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Oxygen-Steel Reaction in Top Blown Oxygen Steelmaking
Process
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Abstract

A novel model that describes the chemical reactions, mass transfer and heat
generation taking place on the surface of steel bath in a top blown steelmaking process
IS presented in this report. The model is able to provide (1) the fate of supplied oxygen
at the bath surface, (2) composition and flowrate of off gas, (3) the removal/dissolving
rates of carbon, oxygen, manganese, and iron from/into the steel by the gas-steel
reactions at the bath surface, (4) the composition and mount of slag and (5) the heat
generated at the bath surface, and (6) the minimum carbon content in steel for
preferential oxidation of carbon over that of manganese at gas-steel interface. With aid
of these results, the local gas-steel reaction mechanisms can be effectively studied.

Keywords: oxidation, oxygen steelmaking process, gas-steel interface reactions
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1. Introduction

The primary objectives of oxygen steelmaking process is to remove carbon from
the steel with minimum oxidation loss of metal components, mainly iron, and
chromium, manganese and other alloying elements dissolved in the iron. In the
production of high manganese steel, for example, one of the challenging tasks for the
steelmakers is to minimize the oxidation loss of manganese during the decarburization
in steelmaking process.

To understand the decarburization and the oxidation losses of manganese and iron
at the bath surface of top blown steelmaking process, a detailed model has been
developed for describing the rates of chemical reactions, mass transfers and heat
generation during the oxygen decarburization of steel. In the production of high
manganese steel, the oxygen blowing onto a bath of C-Mn-O-Fe steel in oxygen
steelmaking process creates a mass transfer controlled multi-phase, multi-component
and multi-reaction system at the bath surface. Targeting such complicated system, the
model is the first of its kind ever that effectively broadens the knowledge in the
steelmaking area and opens a new window for the analysis of the performance of the
oxygen steelmaking process.

2. Development of Gas-Steel Reaction Model

2.1 Interfacial gas-steel reactions

During the oxygen blowing onto the surface of C-Mn-O-Fe steel bath in a top
blown process, the oxygen gas dissolves into the steel as [O] through following reaction
at gas-steel interface.

02 =2[0] 1)

The equilibrium constant for Reaction (1) [1] is
Ky =—2- 2)

If there is carbon dioxide presented in the gas, it also produces [O] and CO through
following reaction at the gas-steel interface

CO2=[0] +CO (3)
The equilibrium constant for Reaction (3) [2] is
Kco2 = Peofo (4)
I:)co2



A portion of [O] produced by Reactions (1) and (3) at the steel surface leaves the
steel surface by diffusion into the steel bulk, and the rest reacts with [C], [Mn] and Fe
at the steel surface through following three reactions respectively.

[C] +[O]=CO (5)
[Mn] + [O] = MnO (6)
Fe(l) + [O] = FeO (7

The equilibrium constants for above three reactions respectively are

P
K. —_'co [2] 8
© = aa, (8)
a
K — _ZMnO [3] 9
e a‘Mna‘O ( )
a
K — FeO [4] 10
i a‘Oa‘Fe ( )

When the carbon monoxide produced from Reactions (3) and (5) at the steel
surface contacts oxygen in gas or the incoming oxygen supplied from the lance,
following reaction occurs to produce CO> in the gas bulk.

O+ 2CO = 2CO; (11)

This reaction is commonly known as the secondary combustion reaction, its
equilibrium constant is
2
PCOZ [5] (12)

com — 2
I:)oz Peo

2.2 Activities

The activities of carbon, oxygen and manganese in steel are given by the activity
coefficients and contents of these elements as

a, = f.[i] (i=C,0 or Mn) (13)

The activity coefficients in steel are obtained from the steel composition and
interaction parameters according to Henry’s law as

6



log f; =) e/[C] (i=C,O or Mn and j=C,0,Mn, S and P) (14)

Following interaction parameters suggested by Science Promotion Committee of
Japan [4] were used for the calculations of the activity coefficients.

The activity of iron in steel according to Raoult's law is approximated to be the
molar fraction of iron in the steel as

_ 100- S[i] (15)

100->[i] [i]
MFQ[ MFe +ZNI|J

Where i is the elements dissolved in the steel, such as carbon, manganese, oxygen,
sulfur and phosphorus.

The activities of MnO and FeO in binary MnO-FeO slag product from the gas-
steel reaction according to Raoult's law is approximated to be their molar fractions in
the slag as

aFe ~ Fe

a, ~ X, (i=FeO or MnO) (16)

2.3 Mass transfers in gas

The chemical reactions are excluded from the reaction kinetics because they are
much faster than the mass transfers in either gas or steel at higher temperatures achieved
in steelmaking. Hence, the rates of reactions are controlled by diffusion of reactants and
products in the gas or steel phase for the interfacial gas-steel reactions at bath surface.
Or in other words, it is a mass transfer controlled reaction system. The transport rates
of O,, CO2 and CO in the gas phase to or from the gas-steel interface are proportional
to the differences in the pressures of these gases between the bulk of the gas and the
steel surface. The fluxes of Oz, CO, and CO in the direction from the gas bulk to the
gas-steel interface are given as below.

3 = F‘:_iT(pi _p") (i=0,, CO, or CO) (17)

It is noted in Equations (17) that, the transport direction of a gas component, O,
COz or CO, is from gas bulk to the steel surface when Ji > 0, and it is opposite when Ji
<0.



2.4 Mass transfers in steel

The transport rates of carbon, oxygen and manganese in steel to the steel surface
are proportional to the differences in the concentrations of these elements between the
bulk and the surface of steel. The fluxes of each element in the direction from steel bulk
to the gas-steel interface are expressed by

KiPee ri S i
J =W([|]—[|] ) (i=C, O or Mn) (18)

It is also noted in Equations (18) that, the transport direction of an element, carbon,
manganese or oxygen, is from steel bulk to the steel surface when Jj > 0, and it is
opposite when Jj <0.

2.5 Generation of FeO

Since the composition of the binary MnO-FeO slag product from the gas-steel
reaction is determined by the relative oxidation rate of one oxide to another, the FeO
generation rate at the gas-steel interface is then given by

XB
‘]Feo=XFo J

MnO

(19)

MnO

2.6 Mass conservation

Neither accumulation nor loss of any elements is possible at the interface, which
means the total amount of each element transported to the steel surface must be zero.
Then we have the mass conservation for carbon as,

Jeotdco, +Ic =0 (20)

The mass conservation for oxygen is,

2‘]02+2‘]COZ+‘]CO+‘]O_‘JMnO_‘]FeO:0 (21)

The mass conservation for manganese is,



I = Jmo =0 (22)

n
And the mass conservation for iron is

Jee = Jreo =0 (23)

€

2.7 Mass transfer coefficients

The mass transfer coefficients in gas, kO,, kCO, and kCQ, and those in steel, kc,
kMn and ko, are determined by fitting the modeling results with those observed in
practice or in experiments. To reduce the number of these fitting parameters, the
additional rule was applied. The rule is that the relative magnitudes of, or the ratios
between, kO,, kCcO, and kcO and those between kc, kmn and kQ are determined by the
surface renew model and diffusivities of Oz, CO2 and CO in gas [6] and those of carbon
[7], manganese [8,9] and oxygen [10] in steel.

