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ABSTRACT

A hydrochlorination facility was developed for tie
procesaing of refinery precious metal residue mate-
rials on the laboratory and pilot scale. Hazard
elements were identified and evaluated using an Event
Tree Mnalysis. An exponential technique was applied
to estimate the cost of the proposed production hydro-
chlorination facility. The estimated cost was R120 OQ0.
The Expected Present Value Ratio was +190 which indi-

cated satisfactory project economics.

The reactor material for the pilot gcale unit was
selected using a waighted values quantitative material
selection procedurs, Stainless steel Type 31€L and
Type 310 were selected. Failure of the Type 316L
reactor occurred affer 40 hours service. The mode of
failure was extensive surface scaling which wag attri-~
buted to the hydrogen chloride, sulphide gasss and

1 000 ¢ operating envirormsnt.

Subject to certain provisions it would be feasible to
commission a safe and profitable production hydrochlo~
rination facility. The consumabl: reactor concept was
based on its replacement after 40 hours ssrvice. This
was Justifisble because of the high value of tha mate-

rial and the saving in down-~stream processing costs.
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1. INTRODUCTION

1.1. Background

Arizging out of s precious metal refining process con-
conducted by a Jchannesburg Consolidated Investment
Company Limited group company are various residues.
These residues occur at several stages of the refining
process with each one being substantially different

in terma of chemical and physical properties. The
importance of these residuss lies in their valusble

metals content. This can vary in a.wide region.

It iz not feasible to continually return these residues
to the refinery circuit as this will eventually lead to
process stream dilution and excessively large quantities

to be treated.

On the basis of some preliminarv investigational work
carried out by Johnson Matthey Research Laboratories
in Ensland it was decided to pursue the feasibility
of a hydrochlorination process to further treat thessz
rasidues, This process has a great potential in the
processing of concentrate feed material whareby un-
wanced base metals can be removed at tha beginning

of the refining process thus reducing the quantities

of internal residues produced.
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Chapecer 2 of this pr vject repert will review literature
of some imporiant opetational aspects to such a hydro-
chlorination fazility as safety, maintenance, cost
estimation, and materials selection., Chapter 3 details
ths experimental work conducted, chapter 4 ths results
and discussicn, while the conclusions and recommenda-

tions ara given in chapter 5.

1.2, Alm

The project had as its aim, the development of a hydro-
chlorination roasting facility to upgrade internal
process residues to levels where they could be returnad
to the refinery. This would include tests to charac-
terize the most important residues, determination of the
optimal operating conditions and construction of the
plant. A successful pilot plant was necessary before a
prototype unit could bte comissioned at the precious
metals refinery and to this end, upscaling tests were
carried out at the group laboratories - Minerals Proces-

sing Research Laboratories in Germiston.
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1.5 Scope and Limitations

Due to the complexities involved in constructing a
reactor to accommodate high temperatures and hydrogen
chloride and sulphide gaseous enviromments, a batch typ2
reactor was envisaged. Although future scope does exist
for the design of a continuously fed plant. The engi~
neering design should be simple, yet resistant to
hydrogen chloride at uwp to 1 000 OC for extended
periods. Good contact iz required bstween reactive

gas end feed. Precious metal losses must be winimised
with zero losses being the desired goal. The safe
operation of the plant by unskiiled labour and local
plant conditions are important limitations.

The reactor is expected to handle u#ll the residues
identified as being economically attractive. The
reactions are gas-solid with all the residue materials

being dry powders.

!4.3"..'.'



The major identifiakle limitation to the process was
the availability of a suitable reactor malerial. The
combined effect of high operating temperatures and
aggressive environment, reduced the cholce to exotic
materials, ceramics, and temperature resistant stain-
less steels, Severe manufacturing problems as well as
poor operating performances were encountered with the
ceramic materials. The stainless steel material per-
formed adequately, but iig service life was drastically
reduced due to severe surface scaling. Eventuelly this

lead to the failure of the reactor.

The project involved investigating the safety design
agpacts of such a facility with special regard to the
toxicity of the gases involved. The poscibilities of
production losses and personal injury were also inves-

tigated.

The overall viability of the project rests on its
profitabilitv. Capital costs are estimated using
upscale mefhods. Very careful estimations are mads
cince no comparable facility exists from which

inferences and interpolations could be mada,
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2. LITERATURE, REVIEW

The applicaiion of the hydrochlorination technique to
the metal refining industry was first attempted by
Johnson Matthey Research Centre in England (24, 2%).
Howaver, no further published literature is available.
A review of the literature of some aspacts required in
the design of a hydrochlorination facility are given
in this chapter.

2.1, Hazard Evaluation

2.1.1. Introduction

This section describes a selectlon of hazard evaluation
procedures for identifying and evaluating process
hazards, Process safety end loss control are important

aspects of an industrial plant.

Hazard identification requires very caraful conside-
ration to anal;-~2 matters as they are and to conceive
of how they might ba., Hazard evaluation procedures
have been developed to ldentify the hazards that =xist,
the consequences that might oscur as a result of the
hazards, the likelihood that events might take place
that would cause an accident with such a consequence,

and the likelihood that safety systems, mitigating
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systems, emeigency alarms and evaluation plans would
function properly. This would eliminate or reduce the

dangerous conssquances.

Meny procedures can be used to provide either quantita~
tive or qualitative results for decision making -~ this
section will review the procedures for qualitative
rasulta, Effective hazard control requires a syste-
matic, comprehensive and precise analysis of the system

and its operation.

2.1.2, Elements of an Accident

The purpose of hazard evaluation is to identify pos-
sible accidents and estimate their frequency and con-
sequences. In the guidelines prepared by the Center
for Chemical Process Safety of the American Institute
of Chemical Engineers (1), an accident is defined as
a specific unplanned sequence of eventg that has an
undesirable consequence. The first event of the
saquence is the initiating event, Usually there are
one or more events between the initiating event and
the consequence. These intermediate events are to
responses of the system and its operators to the
initiating event. Different responses to the same
initiating event will often lead to different accident

consequences,
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It is further stated that the accident be seen as a
sequence of events because in theory, each individual
event represents an opportunity to reduce the frequency
or consequence of the accident. The system and opera-
tor responses are of two types : propagating, where the
accldent continues to propagate through the system; ana
ameliorating, where special systems or procedures come
into play to reduce the level of consequences of the
aceldent.

An evaluation of the hazards introduced by highly
reactive, ilmpurity - sensitive, or toxic materials
should be a part of the concept development phase (1).
Alternative materials should be considered and the
penalties of using them compared te th= cost of con-
trols and safety systems that the more hazardous
materials might require. Prior to completion of the
plant design and construction, a thorough ssarch for
new hazards and new accident event sequences should
be made. Adherence to good practice and predictive
hazard evaluation are two basic approaches to hazard

control (1).

/8.'.....‘.



The engineering analysis of plant behaviour under upset
conditions provides the basis for estimating the extsnt
of propagation of the accident within the plant. It
provides the amount of release of flammeble, combus-~
tible, highly reacztive, or toxic materials to the area

surrcunding the plant.

The probabilities of the accident event sequences can
be estimated easily if it is obvious that th= probabi-
lity is dominated by a single event and frequency data
are avallable for that event. If that is not the case,
the pertinent systems of the plant can be modelled with
logic diagrams. The probability of sach accident can
then be determined from the combired probabllities of
the individual events ir the event sequence. FEvent
Tree Analysis, described in section 2.1.3., can be
usaed for this technique (1).

Hazard evaluation procedures can be used to reduce
risk, for example by reducing the inventory of hazar-
deus material that could b2 invelved in an accidant.
It is a good method for reducing the conssquence and
thereby the risk. Sometimes a reduction in frequency
of hardware malfunction or humar: error by betier com-

ponents, better maintenance, redundant components,
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better training, better instrument displays etec. is
the means of reducing risk. In other cases, safety
systems will stop the propagation of an accident, but
only if they furction properly - which addresses the
probability factor again. It is further explained (1)
that mitigation systems that do not affect the proba-
bility of the event sequence, but do mitigate the con-

sequences, may be a cost~effective way of reducing risk.

