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1 INTRC DUCTION

1.1 Background

1.1.1  Process Safety ¢ d Emergency Relief System Design

In any process that deals with hazardous chemicals, unexpected events such as fires, explosions
and accidental releases are not uncommon. Process safety deals with the prevention of
unintentional releases of chemicals, ene ' or other potentially harmful materials that can affect
the plant or environment detrimentally (Marshall & Ruhemann, 2001). An emergency Relicf
System (ERS) is one of  z line defenses tc hieve process safety (ioMosaic Corporation, 2006).
Due to the increasing public conc 1 of environmental issues, on average 25-30% of the total
process cost was invested in 1996 by the industries to ensure safe releasc of the chemicals.

(Dutftield, Nijsing, & B1  khof, 1996).

The reason behind ¢ |den excessive press  rise is either unexpected heating of the vessel due
to external causes such as external fire or v ontrolled reactions within the vessel (CCPS, 1993).
An analysis of 190 acci nt case histories indicated that accidents happened more frequently in
batch reactors (57%) than continuous pro s plants (10%) (Rasmussen, 1988). Surprisingly, a
large percentage of accidents (24%) happened during holding or storage operation (Rasmussen,
1988). In a batch reactor containing a multi component liquid mixture, a chemical reaction
(usually exothermic) may initiate a thermal runaway process. It becomes dangerous if the
generation of the reaction heat due to ma  nctioning exceeds the heat removal capacity of the
equipment (Duffield et al., 1996). If this situation cannot be controlled by operational measures,

the temperature will rise to the level where the volatile components of the liquid start to



evaporate or even gas might be produced due to undesired secondary decomposition reactions
(CCPS, 1993; Duffield al., 1996). Even endothermic reactions can cause a pressure increase if
the reaction products are gases or liquids which are more volatile than the reactants (CCPS,
1993). However, exothermic reactions are potentially more dangerous because of the increase in
temperature, which leads to accelerated chemical reaction rates. As thc system pressure
increases, it is necessary to discharge the fluid mixture from the vessel at an adequate rate to
prevent the over pressurization (CCPS, 1993; Dufficld et al., 1996). If the ERS is not correctly
sized, vessel failure may occur, which leac to uncontrolled release to the environment. One of
the main challenges for zsignit  an ERS is to determine whether it should be designed for a
single or two phase vapor-liquid flow (Fisher et al., 1992). Two phase flow requires vent sizes 2
to 10 times larger than for single phase v »rs (Duffield et al., 1996). The designed vent size

should be large enough to ensure ti  the over pressure stays within safe limits during relief.

The basic data needed to design an emergency relief system requires a carcful experimental
program which uses rep  sentative samples, such as Accelerating Rate Calorimeter (ARC), Vent
Sizing Package 2 (VSP 2) and Advanced Reactive System Screening Tool (ARSST). VSP2 and
ARSST are the two bench scale ap; -atus developed for DIERS (Design Institute for Emergency
Relief System) testing for acquiring vent sizing data. The key feature for both of the instruments

is the use of a unique low thermal mass test ccll to reduce the thermal incrtia (Fauske, 2000).



1.1.2 Assessing the lmportance of ERS Design for Certain Oil Field Chemicals

Though vent sizing techniques are studied for different process field chemicals, no studies of
vent sizing for oil field chemicals (such as corrosion inhibitors, H,S scavenger) are available in
literature (Vargas, 2009 b). In oil and gas production industry, internal corrosion which is
enhanced by the presen  of carbon dioxide and hydrogen sulphide continues to be a challenge
(Palmer, Hedges, & Dawson, 2004). Yearly, approximately 1.34 billion US dollars are invested
to mitigate corrosion problems in U.S. oil and gas production industry (Ruschau & Al-Anezi,

2006).

Corrosion inhibitors are widely used in the oil and gas industries to combat corrosion during
production, transportati 1 and refining. North America is the leading consumer of oil ficld
chemicals and corrosio inhibit. = in the world, and the consumption of these chemicals is
increasing daily (Muller, Rizvi, Yokose, & Jackel, 2009). For example, total consumption of
corrosion inhibitors in the United States s doubled (from roughly $ 600 million to $ 1.1
billion) in 16 years (frc 1982 to 1998) (Ruschau & Al-Anezi, 2006). Corrosion inhibitors are
toxic and volatile in nature and are available in liquid, solid and gas phases (Andreev &
Kuznetsov, 1998; Palmer et al., 2004). Hc zver, the exact chemical nature and composition of
the corrosion inhibitors e not revealed due to proprietary protection (Fink, 2003; Vargas, 2009

b).

Hydrogen sulphide is a aturally occurring gas that introduces various problems in the oil and
gas industry such as toxicity, corrosion, emulsion, surface equipment problems, etc. (Tung,
Hung, Tien, & Loi, 20 ). The amount of hydrogen sulphide in the oil products needs to be

below 4 ppm to meet the sales specification (Kelland, 2009). This is why the use of hydrogen






1.3 Justification

The liquid corrosion ir  bitors used in e oil and gas industries are mainly oil based (Fink,
2003). Being hydrocarbon, the liquid corrosion inhibitor is highly susceptible to fire exposure.
When introduced to fire, they may produce various hazardous decomposition products such as
carbon monoxide, carbon dioxide, oxides of sulfur and miscellaneous hydrocarbons (Kelland,
2009; Fink, 2003). The fine solid corrosion inhibitors are also generally hydrocarbon based,
which may be explosive (dust or mist explosion) in thc prcscnce of an ignition source in case of
mixing with air in critic  proportion. It may produce different hazardous hydrocarbons due to

decomposition (Kelland, 2009).

In addition, the corrosic inhibitors may : susceptible to runaway reaction when heated as they
are a blend of different components. Runz 1y reactions result in a sudden raise of temperature

and pressure, which can trigger a process accident.

Thermal analysis of the ¢ osion inhibitt  will help to understand their thermal and pressure
characterization, and their behavior in case of extreme operating conditions. This analysis will

lead to enhanced process safety, one of the noteworthy goals in oil and gas production facility.

