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APPENDIX 1

ANALYSIS OF REACTION RATES AND KINETICS OF IRON

A.1.1 Introduction

This appendix presents an analysis of the rate of scale growth. The mechanisms
generally observed for the oxidation of iron can be divided into two stages — an
initial linear rate of oxidation, followed by a parabolic rate of oxidation. The initial
mechanism is observed for short times up to a certain oxide thickness. Initial
oxidation rates depend on the oxidizing species and the rate is expressed in terms of
the rate of adsorption of the oxidizing species on the scale surface. When the oxide
layer reaches a certain thickness, approximately 0.4 mm (Pettit and Wagner, 1964),
the mechanism of oxidation becomes controlled by the diffusion of the ionic species
through the oxide layer, leading to parabolic oxidation.

A.1.2 Analysis

A.1.2.1 Symbeols used

t(s) Time

x (m) Scale thickness

Dre(m?/s) Self-diffusion coefficient of Fe** in iron oxides
A(m?) Surface area of the sample

G (mole/ m®) Molar volume of the oxide

Ko (g¥/m*s) Parabolic rate constant
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preo (g/m°)

M, (g/ g-mole)
Mreo (g/g-mole)
Y

B (m/s)

Doz (m¥s)
u(m/s)

(m)

v (m?/s)

T(K)

R (J/mole K)
P (atm)

Density of FeO

Molecular weight of atomic oxygen
Molecular weight of FeO

Iron-ion vacancy fractions
Mass-transfer coefficient

Diffusion coefficient of oxygen

Gas velocity past the sample surface
Length of the sample and

Kinematic gas viscosity.

Temperature
Gas constant
Pressure

A.1.2.2 Diffusion in the oxide

The parabolic oxidation mechanism is driven by the diffusion of metal ions and
vacancies through the oxide layer and chemical equilibrium is maintained at the
metal-oxide and oxide gas boundaries during the course of oxidation (Abuluwefa et
al, 1996).

The diffusion of Fe?" cations is expressed in terms of Fick's first law,

dnge  3Dpox AlF€?']

Adt X
Where x =G Ang/A

G = Molar volume of the oxide (m*mole Fe)

dne,  3Dp,e Alfe™']

Thus =
Adt GAng, /A

A[Fe?*]= Concentration of cations in the scale and Ange = moles Fe?*
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The exponent 3 in this equation results from the parallel movement of electrons and
cations in the scale layer (von Bogdandy and Engell, 1967) ’
By integration:

Ang, t
G [dne,Ang, =3[ D'A%A[Fe® Jdt
o g

AnZ, 6D . AFe™ it

A? G

The parabolic rate constant gives the increase in mass (due to reacted oxygen) as
follows: '

(AM/A)? = Kot

It follows that the parabolic rate constant is given by

Kp = 6xDres A[Fe®'] Mo? /G

The molar volume of FeO (G) can be written as G = Mgeo/preo
and the concentration of Fe?" ions, [Fe?'] = preo(1-y)/ Mreo

* * 2 * K A2
~ 8"Droa "Preo "My(Yreo /Fe,0, ~ Yrerreo)

K
P Mgeo

(A)

YreoiFe304 aNd Yrereo are the iron vacancy fractions at the FeO/Fe3;04 and Fe/FeO
boundaries respectively. The vacancy concentrations are determined from the
wustite-magnetite (y = 0.14) and iron-wustite (y = 0.049) equilibria respectively
(Ajersch, 1992). The self-diffusion coefficient (cm?s) of Fe* in FeO can be
calculated as below

Dre2+ = 4.5x10%exp(-6641/RT) (Deich and Oeters, 1973)

By differentiation of (Am/A)? = Kot the following is obtained:
Am , d(Am)
2 *___' * R s A, K
A Adt P
Where
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Am _ XPreoM,

(x = thickness of scale)

A MFeO
Thus
dAm/A) KMo
dt - 2XpFeOMc

This rate of scale growth is matched by molecular oxygen transfer to the scale-gas

interface:;

d(noz /A) - KpMFeO
dt XpFeOMCZD2

(B)

Where d(noy/A)dt gives the rate of oxygen transfer to the scale surface. This can be
determined as follows:

Noz
22 = BAC
92 - BaC;

Thus the oxidation rate in terms of the oxygen mass transfer is:
N2
—Fi—;—@ =2*BACq, =2*BAP, /RT (C)

in which B is the mass transfer coefficient (m/s). The equation expressing [ for gas-

phase mass-transport control is

1 1
B= 2202 (Re)(0)?

3 1
Where Re is the Reynolds number (u/ / v), Sc is the Schmidt number (v/ Do2), u is
the gas velocity pést the sample surface, / is the length of the sample and v is the

kinematic gas viscosity (Abuluwefa ef al, 1996).
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A.2.3 Application of Analysis

A.2.3.1 Conditions used in analysis

Gas constant, R = 8.314 J/mole K

Furnace temperature, T = 1500 K

Diffusion coefficient of Fe**, Drez+ = 3.98x10"° m?/s
Molecular weight of FeO, Mgeo = 0.07185 kg/mole
Density of FeO, preo = 5883 kg/m®

Molecuiar weight of atomic oxygen, Mo = 0.016 kg/mole
Pressure, P = 0.865 atm

Diffusion coefficient of O, Doz = 3.27x10™ m?/s

Length of sample, /=0.1m

Gas velocity, u=0.1 m/s

Kinematic viscosity of the gas, v = 2.3*10™ m?/s
Equilibrium iron vacancy fraction at the Fe/ FeO boundary, yrereo = 0.049

Equilibrium iron vacancy fraction at the FeO/ FezO4boundary, yeeoreszos = 0.14

Using the above data, the parabolic rate constant (K;) was calculated as 3.7*10%
kg%m*s which is in the same range as the value (3.11*10™ kg¥m?*s) calculated by
Sachs and Tuck (1970). Using equation B, the rate of mass transfer of Fe?* was
calculated for various scale thicknesses and the graph below shows the relation

between the oxidation rate and the scale thickness.
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0.010

Cation mass transfer

O transfer

0.005 4

Oxidation rate (mol O, m'zs”)

0.000 1 3 1 i : 1 A

Scale thickness {mm)

The dotted line represents the situation where oxygen mass transfer is the limiting
case and the solid graph represents where cation mass transfer is the limiting case.