2.1.3. Event Tree Analysis

gvent Tree Analysig is a technique for evaluating
potential accident outcomes resulting from a spscific
equipment system failure or human error as an initia-
ting event (2). The results of the Event Tree Analysis
are a chronological set of failures cr errors that
define an accident. These results descrlibs the pos-
sible accident outcomes in terms of the sequence of
events (successes or failures of safety functions)

that follow an initiating event.

Data requirements for an Event Tree Analysis include:
knowledge of initiating events that is, equipment
failures or system upsets that can potentially cause

an accident. Also required are a knowledge of safety
system function or emergency procedures that potentially
mitigate the effects of an initiating event.

/10-..0..-.



Event trees are a modified form of the decision trees
traditionally used in business applications and provide
a precise way of recording the accident sequences. They
also define the relationships between the initiating
events and the subsequent events that combine to result
in an accldent. By ranking the accidents, or through a
subsequent quantitative evaluation, the mogt important

accidents are identified (3).

2.1.4., Hazard and Operability (HAZOP) Studies

The HAZOP study was developed to identify hazards in a
procc  plant and to identify operability problems
which, though not hazardous, could compromise the

plants! ability to achieve design productivity (4).

HAZOP was originally developed to anticipate hazards
for new and/or novel technology where past exparience
is limitad., Multidisciplinery teams are formed (4)
that work tojether (brainstorming) to identify hazards
and oparability problems by searching for deviations
from design intents. The results of a HAZOP study ars

typically qualitative.
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2.1.5. Failure Modes, Effects, and

Criticality Analysis

Failure ¥odes, Effects, and Criticality Analysis
(I'MECA) 1s a tabulation of the system/plant equipment,
their failure modes, esch failure modes' effect on the
system/plant, and a criticality ranking for each
failure moae (1). The failure mode is a description
of how equipment fails (open, closed, on, off, leaks,

atc, ).

The effect of the failare mode is the system response
or accident rasulting from the equipment failure.
FMECA identifies single failure modes that either
directly result in or contribute significantly to an
important accident. Human errors are generally not

examined in a FMECA.

It is said (1) that FMECA is not efficient for identi-
fyving combinations of equipment failures that lead to
accldents. The results are quzlitative in nature.

The data requirements for a FMECA analysis include a
system/plant equipment list and knowledge of equipment
and plant functions. This can be a drawback, since
the knowledge and experience nescessary is often only

gleaned after a plant has been commissioned.
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2.1.6. Cause-Consequerice Analysis

Cause-consequence analysis is similar to Event Tree
Analysis (discussed in section 2.1.3.) for evaluating
potential accidents. A major strength {5) of Cause-
Consequence Analysis 1s its use as a communication
tool. The method can be used to quantify the expected
frequency of occurrence of the consequences if the

appropriate data are available.

Datza requirements include a knowledge of component
failurss or process upsets that could cause accidents
and knowledge of =mafety systems or emergency proce-

dures that can influence the outcome of an accldent.

L Human Error Analysis

Th: final hazard evaluation procedurs to be reviewed

is human error analysis. This is a systematic evaluz-
tion of the factors that influence the parformance of
luman operators, maintenance staff, technicians, and
other plant personnel. A human error analysis will
identify error-likely sifuations that can cause or

lead to an accident. It can also be used to trace the .
cause of a given type of human error and can bs par-
formed in conjunction with a human factors engineering

analysis,
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The results are qualitative in nature with th2 relative
ranking of errors being based on probability of occur-
rence or severity of consequences (6). Data require-~

merts include plant procedures, information from inter-
views of plant personnel, plant layout and task alloca-

tion, and control panel layout and alarm system layout.

2.1.8. Factors Affecting which Procedure is Selected

Potential consequence levels can be evaluated vhersby
'worst case" conservative estimates of consequence
levels can influence the choice of hazard evaluation
procedure., For example, a potential large release of
toxic materials can Justify a wors complete and
detalled search for events and combinationg of events
that could cause such a ralease. Conversely, if there
is high confidence of a low hazard level, a less

exhaustive search for causes may be in ordar (7).

Provided that the procedures limitations are comple-
tely understood, familiarity of staff with certain
procedurss is an argument for using hazard evaluation
techniqueg., Procedures are only as good as the data
input and in the situstion whare gquantitative resulis

are required this is even morss important.
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Time fer analysis and cost of the evaluations should
not be an absolute factor in the choice of hazard
evaluation procedures. However, it is a factor which
ghould be compared to the cost of risk reduction
opportunities which might obviate or reduce the cost

of the analysis (1).

2.2, Maintenance
2e2:1. Introduction

The maintenance analysis of a syastem has as its objec-
tive the identification of failure situations and the
formulation of appropriate maintenance policies. The
maintenanca of plant to reduce failures and stoppages

is discuased in this ssction.

2.2,2, Maintenane:: Activities

Iees (7) mentions some maintenance sctivities which are -

carried out on process plants.

(1) Preduction assistance - adjusting machine and

process sattings.

(2) BServicing - replacement of consumables, including

lubrication.
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(3) Running maintenance - running repairs with little

interruption to production.

(4) Shutdown maintenance - scheduled repair or over-

haul with intesruption to production.

(5) Breakdown maintenance - unscheduled repair with

interruption fo production.

The formulation of meintenance policies and the moni-
toring of maintenance activities, requires a suitable
maintenance information system., Maintenance informa-
tion would include failures responsible for hazardous
conditions, plant downtime, and those responsible for

direct repair costs.

2.2.5. Failure Regimes

The three regimes are early failure, constant, or ran-
dom failure, and wearout failure. Lees (7) is in no
doubt as to the occurrence of the three regimes in
different equipments end also in the same plant.
Failure data may be fitted to the Weibull distribution.
The relation between the failure regime and the Weibull

gshape factor g is :-

B8<1 Early failure
g=1 Constant failure

8>  VWearout failure
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In many cases the equipment appears to be in the random
or constant failure regime. 1If the failures of the
equipment are truly random, then there is little point
In carrying out scheduled maintenance or replacement.
On the other hand, failure of an equipment is rarely
truly random. I an equipment appears to be in the
constant failure regime, it is usually worthwhile
probing further. Often the apparent constant failure
characteristic is due to the non-constant fallurc
characteristics of the components of which it is con-

stituted (7).

2.2.4, Wearnut Follure

Since many equipments exhibit a wearout characteristic,
the life may be determined and the equipment given
scggduled maintenance. On the assumption that wearout
follows a normal failure distribution and the mean life
to wearout is m, the corresponding standard deviation
is ¢ , then the maintenance policy is to overhsul or

replace at a time m, whera -

mo =m - ke
]

and ¢ is often taken as 0,1 m and kd is typically 0,6 m

the above equation becomes :-

m, = 0,4 m.
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2.2.5. Early Failure

The occurrence of early failure in many equipments is
perhaps less expected, bu* has been found in process
plant., The sarly failure regime is not necessarily
associated only with the commissionirg phase of fne
plant life. It is sometimes found in plants which
are relatively old. OSome reasons for early failure

Include (7) :-
(1) Design and commissining faults

(a) incorrect specification

(b) incorrect .election

{(c) incorrect design

{d) manufacturing faults

{e) construction/installation faults.

(2) Maintenance faults

{(a) incorrect fault identification
(b} incorrect rapair techniyue

{¢) incorrect replacement parts
(d) incorrect reassembly

(e} airty working conditions.

(3) Startup stresses : Mechanical stress and
temperature stress,
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In many cases the maintenance deficiencies can be
traced to inadequate training or work discipline (7).
43 a result of early failure the overall failure rate
of the equipment is higher than it need be and never
settles down to the lower constant fallure rate which

might be regarded as the more normal condition.