1.4 Problem Formulation

The queries that are the driving force behind conducting this research are as follows:

1. What is the thermal and pressure behaviour of the oil field chemicals?
2. Will there be occurrence of runaway reactions for the chemicals?

3. How can the hazard be characterized due to external fire conditions?
4. Will there be any chemical loss due to high temperature introduction?

5
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Assumption

i.  Both of the calorimeters (VSP2 and ARSST) are capable of providing adiabatic
conditions, as the phi factors for a standard ARSST test cell and a standard VSP2 test cell
are close to unity (Fauske, 2000).

ii.  The ARSST heater components and test cells are capable of producing repeatability in
case of reuse when the cells are not burned after use. ..is assumption was made on the
basis of the results for 25% DTBP in toluene. However, VSP2 cells are not re-usable.

ili.  The existing polynomials (heater calibrations) for running tests in ARSST in single ramp
polynomial con! | mode are le : as the properties of the corrosion inhibitors are

unknown.

1.6 Hypotheses
The corresponding hypotheses are listed as follows:
1. As the oil field chemicals are ma y hydrocarbon based, they will be vulnerable to
external fire conditions.
2. The oil field ch cals that are end of diffe : proprietary protected components

may causc runav vy reactions.



1.7 Variables
1.7.1 Independent variables
- Temperature (The experiments are carried out from a temperature range of 20 °C- 300
°C).
- Time.
- Molecular weight.
- Density of the lic id.

- Density of the solid.

1.7.2  Depeadent variables
« - Pressure (The pressure range for the experiments is -14.7 Psig to 700 Psig).

- Temperature increase rate.
- Self heat rate.
- Pressure increase rate.
- Energyrelease r :/ Heat generation rate.
- Specific heat capacity.
- Vapour density.
- Latent heat of vaporization.

- Area to volume ratio (A/V ratio) for vent.



1.8 Novel Contribution

1. The thermal and pressure behaviour of the pr editated corrosion inhibitors (Nox
Rust 1100, Nox Rust 9800, Brenntag, and VCI | Powder) and scavenger (mixture of
Formaldchyde and Monoethanolamine) are studied for the first time. This study has a
significant i1 jortance to the oil field research, as their chemical properties and
chemistry are proprictary protected.

2. Specific heal apacity values of these six chemicals from 30 °C prior to their boiling
point are deter ned in order to perform vent sizing calculations. ...e specific hecat
capacity values are imperative to know, as there are no published values for these
compositions. It is a novel addition to the published literature.

3. The calculated vent area will help to assess the safe storage and process conditions for
the studied oil field chemicals.

4. As more complex blends of di rent chemicals are used in oil and gas fields, the
calculated vent areas for the idied chemicals in isolation will help to predict the

actual scenario.




2 ITERATUR  REVIEW

2.1 Different Vent Sizing Methodologics

There is no unified approach that can be used to design an emergency relief system (ERS)
because of the diversity of the systems and materials involved in process industries. Chemical
systems can be broadly classified into non-reactive systems and reactive systecms, and a reactive
system can be subsequ tly classified as vapor, gassy or hybrid. If a rcactivc systcm contains
components whose vapor- liquid equilibrium controls the system tempcrature and rcaction rate, it
is considered as a vapor reactive system. A gassy system has non condensable reactions or
decomposition products and a hybrid syste  exhibits both vapor and gassy characteristics. Each
system has a unique s of emerg: 'y c litions depending on the spccific risk and hazard
analysis for the system. According to Fau =z (1985), the steps that must be considered in any

ERS design are:

1. Defining upset ¢ ditions for that particular system.

&

Designing basis envelope including the worst case scenario for that system.

3. Determining vent size and flow rate considering the design basis envelope.

>

During designing, investigating t__ > of ventcd material.

Steps 2 and 3 are achieved by applying a combined experimental and analytical approach for
possible upset conditio  To analyze the = set conditions, experimental simulation with bench

scale equipment is required in addition to conducting a detailed risk analysis.

There are numerous vent sizing methods  sailable. The most commonly applied and documented
methods are American | troleum Institute (API) (American Petroleum Institute, 2008; American

9




Petroleum Institute, 2003; American Petroleum Institute, 2007), Factory Insurance Association
(FIA) (Duxbury, 1980; Mannan & Frank, 2005; Sestak, 1965), Boyle, Design Institute for
Emergency Relief Syst s (DIF 3) (Fauske, 2000; Fisher, 1985; Fisher, ct al., 1992; Kemp,
1983; Swift, 1984), Leung (Leung, 1986), Fauske’s standard (Fauske, 2000), Fauske’s short form
(Fauske, 1984 a) and M ogram (Fauske, 1984 b). Each method has different nomenclature and
parameters. In subsequent sections, a brief description of these methods is presented. To avoid
complexity, cach method is printed u 1g :ir original nomenclature.

The basic data needed to design an ERS requires careful experimental programs that use
representative samples such as Vent Sizing Package 2 (VSP 2) and Advanced Reactive System
Screening Tool (ARSST). VSP2 and ARSST are the two bench scale apparatus developed by
DIERS for acquiring vent sizing data. The kcy feature for both of the instruments is the use of a
unique low thermal mass test cell to reduce the thermal inertia. According to Townsend and Tou
(1980), the phi (¢) fact (also known as crmal inertia) is simply the ratio of the combined
thermal capacity of the reacting sample the sample container to that of the sample : »ne. It

can be defined mathematically as follows:

mpCpp
mgCps

=1+

Equation 2.1
Where, mg= mass of the imple.
m, = mass of the st cell.
Cps = specific heat of the sample.

Cp  specific heat of the test cell.

10






The value of K is dependent on the degree of exothermicity and the capacity of the reactor. For
exothermic reactions categorized as A (very low), B (low), and C (moderately high), the
(approximate) values of K are 0.0056, 0.021, and 0.095, respectively (for V < 10,000). For
cxothermic reactions with extraordinarily high heat releases, categorized as D, the approximate
valuc of K is 0.48 (for V < 4,000). The value of K is considered as 0.0056 for endothermic
reactions. The vent areas can be calculated as bands of approximately + 50% of the values

derived from Equation 2.2 (Mannan & Frank, 2005).