In the particular case for the gas-steel reactions at the surface of the steel bath in
oxygen steelmaking investigated later in Figure 1, the ratios are found to be ko,/kC0O,
=1.14, ko,/lkco =1.01, kc /kmn = 2.55 and k¢ /ko =1.07 at 2500 °C, and the off gas
compositions obtained from the modeling were found to well agree with that observed
in practice using k0,=183 m/s and kc =0.00723 m/s. These mass transfer coefficients
were used for the simulation of the reactions at the surface of the steel bath in oxygen
steelmaking later in this report. The mass transfer coefficients in gas are much larger
than those in steel indicating the stirring in gas is far more intense than in steel bath in
a top blown steelmaking vessel.

2.8 Interfacial values

As seen in Equations (17) and (18), to calculate the transport rates of reactants and
products for the interfacial gas-steel reactions, the contents or pressures of the reactants
and products at the steel surface, or at the gas-steel interface, are required.

These interfacial values are the pressures of oxygen ( PSZ ), carbon dioxide ( PC*OZ ),
carbon monoxide (PZ,) at the gas side of the interface, contents of carbon ([C]*),
manganese ([Mn]*), and oxygen ([O]*) at the steel side of the interface, and molar
fractions of ferrous oxide (Xreo) and manganese oxide (Xmno) in the slag product. The
chemical reactions at high temperatures of steelmaking are so fast that the equilibriums
of Reactions (1), (3), (5) through (7) are always maintained at the interface between gas

9



and steel. This means the interfacial values are directly governed by the equilibrium
relations given in Equations (2), (4), (8) through (10). Moreover, these interfacial values
are also required to satisfy the mass conservation of each element given in Equations
(20) through (23). If the pressures of oxygen (PR, ), carbon dioxide (P, ), carbon
monoxide (P, ) in gas bulk, contents of carbon ([C]), manganese ([Mn]), and oxygen
([O]) in steel bulk are known, the interfacial values can be obtained by solving those
equilibrium and mass conservation relations. Using the interfacial pressures and
interfacial contents thus obtained, the flux of each element is calculated from the rate
Equations (17) and (18). In these calculations, the activities of oxides in slag, amno and
areo, are assumed to be unity if there is no slag formation, since the products of
oxidation (if generated) of manganese or iron, individually, are pure oxides. However,
when an oxide is produced at the gas-steel interface, the values of amno and areo are
then solved from relative generation rates of FeO and MnO as shown in Equation (19)
and the approximate relations given Equation (16).

2.9 Gas composition

Consider the gas-steel reactions occurring in a reactor, the composition of gas in
the reactor is determined by (1) the gas composition before reaction, (2) the flowrate
and the composition of the gas supplied into and (3) those of the gas flowed out of the
reactor, (4) the secondary combustion in the gas, and (5) the reaction rate of each gas
components by the interfacial gas-steel reactions in the reactor. As will be detailed in
the next section in Figure 1, under the dynamic conditions in top blown steelmaking,
the crater at the bath surface is considered as a reactor. Oz is constantly supplied to the
reactor with a flowrate of QQ, from the lance, and meanwhile, Oz, COz and CO are
generated or consumed by the reactions (1), (3) and (5) at the gas-steel interface of the
reactor. The changes of the moles of the gas components in the reactor by the oxygen
supply and the interfacial gas-steel reactions are:

dn
d—‘t’z =-AJo, +Qo, (24)
dn
% =—AJco, (25)
dn

d(';O =-AJ, (26)

The moles of the gas components in the reactor after a small time period (dt) are
10



dng
Mo, t+dy = No, ) +T2dt (27)

: dnco2

N co, (t+dy = Neo, 1) T at dt (28)
. dn

N cotrary = Neog +Tcodt (29)

d

1

dn, dn.,
N yeeay = Ny + ot dt+ ot dt +

Neo
dt 30
& (30)

2.10 Secondary combustion

The gas composition deviates from the equilibrium relation of Equation (12) due
to the changes of the amount of gas components in the reactor by Equations (27)
through (30). However, the secondary combustion Reaction (11) is so fast at higher
temperatures that the gas composition is instantly brought back to the equilibrium of
the Reaction (11). The amounts of the gas components generated or consumed within a
small time (dt) to restore the equilibrium of Reaction (11) in the gas bulk are calculated
according to the stoichiometry of the Reaction (11). That is, when [] mole of Oz is
reacted for restoring the equilibrium, 2[ ][ Jmole of CO must be also reacted and
2[][Jmole of CO2 must be generated; this also means the total amount of gas in the
reactor is reduced by [] mole. Then the amounts of gas components after the
reestablishment of the equilibrium of Reaction (11) are

No, (trdty = nIOZ(H—dt) -a (31)
Neo, tray = N'co, (taary T2 (32)
Neowrary = N cogeedry ~2¢ (33)
Nygray = Mgy (34)

The composition or the molar fractions of the components in the gas are given by

11



n

0, (t+dt)
XOZ(t+dt) =— (35)
Ny (tedty
X _ nCOZ(t+dt) 36
CO, (t+dt) — (36)
Ny (trdty
Neo(erd
XCO(t+dt) = (37)
Ny (tedty

[]1is the number of the mole of oxygen reacted within the small time period of dt
for restoring the equilibrium of Reaction (11) and it can be solved by the equilibrium
constant Kcom given in Equation (12) as

2
[n coz(t+dt)+2a]
2 1
PcoZ _ (XCOZ(t+dt))Z _ N geray ~& (38)
R N o T
0, co 0, (t+dt) AN cot+dt) P Mo,y || N coqean ~22
n'g(t+dt) -a n'g(t+dt) -a

2.11 Off gas

When the volume and temperature of the reactor is given, the number of moles of
the gas in the reactor (ng) is determined by ideal gas law. Any gas supplied into the
reactor, either by the top lance, by the secondary combustion Reaction (11) in the gas
bulk, or by the interfacial gas-steel Reactions (1), (3) and (5), will result same amount
of the gas leaving the reactor as off gas. Hence the flowrate of the off gas is

dn, dngg dng,
_ 0 2 - 39
Qo dt dt a (39)

The composition of the off gas is same as that in the reactor shown in Equations
(35) through (37).

12



2.12 Heat generation

The heat release rate from the reactor can be obtained from the supply rates of the
reactants into the reactor, discharge rates of the products from the reactor, and the
enthalpies of the reactants and products. For example, in the crater reactor in top blown
steelmaking process proposed later in Figure 1, the reactants supplied to the reactor are

-0z supplied by the lance into the reactor from the reactor top,
-Carbon by mass transfer in the steel to the reactor bottom,
-Manganese by mass transfer in the steel to the reactor bottom,
-Oxygen by mass transfer in the steel to the reactor bottom, and
-Iron available at the reactor bottom.

The rates of reactants supplied into the reactor are then QQ,, AJc, Admn, AJo and
AJre. Note that, the dissolved oxygen ([O]) is in fact discharged from the reactor rather
than supplied to the reactor because Jo <0 under oxidizing conditions in oxygen
steelmaking.

The products discharged from the reactor are

-0z in off gas leaving the reactor,
-COz in off gas leaving the reactor,
-CO in off gas leaving the reactor,
-MnO in slag leaving the reactor, and
-FeO in slag leaving the reactor.

The rates of products discharged from the reactor are QoftXQ,, QoftXCO,, QotXCO,
Advno and AJrco.