2.3, Cost Estimating
2.3.1. Introduction

The economic viability of any project is under question
from its inception. It is important that realistic and
reasonably accurate estimetes of its fixed capital cost
should be avallable at an early stage in its develop-
ment. Once a project has heen approved the cost esti-
mate, after suitable refinement, becomes a yardstick
against which total project progress and success is
measured. This section will discuss aspects of cost

estimating and the methodology of cost estimates.
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2.5.2. Methodology of Cost Estimates

Once the purpose of an estimate i= established, the
type of information available must be investigated and
the scope of the work covered by the estimate must be
defined. The next step would be to determine the time
available for its preparation and the amount of effort
that can be put into it. This, in turn, will fix the
type of estimate required, the procedure to follow,

and will determine the degree of accuracy expected.

2.3.3. Exponential Costing

Exponentlial methods permit cost estimates to be made

rapidly by extrapolating cost data from one scale to

another. Thus the total cost of a proposed plant can
be derived from historical cost data by using :-

(1} The total cost of a similar (reference) plant.

(2) A comparatively simple breakdown of the costs
of a similar plant.

(3) Costs for parts of related plants that can be

assembled to represent the proposed plant.
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The Institution of Chemical Engineers {(8) discusses
the basiz for the cost of a specific iltem (for example
a pump, furnace, reactor etc.). This normally depsnds
on size or scale and can usually be correlated by the

approximate relationship :-

C=CI' (S/Sr)n [ RN NN NN NN 2.3-1-
Where C = Cost of the item at size or scale S.
Cr = Cost of the reference item at size or
scale Sr.
n = Scale exponent.

The dimensions of S must be chosen to suit the type
of item. Scale sxponents (n) are usuvally babtween 0,3
and 1,0, typically 0,6; for this reason the exponen-
tial method is often dubbed the "six-tenths rule",

Balfour et al (9) cautions against differences between
two identical process plants. A different location
invariably dictates different conditions. The weaknass
of thils procedurs lies in the uncritical application of
this formula. A fundamental understanding of the
limitations of the method is required in order that
adjustment for scope and composition of cost, cost
escalation, economic conditions, aspecial sgite condi-

tions, and productivity can be made. )
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De la Mare (10) eustimates the capital cost of a single
machine or a complex process from the following

relationship :-

—_ c "
CA. = CB (QA/QB) II. IP I EEE R ENRER RN ] 2-30&-

where : C, = capltal cost of proposed plant.
CB = knon capltal cost of an existing plant

QA = production cipacity of the proposed plant
QB = production cspacity of the existing plant
a = approprlate cast exponant factor

II = index of cost Inilation

IP = index of prod.ctivity improvement.

The error involved with this technicque is usually in
the range ten tc thirty percent of the actual final

cost.



2.3.4. Functional Unit Method

This method, which is also known as the module method,
is often wsed in chemical and closely related indus-
tries. Essentially, it relates the capital cost of a
plant %o the conditions affecting its capacity, com-
plexity, severity of operations and the number of
distinet steps in its preduction process. De la Mare
{10) represents this method in general functional form

by the expression :-

C = £(N.Q.T.P.M.)

Where : C = the total capital cost of the project

the functional relationship

& HBHoQ
n

= the number of distinct process steps

the capacity of tha process
= gome temperature relationship

some prassure relastionship

2 v A L0
n

= gsome relationship which allows for various

materials of conatruction.

This methed is able to provide estimates with errors
in the range of fifteen percent. Such a technique is
therefora most useful at the initial stages of a pro-
Ject where detailed flow-sheets and designs are not

avallable,
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2.3.5. Factorial Costing

This technique, which is attributed to Lang (11),
relies on detailed cost estimates of the main plant
items (MPI), which constitute the production process.

Tha simplified expression is given below :-

TCC = FL.(CMPI)

where : TCC = total installed capital cost of the plant
?i = overall average Lang factor
CQMPI = delivered total capital cost of the main

plant items.

Lang factors have been derived and typical values for
thegs factors for relatively small projects are 3,9
for plants using solids only, 4,1 for plants using
solid-fluid processes, and 4,8 for plants using fluid
processes only. These factors allow for the civil and
structural engineering works required to support plant
and machinery, supply of electrical, gas, fuel, water,
air and refrigeration services, the interconnection of
the main plant items by ducting and piping and for
their instrumentation and insulation. Errors involved
in factorial costing are usually quite low and in the

range of approximately ten percent (10).
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De la Mare (10}, furthermora, emphasizes two important
points relating to the use of this technique. Firstly,
the factors invariably relate to equipment fabricated
from mild steel. Some correction factors would have

to be used if items were fabricated from more expensive
and exotic materials. Sscondly, these cost estimates
only include the cest of equipment within a plants'
battery limits.

in improved Lang factor approach to capital cost esti-
mating has been put forward by Montfoort and Meyer
(13). The dependence of the lang factor on equipment
cost or on production capacity is well represented by

the following equations :-

L = % .(Bo.#)0%2 (§/cT) 0122

Where : L = Lang factor
A = Enterprise dependant factor
Eo = Basic cost of an uninstalled :quipment iteml
¢ = correcticn factor for relative throughput,
reaction time, storage time, multistreaming
and special processing methods,
E = Long factor related to mean equipment cost
CI = plant cost index (referenced 100 to 1970)
and
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L = 5,6 0011
where : L = Lang factor
P = plant output in thousands of tonnzs per

arnrminsl .

Although useful in preliminary cost estimates for a
company, care should be exercised as to some of the
limitations. These wculd notably be the Lang factor
modifications with regard to plant capacity and

output.,

2.3.6, Allowineg for Productivity Improvements

The estimation of a capital cost should also allow for
productivity improvements during the design, fabrica-
tion and erection stages of a project as well as during
its subsequent operation., Improvements to the produc-
tion capacities of plants and machines can be quite
adequately modell=2d by the following equation, which is
attributed to Hirschmann (12) :-

[260iieuen.



Q, = Q + (G- Q)(1~ &™)

where : Qt = the plant capacity at some time t
Qo = the plant capaclty as designed
Qee = soma uppsr limit in the capacity of
that plant afier debottlenscking.
& = exponent 2,71828
k = emperical learning coefficient
t = time interval since the plant was first
built.
2.4, Materials Selection
2.4.1. Introduction

This section will alm to review some of the impoftant
aspects regarding the materials of ccnstruction for
this project. In particular, it will focus on the
materials requirements for the reactor part which is
subjected to high temperatures and aggressive atmos-
pheres. With these constraints, no suitable material
could be found that would satisfy the operating con-
ditions as well as the design and fabrication or pro-
cessing limitations. Thus, a range of materials was
considered to datermine the most suitable under con-
mercially available fabrication, operating, and cost

conditions.
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Ir the context of motivation for selection of materials,
Crane and Charles (14) have shown how the situation
regarding the selection process imposes its own con-
gtraints on how the problenm is approached, and the way
in which an answer is provided. Frequently, only
materials that can be obtained within the planned
production programme are allowable. This is a situa-
tion which militates against the exotic or non-standard

solution.

Often decisions also have to be made without the bene-
fit of th=a best possible data., Finally, the process
of selecting a promising material will be done
initially in terms of th2 required properties, but
final decisions will always involve considerations of

cost. This in most cases will be the domirant criterion.

2.4.2. Sarvice Reguirementz and Failure Analysis

Pick (15) has said that "Material - and process -
selection always involves the act of compromise - the
s2laction of a combination of properties to mest the
conflicting technical, commercial, and aconcmic congi-

derations’.
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Crane and Charles (14) put forward that frequently all
that can be done is to take account of the relative
importance of various service requiremenits and pitch
the compromise accovdingly. Thus in formalized quan-
titative selection procedures, weighting factors are
applied to individuasl properties in reaching the best
compromise. A weighted properties method has been
formalized by Waterman (16).