From the above graph, it can be seen that FeO is present up to a thickness of
between 0.4 and 0.5 mm, beyond this thickness, the rate-controlling step becomes

the arrival of Fe®* at the interface.

The overall oxidation rate is illustrated in the figure below:
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Oxidation rate (mol O, m?s™)

0.010

0.005 4

0.000

Scale thickness (mm)
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APPENDIX 2

THEORETICAL ANALYSIS OF POSSIBLE MECHANISMS OF

HYDRAULIC DESCALING

A.2.1 Introduction

This appendix presents an analysis of descaling mechanisms. Each of these

mechanisms has been considered as being independent, thus avoiding the

complication that would otherwise follow from possible interactions between them. It

is recognized that synergistic interactions may arise in practice. This analysis is

largely taken from Morris ef al/, (1996).

A.2.2 Analysis

A.2.2.1 Symbols used

P (Pa)

T

p (kg/m®)
G (m%/s)
t{m)

B (m)

v (m/s)

6 ()

ps (kg/m?)

Impact pressufe of descaling jet
Temperature

Density of water

Volume flow rate of water
Thickness of jet

Width of steel being descaled
Speed of steel under jet

Angle of jet from vertical
Density of scale
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a (°C™) Coefficient of thermal expansion of scale

°C (J/kg °C) Specific heat capacity of scale
E (N/m?) Elastic modulus of scale
K (W/m °C) Thermal conductivity of scale
X (m) Thickness of scale
f(m) Distance between through scale cracks
o (J m2) Energy required to separate scale from steel
£e Compressive strain to failure of scale
. Tensile strain to failure of scale
J (N/m?) Shear strength of scale / metal interface

A.2.2.2 Effect of thermal shock on scale

Some quantitative indication of whether thermal shock is a feasible mechanism can
be obtained by estimating the time required to cool the scale to a depth. Assuming
that conduction through the scale is rate determining, the time to cool the scale is of

the order of Plo, where [ is the scale thickness and a, the thermal diffusivity.

The time that the steel takes to traverse the thickness of the jet = t/v. This is the
minimum time for which the scale would experience a cooling effect from the water,;
the real time will be longer than this owing to spreading of the water over the scale.

The thickness of scale, which would be cooled, can therefore be estimated as:

If this distance is less than the total scale thickness (quantitatively tested in section
A.1.3.2), then the scale / metal interface will not be directly cooled by the jet. There
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will be contraction stresses in the outer layers of the scale, which would lead to
fracture of the scale, with de-cohesion taking place by a shear effect leading to

tensile forces across the scale / metal interface.
A.2.2.3 Effect of deformation of scale

The vertical component of the pressure of the water jet on the scale may crush and

shatter the scale, following which the pieces of scale are removed by the water.

Compressive stress on scale = vertical component of pressure jet =P Cos 6
Compressive strain in steel = (P/E) Cos 0
The condition for descaling by this mechanism is:
(PIE)COSO >€c .ooveevvvvivviiiiiciece e . A32
This assumes that the pressure exerted by the jet is uniform over its entire area of

impact.

A.2.3 Application of Analysis

A.2.3.1 Conditions used in analysis

Density of water, p = 1000Kg/m?

Molecular weight of water, m = 18 g/mole

Density of FeO at 1000°C, ps = 5500 kg/m°

- Heat capacity of scale, Cp = 65J/K (FACT, 1988)

Thermal diffusivity, =8.3 * 107 m%s (in the vicinity of 1100°C)
Thermal conductivity of scale, k = 4.2 W/ m K (Akiyama ef al, 1992)
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Quantities relating to mechanical properties of scale at rolling temperatures are not
very well known. Estimates of their likely magnitudes can however be obtained from

published work.

Coefficient of expansion, a = 13.5 * 10%°C™ (this is the average values for FeO and
Feo03)

Elastic modulus of scale, E = 18*10* MN m? (from Hancock et al., 1974)

Tensile strain to failure, er = 2.3*10* (Hancock P., 1980)

Compressive strain to failure, ec = 40*10™ (no reference available. An estimate of

the probable magnitude of &, has therefore been made based on (Hancock, 1980)

Energy required to fracture scale / metal interface = 1 J/Im (estimate, no reference
found)

Shear strength of scale/metal interface, J = 20 MN m™? (estimate based on the fact
that tensile strengths of the interface of this order have been measured at room

temperatures, (Hancock ef al., 1974).
For typical commercial practice,

Impact pressure, P = 1*10° Pa

Volume flow rate, G = 1*10° m¥/s

Thickness of jet, t =8*10° m

Width of steel, B = 0.1 m (assuming descaling of a billet)

Speed of steel, v=1ms™"

Angle of jets from vertical, 6 = 15° (a typical value, although higher angles are used

in some mills).
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A.2.3.2 Effects of thermal shock on scale

Using literature values for the thermal conductivity and density of wustite (Akiyama et
al, 1992) and its heat capacity (FACT, 1998), the thermal diffusivity is estimated to be
some 8.3*107 m?/s in the vicinity of 1100°C. Based on the typical thickness of the jet
of around 8 mm, and slab speeds of 0.1 to 1 m/s (Morris ef a/, 1996), the time that
the scale is exposed to the water jet is between 8 and 80 ms — which, based on the
thermal diffusivity, is only sufficient time to quench the outer 80 - 250 um of the scale
(compared with the total scale thickness which may be 2 mm or more after
reheating). This very limited cooling of the scale does bring the validity of the thermal

shock mechanism into doubt.