The limitations of FIA method are summarized by Duxbury (1980) as follows:

- FIA’s guidelines are not always sufficient to determine the degree of cxothermicity.
The severity of cxothermic reaction is cons  red as highest and may lcad to over sizing.

- There is no refe cein :g lelines for gas phase reactions. Thus, it might not be
appropriate to categorize the reactions on the basis of “exothermicity”.

- The physic:  properties of the reactor content (e.g. viscosity) are not considered.

- The method is based on only 100 to 125 psig vessels. Pressure higher than 125 psig may
lead to marked over sizing of the vent ar  FIA method fails to consider the effect of allowable
reactor pressure on the vent size.

- It does not take into account the length of the vent line; no. of bends, etc.

- FIA chart does not consider the effect of the vessel capacity less than 10US gallons.

- FIA method ig res the effect of f ratio and is only based on reactor capacity.

12






analytically on the basis f the assu otion of isentropic nozzle flow for homogencous fluid. The

API RP 520 provides the details.

2.1.2.1 Vent Sizing for Gas or Vapor Relief

Critical flow in pipe for gas or vapour occurs when the downstream pressure is less than or equal
to the critical flow pressure, whereas subcritical flow occurs when the downstream pressure
exceeds the critical flow pressure. Depending on whether the flow is critical or subcritical, the
sizing equation for pressure relief devices can be divided into two diffcrent categories. Upstream
pressure refers to the pressure in a pipe or ict on the inlet side and downstrcam pressure rcfers
to the pressure in the outlet of the pipe or d

For critical flow, effective discharge area (4 in mm?) can be calculated using any of the

cquations (American Petroleum Institute, 2008) from Equation 2.3 to Equation 2.5.

4 TZ
T C PK,K. (M

Fquation 2.3

V1M
Ll\dl’leKc

Equation 2.4

_ 1441 xV \JTZG,
~ CK4PK,K,

Equation 2.5

Where,

14



(k+1)
2 \(k-1) /kqg X ka —mole XK

/
¢ =0.03948 Jk W+ 1/ mm= X hr x kPa
Equation 2.6

For subcritical flow, the effective discharge area (A4) can be calculated by using any of the

equations (American Petroleum Institute, 2008) from Equation 2.7 to Equation 2.9.

179 xW ZT
szdKC MX Pl(Pl—PZ)

llquation 2.7

A 4795 x V ‘ 7TM

LT \] PPy — F)
Lquation 2.8

ZTG,
FoKgKe P (P, - P,)

Fquation 2.9

Here,
W = Required flow through the device (Kg/h).
C= A function of the ratio of the ideal gas specific heats (k¢ = Cp/Cv) of the gas or

vapour at inlet relieving temperature.

15









The superheat correction factor (Ksy) is listed in Table 9 of API 520 (American Petroleum

Institute, 2008). For saturated steam at any pressure, Kgg = 1.0.

21.2.3 Sizing for Liguid Relicf

API 520 recommends rcl “valves in liquid service that are designed in accordance with the
ASME Code, which req “es capacity certification and can be initially sized using Equation 2.12.
The ASME Code requires that the capacity certification includes testing to determine the rated
coefficient of discharge for the liquid pressure relicf valves (PRV) at 10% overpressure

(American Petrolcum Ir itute, 2008).

11.78 x O ‘ G

DNghiyNehy \jPI )

Fquation 2.12

P, = Backpressure (KPa).

Q= Flow rate for liquid sizing relief (L, n).

K. = Correction factor due to back essu If the backpressure is atmospheric, value for Kw is
used as 1.0.

G;= The specific gravity of the lic id at the flowing temperature referred to water at standard
conditions.

K,= Viscosity correc n factor. ,is estimated and used in Equation 2.12.

18



When a PRV is sized for viscous liquid service, firstly it is to be sized as if it were for a non-
viscous type application (i.e. K, = 1.0) so that a preliminary required discharge area can be

obtained from Equation 2.11 (Am¢« an Petroleum Institute, 2008).

API method is only a] licable to single phase flow. API RP 520 and 521 do not address
emergency relief for ru1  vay reaction in batch reactors. API 520 uses the cquation of idcal gases
for sizing. Thus, the discharge area calculated for high pressures is oversized. This results, for
example, in high implementation and operation costs, as well as potential vibration and pulsation

problems.

API method is capable of providii a vent area estimation having good agreement with a rcal
situation when the following conditions are fulfilled: (i) maximum allowable working pressure is
lower than 15psig, (ii) the vessel is not subjected to external fire consideration and (iii) thermo
physical properties are¢ known (American Petroleum Institute, 2008; American Petroleum

Institute, 2003; American Petroleum Inst te, 2007).

2.1.3  Boyle's Method

Before Boyle’s method, a typical »pro: to calculate relief area for a reactor was based on the
assumption that vapor is to be vented. An adequate relief area is defined as one being large
enough to have a vapor venting rate such that the internal pressure in the reactor does not
continue to rise after the 1 ture disk bursts. This assumption is observed being violated for some

cases where the require vapor venting ar  is as high as three to four times the designed vapor

19












At = K e T
Fquation 2.20

A plot of venting time versus temperature ¢ be achieved by using Equation 2.20.

The pressure as function of temperature for the particular system is also plotted. In case of multi
phase system, the total ictor pressure may be calculated by adding the vapor pressures of the

main components.

The calculated vent area is multiplied by a safety factor of 2 or 3 while designing the reactor for

providing a conservative specified relief for safety p | rses.

Hand calculations are practicable in Boyle’s method, which is comparatively quicker to apply as
it considers the calculation of reactor conditions and the calculation of fluid flow separately.
Boyle’s method usually leads to a larger v arca than the steady state vapor venting approach.

Hence, it provides safer approximation in some cases.

2.1.4 DIERS Method

Under the patroni : of AIChE, a syndicate of 29 companies was formed in 1976 named The
Design Institute of Er ncy Relief Systems (DIERS) (Fisher, 1985; Kemp, 1983; Swift,
1984). As the name indicates, the role of this consortium is to develop methods for the design of
emergency relief systems. Pressure relief requirements for chemical reactive systems can be

obtained by two approaches (Fauske, 2000):

23




I. Using Computer simulation methods (e.g. DIERS-developed SAFIRE code and Super
Chems for DIEI ) requires all basic physical, thermodynamic, and kinetic properties of
the system.