The difference of enthalpies between the reactants and products is the heat
generated or absorbed by the reactor, thus the heat is calculated from

Heat release= (Enthalpies of products) — (Enthalpies of reactants) (40)

The rate of heat release from the reactor is then given by

Heat release rate= (Enthalpies of productsxdischarge rates of products)
-(Enthalpies of reactantsxsupply rates of reactants)
(41)

Hence, the heat release rate is obtained by

13



g= (Qoﬁ (Hoz on + HcoZ XcoZ + HcoXco)"‘ A(H FeO‘]FeO + HMnO‘] Mno)) (42)

_(Qoz Hézs + A(H redre + Hiympdvn + Higpde + H[o]‘]o))

It is noted that, the reactor is exothermic when q < 0, and it is endothermic when

g > 0. In the above equation, H; are the enthalpies of i=0,, CO», CO, FeO, MnO, Fe,

[Mn], [C] and [O] at the temperature of the reactor, HZ*is enthalpy of oxygen at room
temperature supplied to the reactor. Hi in the above equation is calculated by

.
H, =AH*® + J'C,‘JdT for i=0, CO», CO, FeO, MnO and Fe (43)

298

or

:
Hy=AH],;;+ [CidT fori=Mn, Cand O (44)

i[i]
208

Enthalpies of the formation of oxide AH*® [11, 12] and of dissolution of an
element into the steel AH. . [11, 12], and thermal capacities C; [11, 12] are used

i—[i]

for the estimations of H;i at steelmaking temperatures.

3. Application of Gas-Metal Reaction Model to Top Blown BOF
Process

Figure 1 shows a local reactor at the bath surface of top blown steelmaking process.
The reactor can be considered as a continuous flow stirred-tank reactor (CSTR) model
or the “crater” reactor model. The crater is created by the oxygen jet impinging at the
surface of the bath. The crater is assumed to be in the shape of a hemisphere with a
radius of x. As the reactants, O is supplied to the reactor from the top lance, carbon and
manganese are supplied to the reactor from the bottom by diffusion in the steel and iron
is directly available at the bottom surface of the reactor. As the products, off gas
containing Oz, CO2 and CO leaves the reactor from the top, oxygen is dissolved into
the steel at the reactor bottom, and MnO and FeO leave the reactor from its edge which
keeps steel surface in the reactor “clean”. Gas-steel reaction model and the secondary
combustion reaction model proposed in previous section are applied to the reactions at

14



the curved bottom surface of the reactor and in bulk of the gas in the reactor respectively.

0, Off gas Lance Offgas
0,-C0,-CO 0, 0,-C0O,-CO

slag i

N\.gas
metal

[C]

BOF “Crater” reactor

Figure 1. Schematic diagram of BOF, left, and the continuous flow stirred-tank
reactor (CSTR) model, or “crater” reactor model, at bath surface, right.

4. Results and Discussion

The simulations using the crater reactor model under the operational conditions of
the top blown BOF shown in Table 1 were carried out. The typical operational
conditions for the final stages of BOF process were selected.

The gas temperature in the reactor (T) is estimated to be 2500 °C which is higher
than the bath temperature (T.) of 1550 °C. Both interfacial gas-steel reactions and
secondary combustion reaction are assumed to occur at the gas temperature in the
reactor (T). Oz is supplied to the reactor with a remarkably high flowrate of Q,,= 113.6
mol/s. The depth of the crater reactor (x) is assumed to be 0.5 m; consider the crater as
a hemisphere, the volume (V) of the reactor and the area of gas-steel interface (A) can
be estimated from the depth. The gas in the reactor is then estimated from the volume
and the temperature to be 1.15 moles. The composition and temperature of the steel
bath shown in Table 1 represent the steel at final period of the BOF process. [O] in steel
is estimated to be 0.0123 mass% which is in equilibrium with [C] = 0.35 mass%
according to Reaction (5) at steel temperature of Ty= 1550 °C and under Pco = 1 atm.

15



Table 1. Conditions of the final stages of the top
blow BOF steelmaking.

Parameters Symbol Unit Values
Gas temperature T C 2500
Steel temperature TL C 1550

m3/h 10000
Ozsupply rate Qoz mol/s 113.6

kg/s 3.64
Crater depth X m 0.5
Carbon in steel [C] mass% 0.35
Manganese in steel  [Mn] mass% 7
Oxygen in steel [O] mass% 0.0123
Sulfurin steel [S] mass% 0.003

Phosphorus in steel [P] mass% 0.015

Using 100%02-0%C02-0%CO as the initial gas composition in the reactor and the
other conditions shown in Table 1, the change of gas composition after starting the
reactions in the reactor obtained from the model is shown by the solid lines in Figure 2.
In spite of continuous supply of oxygen from the lance to the reactor after starting of
the reaction, O> in the reactor decreases rapidly from 100% to 0.19%. CO> firstly
increases, after a peak it decreases to a constant content. CO increases firstly and then
it is kept constant. There is no change of the gas composition after about 0.01 second
of the reaction. This indicates that the reactions are so fast that the steady state in the
reactor is reached immediately after the initiation of the reactions. Moreover, it is
reasonable to consider that the composition of the steel does not change during such a
short transition period.

The fine dashed lines in Figure 2 show the change of gas composition using the
initial gas composition of 1%0,-49.5%C02-45.9%CO and under otherwise conditions
shown in Table 1. By comparing fine dashed lines of 1%0: in initial gas with solid lines
of 100%0: in initial gas, it was found that the composition of gas in the reactor after
reaching steady state is not affected by the initial gas composition in the reactor. Despite
the different initial gas composition in the reactor, the gas composition in the reactor
after reaching the steady state is same and is shown in Table 2, and these results are not
affected by the choice of the initial gas composition in the reactor.

The major reaction features provided by the model after reaching steady state are
shown in Table 2. One may note that, some of the reaction features are otherwise

16



unavailable for a better understanding of the BOF process.

The off gas composition of 0.19%0,-23.2%C0>-76.6%CO is the gas composition
in the reactor after reaching steady state in Figure 2, which is close to that commonly
observed at the final stages of BOF process in practice.

For each kilogram of oxygen supplied to the reactor, there are 0.075 kg carbon
removed from the steel, 0.601 kg oxygen dissolved into the steel, 0.359 kg manganese
and 0.594 kg iron lost by the oxidation. These indicate the decarburization efficiency at
the bath surface is painfully poor in the final stages of the process.

120

100+

80 1 CO

.
’
’
’
60 1
1

404"
) co,

20 1

Gas compositionin reactor, vol%

O,

0 0.005 0.01 0.015 0.02
Time, s

Figure 2. Change of gas composition with time in crater
reactor. Initial gas composition: 100%0O,(Solid lines) and
19%0,-49.5%C0,-49.5%CO (fine dashed lines).
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Table 2. Reaction results for steady-state of the crater reactor in BOF
steelmaking under the conditions given in Table 1.

Reaction features Symbol Unit Values
Ozin off gas 02 vol% 0.19
CO2in off gas CO2 vol% 23.2
CO in off gas CO vol% 76.6
CO/CO:z ratio in off gas COICO2 - 3.3
C removed per kg supplied O2 ClO2 kag/kg 0.075
O dissolved per kg supplied O 0/02 ka/kg 0.601
Mn oxidized per kg supplied 02 Mn/Oz ka/kg 0.359
Fe oxidized per kg supplied Oz Fe/O2 ka/kg 0.594
Slag produced per kg supplied Oz  Slag/O: ka/kg 1.23
Supplied Oz as Oz Foz % 0.038
Supplied Oz as CO2 Fcoz % 4.67
Supplied Oz as CO Fco % 7.72
Supplied Oz as [O] Fio % 60.1
Supplied Oz as MnO Fwmno % 10.5
Supplied Oz as FeO Freo % 17.0
Off gas flowrate Qoff mol/s 22.9
Molar fraction of MnO in oxide Xmno mol/mol 0.381
Molar fraction of FeO in oxide XFeo mol/mol 0.619
Heat released per kg supplied O q/02 kJ/kg 8409.1

The fates of the supplied O. from lance to the reactor are: 0.038% of the supplied
oxygen remains un-reacted as Oz and leaves the reactor to the off gas; 4.67% of the
supplied oxygen reacts with carbon into CO. which leaves the reactor to the off gas;
7.72% of the supplied oxygen reacts with carbon into CO which leaves the reactor to
the off gas; 60.1% of the supplied oxygen dissolves into steel via gas-steel interface
which leaves the reactor into the steel bath; 10.5% of the supplied oxygen reacts with
manganese into MnO which leaves the reactor and joins to slag; and 17.0% of the
supplied oxygen reacts with iron into FeO which also leaves the reactor and joins to
slag. These indicate the majority of supplied O are consumed into unwelcome products
such as [O], MnO and FeO in the final stages of BOF process.