Equation A3.1 gives the depth of scale, which would experience cooling as a result of
the effects of the water jets. This expression is calculated to be 0.2 mm. This
assumes that the cooling effect lasts only as long as the steel is under the water jets,
which is an unrealistic assumption since water lying on the surface of the scale will
continue to cool it. It appears, however, that the scale/ metal interface is unlikely to
be cooled if the scale is more than a few millimeters thick, and therefore under these
circumstances the scale removal mechanism cannot depend on uniform cooling of
the scale. Tensile stresses in the scale surface, caused by cooling of the outer layer
of the scale, must however lead to the generation of compressive stresses in the

lower layers of the scale, resulting in a shear stress at the scale / metal interface.

A.2.3.3 Effect of deformation of scale

Equation A3.2 gives the condition for descaling to take place by crushing of the
scale. It can be seen that this mechanism is expressly dependent on the impact
pressure generated by the descaling system. Therefore, calculating the left-hand

side we have;
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APPENDIX 3

REQUIRED GAS FLOW RATES IN FURNACE

Introduction

The gas composition was chosen to simulate the combustion of CHy4 with air, with 3%
or 4% excess free oxygen as shown in the calculations below. In this specific

example, the gas composition was calculated using 3% excess oxygen.

CHg + 20, + N> = CO» + 2H,0 + N3 + 0O
MM 16 32 28 44 18 28 32
Moles 1 2 7.5 1.0 2.0 8.9 0.4

Using “goal seek” the % excess oxygen that must enter to ensure that 3% excess O;
is obtained in the exit gas, can be calculated.
Thus for a calculated 18.4 % O, entering, the rest of the mass balance is as follows:

CHa +20,  +N; = CO; + 2H,0 + N3 + 0,
2.4 8.9 8.1 16.3 72.6 3.0

The total volume of gas flowing through the furnace is then calculated as follows:

Dimensions of tube (cm)

Qutside Inside Length (cm)

9 7.6 100

Area (0r%) 0.0045 m? r = inside radius of tube

Vtot 8E-05 Nm®/s Vtot = total volume of gas (area x velocity)
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Where the gas velocity is 0.1m/s.
Thus the flow rates of the individual gases through the furnace should be:

Nm®/s L/min  Molels

VN, 6E-05 3.59 | 0.0024
VO, 2E-06 0.15 | 0.0001
VCO; 7E-06 0.40 | 0.0003

The following tables show the rotameter calibration values of the various gases using

the soap bubble meter.
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Nitrogen calibration

Pressure drop| Rotameter Nr. mli  time mi time mi time ml time mi|  time{ [|/min
85 1 100] 4.37; 100 4.2 100 4.36; 200 8.65 200] 8.65] 1.38
108 2| 100; 234/ 100 2.34 100 2.34| 200 4.85 200 4.82] 253
122 3] 100 1.66] 100 1.57 100 1.58, 200 3.23 200] 3.28] 372
143 4, 100 1.2] 100 1.16 100 1.18, 200 2.35 200 2.38] 5.08
162 5 100{ 0.87] 100 0.84 100 0.85] 200 1.85 200 1.82] 6.84
. . 8.00 =1.344x-0.1201
Rotameter Nr. measuredrate  Rotameter Nr. rate using equation % y 5 ) 2

1 1.39 1 1.22 ; 6.00 Re=0.9917

2 2.53 2 2.57 2 4.00

3 3.72 3 3.91 E 200

4 5.08 4 5.26 g

<
5 6.84 5 680 0.00 = : ,

0

2

4

Rotameter Nr.
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Oxygen calibration

Pressure drop Rotameter nr. ml time ml time ml time ml time ml | time [ I/min
mmHg
87 220 15 345 | 20 | 485 | 15 | 366 | 20 | 482 | 15 | 348 | 0.25
87 200 15 3.81 20 | 508 | 10 | 248 | 15 | 381 | 20 | 511 |0.24
86 150 15 | 505 | 20 | 662 | 15 |504| 20 | 664 | 20 | 661 | 0.18
80 100 15 794 | 156 | 774 | 10 [522| 15 | 791 | 10| 51 |0.12
76 50 10 9.48 | 10 9.4 15 |1419| 15 | 1418 | 10 | 9.2 | 0.06
10 934 | 15 | 1405 | 10 | 946 | 15 | 1418 | 15 | 145 | 0.06
, : 0.30 =0.0012x
Rotameter Nr. measured rate Rotameter Nr. rate using equation £ 525 y>=> -
220 0.25 220 0.264 S 020 R°=00967 A4~
200 0.24 200  0.24 S 015 A
150 0.18 150  0.18 § 0.10 il
100 0.12 100 0.12 3 0.05 1
50 0.06 50  0.06 0.00 : : , .
0 50 100 150 200 250
rotameter Nr,
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CO2