2. Calculating the vent area by direc / using data of runaway calorimetry tests used in
special-case venting models.

The first approach is not preferable in many cases as the required physical and kinetic data are
rarely available in the range of emergency relief conditions and they are also time consuming
and costly to generate.  nce, the second approach has become the most-frequently-used as it is

a more user-friendly :chnique.

The DIERS methodolog for vent sizing includes the following basic steps:

1. Definition of the worst credible deviatic  of the process, to provide the design case for vent
sizing.

2. Characterization of 1e reacting syst  behaviour, using pseudo adiabatic experimental
techniques. The reacting systems are divided in three classes: high vapour systems, gassy
reactions, and hybrid systems.

3. Acquisition of the ex rimental data necessary for vent sizing. The nature of the data required
depends on the nature « the reactii system. The data must be obtained under conditions close
to adiabatic for a correct simulation of the runaway behaviour.

4. Choice of the vent sizing method and of the two phase flow calculation method, according to

the system behaviour.

24










A moqsﬁfg
O GOk,

Equation 2.22

The reaction heat release rate per it m s (g) can be calculated in a number of ways, some of

which are:

i. g =gn(at turn around)
. ¢« Y (gt qn) (arithmetic average)
172

. ¢g=(gsqm)

iv.  g=(gm- g/ In{gn/gs) (log mean)

Where, ¢; is the energy release rate at the set temperature, g, is the energy relcase rate at the
turnaround temperature, and ¢ is related to the temperature rise ratc in a non-vented system

according to the followi :equation (Leung, 1986; Fauske, 1985):

7dT (dT\ ]

o[ (™
=75 \at:)s at/ o,

Equation 2.23

dar . dar .
Where, (d—t) is the te  ierature rate at set temperature (K/s) and (E) is the temperature rate
N m

at turnaround temperature (K/s).

2.1.5.2 All Vapor and AH Liquid | itii  with Runaway Reaction

Both of the venting modes (all vapor venti:  and all liquid venting) for vessels exhibit complete
vapor-liquid phase separation or diseng :ment, which leads to the similar final cquation. Thus,
they are discussed together, and the relief vent rate can be implicitly calculated from the

following equation (Leung, 1986):
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21.6.1 Non Foamy B wvior- Non Reactive System

These equations are developed assuming that all vapors vent, which is consistent with traditional

approach. The required vent area (4) is given by the following expressions (Fauske, 2000):

For critical flow, A=
CpU.b1(F/py)* «

Equation 2.32

For highly sub critical flow, A = )

Lplear/py)==

Lquation 2.33

Where,

Q= Vapor release rate (m’s™).

P = Venting pressure (Pa).

py= Vapor density (Kg m™).

AP= Overpressure relative to the ambient pressure (Pa).

Cp=  Appropriate discharge co-efficient (based on the length to diameter ratio of the nozzle).

Experiments were conc cted to assess e accuracy of the prediction by Equation 2.32 and
Equation 2.33 (Fauske, 2000). The estimated vent area for atmospheric water is in good
agreement with real data and the estimated relief area for propane is a bit bigger than the actual

one (Fauske, 2000).
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Where,

AV =

p:

C =

T:

A:

T:

P:

M=

Moy =

192

m; =

sz

Vent area to volume ratio (m").
Loading density (kg m> ).

Liquid specific heat (. g'K™).
Temperature (K).

Latent heat of vaporization (JKg™)
Gas constant (8314 Pa-m*/K-Kg mc

Self heat rate (Ks™).

Maximum rate of pressure rise (F ™).

Vapor molecul  weight (Kg-Kmol).
Gas molecular weight (Kg-Kmol).
Test freeboard volume (m?).
Test sample mass (Kg).

Back pressure (Pa).
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C,=  Specific heat at constant pressure (J/Kg-K).

T,= Sect temperature ).

dr
(I) =The temperature rate at set temperature (K/s).

s

Fauske’s design method is for overpressurc in the range of 10 to 30% (Fauske, 1984 a). It
predicts a vent size arca up to 2 times larger than that predicted by a detailed integral analysis
assuming homogeneous vessel behavior and homogeneous equilibrium flashing flow (Fauske,

1984 a). Thus, the short form equation is capable of estimating a safe but conscrvative vent area.

2.1.8  Monogram Method

The generalized vent :ing monogram (Fauske, 1984 b) is based on Fauske’s guidelines
(Fauske, 1984 b). For a given self heat rate and set pressure, the chart provides a vent sizing
envelope for both runaway chemical reactions, including gassy reactions and for uncontrolled
hecating or without chemical reactions. T monogram is based on the Equation 2.39, which
assumes that flow in the vent line is homogeneous and turbulent. This method is intended for use

where there is a modest overpressure over 10-30% (e.g. 20%).

The main advar  ze of this method is that it only requires knowledge of the adiabatic self heat
rate corresponding to tempered reactions (where the system pressure is equal to the component
vapor pressure) at the specific set pressure of the relief device. No other thermo kinetic and

physical property information is required.

This monogram is valid, as long as these are tempered at the specific relief set pressure and the
turbulent flow regime prevails in the vent line (Fauske, 1984 b). For a frictionless vent line,
Equation 2.39 predicts a vent area larger by a factor of less than 2 compared to integral model,
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of formaldehyde and monoethanolamine is used. While an amine based H,S scavenger is
applied, generally the nitrogen in the aromatic chain of the scavenger is replaced by the sulfur
presented in the H,S 1d the sulfur is removed from the process fluid (Vargas, 2010).
Formaldehydes mainly forms 1, 2, 3 — trithane, a nonregenerative ring compound, with the

presence of H,S, as shown in Figu 2.2 (Kelland, 2009).