Off gas flowrate of Q.= 22.9 mol/s obtained from Equation (49) is much less
than the Oz supply rate of QQ,= 113.6 mol/s. Such small amount of off gas is because
the most of the supplied oxygen is reacted into nongaseous products, [O], MnO and
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FeO, rather than into the gaseous products such as CO2 and CO in the final stages of
BOF. The small amount of off gas is frequently observed in practice during the final
stages of BOF process.

The slag produced from the reactor has a composition of 0.39Mn0O-0.61FeO (in
molar fraction) and 1.23 kg slag is produced per kg of O supplied to the reactor.

Heat released from the reactor for each kilogram of supplied oxygen is found to
be 8409.1 kJ/Kg.

5. Summary

A crater reactor model has been developed that describes the chemical reactions,
mass transfer and heat generation taking place on the surface of steel bath of top blown
BOF process, particularly in the production of high manganese steel. The rates in the
multi-phase, multi-component and multi-reaction system were solved based on the
assumption that mass transfer is the dominating mechanism and the equilibriums are
kept at the reaction sites. The model is able to provide the features of gas-steel reactions
at the bath surface of BOF. The features are the fate of the supplied oxygen, composition
and flowrate of off gas, the removal/dissolving rates of carbon, oxygen, manganese,
and iron from/into the steel via the bath surface, the composition and the generation
rate of slag, and the generation rate of heat by gas-metal reaction at the bath surface.

The model also provides the opportunity for the investigation of the minimum
carbon content in steel for preferential oxidation of carbon over that of manganese in
the steel, the changes of the reaction features with the oxygen blowing time, and the
changes of the reaction features by changing operational parameters in BOF process.

It should be noted that, the model developed in this work is a sub-model for the
local interfacial gas-steel reactions. The results are not applicable to the whole BOF
process unless this model is combined with the models for other local reactions in BOF,
for example, the one for steel droplet reaction in emulsion slag proposed by Sun. [13]
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6. Nomenclatures
A is contact area between gas and steel, m?.

ajis activity of i in steel in accordance with Henry's law.

amvno IS activity of MgO in oxide product at gas-steel interface in accordance with
Raoult's law.

areo IS activity of FeO in oxide product at gas-steel interface in accordance with Raoult's
law.

COgz is carbon dioxide in gas, vol%

CO is carbon monoxide in gas, vol%

COI/CO2 is volume ratio of carbon monoxide to carbon dioxide in gas.

C/Ozis the mass of carbon removed from the steel by each kilogram of O supplied into
the reactor, kg/kg

Cpi is thermal capacity of i (i= Oz, CO2, CO, FeO, MnO, Fe, Mn, and C), kJ/mol K.
eij is interaction parameter between i and j in steel. i=carbon, manganese, oxygen,,
sulfur and phosphorus, j=carbon, manganese, oxygen.

Fo, is the fraction of the supplied O that remains as Oz which leaves the reactor to the
off gas, %.

Fco, is the fraction of the supplied O that reacted into CO2 which leaves the reactor to
the off gas, %.

Fco Is the fraction of the supplied O that reacted into CO which leaves the reactor to
the off gas, %.

Fioj is the fraction of the supplied Oz that dissolved into steel as [O] which leaves the
reactor to the steel, %.

Funo is the fraction of the supplied Oz that reacted into MnO which leaves the reactor
to the slag, %.

Freo is the fraction of the supplied Oz that reacted into FeO which leaves the reactor to
the slag, %.

Fe/O:z is the mass of iron removed from the steel by each kilogram of O supplied into
the reactor, kg/kg

f; is activity coefficient of carbon, oxygen and manganese in steel in accordance with

Henry's law.
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H; is enthalpy of i (i= Oz, CO2, CO, FeO, MnO, Fe, [Mn], [C] and [Q]), kd/mol.

AH; 2% s standard enthalpy of formation of i (i= Oz, CO2, CO, FeO, MnO, and Fe) ,
kJ/mol.

AHT; i is the enthalpy change for dissolution of i into steel as [i] ([i]= [Mn], [C] and
[O]), kd/mol.

Jiis flux of O, CO, CO, FeO, MnO, [Mn], [C] and [O] from gas or metal bulk to gas-
steel interface, mol/m?s.

Juno is generation rate of MnO at gas-steel interface, mol/m?s.

Jeeo IS generation rate of FeO at gas-steel interface, mol/m?s.

Ko, is equilibrium constant for Reaction (1).

Kco, Is equilibrium constant for Reaction (3).

Kco is equilibrium constant for Reaction (5).

Keom IS equilibrium constant for secondary combustion Reaction (11).

Kwmno is equilibrium constant for Reaction (6).

Kreo Is equilibrium constant for Reaction (7).

ki is mass transfer coefficient of O,, CO», CO, [Mn], [C] and [O] in gas or in metal, m/s.
M; is molar mass of C, O or Mn, kg/mol.

Mn/O2 is the mass of manganese removed from the steel by each kilogram of O
supplied into the reactor, kg/kg

[i] is content of i in steel, mass%.

[i]" is content of i at gas-steel interface, mass%.

No, IS amount of oxygen in reactor, mol.

Nco, IS amount of carbon dioxide in reactor, mol.

Nco IS amount of carbon monoxide in reactor, mol.

ng is amount of gas in reactor, mol.

n'o, is amount of oxygen in reactor before reestablishing equilibrium of reaction (11),
mol.

N'co, is amount of carbon dioxide in reactor before reestablishing equilibrium of
reaction (11), mol.

N'co is amount of carbon monoxide in reactor before reestablishing equilibrium of
reaction (11), mol.
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n'q is amount of gas in reactor before reestablishing equilibrium of reaction (11), mol.
0O/02 is the mass of oxygen dissolved into the steel by each kilogram of O supplied
into the reactor, kg/kg

02 is oxygen in gas, vol%

P; is the pressure of oxygen in gas, atm or Pascal.

Pco, is the pressure of carbon dioxide in gas, atm or Pascal.

Pco Is the pressure of carbon monoxide in gas, atm or Pascal.

P*o, is the oxygen pressure at gas-steel interface, atm or Pascal.

P*co, is the pressure of carbon dioxide at gas-steel interface, atm or Pascal.

P"co is the pressure of carbon monoxide at gas-steel interface, atm or Pascal.

Qo, is the flowrate of oxygen in lance, or the rate of oxygen supply to the reactor, m3/h,
mol/s or kg/s.

Q.ff Is the flowrate of gas leaving the reactor, mol/s.

q is the rate of heat released from the reactor, kJ/s.

g/Oz is the heat released from the reactor by each kilogram of O2 supplied into the
reactor, kJ/kg.

R is gas constant, J/mol K

Slag/Oz is the mass of slag produced by each kilogram of O, supplied into the reactor,
ka/kg

T is gas temperature, K or °C.

T, is steel temperature, K or °C.

t is time after the initiation of reaction in reactor.