calibration
Pressure drop| rotameter nr. mi time mi time mi fime mi time ml fime I/min
(mmHg) 50 100, 70.51 100 70.31 100 69.21 100 69.27 100 68.73 0.09
100 100] 42.53 100 42.44 100 42.56 100 42 .31 100 42.1 0.14
150 100 3186 100 31.54 100 31.61 200 61.23 100 30.5 0.19
84 200 25 5.1 25 5.05 30 6.21 30 6.27 30 6.22 0.29
250 100 16.59| 200 33.36 100 16.81 200 33.17 200 33.26 0.36
88 300 25 3.53 25 3.58 30 4.34 25 4.32 30 3.6 0.42
350 100 12.53 200 2473 100 12.13 200 24 .41 100 12.33 0.49
91 400 25 2.91 30 3.44 30 3.52 30 3.46 25 2.99 0.51
g6 500 25 2.39 25 2.42 30 2.86 25 2.34 30 2.89 0.63
101 600 35 3.02 35 3.11 35 3 30 2.56 20 1.72 0.69
rotamete nr. measured rate rotameter nr. rate using equation
50 0.09 50 065 o 100 7=0.0013x
100 0.14 100 13 g 080 R7=0671
2 060 o« *
150 0.19 150 1.95 3 /
200 0.29 200 26 = 040 /
250 0.36 250 3.25 g 020 e
300 0.42 300 39 < 000 ' ~ -
350 0.49 350 4.55 0 200 400 600 800
400 0.51 400 52 Rotameter nr.
500 0.63 500 6.5
600 0.70 600 7.8

APPENDIX

94




Rotameter corrections for gas density were done since changes in gas density could
significantly affect the airflow measurements by rotameters. Using a rotameter at an
altitude different than that, for which it was calibrated, could yield serious error. From
the observed flow rate at the bubble tower (V1), the flow rate at the rotameter (V2) at
0.865 atm could be calculated using the following equation

Flow rate through rotameter (V2) = (Patm / Prot) X Observed flow rate (V1)

V3 - the flow rate at the rotameter at 1 atm was then calculated and as a check, V2

was then recalculated as shown below.

P
R, =R, |2

Where R is the rotameter reading and P is the pressure.
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N2

Patm = 87624.5 P3 = 101300 TK) = 208
rotameter Prot Pabs V1 at bubble V2 at rotameter= V3 atrotat1atm= V2atrot= n (mol/s)
setting mmHg Pa tower (/min) V1*Patm/prot V2/sqri(Prot/P3) V3/sqrt(P3/P2) ProtV2/RT
1 85 98954 1.39 1.23 1.25 1.23 0.00082
2 108 102020 2.53 217 2.17 217 0.00149
3 122 103886 3.72 3.14 3.10 3.14 0.00219
4 143] 106685 5.08] 417 4.07 417 0.00300
5 162 108217 5.84 5.48 5.28 5.48 -0.00403
o2
Patm= 87624.5 P3 = 101300 T(K) = 298
rotameter Prot Pabs V1 at bubble V2 at rotameter V3 at rot at 1atm V2 at rot n {mol/s)
setting mmHg Pa tower (I/min) V1*Patm/prot V2/sqri(Prot/P3) V3/sqri(P3/P2) ProtV2/RT
220 87 99221 0.25 0.22 0.23 0.22 0.00015
200 87 99221 0.24 0.21 0.21 0.21 0.00014
150} 86 98087 0.18 0.16 0.16 0.16 0.00011
100 80 98238 0.12 0.10 0.10 0.10 0.00007
50 76 97755 0.06 0.06 0.06 0.06 0.00004
co2
Patm = 87624.5 P3 =101300 T(K) = 298
rotameter Prot Pabs V1 at bubble V2 at rotameter V3 at rot at 1atm V2 at rot n (mol/s)
setting mmHg Pa tower (I/min) V1*Patm/prot V2/sgri(Prot/P3) V3/sqri(P3/P2) ProtV2/RT
200 84 98821 0.19 0.17 0.17 0.17 0.000113
300 88 99354 0.38 0.32 0.32 0.32 0.000212
400! 91 99754 0.49 0.43 0.43 0.43 0.000287
500 g6| 100420 0.51 0.45 0.45 0.45 0.000303
600 101 101087 0.63 0.54 0.55 0.54 0.000370
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Patm

atmospheric pressure

flow rate(V3)

0.60
0.40
0.20
0.00

co2’
y = 0.0013x - 0.0795

R? = 0.9931

A

/

¥

T 7 T T

100 200 300 400

rotameter setting

500

Pabs absolute pressure
Prot measured pressure at rotameter
N2 y =0.9972x + 0.1804
R? = 0.9966
2
&
[
z 24—
= 0 T T
0 2 4 6
rotameter setting
02 y = 0.001x + 0.007
R?=0.9979
03
& o2 e
0 .~
<)
0.1 ‘/./
EE=
= 0.0 : T r y
0 50 100 150 200 250
rotameter setting
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Thus from the above calculations and graphs, it follows that for a given rotameter
setting, the flow rate at the rotameter at 1 atm, can be calculated.

N2
Patm = 101300 pa TK) = 298
rotameter Prot Pabs V3 at 1atm V2 at Pabs n at Pabs
setting mmHg Pa V3*sqrt(Prot/Patm)
| 342 | 141 | 1200938 | 359 | 3.91 | | 0.00316 |
02
Patm = 101300 pa
rotameter Prot Pabs V3 at 1atm V2 at Pabs n at Pabs
setting mmHg Pa V3*sqrt(Prot/Patm)
| 142 | 141 | 1200938 | 015 | 0.16 | | 0.000131 |
CcO2
Patm = 101300 pa
rotameter Prot Pabs V3 at 1atm V2 at Pabs n at Pabs
setting mmHg Pa V3*sgri(Prot/Patm)
| 372 | 141 | 1200938 | 040 | 0.44 | | 0.000355 |
Patm atmospheric pressure
Pabs absolute pressure
Prot pressure at rotameter
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APPENDIX 4

EXPERIMENTAL GAS ANALYSES AND WATER CONTENT

The calculated inlet gas compositions for:
3% excess O, in the exit gas is: 3.6 % Oy, 86.7% Nz, and 9.7% CO,
4% excess O3 in the exit gas is: 4.7 % Oy, 86.2% Ny, and 9.1% CO