S
3 HCHO +3 H,S —>( W +3 H;0
S S

N

(Formaldehyde) (Hydr Sulfide) (1, 2, 3- trithane) (Water)

Figure 2.2 : R ction of Formaldehvde with H,S [Source: (Kelland, 2009)]
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grams and has a diameter of two inches wi  a capacity of 116 ml. It can be made of 304 or 316
stainless steel, Titanium, or Hastelloy C-276 (a Nickel-Molybdenum-Chromium alloy having the
addition of Tungsten and has an excellent corrosion resistance). The test cell contains a magnetic
stir bar, which is either Teflon™ coated or glass encapsulated. The apparatus measures four
parameters: sample ter erature (T1), sample pressure (P1), external temperature (T2), and
containment vessel pres re (P2). To heat the sample to the temperature where runaway reaction
occurs, the test cell is ¢ losed by test cell heater (also called main heater or auxiliary heater).
The main heater assembly (surrounded by insulation) is enclosed by a guard hcater. To provide
an adiabatic condition at runaway temperat , the main heater is turned off and the guard heater
is regulated to keep the perature (T2) equal to the sample temperature (T1). For the closed
test cell, the containme  vessel pressure (P2) is also regulated to keep the pressure difference
between test cell and containment vess tween 20-40 psig. This pressurc balance allows
having low mass test cells in the system. However, for open or vented test cells, it is not
nccessary to control the pressure as pressure equalization is done through the vent. The
instrument has a rupture disk to combat with accidental situations. The detailed description of the
basic experimental procedure of VSP2 1 : is cxplained and illustrated in Appendix 2. The kcy

features of the instrument are illustrated in Figure 3.3 and Figure 3.4.
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3.2 Materials

3.2.1 25% DTBP (Di rt-butylperoxide) in Toluene

Thermal decomposition of di-tert-butyl peroxide (DTBP) in toluene is onc of the most widely
studied kinetic systems (Mannan, A eb, & Rogers, 2002). It is used to calibrate the VSP2 and
ARSST as the behaviour of this s nple . already standardized by these two calorimeters. 25%
DTBP is used for calibration mainly for three reasons: its first order kinetic behaviour, the
importance of DTBP applications in proc  chemistry, and the number of fire and cxplosion
incidents involving DTBP decomposition (Mannan et al., 2002).

Toluene is a colorless water insoluble liquid, which is widely used as an industrial solvent. It is
an aromatic hydrocarbon d is considered hazardous by the OSHA Hazard Communication
Standard. Toluenc is a flammable liqu having a molecular weight of 92.15 g/mole, boiling
point of 110.4 °C, and relative density of 0.8¢, (EMD Chemicals Inc, 2009 b).

Di-tert-butyl peroxide or DTBP is an 0 nic compound consisting of a peroxide group flanked
by two tert-butyl groups, it decomposes th or without the presence of air, and it generates a
fuel source. DTBP isa ar liquid havir a molecular weight of 146.23 g/mole, boiling point of

109-110 °C, and density of 0.794 g/cm” (Sigma-Aldrich Canada, 2009).
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component is attracted » the charged metal surfaces creating a molecular barrier against the
oxidizing component. In this way, a complex shaped system or surface having hidden voids

could be protected (KPR ADCOR Inc, 2003).

Nox Rust 9800 is a clear to hazy amber liquid having a density about 0.974 g/cm’, specific
gravity of 0.97, and flash point of 80°C (KPR ADCOR Inc, 2003). Having 86% volatile
components by volume, it is highly susceptible to fire exposure and can produce different
hazardous decomposition products such as carbon monoxide, carbon dioxide, and miscellaneous

hydrocarbons while introduced to fire.

3.2.2.3 Vi T Powder

“VCI Powder-1" is a white crystalline powder that has a special water soluble proprietary
formulation of volatile corrosion inhibitors (VCI) produced by KPR ADCOR INC. It can be
applied either in a dry or a solution fo It can ~ 7 'bit corrosion of ferrous and aluminium
metals caused by adverse environmental condition such as high heat, humidity, seawater, or
other oxidizing environments. It can be soluble up to 15% at room temperature (22°C) and the
melting point is 198 °C (KPR ADCOR Inc, 2007). It may be explosive in the presence of a
source of ignition if mixed with air in critical proportion. It may produce carbon monoxide,

carbon dioxide, and oxides of nitrc while subjected to thermal decomposition or combustion.
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Where, W is the heater wer (Watts), T is the temperature (°C), and A, B, C are the polynomial

coefficients obtained from a previous calibration test.

Thermal scan mode ope tion was used for all the samples as their properties are unknown due to
the proprietary protection. Other modes of operation are not explained here as they are available
in Fauske’s user manual (Fauske and Associates Inc., 2007 a). The parameters used for the
corrosion inhibitors (Nox Rust 1100, Nox Rust 9800, Brenntag and VCI 1 Powder) tests in the

ARSST are listed below:

Ramp Polynomial for initial gas pressure300 Psig
A =2.131E-01
B =2.642E-02
C =5.133E-05

e Ramp Polynomial for initial gas press e of 15 Psig
A=4.753E-01
B=2.066E-02
C=4.805E-05

e Auto Shutoff criteria
Temperature: 30

Pressure: 400 psig
Time: S00minut (8 hours 20 minu  3)

e Data Logging Inte il (min): 2
Data Logging Inte 1l (°C): 2
Data Logging Intc 1l (psi): 2

e Magnetic Stirrer frequency: 400 rpm

Formaldehyde, monoethanolamine and S scavenger mix were tested by Vargas (2010) using

the same parameters listed above.
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3.3.3.2 Buasic Calibration

As recommended by the manufacturer, three major calibrations are performed for a METTLER
TOLEDO DSC: (i) Ter erature, (ii) Heat Flow, and (iii) Tau Lag. The Tau lag calibration is
performed to achieve independency of temperature on the heating rate and was done by a fully
automatic total calibration using Indium and Zinc. The calibrations for heat flow and temperature
are done using Indiu  following the manufacturer recommended method (METTLER

TOLEDO, 2007).

$.3.3.3 Specific Heat Calibration

The specific heat calibration consists of two steps: (i) Blank Run, and (i1) Sapphire Run.