V is the volume of crater reactor, m®,

Xo, Is the molar fraction of oxygen in gas.

Xco, IS the molar fraction of carbon dioxide in gas.

Xco is the molar fraction of carbon monoxide in gas.

Xre is molar fraction of iron in steel.

Xreo IS molar fraction of FeO in slag.

Xwmno is molar fraction of MnO in slag.

X is the depth of crater reactor, m.

22



o is the amount of O reacted for reestablishing the equilibrium of Reaction (11) during

time period of dt, mol/s

Pre i specific mass of steel, kg/m?.
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Biomass is the alternative energy, which can apply enery transfer technology to
replace fossil fuel. Biofuel can improve compatibility for combustions and strorge.
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below 40%. In this study, we try to develop novel technology for “Hydrothermal
liquefaction of wet wastes from waste alga ”. The results show that around 40% soild
content was applied into this novel HTL technology, and the bio-oil conversion
efficiency was reached at 45%, at the conditions of 270-320 °C » 5-15 MPa reaction
pressure, and 60 min reaction time, whie the heating value of produced bio-oil was 35
MJ/kg. In the furture, the HTL technology can be upscale to commercial in Taiwan and
provide new and clean energy sources via waste energy recovery and utilization
technologies.

Keyword: Biomass; Hydrothermal liquefaction: Bio-oil
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Abstract

Outdoor cultivation was carried out in flat plate photobioreactors (FPPBR) with
dense culture by a thermophilic cyanobacterium named Thermosynechococcus CL-1
(TCL-1) to figure out the difference on biomass production, CO; fixation, and cellular
compositions. It indicated that the maximal carbon biofixation rate of indoor cultivation,
5.9 g CO2/L/d, is better than that of outdoor, about 3 g CO./L/d. However, the
carbohydrate content of biomass from outdoor cultivation, 70%, is much better than
that from indoor. The results also showed the content of phycocyanin and carotenoid
could be high value, 5% and 1% at the specific conditions. However, these two high
light sensitive pigment under indoor cultivation is much stable than outdoor.
Consequently, the production of phycocyanin, carotenoid, and carbohydrate under
outdoor cultivation via economic and analyses and control is potential.

Keyword: Flat plate photobioreactor, CO. fixation, Phycocyanin, Carotenoids,
Carbohydrate
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Abstract
This study investigated the production of hydrogen-rich syngas and residual oil
from the partial oxidation reforming of biodiesel created using waste cooking oil. The
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control parameters included biodiesel flow rate and air/fuel (A/F) ratio. The
measurement parameters included reaction temperature, concentration of gaseous
product, and relative intensity of liquid product. The reaction chamber was designed to
stack porous media for increasing the reactivity of the catalyst, verifying that placing
porous media on a catalyst bed facilitates the premixing and preheating of biodiesel and
air, and thereby increases the catalyst temperature. These results demonstrated that at
optimal parameter settings (i.e., an A/F ratio of 4.7), the yield of H> was 74.8% and the
yield of CO was 88.2%. Also, under the same settings, the syngas output power was
4.0 KW, while the reforming efficiency and the carbon conversion efficiency were
72.8% and of 100%, respectively. Moreover, the comprehensive two-dimensional gas
chromatography time-of-flight mass spectrometry (GCxGC-TOFMS) analysis showed
that the residual oil was mainly composed of ester, carboxyl, alkene, benzene, and
indene, with corresponding main formulas of C11H2002, CgH1402, C12H2202, Ci14Hos,
and CyoHs.

Keywords : Biodiesel, Partial Oxidation, Syngas
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i = AT JE R R L%ij\p”‘l%‘rg-/d’f@q*ﬁ”? We 25 LA REBEFT
TR Mfam;fﬁ che b A FEGSIEFT ANT A BN 2 F LRk Ap
B 7 W’A’“Lgm-i%ﬁ;“ S B PFEAGS AT 0 R iR fvxﬂh/};ﬂ'—/@ ¥ o
RZEE2 T A3 REERISL - 2 TR BT Fy(Fatty
Acid Methyl Ester, FAME) z 7o P mn R 22 2 Bt 2 @2 }_;z}é‘, o
4% fin & J&s(Transesterification Reaction)m 7 » § B4 3t ARk @ * b 4 14 > 77 ¥ 10 g
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EF AR 5 2 PETR ACircular Economy) B o3t 4 TR B F TR 2 6o
AR AL T F 02 F RO 11 W) o A E Rl MERE
(Lower Heating Value, LHV) » i 751 & {2ic > 4pfe 220d JJ f2 EPF ¢ F 0L 5 7 *% o
Flet 4 TR HE A PG EFA A kT R E A i o e
FAGERFF BRIA BN L F N o ped {04 F 4 £ 2 (Onboard
Biodiesel Reforming) 2 & & & = # (Hz-rich Syngas)#ite - 7 #% € 3% % 51 & 2«
Famcg AL FRM R ERRPRMZBIE L F 5 G R
PR A i hE L B hMEE R o #F A S BN S
BN RS F AT N S BARAS ERERET AAREFERY S o0
%éoipﬁﬁiéijﬁﬂﬁiéii%ﬁﬁi’%qfﬁ4&@ W a EAF
Jgt‘:g il Fﬁg % o
BI'ARFAME £ 2 & 2 % i § "0 s BB T R P
v BE K Z& % £ & (Steam Reformlng SR) ~ p # # £ ‘= (Auto-thermal Reforming,
ATR) F J& £ 3% 4~ % it ;% (Partial Oxidation, POX) % [1] - Martin % 4 [2]# %
RN/AIO3 % it 7 & 74 (Ultra-low sulfur diesel, ULSD) £ # 5 ¥ (B7) -k # % £ &
AL FH - FREFH NPT ERB00°C kmER V5 FHIFER
2200-2500 ht i% i 2% 27 »ULSD £ B7 z # i »2F 4 w] 5 97.6%27 98.7%-Nahar
[B]41* # L & ] p d & = ;2 (Minimization of Gibbs Free Energy Method) % :& {7
A o7 B~ 472 F1* FAME 2 4 & = 2 C18:1 74 f& ¥ fig(C1oHz602) X & (7
E oo 4 Sl kty 2 (WBFR) 4 3t 3-12 2 FF » % g3 B (OXBFR) 4 *t 0-
48 2 > F iR & 413 300-800°C 2o F > e IR A L F R - ATR F S b i3 Sdic
WBFR=9 > OXBFR % 48> F g & 5 800°C % % F H2 22 CO A F A~ %%
68.8%%7 91.66% - Cuba-Torres % 4 [4]%5? 71 MoO2 #3732 B 4 b (CroHae02) 7% 4 %
LERA LI F L EFREYT - & % dp 41 MoO2 i 44 ¥+ 8 & (Light-off
Temperature) 5 750°C > & &% §8w%bkjaﬁﬁﬂﬂﬂé9%@zP:?mm
TR 06mEEZRTT oHy 22 CO A& F 4 B 7 if 49%% 62% - £ * » IR L
7 0,/C & Bt > M0O2 #-4& = M0C v 8 FRUTHF 4k o *E“m g = P EE
¥19 o “fﬁ“ 2 b WD) E A 2 BEEBH AT REEF 4 ?ﬁ‘% 4 (C19H3602)
Moy itEer B2 533 A3 B (02/Cr9H3602) /1 >+ 85-12 2. FF > F iR B A
*+ 800-1000 °C - O2/C19H3602 +* 5 8.5 FF » & J&if & Jf ¥ 1000 °C A ¥ & B ff At
W A 0 O2/CroH3602 vt 5 12 FF > A% AP 2 f-h B AR 5 5 700°C o § O2/Ci19H3602
Wil s 85 P MIER G B8I0C FIM SRR M IRERA KRB ZEF RIER -
FAME %% 3 it & ‘2 F Jis O2/C1oH3602 + &) % 85 * i & & g & 750 °C 2 v #
E 2 & e > F R & 800°C 2 1000 °C p# 4 w) 5 81.4%%2 87.7% -
TEU o FERE FAME €24 4 27 AR IFER 0 2 A AFR