The causes of faillure in service, according to Crane and
Charles (14}, can be classified as arising from a number
of main origins. These inelude errors in design,
inherent defects in a material proparly selected,
defects introduced during fabrication and deterioration
In service. The possible mechanisms of failure are
brittle and duetile fracture, fatigue (high or low
oycle), creep, buckling, corrosion, corrosion fatigue,

stress corrosion, and wear processes.
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2440, Corrosion of Sta’nless Steels by Hot Gases

Although stalaless steels are popular materials for
high temperature service, they will react with most
gases at high tamperature to form surface scales.
Conditions that give rise to very slow scale growth
are obviously desirable. Those that favour rapid
gcale growth are undesirable since rabid formation
will quickly consume the stainless steel. In\some
gases (for example halogens), volatile reaction
products can be formed which vapourize from the sur-
face, In cther cases thers 1s preferential brittle
oxide formation along grain boundaries. Accordingly,
it is not possible to describe attack by high tempera-
ture gases in terms of any single unifying mechanism
(14).

Sulfidation is a term used to describe atfack by hign
temparature gases containing sulphur compounds such as
sulphur dioxide, hydrogen sulphide or sulphur vapour.
Sedriks (17) states that attempts to define sulfidation
in terms of gas/metal reactions are further complicated
by the fact that aftack can sometimes be caused by
molten phases such as low melting point metal/metal
sulphide eutectics as given in Table 2.1. (18) below :-
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TABLE 2,1. - Melting Points of Several Metal/
Metal Sulphide Eutectics

Eutectic Melting Poiat, °C
Ni-Ni,S, 645
Co-Co, S5 880
Fe-Fe3 985
AL-AL S, ~1070
Cr-CrS 1350

It is reported (19) that although the scaling rates of
high chromium stainless steels are higher in dry sul-
phur dioxide environments than in air the scaling
resistance of these materials is considered acceptable.
The higher scaling rates in sulphur dioxide are attri-
buted to the formation of chromium suiphides below the

protective chromium oxida scale.

The mechanism is thougti. (17) to bz associated with
the regeneration of free sulphur which can react with
the chromium and the other alloy constituents. The
generally accepted maximum service temperatures for
stainless steels in sulphur dioxide environmants ares

shown in Table 2.2. (18).
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TABLE 2.2. - Generally Accepted Maximum Service
Temperatures in Sulphur Dioxide for
Selected Stainless Steels

Material Temperature, %

304 800
321 800
347 800
310 1050
410 700
430 80
446 1025

Corrosion of stainless steels and higher alloys in high
temperature chlorine and hydrogen chloride can best be
wderstood by recognizing that different processes
govern the corrosion rate at high and low temperatures. -
At high temperatures, the corrosion process is governed
by the formation and velatilization of the chloride
scale. Thus the maximum operating temperatures are
generally a function of the nickel content of the

alloy, since nickel forms one of the least volatile
chlorides (17). At lower temperatures, chloride scaling
rates are probably detarmined by diffusion through the

chloride scale and the protectiveness of this secale.

[3200iarnne



For stainless st=els the upper temperature limit for
operation in dry chlorine and hydrogen chloride is

about %20 °C as indicated in Table 2.3, (20).

TABLE 2.3. = Corrosion of Stainless Steels in Dry
Chlorine and Hydrogen Chlorlde at

Elevated Temperatures

Approximate Temparature, %z for
Given Corrosion Rate *
Gas Material

30 mils/yr 60 mils/yr 120 mils/yr

] 304 230 315 345
316 315 345 400
304 345 400 455
2 316 370 370 480
309+Ch 545 400 455

1 = Chlorine

2 = Hydrogen Chlaride.

*

Corrosion rate based on short term tests of two to

twenty hours.
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For higher temperature service, higher nickel alloys or
pure nickel are necessary. =Since at these higher tempe-
ratures volatilization of the chloride is taking place,
the corrosion rate ls also affected by gas flow rate,
chlorine partial pressure, and specimen configuration.
Dry hydrogen chloride is slightly less corrosive than

dry chlorine (17).

2.4.4. Alternative Materials

The only range of alternative materials that are
available for high temperature aggressive environments
are the refractory metals and ceramics, The refractory
metals such as tungsten, t~ntalum, and molybdenum are
commercially available. However, they possess low
resistance to oxidation. The ceramics, or more speci-
fically engineering ceramics, consist of sintered oxide;
of aluminium, magnesium, beryllium, zirconium, thorium
and certain borides, carbides, nitrides and silicides.
These are generally polycrystalline containing littls or

no glass phase.
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A1l ceramicsg are hard and brittle and vulnerable to
thermal shock. Carbides and borides tend to oxidize
rapldly at temperatures above 1 000 °C (14). The most
promising ceramics for advanced englneering applica-
tions are silicon carbide and silicon nitride which
are resistant to scaling and oxidation and able to
with stand temperatures up to 1 200 % in aggressive
gaseous environments. Cenerally (16) the oxlde-based
ceramics are subject to actack in oxidizing atmospheres
having a high sulphur content, Carblde ceramlcs are
also oxidized at high temperatures (500 - 1 400 °C,

depending on tha typa).
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3 EXPERTMENTAL PROCEDURE

3.1, Introduction

The prolect was conducted on two levels namely labora-
tory scale and pilot scale. Much time, effort, and
money 1s saved on any project by conducting trials on
the laboratory scale before procesding to production
scale. The laboratory scale was concerned with deter-
mining whicﬁ residue materials were viable and to obtain
an Indication of which parameters were important. The
pilot scale sought to validate the laboratory testwork,
a8 well as give an indication of expected production
problems. Details concerned with the laboratory and

pilot scale testwork will be discussed in this section.

3.2. Process Degign

Chlorination reactions are generally conducted in fluid
bed reactors. However, bacause of the speclal demands -
cn the process for treating preclous metal residue
materials, namely to prevent contamination of the impu-
rity condensate with purified precious metals and to
achieve optimum hydrogen chloride utilisation a down-
flow, vertical packed bad batch reactor was considered
to be more effective and simpler to construct and

operate.



In broad terms hydrochlorination involves the passing
of hydrogen chloride gas through the packed bed. The
operating temperature in thia Instance ranges betwesn
800 and 1 000 °C. Gaes-solid reactions occur in which
volatilization of the base metal chlorides takes nlace.
A high temperature filter prevents solid particles from
passing through but permifs the base metal chloride gas
to pass down the reactor. The material which remains
unhydrechlorinated, that is that which does not pass
through the filter, is the enriched residue containing

a higher level of precious netals.

On reaching the cooler zones of the reactor, gas conden-
gsabion occurs. To this end a condenser 1s attached to
the bottom end of the reactor where the solid base
metal chlorides are collected. The exhaust gases pass
through a wat sorabber whare any remaining toxic sub-
stances are dissolved and collected. Figure 3.1. shows -
a schematic of the hydrochlorination principle as used

in this project.
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HCl(g)
— :
GAS SOLID REACTION pEaTon
BASE METAL - e o
GHLORIDE
VOLATILIZATION -
2
BASE METAL -
CHLORIDE _
CONDENSATION
— 8 *—'3
1 RESIDUE
2 HIGH TEMPERATURE FILTER
3 CONDENSER

FIGURE 3.1. - Schematic Showing the Hydrochlorination

Principle
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33 Laboratory Scale Apparatus

The laburatory scale testwork was carried out using a
silica glass reactor and condenser and single zone
electric tube furnace. The silica glass reactor was
one metre long with a porous filter posiftioned halivay
from the top. Its diameter was 27 mm. Both ends were
ground and flangsd to facilitate easy connection of
the reactor head and condenser. Reactor pressure was
monitored using an in—liﬁe manometer. Temperature
was measured using a type K thermocouple placed in =a
thermowell extending down into the material being
tested and recorded on a Camille Bauer temperature

recorder.

