @b @bmin  0bnax )vce,r )vce,r min  0C OCmin 0Cmax
(mm/s) (m/s) (W.m™.K? (W.m32K™ (W.m*K? (W.m2K™ (W.m™K™ (W.m2K™
118 32 1053915 1241 58 31 1120009 1259 11 3 805 341 2253

04 90 23 1088889 1403 68 31 111990 1286 11 3 814356 2845

11 51 5 993 442 4066 37 19 1045888 1271 19 4 841458 5186

6 63 5 1013474 7312 40 20 107917 1310 19 5 809495 2208
18 63 6 964 490 2833 22 11 1180894 1733 30 10 775597 1103

60 4 994 416 2565 25 13 1170011 1636 26 11 783636 1018

26 59 3 812 288 995 18 8 1025720 1781 23 6 681474 1214

56 3 876 290 855 19 9 1091775 1841 39 9 677511 1007
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Table G5 - Results obtained for@@&FS turned 0° into each othéranhda for the simplified 2-D PH model).

up U )vae,r )\‘ae,rmin 0a 0dmin 0OAmax )\‘be,r )\‘be,rmin ab  abnin by )\‘Ce,r )\‘Ce,rmin 0C 0Cmin 0OCmax

(mm/s) (m/s) (W.m™.K?) (W.m32K™ (W.m™K™ (W.m2K™ (W.m*K? (W.m2K™

86 69 11471120 1176 25 17 14621247 1768 17 1415879 3614

04 97 69 11311092 1174 26 17 14581241 1767 17 1416882 3577

11 78 48 12231134 1327 28 18 15121285 1836 17 1245825 2537

o5 85 54 11061047 1173 25 17 14031191 1706 17 1236814 2563
18 92 56 11541088 1228 27 18 14641238 1793 15 1325836 3195

90 52 12261135 1332 29 19 15281289 1878 16 1303830 3033

26 96 60 12971217 1388 32 20 16011350 1968 17 1277822 2863

86 51 12811184 1395 31 20 15701322 1932 17 1276825 2812

04 77 47 10801007 1166 22 15 14111184 1746 16

11 78 42 1080 983 1198 26 14 12861013 1760 15

78 41 1080 983 1199 26 14 12851016 1747 15

18 18 93 59 12971223 1380 33 10 1474974 3034 12
86 53 11521084 1228 24 15 15031222 1954 13

95 51 952 893 1020 23 14 12291015 1556 17

1246801 2810
1140794 2019
1132785 2028
1059654 2771
1150720 2856
1068696 2292

N WA DMNPMNWPEAPDOOO g o OO~ g OO0 |00 0 0 0 0 0w

26 95 50 954 893 1024 24 15 12271016 1549 17 1069697 2291

0.4 56 41 1005 956 1060 16 11 14331125 1971 14 1023624 2841

54 38 1017 957 1084 15 10 15071155 2167 14 1002610 2795

11 45 22 949 804 1157 18 11 1176908 1667 12 975607 2480

12 85 36 853 768 959 18 10 1164896 1661 12 982608 2541
18 128 43 894 803 1007 18 12 12951033 1737 11 973 583 2921

81 40 914 839 1003 18 12 12791018 1722 11 972 585 2873

26 48 25 910 794 1067 16 10 1233964 1710 9 871490 3877

61 36 916 844 1001 16 10 1274994 1772 9 848487 3284

04 26 17 876 759 1036 9 6 1313850 2882 6 977520 8064

11 28 16 806 685 978 11 7 1165897 1660 7 810484 2481

6 18 30 16 779 659 953 12 8 1067840 1463 9 655406 1693
32 17 774 662 934 12 8 1070841 1469 9 654404 1713

26 54 29 877 787 989 19 9 1042729 1821 © 817483 2656

51 30 879 803 971 19 9 1035725 1809 6 842500 2660
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Table G6 - Results obtained for the C@K8ed 90° into each othela(erage Aaverage@NdUestfor the 2-D PH model).