(i) Blank Run:

The blank run procedure is described as follows:

i.  The DSC is purged with dried nitrogen gas at a flow rate of 50 mL/ min.

ii. A clean empty aluminium hermetic pan (considered as reference pan) with lead is
weighed and  aled.

iii.  Another clean empty aluminium ermetic pan (considered as sample pan) with lead is
weighed and  aled.

iv.  The sample pan and the  ‘erence pan are properly placed on the sensor of the DSC.

v.  The DSC test chamber is heated or cooled to the initial temperature, 25°C.

vi.  The DSC chamber is held = the initial temperature for 4 min to establish

equilibrium.
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vii.  The furnace is heated from the initial temperature to the final temperature, 200°C, at a
heating rate of 10°C/ min.
viii.  The DSC ct aber is held at : final temperature for 4 min to establish equilibrium.
ix. A steady state isothermal baseline at the upper temperature limit is recorded.
X.  After this pe d the ther al curve is terminated and the DSC test chamber is cooled

to the ambie temperature.

(ii) Sapphire Run:

The procedure and parameters for the Sapphire run is the same as that for the blank run except a
sample pan having a Sapphire disk is used instead of an empty sample pan. The weight of the
Sapphire disk is 22.5 mg. It is necessary to check the weight of the Sapphire disk before and after

the experiment to make sure that no weight loss has occurred.

3.3.3.4 Experimental Run

The same procedure as the blank run for tl  specific heat capacity calibration was used for
experimental runs. Instead of having an empty sample pan, 5 to 8 mg of sample were used. The
final temperature for heating up was chosen lower or equal to the boiling point (for liquid
samples) or melting point (for solid sample). The sample weight prior and after the experiment
has to be measured. If the sample mass loss is  eater than or equal to 0.3%, the measurement is

invalid (ASTM, 2005).
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Reduce software is capable of generating five output files: (i) <testname>.reduced (which has
reduced data in tabular ASCII format), (ii) <testname>.xys (which is a XYPlot 2 script file that is
used by XYPlot2 to aut: 1atically generate plots), (iii) <testname>. xIs (which is reduced data in
Microsoft Excel format), (iv) <raw ARSST data file>d (which is only created when the raw data
file contains non-US standard format numbers), and (v) <testname>.gcl (which is a MultiPlot

script file that is used by MultiPlot to generate plots) (Fauske and Associates Inc, 2007 b).

The Excel output file is used for plotting and calculations. For more details, it is reccommended to

read the Reduce software user’s manual (Fauske and Associates Inc, 2007 b).
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4.2 H,S Scavenger Components

. 4.2.1  Formaldehyde

The specific heat capacity value for this 37% Formaldehyde is observed to increase from
3105.80 J/ kg- K to 3645.73 J/ kg- K with the increase in temperature from 30 °C to 180 °C as
shown in Figgt 4.7. T : man cturer provided specific heat capacity value at room
temperature is 3121 J/~ - K (Brenntag Canada Inc, 2007; Vargas, 2010) which shows a good

concurrence with experimentally determined value.

3900

3700 oo e -1

3500

3300 } -

3100

——
H——1

2900

Specific Heat Capacity (J/kg-K)

2700 e e

2500

25 35 45 55 65 75 85 95

Temperature (°C)

Figure 4.7: Specific Heat  apa vy Vs Temperature for Formaldehyde
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The parameters that are necessary for vent sizing calculation are described in the subsequent

sections.

S.1.2.0 Phi fuctor () catculation:

The phi factor of the test cell is calculated according to Equation 2.1 (Chapter 2). The vent sizing
design is considered at a higher temperature than ro  temperature. Thus, specific heat capacity
value of the sample d :rmined at its boiling point, given in Chapter 0, is considered for

calculation purposes.

Here,
Mass of the Brenntag sample, m,=7.16 x 1072 kg

Specific heat capacity of the Brennt  corrosion sample at 80°C, C,s= 2.30x 10° J/ kg-K (From
Section 4.1.3)

Mass of the test cell, m,=38.71 g=3.87 x 1072 kg

Specific heat capacity of the stainless steel test cell, Cp,= 510 J/ kg-K

Hence, the phi factor of the test cell is calculated as follows,

m. (... 287 x 1072 x 510
¢ =1 =1+ =1.12
Iig lJps /.16 X 1U ~ X 2.3U X 1U”
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5.1.3.2 Fauske’s equarion for non-reactive system witl critical flow

The vent sizing calculation is also done considering ideal nozzle flow. The discharge co-efficicnt
(Cp) of ideal nozzle flow is 1 (Fauske, 2000), where the discharge co-efficient is the ratio of the

mass flow rate at the discharge end of the nozzle to that of an ideal nozzle.

Substituting the heat rel e rate, 0= ﬁ; : ) in Equation 2.32 (described in Chapter 2), the area

v

to volume rate given is ¢ ressed as:

1

V ——
P2
0.61Cp,2 ()
Pv
7 20%103%x910x1.5x10™2 »
— m
5\2
0.61)(1)(44,75)(1.25)(105)((7‘91)( 10 )
44.75

6.92 x 1075 m™1

The area to volume ratio calculated usir Fauske’s method is only for a single phase flow or
non-foamy behavior. For a homogeneous flow venting, multiplying this ratio by a factor of 2
gives a good approximz n (Leur  1986). Therefore, the area to volume ratio for homogenous

flow is 1.38 x10* m™.
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Figure 5.10: Mass Loss as a Funi on of Time for Nox Rust Y800 (ARSST Tests)

5.2.2  V5P2 Data

80 ml of Nox Rust 9800 was tested in a closed test cell in the VSP2. The sample was heated up

to 275 °C and then the t¢  was turned off as the pressure rise was as high as 510 Psig.

Figure 5.11 shows that ere is no significant rise in the self heat rate. The temperature and
pressure profile of the test are depicted in Figure 5.12 and Figure 5.13. For Nox Rust 9800, the
set pressure is also considered as 100 Psig, as the pressure increased at a higher rate after this

point. Figure 5.14 shows the pressure behaviour as a function of temperature (1/T) plot from
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For the second test the maximum pressure rate is also found to occur at 380 °C. And, the
maximum pressure rate for the second test (P = 5.28 X 1077 *37¥107%X380 pg; /min) is 8.60

Psi/ min.