Heating was by means of a single zone slectric tube
furnace with a six kilowatt fifteen amp power rating
and a Burctherm furnace controller. Heating rates
from room temperature to 1 Q00 ¢ were approximately
forty minutes, Gas flowrates wers monitored using a
Krone flowmster. Hydrogen chloride (technical grade
99,5 percent) and nitrogen were dispensed from standard
40 kilogram gas cylinders. Gas flowrates were main-
talned between six and ten litres pzr hour depending
on the test.
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Nitrogen was used to create an inert atmosphere during
heat up and cool down periods thus preventing any pos-

gible oxidation of the residus material.

The high temperature filter used in this project was
specially developed t0 be resigtant to the high tempe-
ratures and aggres .ve envirocnment. Tt consisted of a
coarse silica disc upon which was placed an alumina
gsilicate cloth commonly used in heat insulation appli-
cations. The disc provided the necessary rigidity,
while the cloth acted as an excellent fine particle
high temperature filter. Tne opsration of this high
temparature filter proved most adequate. A conven-
tional glags flask was used as the condenser. The

laboratory apparatus is shown in Figure 3.2,
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Furnace controller

Temperature recorder
Electric furnace
Silica reactor

Condenser

H oM a w e

Gas supply

FIGURE 3.2. - Figure Showing the Laboratory Scale

Apparatus
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34 Corrosion Tests

Simulated corrosion tests were conducted on three
gtainless stesl and one pure nickel material; these
being stainless steel Type 304, Type 316L, Type 31C,
and an electrolytically produced nickel. The stain-
less stesl specimens were cub from 15,0 mm round bar
in 10,0 ma slices. The nickel spascimen had dimensions

25 mn x 15 mm x 5 om.

The tests involved placing the coupons in the labora-
tory scale silica glass tube. A routine hydrcchlori-
natic: test was selected for this purpose. The matarial
baing tested was a common residue under usual conditions
of 1 000 GC, five to ten litres per hour of hydrogen

chloride gas, and of three hour total duration.

35, Pilot Scale Facility

The pilot scale facility posed more difficulties than
did ths laboratory scale apparatus. Where the silica
glass tube used in the laboratory scale reactor was
totally resistant and inert to the high temperaturas
and aggressive enviromments involved, this silica glass

material could not be used in the pilot reactor.
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The reasons for this will be discussed in section 4.6.
Initially two silicon carbide reactors were specially
manufacturad by Cumar Resistant Materials (Pty) Limited
but failed in their trial runs, They were found to be
porous and this uosuitable, Preliminary ‘mulation
tests were conducted on two other types of silicen car-
bide namely :-

(1) A reaction bonded silicon carbide used in the pro-
duction of hydrogen chloride gas by means of a
hydrogen and chlorine burner nozzle. This is a
materizl unique to Sigri-Ringsdorf (Pty) Limited.

(2) A silicon carbide used in the high tamperature
nuclear industry and supplied by a West German
concern Nukem GmbH., The characteristics of this

materiai are clagsified.

Preliminary simulation tests involved the placing of
a specimen of the parent material into the laboratory
scale reactor during one of the routine hydrochlorina-
tion tests. Any changes regarding surface appearance
and possible degradation or mass loss wers ncted and
used in evaluating the suitability of a prospective

reactor material.
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Three stainless steel reactors were also fabricated.
Two were stainless steel Type 716L with dimensions
1,59 m length, inside diameter 100,0 mm, and wall
tinickaess 4,0 nm. The third reactor was of stainless
steel Type 310 with dimensions 1,58 m length, inside
dismeter 130,0 mn, and wall thicknsss 5,0 mm.

The high temperature filter used in the pilot facility
was specially developad to tolerate the high tempera-
ture and aggressive enviromment ag well as the larger
dimensions of the reactor. It consisted of a silicon
carbide filter used in the metal casting industry and
was supplied by Foseco (Pty) Limited :inder #he trade
name Sedex. The same alumina silicate filter cloth as
used in the laboratory scale sysiem proviced the fine
particle filter mechanism. Thus, the S=dex disc pro-
vided the overall rigidity while the alumina silicate
cloth prevented the transport of any particles inclu-
ding any possible fine precilous metal particles. The
filter cloth was cemented to the Sedes disc at its
pariphery and positionsd within the reactor on a fil-
ter support ring. This is schematically shown in

Figure 3.3.
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REAQTOR WALL

ALUMINA 8ILICATE
FILTER CLOTH

STAINLESS STEEL
FILTER SUPPORT
RINQ

SILIOCON CARBIDE
FILTER DISO

FICURE 3.3. - Schematic Showing Pilot Scale High Tempe-
ratura Fine Particle Filter Arrangement

Heating vas by means of a Carbolite three zone electric
furnace. The furnace was able to tilt from the hori-
zontal to the vertical position about its center.
Furnace output was 27 amps per phasz with a maximnum
temperature of 1 400 o along & heated zone of approxi-
mately two metres and a chambe-_r size of 0,15m by 0,15m.
Figure 3.4. shows the complete pilot facility with the

furnace and reactor in the vertical position.
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Three zone electric furnace

Condenser

G W

Wet scrubber
~as supply
Furnace controller

Tempers* ure recorder

[ I B =

Stainless steel reactor

FIGURE 3.4. ~ The Pilot Facility for the Hydreo-
chlorination Project
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Temperature was measured using a Type K thermocouple
protected by a stainless steel Type 316L thermowell.
The thermowell was situated in the centre of the
reactor and exbtended to within 20,0 mm of the filter.
Temperaturs was recorded on a Camille Bauer recorder.
Reactor pressure was measured using a Wika Instrumenis
pressure gauge. Its wetted parts were protected by
polytetrafluorethylene (PTFE) against the hydrogen
chloride gas streem. QGas flowrates were measured
using a Krone flowmeter calibrated between 50 and

3 000 litres per hour of gas.

Toxlc exhaust gases from the glass condenser were taken
in by the wet scrubbsr. A vacuum was created using a
Venturi pipe in the scrubber system. The c¢reation of
a vacwig to draw off the exhaust gases also preventad
the release of any toxic gases to the surroundings,
notably at the reactor end and condenser neck Junction.
A laboratory jack was used to seat the condenser neck

onto the reactor bottom end.
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The residue material to be tested was loaded into the
reactor after the filter system was positioned, the lid
bolted to the reactor flanged end, the reactor then
placed in the furnace, and clamped in position. The
furnace was then tilted to the vertical position, the
Jas and thermocouple comnections made, and the conden-
ser lifted into position, the test would then be ready

to proceed,

3.6, Thermal Conductivity Tests

In the initial stages of the project it was thought
that the thermal conductivity of the residue material
would be an important factor in the hydrochlorination
process. L1t was known that the hydrochlorination
reactions of base metals are endothermic and that suf-
ficlent heat was required to initiate and sustain the
reactions., It was thus necessary to ascertain the
nature of the thermal gradients within the reactor.
For reasons to be discussed in section 4.2. only the
times taken for specific samples to reach thermal
equilibrium were noted to yield an indication of the
thermal characteristics of a particular residue mate-

rial.
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Figure 3.5. shows a schematic of the apparatus employed.
Four different resldue materials RI, AC, CU, and FA as
wall as two more well lMnown materlals magnesium oxide
and silica were tested. The materials were all in their
naturally occurring dry powder forms. The powder was
poured into an insulated glass tube of diameter 25,0 mm
to a height of 75,0 ma. No compacting of the powder
was applied. The glass tube was then placed on the hot
plate and the time taken for the sample to heat up and
reach equilibrium was noted. The results are glven and

dizoussaed in section 4.2.
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THERMOMETERS

TEST MATERIAL

FIBREFRAX INSULATID,

——— —— HCT PLATE

O O

FIGURE 3.5. - Schematic Showing Thermal Charac-
terization Procedure
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4. RESULTS AND DISCUSSTON

4.1. Corrosion Tests

Four metallic materials were tested under simulated
hydrochlorination conditions which are described in
section 3.4. The corrosion rate given 1 millimetres
per year {mm/yr) was determined usins the expression

given below (21) :-

Corrosion rate = 87,6.W/(D.A.T.)