up Us A A_min A_max a o_min o_max Uest Uest MmN Ugg Mmax Aaverage Oaverage  Uest_average
(mm/s) (m/s) (W.m* K" (W.m™K" Wm'K"H (Wm2K?) Wm2K?H Wm2K?hH Wm?K"YH Wm2K?) W.m?K"YH W.m'K?) W.m2K?) (W.m?K™
04 84 46 220 979 895 1071 913 798 1039 83 981 913
81 45 217 982 902 1070 913 802 1038
11 74 38 246 945 843 1057 875 740 1029, 945 873
o5 70 34 258 946 832 1070 872 722 1043
18 82 36 500 916 796 1048 856 699 1034 83 916 857
83 35 501 917 789 1057 858 692 1043
26 36 14 144 804 670 956 704 516 918 34 814 209
33 13 125 825 685 979 713 515 933
0.4 55 31 103 1028 952 1108 921 799 1038 74 1028 991
92 36 500 1113 1031 1197 1087 874 1179
11 63 33 89 990 922 1058 887 785 985 63 994 891
18 62 31 107 997 923 1075 896 778 1011
18 48 23 79 957 873 1053 834 706 972 48 959 836
48 23 79 961 873 1057 838 706 975
26 26 14 52 834 740 938 694 556 843 27 834 694
27 15 53 859 767 961 718 581 863
04 72 42 216 920 858 1004 851 761 976 70 920 851
69 39 189 919 840 982 830 740 951
11 61 39 501 747 687 869 726 619 860 60 776 755
12 60 41 501 806 742 900 784 667 890
18 44 26 84 917 849 989 812 705 921 a4 851 791
250 40 500 784 728 932 769 654 921
26 16 6 30 752 638 874 577 383 739 16 758 581
16 8 30 765 655 889 585 433 750
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Table G6 - Results obtained for the C@K8ed 90° into each otheluferage Aaverage@NdUestfor the 2-D PH model) — cont.

u Ug by A_min A_max a o_min 0_max Uest Ugse_Min Uest_max Aaverage Oaverage  Uest average
(mm/sYm/s) (W.m~K? (WmiK? WmiK?) Wm2K?) WmZK?H) WmiK?hH WmZKhH  (WmZK?H o (W.mZK?) W.mlK?) (W.mZAK?) (W.mZKY
04 49 27 501 930 855 1095 843 714 1080 4 931 844

46 26 500 931 825 1049 844 688 1035
11 54 24 500 683 615 767 667 530 760 54 678 663

5 54 26 502 674 606 758 659 529 751
18 15 7 29 695 597 787 541 389 673 15 699 544

15 7 31 703 601 795 546 391 685
26 10 2 22 439 375 529 342 173 460 10 451 342

10 2 26 463 397 561 361 177 494

Table G7 - Results obtained for the C@K8ed 0° into each othefa(erage Taverage@NdUes; for the 2-D PH model).

u. Ug A A_min A_max a o_min 0_max Uest Uest Min - Uegp Max  Aaverage Oaverage  Uest average
(mm/s) (m/s) (W.m™K™" (W.mLK?") (W.mLK?) W.m2KY W.mZK?Y) W.m?2K?Y (Wm?2KY (W.m2K?) (W.m?2K" (W.mLK?Y) (W.m2K™?) (W.m2K™)
04 23 13 37 999 877 1131 786 617 950  ,4 987 786
24 14 40 976 858 1114 776 620 949
11 21 13 33 928 820 1052 725 588 877  ,, 904 795
25 23 13 37 879 779 997 724 567 853
18 22 12 38 855 741 987 687 535 849 860 680
19 11 33 865 747 1003 674 524 843
26 24 10 38 794 670 932 636 472 808  ,, 204 634
24 10 38 793 669 931 633 472 807
0.4 22 14 32 1009 903 1113 782 644 914 22 1009 782
11 21 13 31 949 855 1047 782 606 865 ,; 945 733
21 13 31 940 846 1038 733 601 858
18 18 21 11 35 883 775 1003 696 538 851 .4 877 695
21 11 35 871 771 987 695 536 839
26 20 12 46 705 617 801 594 467 22, 203 503
20 12 46 700 614 798 592 465 720
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Table G7 - Results obtained for the CCFS tulfeiito each othelfyerags Aaverage@NdUest for the 2-D PH model) — cont.

u, Ug by A_min A_max a o_min 0_max Uest Uest Min Uest Max  Aaverage average Uest_average
(mm/s) (m/s) W.mK?YH) W.mLK?Y) W.mtKY (W.m2K?) W.mZK?Y) (W.m2K?) (W.m2K?) (W.m2K? W.m2K?Y) W.mtKY W.m?K?YH  (W.mZK?
04 21 11 31 972 874 1050 753 584 867 974 742
18 10 30 976 868 1100 731 563 895
11 18 10 28 868 778 944 667 523 780 g 873 670
12 18 10 28 878 782 950 674 525 784
18 17 9 25 827 735 905 632 487 738 g 814 631
18 10 28 802 710 904 630 492 752
26 11 5 21 650 558 754 471 329 616 636 472
12 4 20 623 541 705 473 293 578
0.4 15 7 29 960 804 1142 680 468 916 15 960 680
1.1 14 6 24 752 646 878 565 386 715 14 752 565
5 18 11 5 17 618 542 700 463 323 557 1o 613 461
12 6 18 607 535 687 460 344 555
26 8 2 14 448 384 504 330 175 411 8 451 332
8 2 14 455 391 513 333 176 417
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Table G8 — Comparison between the values obtainddtie simplified and the 2-D
PH model for the CCFS packings with a big gap tdr@@° into each other.