AFEBDALG PN AT BFTWLARMY o3 EON O AL 2 ARE
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24 7 #t (Airto Fuel Ratio, A/IF) > B > 8% b 282 FAME 279 54 1
HEEIFHEM TP HF RS RS EFRPAF AL WE T %
Bohp s FAME 4 80 2 5 4L 505 8 TIE & 277§ Ad P it
BAET N2 BREAES FRFTRLS > B AR2025 20 EL 4 kg
R 20% ¢ 2 pREE

S RBRERAE
2.1 R BB 2
AR HMERAS 5 AT wéISﬁiﬁﬁﬁﬁﬂéiﬁﬁ'ﬂ Rl o
AT ALRE i R kA B R R E R K § R S& g AplinAp
R AR L D R ba4ﬁﬁﬁﬁ”§ﬁ€*iﬂﬁww*%m*
MEL R P[E BBk KLE 5 R @&@F@#, BoF R RREANS AL A4
GRR B EA AR BT FRIPAS S Y

teAi kg
AFLENEEALTRE AMIL A SGHTEHE RE S miteide
AR P L R SV TR RS R TR RS RT R
AL KRBT RBAIR LATT o JRHE LR NN 3 TT(F Sk Kk SRS
FUEA TR M RRSIRR) A BREE o K FI T HE A LT BRE G RAE G
74 4w 3k K 5 4 (L=10mm) — 3 5t A F R (L=22mm) — § it 7 SRR R
(L:50mm)—> 5 IV T H AL (L=22mm)— 7 4 4% 3% & S HE(L=10mm) > £ 3

BE RS 114mm ; fREE L R N RRE G5 50mm e
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AR K ST A R ORIV T T e I T3
R SRR ot R lﬁagﬁv 3L 4.2 * 100 CPSI (Cell per Square Inch) » 41
B eBstEFeCrrADT £ & & « 53V A FTHPE SO & S RiEF BP 2R
(Premixing)£2 3¢ #: (Preheating) #4 &t » 3 fp 3t P 403 0 i |+ P52 KRS A w
BRI GRS R R R YR ke e A X[67]
L ek 2 4 5 e it # (Oxide-bonded Silicon Carbide, OBSIC) » # & 5 # iz
Z_ % il g g B 4 (Thermal Shock) » 34 14 % 5 85% » 34 JF < -] % 30 PPI (Pore
perInch) o § ©“fP4L3E 5 1 B 4 FR B £ 4 & %6 0 ff4+ 4 5 RU/ALO3
SR LRIV S G 15% AU A RIS E Lk R i o ST o B i
FEBEER 2 FLIPSEFEIMEEREFFE > 2w ET XE20 P31
BEOREFBEIFANET S S IFRERBEME T EEZ2ZAER -

23 2FRB LB ERE

ARG TR 22 F KRR &R S R f’rﬁﬁqﬁ m &
AR AcE 19t o FAME 7 7 Bé4E(dr C18:2) » Flptid & 2 H = & ohft
E# ULSD 4 - 28 @ FAME £ i» #Rl“;&_? AE oz 1Iwt%eng > 3 B4t E e Sdic
T O A T RS 0 E 0 E B F AR § e R - A
L1r R FAME 2.fia 2 £ 9 4 0 520 98% 0 A & = & 43 Cl4-C24 2. FF > 4o &
2 9557 o H a1 C18:1 & %4 ik ¥ fig (CroH3602) ~ C18:2 &7 i fit ¥ fin (C1oH3402)
21 C16:0 1z 4#p&  fa(CarHa4O) 5 2 > X9 4 84.7% - =& 4 ¥ ,f 7 Cl16:0 5 & frrg i
FLvith o B 5 At e A -

21 B0 RN G AR TR N TR

Unit Petro-diesel Bio-diesel
-ULSD(D100) -FAME(B100)

Density kg/m*@15°C 834 879
Viscosity mm?/s@40°C 3.0 45

Low Heating Value MJ/kg 43.1 37.2
Cetane Number - 54 50-65
Sulfur Content mg/kg 6.10 2.02

Ester Content %v/v 0 98.08
Carbon Content wt.% - 12.34
Hydrogen Content wt.% - 76.43
Oxygen Content wt.% 0 11.23
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22 2HEMAWNL D TR DI F A

Main Components Global Formula wt.%
C14:0 Methyl myristate C1sH300 0.70
C16:0 Methyl palmitate C17H340 24.78
C16:1 Methyl palmitoleate C17H3202 0.91
C18:0 Methyl stearate C19H380 5.18
C18:1 trans-Methyl elaidate C19H3602 35.44
C18:2 Methyl linoleate C19H3402 24.44
C18:3 Methyl linolenate C19H3202 2.92
C20:0 Methyl arachidate C21H4202 0.49
C20:1 Methyl 11-eicosanoate C21H1002 0.65
C22:0 Methyl behenate C23H4602 0.02
C22:1 Methyl erucate C23H4102 0.01

2.4 & A ¥

AELZAPANTLELS S FAPAT RRAPAE S FAR? FEA F A0S KA
7 & (Aglient 6850) 1 iE (7 A T E A 17 B S 1T RS BEEREA L 2 %
(Peak) i # &7~ > BB o ff » 21 Hy~ N2~ CO ~ CHy ~ CO, ¥ § Ap 4~ fd 2 R8¢
FAY cRAAFAITRIEE 2 G - s AT F R F# % JEOL JMS-
T200GC AcCUTOF-GCX) k&7 @it A dr o 26 = BF AT RIL2 ¢ &3 157
il FARRAT R BE - flt @2 L@ ARDING AT - 7 FiRld
I AR OF T RER R A - ol R AR R T
R T EDFERSPN LSS ST RSB

25 B 32

AT MAF L kT FAME €24 4 F o 04 Sdke 54
From g s oo 2w ol R 28 Pl 3R 25 10 co/min s s »
# 55 5.4 KW AIF 5% 2% = ) A% 3.8-47 2 F o 9 BhiAR L ® WERH R
SIGFRFIER R R BT Ad %8 r v =3 B AR(TO) S 400°C & (7% 2 %
o BRI S8 N AMLIFE BRER AP FPERPAF SR cRPA
Potrz mm EmRlEER D WR G AT E Bm L R A SR AP B
2 A A e AT A MR A R T e kA ko A TR KR
e {7 HeR 0 0= & 9 %= (Dichloromethane, DCM)##18 &2 & i e 15
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AL A kAR R oSBT F Y R R § LAt
Eo R ET S § A A RE FRY Y R F(C)frd BH
(H)4 f3252 Hy 2 CO - I F 4 ()77 » F &4 (CissH351301900) 7 %5 1B
R < S L I RS 7@;‘#”3_ ROEERE AP S %\{s 1 (H2 &2 CO)
ZE G AARAFREF AR R 2ETIEHF BEL FLT L EF COx
CHs - HO 8Bl A% » 12 Bz sld WA S 4 X o« Hy2r CO 1A F(Yield)
&R (2)E B)rm o A B AE 5 = g~ 2T e A B Ha 22 CO P A
R L dE AR B T RS ) e £ e R e st (4) 4
T TERFEESF AR ER A BT oo R e #E T 2% 5 (Carbon
Conversion Efficiency) #_s ﬁr;‘ B)frF P A FIMBPERESEL R BT AA
4 (COICO2/CHa)#: 5 3 B ji I e 2 300 5 Bk aed end F o maepl g
Bk gk L F p@ﬁ_t’ Be €& R iR - > T R F A s
A srF o L2 FARE > RrRF L P A FRIBHEFBEZTF BT E
EAHB CLMp A -