16-05-2000

Calibration of inlet gas for 3% excess O2 inexit gas

% % % % % %
07} 3.51 341 |3.27 323 317 |3.12
N 88.31 |87.92 |88.8 88.22 |88.3388.41
CO, 8.19 866 |8.55 855 8.5 (847
Calibration of inlet gas for 4% excess Ozin  exit gas
% % % % % %
O, 4.28 431 442 434 1429 |4.37
N2 88.07 |[87.95 |87.88 |87.89 |87.9887.75
CO2 7.65 7.74 |7.69 7.76 |7.73 (7.87
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23-05-2000

Calibration of inlet gas for 3% excess O, in exit gas

% % % % % % % % %
02 3.09 313 297 29 288 288 315 296 2.96
N 88.58 |88.61 |88.67 |88.81 |88.86/88.88 (88.62 |88.82 |88.77
CO, 8.34 826 |8.36 828 (826 824 823 822 827
Calibration of inlet gas for 4% excess O, in exit gas

% % % % % %
o)) 4.26 428 |4.27 428 429 |426
N, 87.78 |87.72 187.74 |88.08 |87.9687.76
CO2 7.96 8.01 |7.98 765 [7.75 |7.98
15-09-2000
Calibration of inlet gas for 3% excess O, in exit gas

% % % % % % %
0O, 3.48 3.53 3.47 3.54 3.49 3.53 3.61
N2 86.96 |86.4 86.75 |86.93 |86.74 |68.84 |86.64
CO2 9.56 10.07 [9.78 9.54 9.77 9.64 9.74
Calibration of inlet gas for 4% excess O- in exit gas
% % % % %

02 4.94 4.88 4.91 4.86 479
N2 86.1 85.88 8593 |[86.08 [86.29
CO, 8.95 9.24 9.15 9.06 8.92
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Water content of gas mixture

Some preliminary experiments were done to ensure that the correct amount of
vapour entered the furnace. This was done by passing the exit gas at the bottom of
the furnace through a drierite column that had been pre-weighed. After the
experiment the drierite column was then weighed again. The difference between the
two weights, gave the amount of water that had been absorbed by the drierite.

mass drierite (g) 376.08
drierite +water 397.57
water (g) 1.49

This value (21.49g, in this case) was then compared to the theoretically calculated
mass of water that was expected to be in the gas mixture at the laboratory

temperature and pressure.

Total gas flow Total Temperature |Pressure Moles
rate (I/min) Time (min) gas volume () (K) (Pa) of gas
5 30 150 299 87624.5 5.287

The moles of gas (Np, O2 and CQO,) above, was calculated from the ideal gas law.

% Water in final Moles
gas mixture of water Mass (g) of water

16.3 1.030 18.53

The % water in the gas mixture was calculated as shown in appendix 3. The moles
of water was then calculated as follows:
[6.287 / (1-16.3/100)] *(16.3/100) = 1.03 moles

In all of the experiments the mass of water (theoretical and measured) were quite

similar, as in the above example.
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Point |
Tue Oct 31 06:58:06 2000

Filter Fit Method

Chi-sqd = 2.11 Livetime = 73.0 Sec.
Element k-ratio ZAF  Atom % Element Wt & Err.
(calc.} Wt % (3-8igma)

Fe-X 0.2683 1.067 26.55 28.62 + 1.98
Ni-X . 0.0000 1.051 0.00 0.00 +/- 0.00
Cr-X 0.5067 1.000 50.48 50.67 +/~ 2.38
Mn-x 0.00862 1.041 0.61 0.65 +/- 1,30
8i-K 0.0065 1.332 1.59 0.86 +/~ 0.24
Ti-XK 0.2080 0.923 20.77 18.20 +/- 1,27

Total 160.00 100.00
~ Point 2
Filter Pit Method
Chi-sgd = 2,60 Livetime = 84.0 Sec. »
Element k-ratio ZAF Atom % Element Wt % Err.
(calc.) Wt % {3-8igma)
Fe-XK 0.1620 1.075 15.78 17.41 +/- 1.54
Ni-K 0.0050 1.049 0.45 0.52 +/- 1,04
Cr-X 0.4083 1.037 41.25 42 .35 +/- 2.14
Mn-X 0.0081 1.061 0.79 0.86 +/-1.15
8i-x 0.0066 1.292 1.53 0.85 +/- 0.21
Ti-K 0.4005 0.949 40,19 38.01 +/- 1.582
Total 100.00 100.00
Point3
Chi-sgd = 2.25 Livetime = 73.0 Sec.

Element k-ratio ZAF Atom % Element Wt % Err.
(calc.) WL % (3-Sigma)

Fe-X 0.4817 1.045  48.55 50.34 +/- 2.45
Ni-K 0.0000 1.052 0.00 0.00 +/- 0.00
Cr-X 0.5048 0.940 49.13 47 .44 +/- 2.24
Mn-K 0.019s 1.01¢9 1.88 2.00 +/- 1.28
Si-x 0.0010 1.393 0.28 0.15 +/- 0.23
Ti-K 0.0008 0.892 0.08 0.07 +/- 0.36
Total 100.00 100.00
Point 4

Filter Fit Method

Chi-ggd = 2.39 Livetime = 47.0 Sec.

Element k-ratio ZAF Atom ¥ Element Wt % Err.
{calc.) Wt % {(3-8igma)
Fe-K 0.9667 1.001 $6.67 96.77 +/- 4.03
Ni-K 0.0109 1.055 1.10 1.15 +/- 1.18
Cr-K 0.0256 0.797 2.19 2.04 +/~- 0.89
Mn-K 0.0004 1.019 0.04 0.04 +/- 0.73
5i-K 0.0000 1.468 0.01 0.00 +/- 0.20
Ti~K 0.0000 0.918 0.00 0.00 +/~ 0.00
Total 100.00 100.00
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o el e e T e s

“Poﬁﬁ5  ;
 Chi-sqd = 0.98 Livetime = 77.0 Sec.