Where : mass loss, mg

density, g/cm’

surface area, cm2

g o O 9=
it

exposure time, hours

The corrosion rate of the four tested mmterials is

given in Table 4.1.
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TABLE 4.1. - Corrosion Rates

Material Type Mazs Loss Corrosion Rate

(mg) (mm/yr)
Electrolytic nickel 1986,0 482
Stainless Steel Type 304 49,0 %55
Stainless Stesl Type 10 333,0 224
Stainless Steel Type 316L 206,0 138

The bast corrosion resistant rates were achieved on the
stainless steels, Type 316L and Type 310. These corro-
sion rates may be considered as very high and would
normally be considered as totally unaccepteble and
rejected out of hand. However, in the context of a
short life replacesble reactor under aggressive condi-
tions these two materials warranted further considera-
tion. It was largely on the basis of these results
that initially a Type 316L pilot scale reactor tube
and subsequently a Type 310 and Type 316L pilot scale

reactors were commissioned for testwork.

Since corrosion embraces the destruction or degradation
of materials the performance of the silicon carbide

materials tested is discussed in this s=ction.
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Both silicon carbide samples were tested under the
identical conditions as the metallic materials. Dis-
appointing resulfs were achieved. The Sigri-Ringsdorf
reaction bonded silicon carbide had a mass loss of
some ten percent. Apparent graphltization of some
regions and general degradation of the suriface rendered
this material unsuitable for further investigation. The
Nukem supplied silicon carbide material showed a mass
loss of approximately eight percent after the simula-
tion hydrochlorination test. Surface degradation was
not wniform but localized to a few relatively large
areas on the surface. It was this phenomenon which
discouraged further consideration of this material and
in fact both _licon carbide materials.

4.2. Thermal Conductivity Tasts

As stated in section 3.6. the hydrochlorination of
residue materials is an endothermic process. For this -
reason it was necessary to gain an appreciation of the
thermal characteristics of the residue mabterials., The
rasults of the tests conducted, which are described in

section 3.6., are given in Table 4.2.
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TABLE 4.2. ~ Time Taken to Attain Thermal Equilibrium

Time to Thermal
Material  poiyibrtum (minutes)

RI 105
AC 0
cu 60
FA 65
MgO 60
3810, 75

The thermal conductivities of loose silica and magne-
sium oxide powders are in the 0,0001 cal/cm.s.°C
regime (22).

The major difficulty in evaluating th» thermal conduc~
tivity of the residue materials is the quantification
of the heat fluxes. Experimental models do exist (23) -
whereby the thermal conductivities of packed beds under
a forced gas flow can be evaluated. However, due to

the complexity and cost of instituting these medels it
was decided not to investigate residus thermal conduc-

tivities.
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In order that an approximate estimate of the thermal
conductivities of the residue materials couid be made
the test described in section 3.6. was conducted. From
the results given in Table 4.2. only comparisons can
be drawn and related to the known values for silica
and magnesium oxide powders. Thus, it can be fairly
confidently concluded that the residus materials have
thermal conductivity values in the region of 00,0001

cal/em.s.°C.

This is a low value for the thermal conductivity of a
solid but not abnormal in terms of “he fact that the
residues for hydrochlorination are fine powders., In
addition a large percentage, up to 50 percent, of the
residue comprises silica and so it can be said the

interpolated thermal conductivity values are fair and

reasonable.
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4.3, Hazard Evaluation

The alm of a hazard evaluation exercise iz to identify
and evaluate process hazards. With regard to this
hydrochlorination project process, hazards on two levels
were able to be monitored. HNamely, the laboratory appa-
ratus and the larger pilot scale facility. Since the
basic difference between the laboratory apparatus and
the pilot facility was the reactor, some inherent
hazards on the one rezactor may or may not necessarily

have occurred on the other unit.

4.3.1. Bydrochlorination Hazard Elem ..cx

Inherent in the hydrochlorination process was the use
of hydrogen chloride gas. It was supplied in 20 or 40
kilogram bottles. Pressure gauges, valves, and fit-
tings were of the Monel type to ensure the most effec~
ti.» resiatance to corrosion and therefore component

failure.

The early failure, within twenty minutes, of the first
Monel regulator used on the le“oratory apparatus
resulted in thes leakage of hydrogen chloride gas. The
gas is pungent, toxie, and has a suffocating odour.

It is heavier than air and fumes strongly in the atmos-
phere. Th2 gas leak was visually detected by a dense
vhite fume.
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Inhalation of the hydrogen chloride czused irritation
of the upper raspiratory tract of the operator. A con-
centration of about 35 parts per million causes irri-
tation of the throat after short exposure. More severs
exposures result in pulmonary edema, and often in
laryrageal spasm, Skin contact with the vapour results
in severe skin irritation.

Concentrations of 1 3 00 to 2 0. parts per million in
air are lethal to umans on brief sxposure (up to a few
minutes). The maximum that can be tolerated for several
hours exposure is 10 to 50 parts per million. The
Threshold Limit Value is five parts per miliion,

Hydrogen chloride lasks can be detected well before a
hazardous situation arises. As was experienced in the
first incident, a gas leak was evident by the formation
of white fumes on contact with the atmospherse. Small
leaks may be detected by holding an open bottle of con—.
centrated amonium hydrox.d4r solution near the site of
the suspected leak. Dense white fumes will evolve.

Wet blue litmus paper will turn pink when exposed to a
hydrogen chloride leak.
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4.3.2. Hazard Evaluation

For the purpose of this project it was decided that the
hazard evaluation should take the form of an Event Tree
Analysis with an additional analysis using HAZOP and
FMECA.

The probabilities of fallure required for such an

analysis are drawn from the laboratory and pilot scale
operations. Four camponents of the hydrochlorination
desiegn were identified as being likely kazard causing

candidates.
(1) Hydrogen Chloride Gas Supply

This component was a direct function of the pro~-
babllity of failure of the regulators, valves,

and piping., Four Monel regulators were used in

the tests with the first one failing within twenty
.minutes, The remaining three continued to perform -
satisfactorily. The probability of failure under

the project conditions may then be taken as 0,25.

Valves and fittings. During the course of the
testwork one valve and two fittings needed replace-
ment. The overall number of valves and fittings

usad was 14. The probability factor was thus 0,2,
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4.3.2. Hazard Evaluation

For the purpose of this project it was decided that the
hazard evaluation should take the form of an Event Tree
Analysis with an additional analysis using HAZOP and
FMECA.

The probabilities of failure required for such an

analysis are drawn from the laboratory and pilot scale
operations. Four components of the hydrochlorination
design were identified as being likely hazard csusing

candidates.
(1) Hydrogen Chloride Gas Supply

This compconent was a direct function of the pro-
bability of failure of the regulators, valves,

end plping. Four Monel regulators were used in

the tests with the first one failing within twenty
.minutes. The remaining three continued to perform -
satisfactorily. The probability of fallure under
the project conditions may then be taken as 0,25.

Valves and fittings. During the course of the
testwork one valve and two fittings nseded replacs-
ment. The overall rumber of valves and fittings

used was 14. The probability factor was thus 0,2.
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(2)

(3)

Piping. The major piping material was quarter inch
(6,35 mm) polypropylene and a short section (0,5m)
length of Type 316L stainless steel tube on the
pilot facility which was in close proximity to the
furnace. Although no pipe failure was experienced,
a low probability of fallure of 0,01 was expected.

Furnace Operation

Factors which were expecled to upset furnace opera-
tion were power fallure, thermocouple malfunction,
and heating element failure. No power failure or
thermocouple malfunction was evidenced. A probabi-
lity factor of 0,01 was assigned. Two out of
eighteen heating elements broke yielding a probabi-
lity factor of 0,1.