\\\Xr

TR

She

Cyg.13H35 1301 99 +8.07(0, +3.76 N, ) —> 18.13CO +17.565H,, + 30.34N,

2xmoles of H, produced

100%
35.13xmoles of biodiesel fed x100%

H, yield (%)=

moles of CO produced

CO yield (%)=
yield (%) 18.13xmoles of biodiesel fed

x100%

Moles flowrate of CO x LHV, +Moles flowrate of H,x LHV,

Reforming Efficiency (%)= —
Moles flowrate of biodiesel x LHV,;qgiesel

2_x100%

1- moles of (CO, CO,, CH, ) produced

100%
18.13x moles of biodiesel fed x100%

Carbon Conversion (%)=

= ‘?L‘g‘ 3t

A 3
AFIEHITED LR R BERAEREFEF LI U2 P iR
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B B4Rl 2 07 o d SNFRULE R MK ER Y SV T i euR & & (PM-
Catalyst Hybrid Bed) % i& {7 p 35w & 32 > JEr0 4] % F g 30 3t f 4
LS N RE B RIER c BERNER TLT4 & B o E F W2 S
TR B R AeB] 2 #7or o T1 3038 44 B (Preheating Zone) + 7>
T2 348 £ e f(Reforming Zone)2. /i & > T3 =3 ff 43 ~u & (Catalyst
PackedBed)® +# > T4 £ o F T8 o ot > TO 5 AR E BB BEF 22
NTGER o pLBLE B d BRUE R erke 2140042 °C) - F S R F I 0 FAME 3t 7
ZHOLKRIEET o @ % FAME 75 € BF/%’«’H"’* e R
Bk At PM B2k o 2 B SRR P TR 3 B R 2 R R
FEB B o» BB RB OAFRETT EFRS O BRHER > 2 AF
FUR LFREF BREATDRG PHEALR > FF AL RTL P NH T A
FI7 02 ARG RE T PM _tz:’ﬁ%&#;% LR A R BEE R FE UL
PEEAES 6 o P AR SR ABCR TT o AIF LR (TR A7 #i T2 R4 2 A G R A
#2% 1107°C; AIF w3k (v 42 P > T2 /1 % 8 & 5 1038 °C ; A/F b 3 iE3%
38 T2/ H iR 5 969°C. fPi/k F il v d T3 T4 T8 B % T4 S
KET2FBER AF>38 428 47X T T HR2 T35k R R ®E 5 847~
904 £ 988 °C -

1200 . : .
1100 Preheating zone :Aiformmg zone |
61 ; ‘ A\\\\\:
Q-/ - *\ IA
@ 800- i T3 ,
T _ | T4
g— 700 ' !
() 1Fe/Cr/ rous
5 500 ' Biodiesel (B00) ;
& 400 | Fuel feeding rate =10 cc/min =~ !
% - | —m—AF38 |
300 | —e— AF42 :
i | —A— AF4.7 !
20+——FFFF7TF—T77

0 10 20 30 40 5 6 70 8 9O
Axial position (mm)

Bl 2~ P48 o k2 phre i R A F B TR
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32 EF A A

A EFHITES LA 2 P41 FAME SRR E 218 Ho kR 4
»+ 18.8-19.5% > CO 4 *t 22.6-23.1% > & = § k& i 3t 41.7-42.6% - 7 72t 30
LS FAFEE BB R M AR 3 HH 4 T o ARG AF &3
ARG i S g A 2 /A ARG AT RE o H 2 CO A 5 4 W 5 74.8%%&
88.2% ; m AIF 2 3.8l H2¥2 CO A F 1 ¥ & 4 jE1F 61.5%% 70.5% o &% i
Lo FRERT M AL AFHERSZFBRERT PRI ARE T
mEEREZ SN F AT 2L TR AT ’f‘;l?mm_)imﬁ FREPM -5
L4t P SRR T Bk & S 8ch AIF S AT 5 & &2 F s (Total
Ha-rich Syngas Flowrate)® i 3.6 m3h » & & % 417 & (Power Output) i 4.0

kW £ ‘& »% % (Reforming Efficiency) 72.8% » # #& 3% & (Carbon Conversion) 100% e
FRRF SR T uRE L AF G G2 E‘Ea‘%%ﬁ%ﬁ o fRm FRER
ARF P A R T a3 A EREIR % T t‘-iﬁﬁ& BT TR B F 2k E
BE AR Z:Q \"/[{L,?"Eﬂ?\ e AIF G 47 7 B id g ivigit o
100—— ,
1 Biodiesel (B100) input power = 5.4 kW (A/F=3.8~4.7)
01 H, yield (%9 s
S 80- M COyield (%9 ° N
T 70 S gy ©
g | § & &
_ <
g 91 I3 = "
O 5] )
& ] o
N 40_
8 ]
204
104
o
38 4.2 4.7

Air to Fuel ratio, A/IF

3 2o $0 3 f AT 2 M
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= 50— _ 120
= Biodiesel (B100) input power =5.4 kW (A/F=3.8~4.7) | X
s L1100 &
~ 454 0 100% | = O
2 ® & [0E5
s | 8w — 40kW oo B8
3 404 ¢ o | 55
T YW g [0 B 2
~ 3.2kw I > 5
- 1 @ £ >
R Ly T &y £E6
2 / Flowrat R ==
—Hl— Howrale B [4B)
Q254 u —e— Syngas Power I O 8
o) Reforming efficiency | 30 g
s —&— Carbon conversion efficiency
Aol T 1x
3.75 4,00 4.25 450 475

Air to Fuel ratio, A/IF

Bl 22 0 g ol 1R B %

33 LERPPAF LA

AP A 3 & %18 GC-FID 22 GCXGC-TOFMS & 457m 17 » 325 F B {8 2.
A F &AW & A > & e Bl 5(A)B)% B 6(A)B)*7 o & FAME F fi
ZRBHETF el A RT A L 45B AR DAL W1 Cr7H3402~CioH3402~
CigH3602 2 CigH3s02 = ~ 7 » 3 & & A& % CaoHzeOp v o sl e 17 #2 % 2 4 ) -
fi 2t C16-C22 2. B o ‘S iieliv & it > g2 R0 ¢ w2 FAME 5 4 > (e jpde
FRsa 2w ble 5 " Mengi g ¥ A P 2 M e 81 & 5 P B e (4o ] 6(B)
¢ BliER) > NP FAME i FlF RE R R TR iEm g g e FE R
#Z‘f}t#@ o A4 5 GCxGC-TOFMS FHE W » 2 EHE F it E5HF
T 4 & fia %7 (Ester) ~ 2 %7 (Carboxyl) ~ % % (Alkene) ~ ¥ 47 (Benzene) £ # (Indene) % -
bod 3HFE o fgBE S A 3 0 MEA F 42 CT-CL3 2 [ 5 % 4rptdich 4 3 C15-
Cl7 z_ R’ ; ’fﬁ MR B T A3 CL0-Cl4 2. B 5 ¥ et i # 413 C8-CLl 2. F
3+ CuoHg o 322 (Volume) 5 R ¥ HERIPASF ZIpHER » L & £ 41
C11H2002 ~ CgH1402 ~ C12H2202 ~ Ci4Hzg 22 CioHg = 2 ©
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(A) Before Reaction . (B) After Reaction
‘ Wi, _l_fli__"v_Jl_l;‘l) ‘laLl LJA--‘ .
|