S Tem

. Blement k-ratio ZAF  Atom % FElement Wt % Err.
{calc.) ) WE %' (3-Sigma)
Fe-X 0.4509 1.050 45 .48 47.32 +/- 3.25
Ni-K 0.0000 1.052 0.00 0.00 +/- 0.00
Cr-X 0.5448 0.946 53.1% 51.83 +/- 2.29
Mn-K 0.0081 1.019 0.81 0.83 +/- 1.30
5i-E 0.0014 1.388 0.37 0.20 +/- 0.22
Ti-X 0.0014 0.888 0.14 0.12 +/- 0.35
Total 100.00 100.00
Point 6
Filter Fit Method - ‘
Chi-sqd = 2.456 Livetime = 36.0 Sec. ‘
Element k-ratio ZAF  Atom % Element Wt % Err.
{calce.) Wt % (3-8igma)
Fe-X 0.3665 1.001 96.56 96.78 +/- 4.69
Ni-X 0.0093 1.058 0.93 0.98 +/- 1.22
Cr-X 0.0266 0.757 2.27 2.12 +/- 0,57
Mn-X 0.0000 1.019 0.00 0.00 +/- 0.00
Si-K 0.0008 1.468 0.23 0.12 +/~ 0.23
Ti-K 0.0000 0.918 0.00 0.00 +/- 0.00
Total 100.00 100.00
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Point 1

‘Element

Fe-K
Mn-X
§i-X
Cr-X
Ni-K
Ti-X
Total

RN

Chi-sgd = 4.84

k-ratio

{calc.)
0.1923
0.2712
0.0017
0.4074
0.0238
0.1027

Pomt2 -

Chi—sqd
. Element

Fe-X
Mn-X
8i-X
Cr-X
Ni-x
Ti-K
Total

Point 3
Chi-sqgd
Element

Fe-~X
 Mn-K
8i-X
Cr-K
Ni-X
Ti-K
Total

Paint 4
Chi-sqgd
Element

Fe-X
Mn-K
8i-X
Cr-K
Ni-K
Ti-K
Total

= 2.27

k~ratio
{calc.)
44863
.1185
.0309
.3383
L0461
.0022

OOOO0OOO

= 2.42

k-ratio
(calc.)
- 0.7481
0.0027
0.0017
0.1753
0.0811
0.0000

= 3.76

k-ratio
(calec.)
.8241
. 0009
L0030
.0505
.1258
.0000

COOOOO

Livetime = 56.0 Sec.

ZAF

.045
.023
.418
.986
051
.500

OHOH M

Atom ¥ Element Wt % Brr.
{3-5iqma)

150
26.
Q
41.
2
10.
100.

12
85

.46

06

.26

25
00

Wt ¥
20.0%
27.76

0.24
40.17

2.50

. 9.24
100.00

Livetime = 48.0 Sec.

ZAF

1.037
1.023
1.464
0.543
1.060
g.922

+/-
+/ -
+/-
+/-
+/-
+/~

2.04
2.23
0.16
1.63
0.93
0.71

Atom ¥ Element Wt % Err.
(3-Sigma)

43.
11,
8.
32.
4

0
100.

31
54

41

17

.35
.23

0o

Livetime = 33

ZAF

.010
.016
.538
.875
.057
.832

OH OK P

Atom %

74.
0.
0.

i8.
8.
0.

100.

80
27
53
32
08
0o
00

Livetime = 39

ZAF

0.994
1.014
1.568

0.840

1.055
0.938

1.
Q.
c.
4.

2.
0

100.

Atom %

80
10
94
55
61

.00

00

Wt %
46.27
12.12

4.52
31.99

4.89

0.21

100.00

.0 Sec.

+/-
+/-
+/-
+/=
+/-
+f -

2.50
2.00

c.
1.
2.02
0.

Element Wt % Err.
{3-Sigma)

Wt %
75.54
0.27
0.27
15.358
8.57
0.00
100.00

.0 sec,

+/-

+/ -

‘+/f;—

4/ -
+/-
+/ -

2.89
0.75
0.17
1.12
1.34
.00

Element Wt % Err.
(3-Sigma)
+/- 2,65

A 4
81.91
0.08
0.47
4.25
13.28
0.00
100.00

+f -

+/ -

+[ -
+/-
] -

0.56
0.27
0.72
1.41
.00
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. Points
Chi-sqd
Element

Fe-x
Mn-K
8i-K
Cr-Xx
Ni-K
Ti-K
Total

Point &
Chi—gg&
Element

Fe-X
Mn-X
8i-¥
Cr-K
Ni-g
Ti-K
Total

Point 7
Chi-sqd

Element

Fe-x
‘Mn-X
Si-x
Cr-K
Ni-x
Ti-K
Total

= 1.73

k-ratio
{calc.)
40860
.0187
.0119
.5498
0079
.0g08

SCooooo

= 1,81

k-ratio
(calc.}
L4025
0174
.0049
.85699
.0045
. 0007

(SRR NoFolel

= 3.34

k-ratio
(calc.)
0.8138
0.0001
0.0007
0.0317
0.1596
0.0000

OOt s

Livetime = 41.¢ Sac.

ZAF

1.058

1.022
1.445
0.955
1.060
0.89¢

Atom % Element wt % Err.
(3-Sigma)

40.69
1.84
3.24

53.40
0.75
0.08

100.00

Livetime = 31

ZAF

1.058%9
1.020
.446
.954
059
-891

Ot O s

Atom %

40.68
1.72
1.33

55.77
0.43
0.07

100.00

Livetime = 32

ZAF

.012
.581
-838
.053
.940

.988.