Reactor Pailure

It was expected that the reactor would fail in ser-
vice, High temperature corrogion was found to be
the cause of failure on the first of three stain-
less steel reactor tubes. The important aspect in
this situation was the early detection of a pos-
sible failure. It was established that after 40
hours service the reactor would be withdrawn from
service., The probabilify that the reactor would
fail before the 40 hour limit was set at Q,2.
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{4) Exhaust

The exhaust system consisted primarily of the bottom
saction of the reactor, the gla=ss condenser, and wet
gas scrubbinz unit. At no stage did the reactor it-
self block although it was expected to possibly do
so. This factor was thus set at 0,01,

leakage of extremely toxic exhaust gases did uecca-
sionally occur at the junction of the reactor bottom
end and the condenser opening. This was overcome
with the introduction of a vacuum into the wet
scrubber. An external positive pressure thus
prevented the escape of any toxic gases at this
Junction and the probability of such an incident

occurring was reduced to 0,01.

The event tree for evaluating ~he potential accident

outcome is given in Figure 4.1,
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i ARG

PROBABILITY COST
HAZARD HAZARD EVENT CAUSE OF HAZARD FACTOR (RAND)
REGULATOR 0,25 3 500
HYDROGEN CHLORIDE GAS SUPPLY 1 182 PIPING 0,01 700
VALVES & FITTINGS 0,2 1 500
POWER FAILURE 0,01 500
FURNACE OPERATION 75 THERMOCOUPLE FAILURE 0,01 1 300
HAZARD HEATING ELEMENT FAILURE 0,1 600
REACTOR FAILURE 1.200 HIGH TEMPERATURE COR- 0.2 1 600

IROSION ?
REACTOR 0,01 100
EXHAUST 11 GLASS CONDENSER 0,01 500
WET SCRUBBER 0,01 _500

FIGURE 4.1. Hazard Evaluation Event Tree
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The Bvent Tree shown in Figure 4.1. required the cost
of a particular hazard cause. .his was taken to be the
minimum replacement cost and the extent of disruption

to the process of a particular unit.

The hazard evaluation event tree was thus used to
guantitatively define the relationship between four
expected hazard events. The most impertant acecident
ldentified was that which would occur due to the
hydrogen chloride gas supply and the fallure due to

high temperature corrosion of the reactor.
4.4, Maintenance

The identification of fallure or hazard situations was
discussed in section 4.3. Mainbtenance of plant and
equipment would =im to reduce failures and stoppages.
This would enable the smooth and continuous operation

of the hydrochlerination facility.

4.4.1. Failure Regimes

Three failure regimes are discussed in section 2.2.
namely, wearout failur2, constant or random failure,
and early failure. In terms of the testwork carried
outt on the pilot scale hydrochlorination facility all

three regimes were observed.

[B2¢0einnnns



Early failure, haviiy, Weibull shape factor £ less than
one, was withessed w! n the hydrogen chloride gas
regulator.” Failure occurred within twenty minutes of
operation. The reason for this was a manufacturing
fault. Although it was not expected to fall, such early
failures are common to process plants. This type of
failure camot be prevented, but by having a standby
unit the downtime and production loss can be minimised,

Conatant or rendom failure, having a Weibull shape
factor g8 equal to one, was observed in valve and fit-
tings failures. This was attributed to the corrosion
of these components which were fabricated from stain-
less steel Type 316L. The specifications called for
Monel components, Siltuations aross wharaby Monel com-
ponents were not locally avallable and had to be air
freighted from overseas. In order that testwork could
proceed in the intervening period the stainless steel
componants, which ar @ locally available, were used.

In this situation it cannot be said that constant or
ranrdom failure was due to the non constant component

characteristic.
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Wearout fallure, having a Weibull shape factor g greater
than one, was evidenced in the failure of the stainless
steel Type 316L reactor on the pilot scale hydrochlori-
nation facility. The replacement of thz reactor at 40
hour intervals would thus form part of a routine
replacement of a consumable item. It was this factor
which ensured the continued existence of the project.

As pointed out throughout this project report no come-
mercially avallable material was available which could
withstand the aggressive hydrogen chloride gas and high

temperature enviromsent on a continuous basis.

4.5, Cost Estimation

A detailed cost estimate for the proposed production
hydrochlorination facility was not within th» scope of
the project. In order that the future viability and
further testwork on the project could be justified a
preliminary cost estimate was requirsd. This was based
on the costs incurred on the pilot hydrochlorination
facility.
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The exponential technique was used to estimate the
costs involved with the proposed hydrochlorination
facility. Rapid estimations are possible by extra-
polation of data from ons scale to another.

Equations 2.3.1. and 2.3.2. given in section 2.3.3.

are used to arrive at capital cost estimates.

Major items that were included in the cost estimate
evaluation together with the amount are given in Table

4.3.

TABLE 4.3. - Cost of Pilot Scale Ttems

Amount

Lten (Rand)
Tiltables three zone electric furnaca¥* &80 000,00
Stainless uueel Type %10 reactor 5 000,00

Stainless steel reactor lid and tlermowell 800,00
Pregsure gauge and gas flowmeter 3 000,00
Thermocouples 500,09

* Regarding the tiltable three zone electric furnace:-
the amount quoted of RGO 000,00 was basad on the
raplacement cost of the existing unit which was
imported from the United Kingdom ir ths early 1970's.
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The size of the pilot scale facility was described in
t2.us of the quantity of residue material that was
charged. This averaged at five kilograms. A reasonable
upscaling factor of ten times resulted in a production

capacity of 50 kilograms per reactor batch,

The scale factor was 0,6. Eguation 2.3.2. required
additional informati w: namely, the index of cost infla-
tion II and the index of productivity improvement 1..
The cost of inflation was conservatively sat at 15 per-
cent per amnum. In keeping with normal business prac-
tice that ensured a productivity improvement which at
least matched the ammual inflation rate this factor was

set at 15 percent per annum.

Thus, the capital cost estimate for the proposed pro-
duction hydrochlorination facility was evaluated to
be R120 000. The error associated with this derived

estimate 1s in the range ten to thirty percent.

The capital cost estimate for the proposed production
facility was considered realistic. Ths expacted retumn
from precious metals treatment Jjustified the continued
prograss of the project notably in terms of ecavimizing
the operating conditions and batter characterization

of the precious metals residues being treated.

t
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4.6. Economic Evaluation

The economic viability of the proposed production hydro-
chlorination facility was investigated. A detailed
analysls was not considered necessary since materizl
input and parameter optimisation had not been adequa-
tely quantified. It was, however, important that a
preliminary economic evaluation be carried out. No
matter how comprehensive or sophisticated an investment
evaluation may be, uncertainty and risk *1ill remained

factors in the evaluation.

Expected Net Present Value (ENPV), Expacted Present
Value Ratio (EPVR) and Rate of Return (ROR) analysis
are methods of including the probabilities of ocour-
renca for cocts and revenues directly into an analysis
using the expected value approach. By using appropriate
time value of money present worth factors to convert
costs and profits at different points in time to lump
sum values at the start of the project. The expected
value analysis approach could be applied o evaluate

the economic prudence of the investment in the projzct.

The expected value was calculated using the equation
below :-

Expected value = (p)} {Income -~ Cost) - {1-p)}(Cost)
.I-..I.l406t1.

whare p

probability of project success
Income = revenue generated and

Cost

total capital cost incurred, GTC
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Total capital cost is glven by the equation :-

%:CFC+%C+CL cesaracsssdB.2,

From section 4.5, CFC was R120 OO0 and ch was
approximated to be R80C 000. Since the hydrochloring-
tion facility will be incorporated into an existing
plant CL is nii,

Begarding the income of the proposed facility no diract
incom: is accrued. Income may be expressed in terms of
interest earned on the reduction of precious metal in-
ventory. The valus of this inventory at any glve time
is R564 million. The incorporation of the hydrochlori-
nation facility into the existing plant can be expscted
to reduce the monthly inventory by one day. The monthly
interest earned is R3,34 million at an anmual interast

rate of 18 percent.