B 5~ B100 ~ &= {5 2 GC-FID 2D Bl

(A)Before Reaction

B 6 ~ B100 ~ &= ¢ 22 GCxGC-TOFMS 3D M
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Group Formula Chemical Name Vo!ume
Intensity (a.u.)
Ester C7H1202 5-Hexenoic acid, methyl ester 3,894,247
CsH1402 6-Heptenoic acid methyl ester 19,977,577
CoH1602 3-Octenoic acid, methyl ester, (Z)- 12,071,739
C10H1802 8-Nonenoic acid, methyl ester 11,457,011
C11H2002 4-Decenoic acid methyl ester 22,460,364
C12H2002 10-Undecynoic acid, methyl ester 5,049,859
C12H202 10-Undecenoic acid, methyl ester 18,193,229
C13H2402 Cyclopropanenonanoic acid, methyl ester 10,650,922
Carboxyl  CisH2802 Methyl myristoleate 7,737,331
Ci15H3002 Methyl tetradecanoate 13,383,003
C17H3202 (2)-Methyl hexadec-11-enoate 12,533,778
Alkene C1oH20 decylene 4,532,934
Ci3Hzs 1-Tridecene 8,722,833
CiaH2s 1-Tetradecene 15,750,974
Benzene CsHs Styrene 4,774,303
CuiH1se Benzene, Pentyl- 12,439,111
Indene CioHs 1-methylideneindene 15,567,712
E. %7

AFEG 23 FAME 304 5 P E w2 F RIEREAS M - BN 417
AR rEY AR FEBMEENE 8% HP 28445 Cl81-
C18:2~C16:0 = f > ¥ i FAME .8 2. 84.7% - » BiBF HFEF 53414
WPEL L P R FAEF BER £ B A T 5F B 4 847~988
°Cr it $8(AIF=47)2 i % BB B & 5 1107°C - 4 Tl £ ez 549 A F 4
T4 FAME §1 %8 it S dics AIF R T 5 4T R £ 3§ Mﬂ*ﬂ it 4.0
KW > & e 72.8% siig 4 % 100%; m Ho 22 CO & & A %] % 74.8%27 88.2%-
< HEE TR ﬁ.égi;&#gﬁ%»ﬁ%ﬁ&w TR i s G B R 2 Bl
B f MR AP R BB AT P REE AN B A R S i A

FREFHEFIE > AL SN C11H2002 » CgH1402 ~ C12H2202 ~ C14H28 &2 CioHs
ERE R
T ~ 3k

,\.

R AL IR ML 5 ok 106-DOLION 2

@]ig\);é—\§-l§m T‘J-J‘ﬁ:f—§/ﬁ?§b‘—’ﬁi#: §’b§*‘#lﬁ§—/’\ﬂ°#gé_*ﬂ
0
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The study of a diesel engine performance and emissions
improvement with green diesel additions
CUE AN A AN I L
Siou-Sheng Su, Ming-Pin Lai, Ke-Wei Lin and Wei-Ren Chen
PAEE A B @ 3 RlREY
Environment & Energy Issue Department, Automotive Research and Testing Center,

Taiwan, R.O.C.
%e
AR A - B G F RS Py ’«H' » B 2 24 R 85 (Biodiesel) £
¢ % 5h (Greendiesel)d f& 5 1 B g B2 p > H ¥ et st P A B BT

ﬁ%%%“°Pfﬂﬁ¢*ﬁﬁﬁﬁiﬁ’ﬁﬁ“P%MﬂﬁﬁZG%@ﬁﬁﬁ
VAR PR S F R e e RS R W R R G R
HAF RN EH T OM G o B R F o B S ot B G 5%
Bodgrd ot fend R L UG 32 2 34% - IR A BN 2R T LB
xrﬂsﬂ (1700 RPM, 3200 RPM) ot L F 2 A gL ul i 1.5 1.3% -
b FTP 7 ik /g ;M;;}% W AR e T T KEIHFRFYF P
PR F AP and Ao B P R B s g S PR G2 ¥ G5 ¥ % i 36-40.4%
Bl -ﬂfun#uz’ B oFF 4 g E M 9.02-10.27%: 2 § o 51 B i 1200-
2200 RPM 2 [ » % & 480 2o B 5 5OOPF > & f B I b ) 45 A T
i e S % 2ty & (0.8-1.82%) © E@Mﬁ*ﬁn«, BN R Bk
TR R I a4 e 5 Torn do T R g A i v IS i o A 5 e

Mt @ 5d B0 S EFRR SRR FLAr SRR

Abstracts
Renewable biofuels such as biodiesel (FAME) and green diesel (HVO) are an
internationally perceived and developed as potential alternative fuels that can be either
added in traditional diesel or used directly for compression ignition engine. The

UUMEE A 2B dmpm )Y o o B3 42 > Email:
allensu@artc.org.tw
2 PR A B RAT LRI o IR AR R
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main objective of this study is examining the characteristic improvement of engine
performance, emissions and thermal efficiency of biofuel additive content (Biodiesel
and Green diesel, 2 and 5 wt.%) with petro-diesel. Results of the experiment show that
the peak values of torque and power were increased to 3.2 and 3.4% with Green diesel
additive. Furthermore, nitrogen oxide and particulate matter emissions were decreased
with biofuel additive while the NOx and PM emission were decreased to 9.02% and
40.2%. The brake thermal efficiency raised 0.8-1.82%, and the optimum BSFC (214.25
g/kWh) were performed between 1200 and 2200 RPM. Since the heating value per mass
of green diesel is higher, brake specific fuel consumption of engine fuel was lower with
green diesel (G2: 1.5% and G5: 1.3%) than with the petro-diesel. In fact, as green diesel
does not contain aromatic compounds, it also helps reduce PM, unburned HC and CO
emissions. Furthermore, the high cetane number of alternative fuel leads to a decreased
ignition delay; therefore, reduces the potentiality of PM emission. Hence, the HVO
could be an alternative fuel for CI engine than other biofuel under a properly additive

ratio.
Keywords: Green diesel, Engine performance, Particulate matter
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Petro-diesel Green diesel Bio-diesel

-ULSD(D100) -HVO(G100) -FAME(B100)
Density (kg/m*@15 °C) 834 779.9 879
Viscosity (mm?/s@40 °C) 3.0 2.95 45
Distillation (CC@90

350 291 355

Vol.%)
Low Heating Value 43.1 47.2 37.2
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Petro-diesel Green diesel Bio-diesel
-ULSD(D100) -HVO(G100) -FAME(B100)

(MJ/kg)

Cetane Number 54 76.2 50-65
Sulfur Content (mg/kg) 6.10 ~0 2.02
Oxygen Content (wt.%) 0 0 11

Petro-diesel: Ultra low sulfur diesel
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-

Manufacturer v o

Engine type AMA42-4AT2

Displacement (L) 2.977

Cylinders 4

Bore * Stroke (mm) 95*105

Air breathing system Turbocharger and intercooler

Compression ratio 17:1

Peak brake power (kW) 92

Peak torque (N-m) 294

Idle speed (RPM) 650+25/-25

Maximum speed (RPM) 3700+100/-50

Fuel injection system Common-rail

Injection pressure (bar) Max 1600

Cooling system Water-cooled

After treatment device Diesel Oxide Catalyst
23R %k 3
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