Atom %

80.83
0.01
0.23
2.87

16.06
0.00

100.00

Wt %
42.96
1.81
1.72
52.50
0.84
0.07
100.00

-0 Sec,

+/- 1.
+/- 1.
+/- 0,
+/- 1,
+/~ 1.
+/~ Q.

85
14
38
98
08
30

Element wt % Err.

Wt %
42.60
1.78
0.7¢0
54.38
0.47
0.086
100.00

.0 Sec.

{3-8igma)
+/- 2.23
+/= 1.32
+/= 0.23
+/- 2,33
+/- 1.16
+/- 0.34

Element wt 3 Err,
gma )

Wt %
80.42
0.01

(3-8i

4+
+/-
+ /-
+/ -
+/-
+/ -

[

Q
4]
Q
1
0

.98
.60
.17
.43
.72
.00
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mon 30/10  Point1
Blement k-ratio Za® Atcm ¥ Element Wt % Rrr.
(calc.) Wt % {3-Sigma)
8i-K 0.0057 1.350 1.46 0.77 +/- 0.33
Fe~K 0.0508 1.041 5.03 5.29 +/- 1.83
Cr-K 0.4982 0.987 50.25 48.18 +/- 3.31
Ni-K 0.0000 1.043 0.00 0.00 +/- .00
Mn-K 0.4423 1.012 43.26 44 .75 +/- 4.44

. Total 100.00 .100.0¢
~ Mon Oct 30 10:34:50 2000
Point 2 X
FPilter Fit Method
Chi-sgqd = 1.60 Livetime = 80.0 Sec.
Blement k-ratio ZAF Atom ¥ Element Wt % Ercr.
: {calc.) : Wt % {3-Sigma)
Si-K 0.0177 1.415 _4.76 51 +/- 0.37
Fe-K 0.4771 1.031 46 .90 49 18 +/~ 2.82
Cr-K 0.3555 0.934 34.01 33.20 +/- 1.70
Ni-K 0.0467  1.052 4,46 4.91 +/- 2.24
Mn-K 0.1001 . 1.019 3.89 10.20 +/- 2.189
Total 100.00 100.00
Point 3
Filter Fit Method
Chi-sqd = 3.51 Livetime = 70.0 Sec.
Element k-ratio ZAF Atom % Element Wt % EBrx.
{calc.) Wt % (3~-Sigma)
$i-K 0.0015 1.468 0.42 0.21 +/- 0.23
Fe-X 0.83972 1.007 89.67 90.32 +/- 3.01
Cr-K 0.0944 0.829 8.34 -7.83 +/- 1.16
Ni-K 0.0127 1.056 1.27 1.34 +/- 1.19
Mn-~-K 0.0029 1.019 0.30 0.30 +/- 0.8¢
Total 100.00 100.00
Pomt4
Filter Fit Method
Chi-sqd = 3.40 Livetime = 60.0 Sec.
Element k-ratio ZAF _ Atdm % Element WL % Err,
(calc.) we % (3-8igma)
8i-K 0.0007 1.510 0.22 0.11 +/- 0.17
Fe-K 0.8075 0.987 . 80.14 79.73 +/- 3.13
Cr-K 0.0342 0.834 3.08 2.85 +/- 0.46
Ni-K 0.1643 1.047 16.44 17.19 +/< 2.87
Mn-K 0.0012 1.011 0.13 0.12 +/- 0.63
Total 100.00 100.00
Point 5
Filter Fit Method
Chi-sgd = 3.21 Livetime = 59.0 Sec.
Element k-ratio ZAF Atom ¥ Element WC % Err.
{calc.) Wt % (3-Sigma)
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8i-X
Fe-K
Cr-K
Ni~X
Mn-X
Total

e

- Point 8

LOoOOOO

.0005
.8075
.0314
.1686
.0000

Chi-sqd = 2.38

Element k-ratio

Si-X
Fe-X
Cr-X
Ni-K
Mn-K
Total

{calc.)

QOOOO

.0758
.7158
L1233
.0078
.0370

1.511

0.15

0.987 80.14
0.833 2.82
1.04¢6 '16.88
1.010 0.00
100.00
Livetime = 56
ZAF Atom %
1.412 19.09
1.029 7€6.13
0.888 10.55
1.06% 0.72°
1.03¢8 3.51

00

0.08
79.67
2.61
17.64
0.00
100.00

.0 Sec.

.18
.46
.79

O OMNO

.00

Element Wt % Err.
(3-Sigma)

Wt %

10.69

73.68
10.95
0.84
3.84
100.00

N

+/ -
+/-
+/ -
+/-
+/ -

0.68
4.11
1.48
1.26
1.20
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APPENDIX 6

CALCULATION OF AVERAGE RESIDUAL SCALE THICKNESS

A.6.1 Introduction

The average residual scale thicknesses were calculated using tools on the scanning
electron microscope.