The discharge co-efficient (Cp), which is the ratio of the mass flow rate at the discharge end of
the nozzle to that of an ideal nozzle, is considered as | for vent sizing calculation purposes. It

means the area to volume ratio is determined considering ideal nozzle flow behavior.
5.3.3.1 Fuauske’s screening cquation for gassy system

Section 2.1.9 (in Chapter 2) presents the de Is to determine the area to volume ratio from VSP2
closed cell tests using F.  ske’s screening ¢ 1ation for gaseous systems is expressed by Equation

5.8,

A 3 (120-v) 10

0286 350 m
C,P [1 +

Equation 5.8

Here, for the first test,

Pressure at set point, P = 40 Psig = 54.7 Psi
Mass of the sample in test cell, m )42 g
Volume of the sample, v = 80 ml

So, the area to volume ratio for Nox Rust [ ),

A 3.5x1073pP y (120 — 80) g 10
B 1.98 v 1n-370-286 350 69.42
CpP [1 +—... —]
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So, maximum pressure rate, P = 9.33 x 1072 ¢175%107*x255.00 p5; / min = 8.09 Psi/min

A3 Fauske’s screening cquation for gassy systent

Here,

Pressure at set point, P = 135 Psig = 149.7 Psi

Mass of the sample in test ccll, m = 64.92

Density of the sample, p = 1300 ] m’ (KPR ADCOR Inc, 2007)

Volume of the sample, v = 50 m’

The area to volume ratio for gassy system is calculates using Fauske’s simplified cquation for a

VSP-2 closed cell test ex.  -iment (Equation 5.8) as shown below.

A (120 —=50) 10
== X X —
vV —3 ey 35U 64.92
_ 3.5 x 1( (120 — 50) 10
= r 028 X350 6492 "
%X 149.7 |+
B3 x 1072

- - -2 -1
= 1397 Xx3.08x107°m

=583%x10%m?!

3.1.3.2 Fauske's detailed equation for gassy system

-1

The composition and constituents of VCI 1 powder is completely proprietary protected.

However, the manufacturer mentioned that the chemical can produce carbon dioxide, carbon

monoxide, and oxides of nitrogen due to thermal decomposition or combustion (KPR ADCOR

Inc, 2007). The percentage of each kind of 1seous components in the evolved gas mixture is
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unknown. That’s why the vent sizing calculation by Fauske’s detailed method is done by
considering the molecular weight of the gas equal to carbon dioxide, carbon monoxide, and
nitrogen dioxide separately. This approach will give a range for arca to volume ratio, which will

help to choose a safe vent area.

Here,

Test sample mass, m, = 64.92 g = 6.49 x 1072 kg

Test freeboard volume, which is the volume difference between test cell and the sample,
9 =(120-50)x 1076 m* =7 x 1075 m’

Density of VCI 1 Powder, p = 1300 kg,/m3 >R ADCOR Inc, 2007)
Venting pressure, P = 1. .7 Psi = 1.03 x 10° Pa

Venting temperature, T =452.43 K

Maximum pressure rise ¢, P = 8.09 Psi/min = 930 Pa/s

Gas constant, R = 8.314 x 103 J/Kmol - K

Discharge co-efficient, C;, 1 (Bycc 1 r ideal nozzle flow)

The vent area to volur  ratios for VCI 1 powder by using Equation 2.38 for considering

differcnt gas molecular we” "it are tabulated in Table 5-7.
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The vent areas calculated for Nox Rust 1100 and VCI | powder have lower values than that for
other two corrosion inhibitors. Both systems have small pressure increase rate, which gives
smaller vent area requirement. The area to volume ratio calculated by screening equation
provides higher value tI n that of detailed method for Nox Rust | )0. But, for VCI 1 powder,
vent area calculated by detailed method provides higher value that that by screening method. So,
area to volume ratio for Nox Rust 1100 calculated by screening equation and the area to volume
ratio for VCI 1 powder calculated by detailed equation are recommended, as they provide
conservative estimate. As VCI 1 powder shows unique reactive behavior in oxidizing
environment in presence of metals, more detailed study about VCI 1 powder (e.g. identification

of components) is recommended for having better vent size designs.
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the relief device is known to be fully open. However, for a safety valve, a 10% overpressure is
often needed to fully open the valve. Considering a 20% overpressure reduces the required vent
area significantly for a ‘active system vent sizing. Leung (1986) studied that calculated vent
area considering 20% overpressi  condition is able to give a safe but less conservative
estimation.
Here,

Pressure at set point, Py =25 Psig= 1.7 Psia =2.74X 10° Pa
Let,

Maximum allowable working pressure, MAWP = 27.5 Psig = 42.20 Psia = 2.91X 10° Pa

Venting pressure by considering 20% o' _ zssure, P, = 30 Psig = 44.7 Psia = 3.08 X 10° Pa
Pressure difference for considering 20% o' pressure, AP=F,- P; = (3.08X 10°-2.74x 10°) Pa

=3.40x 10* Pa
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Ter erature at the set point, 7, = 386.15 K =113 °C

Maximum allowable ter erature, Ty, = 387.64 K =114.50°C
Venting temperature, 7,, = 389.06 K= 11591 °C

Ten erature difference, AT = T, - T,=(389.06 - 386.15) K =291 K

By differentiating the Equation 6.5 (Fauske, 1985),

1dP 6115.8
Par  1-
H ar _ 61152.8P
dr T
Equation 6.6
£14¢C 5
So, %(at set pressur and temperatui 1= ;%pa/[(: 1.12x 10* Pa/ K
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6.3.2.7  Critical mass flnx (G) calcudation:

The critical mass flux for two phase flow can be calculated by using Equation 2.31 described in

Chapter 2 (Leung, 1986).

Hence, critical mass flux for test 1,

0.5 1n 0.5 ,
G =09 i(i) =09 x 1307 (o) Ke/m™s=3.35x 10 kg/m’s

vg \CpT 0.5u 3.51x103x386.15

The average value and andard deviation of the parameters from the two tests are depicted in

Table 6-3 and details of the calculation are available in Appendix 5.
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6.3.3.3  Fuauske’s short form equation for runaway cliearical reaction under their own vapour
pressure

This method was developed to have a screening value of vent area by considering homogenous

flow. It is only applicable for a reactive system having a vapor phase behavior. A monogram was

devi ped by Fauske (1984) by using the developed cquation, Equation 2.39. This method is

described in Section 2.1.7. Avera; area to volume ratio for H,S scavenger sample by Fauske’s

short form of equation is found to be 8.76 X 1073 m™". The detail of the calculation is illustrated

in Appendix 5.