2-D model Simplified 2-D model

UL Uc }\-avera e aaverage )\tavera e aaverage AA Aa
(mm/s) (m/s) (W.mK?) (W.m?K?) W.mtKY (W.m2KY (%) (%)

0.4 83 981 178 1193 54 18
25 11 72 945 547 1153 87 18
1.8 83 916 256 1162 68 21
2.6 34 814 91 1247 62 35
0.4 74 1028 239 1115 69 8
18 11 63 994 121 1106 48 10
1.8 48 959 110 1135 57 16
2.6 27 834 126 1053 79 21
0.4 70 920 69 949 -2 3
12 11 60 776 154 993 61 22
1.8 44 851 122 1080 64 21
2.6 16 758 68 849 77 11
0.4 48 931 11 810 -339  -15
6 11 54 678 19 825 -181 18
1.8 15 699 28 779 46 10
2.6 10 451 31 679 68 34

Table G9 — Comparison between the values obtaingdthe simplified and the 2-D
PH model for the CCFS packings with a big gap tdrd®into each other.

2-D model Simplified 2-D model

Uc Uc }\-avera e aaverage }\-average aaverage AA Aa
(mm/s) (m/s) (W.m™ K™ (W.m?K™" (W.mtKY) W.m?2K? (%) (%)

0.4 23 987 17 1415 -40 30
o5 11 22 904 17 1240 -28 27
1.8 20 860 16 1314 -31 35
2.6 24 794 17 1276 -40 38
0.4 22 1009 16 1246 -37 19
18 11 21 945 15 1136 41 17
1.8 21 877 12 1104 -69 21
2.6 20 703 17 1068 -6 34
0.4 20 974 14 1012 -42 4
12 11 18 873 12 978 54 11
1.8 18 814 11 972 -58 16
2.6 11 636 9 860 24 26
0.4 15 960 6 977 -138 2
6 11 14 752 7 810 -89 7
1.8 12 613 9 655 -35 6
2.6 8 451 6 830 -31 46
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Appendix H

Table H1 — Comparison between the results obtamétiatLab and Athena programs for the anda,, parameters AL = (AmatLab — Aathena/

AMatLab*100% andAay, = (aw_MatLab— aw_Athena/ aw_iMatLab*loO%)-

MATLAB ATHENA
(ml:.rl']/s) (rl:](;s) (W.m)'vl.K'l) Amin Amax (W.qu.K'l) Omin  Omax (W'g?zs.tK-l) Uest_min Uest_max (W.rri\:l.K'l) +- A (W.qu.K'l) +-a| AL Ag
6 0.4 20 18 22 500 498 502 433 425 439 16 2 437 18 1B
1.5 250 248 252 470 468 472 465 463 467 121 97 461 16 52 2
14 1.6 153 151 155 897 895 899 865 863 868 124 53 832 27 20 7
25 241 239 243 819 817 821 802 800 804 89 34 841 34 63 -3
15 0.9 101 99 103 858 856 860 815 812 817 70 25 973 53 31 -13
0.9 121 119 123 969 967 971 923 920 925 65 30 867 41 47 11
1.5 198 196 200 1012 10101014 981 978 983 142 50 923 283 29 9
18 24 97 95 99 957 955 959 902 899 904 91 23 932 29 B
21 141 139 143 1008 1006 1010 965 962 967 116 31 930 24 18 8
2.5 90 88 92 993 991 995 929 926 932 83 23 940 35 &
24 120 118 122 1002 1000 1004 953 950 955 100 26 989 32 17 1
21 1.5 326 324 328 1080 1078 1082 1058 1056 1060 157 61 965 28 52 11
2.5 103 101 105 1060 1058 1062 996 993 999 90 20 1036 32 12 2
22 0.4 70 68 72 1079 10771081 984 980 988 58 7 977 26 16 9
1.0 218 216 220 1027 10251029 998 995 1000 110 30 947 28 49 8
1.0 193 191 195 1194 11921196 1149 1147 1152 135 43 1056 34 30 12
1.6 225 223 227 1186 1184 1188 1148 1146 1150 209 106 1045 34 7 12
25 2.0 271 269 273 1073 10711075 1047 1045 1049 149 59 1053 38 45 2
2.3 223 221 225 1181 11791183 1143 1141 1145 111 30 1053 35 50 11
2.6 260 258 262 1073 10711075 1046 1044 1048 101 23 1096 36 61 -2
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