The frame area, fraction of scale as well as the width of the scale were measured
using the SEM and then the scale area was calculated according to the following:
Scale area = frame area x fraction of scale

The average residual scale was then determined as follows:

Residual scale = scale area / scale width

The results for the various samples are given below.
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412
residual residual

conditions scale fraction | frame area scale area scale width (um) | thickness (um) | thickness (mm) |averages (mm)
6hr, 1280C, 3% O2 0.04629 7785100 360372.279 2790.2 129.16 0.13

0.04595 7785100 357725.345 2792.09 128.12 0.13

0.03343 7785100 260255.893 2804.41 92.80 0.09 0.12
6hr, 1280C, 4% O2 0.03531 7785100 274891.881 2791.17 98.49 0.10

0.06607 7785100 | 514361.557 2809.5 183.08 0.18

0.06024 7785100 468974.424 2805.2 167.18 0.17 0.15
1.5h, 1280C, 3% O2 0.05675 7785100 441804.425 2794.86 158.08 0.16

0.13295 7785100 1035029.045 2796.24 370.15 0.37

0.07402 7785100 576253.102 2861.93 201.35 0.20 0.24
1.5h, 1280C, 4% O2 0.17341 7785100 1350014.191 2791.28 483.65 0.48

0.0808 7785100 629036.08 2797 1 224,89 0.22

0.12741 7785100 991899.591 2794.54 354.94 0.35 0.35
3hr, 1280C, 3% O2 0.12205 7785100 950171.455 2788.19 340.78 0.34

0.08948 7785100 696610.748 2790.53 249.63 0.25 0.30
3hr, 1280C, 4% 02 0.06995 7785100 544567.745 2786.71 195.42 0.20

0.07551 7785100 587852.901 2848.11 206.40 0.21

0.06299 7785100 490383.449 2842.34 172.53 0.17 0.19
3hr, 1210C, 3% O2 0.06699 7785100 521523.849 2794.05 186.66 0.19

0.04555 7785100 354611.305 2941.51 120.55 0.12

0.03505 7785100 272867.755 2818.68 96.81 0.10 0.13
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3hr, 1210C, 4% O2 0.05891 7785100 466405.341 2805.26 166.26 0.17

0.04791 7785100 372984,141 2805.67 132.94 0.13

0.05222 7785100 406537.922 3014.17 134.88 0.13 0.14

residual residual

conditions scale fraction | frame area scale area scale width (um) | thickness (um) | thickness (mmj} |averages (imm)
6hr, 1210C, 3% 02 0.05778 7785100 449823.078 2793.29 161.04 0.16

0.04154 7785100 323393.054 2790.21 115.90 0.12

0.03543 7785100 . | 275826.093 2815.77 97.96 0.10 0.12
6hr, 1210C, 4% O2 0.11114 6.97E+06 774224 5794 2682.21 288.65 0.29

0.25889 7785100 2015484.539 2824.8 713.50 0.71

0.08273 7785100 644061.323 2854.65 22562 0.23 0.41
1.5h, 1210C, 3% O2 0.03623 7785100 282054173 2790.47 101.08 0.10

0.04674 7785100 363875.574 2883.66 126.19 0.13

0.0333 7785100 259243 .83 2865.91 90.46 0.09 0.11
1.5h, 1210C, 4% 02 0.03531 7785100 274891.881 2781.87 98.82 0.10

0.03049 7785100 237367.699 2891.54 82.09 0.08

0.02951 1.80E+07 532056.447 4248.78 125.23 0.13 0.10

304

6hr, 1280C, 3% 02 0.14949 7785100 1163794.599 2792.52 416.75 0.42

0.10319 7785100 803344.469 2803.2 286.58 0.29

0.15297 7785100 1190886.747 2589.54 459.88 0.46 0.39
6hr, 1280C, 4% 02 0.13591 7785100 1058072.941 2796.59 378.34 0.38

0.07599 7785100 591589.749 2838.95 208.38 0.21

0.0797 7785100 620472.47 2794.26 222.05 0.22 0.27
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1.5h, 1280C, 3% 02 0.12798 7785100 996337.098 2743.67 363.14 0.36

0.08433 7785100 656517.483 2801.82 234.32 0.23

0.06574 7785100 511792.474 2736.21 187.04 0.18 0.26
1.5h, 1280C, 4% 02 0.22375 7785100 1741916.125 2780.7 626.43 0.63

0.12483 7785100 971814.033 2792.3 348.03 0.35

0.09052 7785100 704707.252 2915.94 241.67 0.24 0.41

residual residual

conditions scale fraction | frame area scale area scale width (um) | thickness (um) | thickness (mm) javerages (mm)
3hr, 1280C, 4% Q2 0.15609 7785100 1215176.259 2790.18 435,52 0.44

0.15794 7785100 1229578.694 2797.7 439.50 0.44

0.13439 7785100 1046239.589 2802.49 373.33 0.37 0.42
3hr, 1280C, 3% 02 0.22525 7785100 1753593.775 2795.49 627.29 0.63

0.19309 7785100 1503224 .959 2810.17 534.92 0.53 0.58
3hr, 1250C, 4% O2 0.04765 7785100 370960.015 2793 .41 132.80 0.13

0.08311 7785100 647019.661 2835.55 228.18 0.23

0.07546 7785100 587463.646 2888.69 203.37 0.20 0.19
6hr, 1250C, 4% 02 0.07311 7785100 569168.661 2833.82 200.85 0.20

0.04901 7785100 381547.751 2790.39 136.74 0.14

0.08098 7785100 630437.398 2851.98 221.05 0.22 0.19
3hr, 1250C, 3% 02 0.10119 7785100 787774.269 2780.2 283.35 0.28

0.12208 7785100 950405.008 2798.56 339.61 0.34

0.10739 7785100 836041.889 2813.84 29712 0.30 0.31
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1.5hr, 1250C, 3% O2 0.20583 7785100 1602407.133 2796.15 573.08 0.57

0.09931 7785100 773138.281 27949 276.62 0.28 0.42
6hr, 1250C, 3% O2 0.11368 7785100 885010.168 2780.05 318.34 0.32

0.11485 7785100 894118.735 2832.39 315.68 0.32

0.07389 7785100 575241.039 2798.56 205.55 0.21 0.28
1.5h, 1250C, 4% O2 0.30795 7785100 2397421.545 2799.92 856.25 0.86

0.11883 7785100 - | 925103.433 2795.79 330.89 0.33

0.12106 7785100 942464.206 2798.18 336.81 0.34 0.51
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