6.3.3.4 Faushe's screening equation for vapour system

A screening equation w . developed by Fauske to have an initial idea about the vent sizing for
vap: system. It is a screening tool to ¢ racterize chemicals having unknown physical and
chemical properties. T1 equation was developed by considering the physical and chemical
properties of water at a1 »ient condition. In Section 2.1.9, this method is already discussed. The
estimated average area to volume io by 1is screening equation for H,S scavenger sample is
8.87 x 10~* m™! with a standard deviatic of 2.03 x 10™* m™! for the two performed tests.

The calculation for vent area for the two conducted tests is given in Appendix 5.
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The area to volume ratio for these two chemical are calculated using Fauske’s detailed method
and auske’s screening equations for gassy systems. The vent areas determined by these two

methods for these two chemicals provide s ilar values.

The hydrogen sulfide scavenger sample, which is a mixture of 5 units of 37% formaldehyde and
2 units of monoethanolamine, is observed as the most reactive chemical among those tested.
When the two components are mixed, an immediate exotherm is obscrved. . For the closed cell
VSP2 tests for the scavenger, the observed heat of mixing is 38.83 KJ/mol. The sccond exotherm

is observed at 108 °C, while the mixture is ted up after its first exotherm.

The vent sizing calcul ons for the scavenger sample is done by scveral different methods
(Leung’s method consi: ring no over  ;sure and 20% overpressure, Fauske’s short equation
by considering 20% over pressure, and | 1ske’s screening equation for gassy system). The
recommended vent area for H,S scavenger is 4.10x 1073 m”', which is achicved by Lecung’s
method considering 20 Jverpressure, as it ncither over predicts nor underestimates the area to

volume ratio.

7.2 Recommendation

The oil field chemicals studied are protected and therefore assumptions were made during the
calculations. For more representative rest  the corrosion inhibitor provider should include the

exact compositions (or a more representati.  one) to tune the results presented here.
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added to the ARSS . Also, blow down testing in the VSP 2 can be done to evaluate flow

regime and vapor/ liquid disengagement.

The area to voli 1e ratios a calculated by considering ideal nozzle flow behavior for
this current work. The real flow behavior of the chemicals and proper vent pipe design

could also be an interesting sector i  study for these oil field chemicals.

This work indicates that the corrosion inhibitors and scavenger are susceptible to external
fire exposure conditions. Thus, the choice of proper materials for the storage containers is
recommended should consider 2 properties provided in this work. Actual process

condition should be considered to br  er define credible upset conditions.

Corrosion inhibi rs are subjected to high temperature conditions in oil ficlds. A study of
the corrosion resistance pri crties of these oil field chemicals with the incrcase in
temperature is recommended to a ss the efficiency of the inhibitors in oil and gas

operations.

The dust explosion hazards corresp ding to the solid corrosion inhibitor sample, VCI 1

powder, can also be a worthwhile tc ¢ to study.

For studying unknown chemicals in the ARSST, the single ramp polynomial control
mode is used. It is recommended to develop a new polynomial on a non-reactive sample
(such as pentadecane) for further testing with the instruments, as the existing polynomial
is not capable of providing  external heating rate of 2 °C/min. This anomaly in the

heating rate does not change the system characterization, but it prolongs the experiment
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Figure 38: Carefully placing the lid.

Figure 39: After placing the lid in the containment vessel.

Then top part is screwed around the lid unt it becomes hand tight.
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A1.2.3 Fixing Nonzero Gauge Pressure Reading in Atmospheric Coudition

The calibration potentiometer cover on the nt of the unit to access the zero control is removed.
Then the gauge reference units should be re-zeroed with a small screw driver without affecting
the span calibration. T wuge po must be open to the ambient with no pressure or vacuum
applied. Adjust The Zero control should b¢  ljusted until the gauge reads zero with the minus (-)

sign occasionally flashing.
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The resistance of the heaters (both auxiliary and guard) leads to the vessel and as well as the
resistance of the auxiliary heater leads to guard heater leads should be more than 1 MQ (Figure

50).

Figure 50: Checki sist. e of auxiliary heater leads to vessel.

Figure 51: Checking resis 1ce of 1ard heater leads to vessel.
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Aft calibrating the | ‘:ssure, the transducers are separated from the calibration tree and
mounted to the containment vessel (Figure 68). It is important to note that the pressure
transducers with di h yms should be mounted to the containment vessel in a proper vertical

direction. Otherwise thc might be deflected by the magnetic field of the stirrer.

Figure 68: Pressure transc :ers mounted vertically to the containment vessel.
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A3 2.4 Caleulation of average hear release rate (q) and heat release rate at the set point (q.)
(for Test 2):
Heat release rate by usit  Equation 6.8,
g=2x1 Fx351x10°x[0.10 +0.11] J/kg-s=420.15J/ kg -s

Heat release rate at set temperature by using Equation 6.9,

gs = 1.14 x 3.51 x 103 x 0.10 J/ kg -s = 400.14 J/ kg -s

A5.2.5 Vapor density (p,) and vapor specific volune (v ) calculation (for Test 2):

Here,
Molecular weight of H,S Scavenger, M,, = 39.03 kg / Kmol
Molar gas constant, R = 314 x 10°* J/k  »I-K

From Equation 5.5, vapor density of »S Scavenger at set temperature and pressure for test 2,

_39.03%2.74x 10°
Pv= §31ax109x398.14

kg /m® =323 kg /m’
And, vapor specific volume,

-1 3
Vg= - 0.31 m’/ kg
14
A82.6 Latent hieat of v wization (. or A) calculation (for Test 2):

Latent heat of vaporiza »n for H,S scaver r for test 2, by using Clapeyron relation described

by Equation 5.6,

So,hg = A= v, T = =031 x 398.14 x1.06x 10* J/ kg = 1.31x 10° J/ kg
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