The projecé has an initial investment of R200 CCO (using_
equation 4.6.2.) and a 0,3 probability that amnual pro-
fits of R40,8 million will be realised during the five
vear life of tha facility. Using equation 4.0.1. thz
ENPV is + R38 million. Since the ENPV is wnositive the

project shows economic viability.

An expected ROR analysis yielded time vaiue of money or
interest of 52 percent., This is greater than 18 percent
and confirms the ENPV analysis of project economic via-

bility.
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The EPVR ratio is + 190 and indicates that the project

econcmics are satisfactory.

4.7, Materials Selectlon

This section will discuss the materials that were con-
sidered for the hydrochlorination reactor unit. A
formalized selection procedur. (16}, introduced in
secbion 2.4.2, was used to quantitatively select the

optimum material.

Certain important engineering requirements were identi-

fied in the matrrialc selection procedurs :-
{1) Porosity

The reactor unit had to be non-porous in view of
the toxicity of the reaction gases and the safe
containmment of the process for metarial balance

purposes.
(2) Temperature Resistance

The hydrochlorination process called for the opsra-
tion up to temperatures of 1 000 °r, In agdition to
elevated temperature resistance thermal cycling
would be a factor due to the batch operation of the

process.
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(%) High Temperature Corrosion

(4)

(5)

This is one of the most important single factors
that had to be addressed in the reactor material
selection procedure. Oxidative corrosion would
normally occur at these glven temperatures, how-
ever, this phenomenon was exacerbated by the

prasence of the hydrogen chloride atmosphere as

well as any sulphide gaseous reaction products.
Fabrication

It was preferred that the reactor b: scurced within
this country. The design and standards of frabrica-
tion should be within the capabiities of a general

engineering works.
Cost

Regarding cost, it was generally found that excessive
costs were Incurred once the material had to be im—.
ported., The coat of the die used in the manufacture
of the silicon carbide reactors was high but could
be reduced wken viewed In terms of multiple produc-
tion. The cost of stainless steel reactors was
conparatively low since they were fabricated from

lengths o, standard pire.
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(6) Availability/Delivery Time

These two factors, which are often very closely
linked, have proved to be an overiding influence in
materials selection. Frequently, only materials
that could be obcained within given time limita-
tions of the test programme were considered. This
was the case with the selectlion of gtainless steel
over the more exotlic silicon carbides, This situa-~-
tion militated against the use of an exofic or non-
standard engineering solution.

The final choice regarding the reactor material was
made using the weighied values technique daveloped by
Waterman (16). ‘%@ various candidate materials and

readtor requirements are set out in Table 4.4.
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TABLE, 4.4, - Formalized Reactor Mhtarisl Salection Procedurs

REACTOR MATERIAL. REQUIRFMENTS

wonns | eoosre | T8O | SR LIE oo | cse | AAESEIY | ey

?ﬂ%ﬁggﬁgﬁﬁ) § 4 3 - 3. 3 17/30 = 0,57
=t I I N N N e =07
?ég:g?fgggh&lgiufacture) 4 4 2 1 | 1 L 14/35 = 0,40
%;énéﬁgi sheel 5 3 2 2 4 4 24/35 = 0,69
e g0, el 5 4 2 2 4 3 23/%5 = 0,66
Silica Glass 5 4 5 3 1 1 20733 = 0,57

Lepend 3- 1 = VYery poor or very expensive

2 = Poop
3 = Fair
4 = Good

5 = Very good or acceptable cost.
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The performance of the two candidate stainless steels
is given in Table 4.4. with decision factors of 0,69
and 0,66 for the Type 316L and 310 respectively. Ths
pocrest decision factor, 0,37, was achieved by the
reaction bonded silicon carbide. The difference
between the decision factors of the two stainless
steel types is due to the 30 percent more expensive
Type 310. The performance, however, of the Type 310
material is not appreciably better than that of the
Type 316L material, .
Silica glass, which was successfully ussed on the labo-
ratory scale apparatus, would be the most suitable
material for the hydrochlorination process albeit for
scme negative characteristics. It is very fragile and
brittle. The fabrication on even the pilot scale
reactor dimensions was not possible. Tha cést was
expectad to be very high since even the laboratory scale
gilica glase reactor was expensive and in addition the
rompleted unit would have to be imported. The best

delivery time was given at eight weeks.,
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in Interesting feature to note at this juncture was the
rapid deterjoration of silica glass in the presence of
lead oxide compounds at elevated temperature. This was
due to the formation of lead silicate. Increased
levels of le2ad oxide compounds in the precious metal
regidues were pericdically encountered and could be

expected from any future residue feed.

The disappointing high temperature corrosion resistance
of the silicon carbide materials was discussed in sec-

tion 4.1.

The features which made the stainless steels an attrac-
tive option was that the material was sourced and
fabricated within this country. Delivery times were
consequently within one week. Testing downtime was

therefore at s aminimum,

Failure of the stainless steel reactor did occur only
after 40 hours of service. This fact was expected and
accounted for. Figure 4.2. shows the failed portion of
the stainless steel Typs 316l reactor.
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FIGURE 4.2. - Failed Portion of the Stzinless Steel

Type 316L Reactor

It was not possible to weld repair the damaged portion
since the corrosion and material degradation was exten-
sive notably in the area corresponding to the hot zone

of the furnace.
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The cause of failure was ascribed to a deterioration in
service due to the aggressive environment of hydrogen
chloride and sulphide gasesz al elevated temperature.
The failure mechanism was high temparature corrosion.
Extensive surface scaling of the reactor was observed.
Rapid scale growth consumed the stainless steel. With
the hydrogen chloride gas volatile reaction products

were formed which vapourized from the metal surface.

It is unclear to what extent sulfidation occurred. It
can be considered an additional failure mechanicm since
sulphide compounds were present in the precious metal
residues., It was very likely that low melting point
metal /metal sulphide sutectics were present. The nickel
~ nickel sulphide and iron - iron sulphide eutectics
with melting peints of 645 and 985 °C could be assumed

to have been present.
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5 CONCLUSIONS AND RECOMMENDATIONS

(1) Stainless steel Types 31oL and 310 performed the
best under simulated high temperature corrosion
tests with corrosion rates of 138 and 224 milli-
metres per year respectively. Poor performances
were achieved by the silicon carbide engineering

caramics.

(2) Thermal conductivities of the tested residus mate-
rials were in the rsgion of 0,0001 cal/cm.s. °C.

(3) Hazard elements were identified on the hydrochlori-
nation process. The early failure, within twenty
minutes, of a hydrogen chloride gas regulator and
the spillage of this gas were identified as hazards.

(4) Hazard evaluation took the form of an Event Tree
Analysis, This was used to quantitatively define
the relationship between four expected hazard

events, namely :-

» Hydrogen chloride gas supply
. Furnace operation
. Reactor failure

. Toxic exhaust gas emission.
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(5) Three failure regimes were observed on the hydro-

chlorination project.

(6) An exponsntial costing technique estimated the cost
of the proposed production hydrochlorination faci-
lity at R120 000.

(7) An economic evaluation was carried out., The
Expected Net Present Value over a five year period
with a 30 percent probability of successful =sarnings
was + R38 million. The Expected Rate of Return was
52 percent, The Expected Present Value Ratic was

+190 indicating satisfactory project economics.

(8) The reactor material was selected using a weighted
values quantitative material selection procedure.

Stainless steel Types 316L and 310 were selected.

(9) Failure of the stainless steel Typz 316L reactor
ocgurred after 40 hours service. The consumable
reactor concept was based on its replacement after
40 hours service. The cause of failure was due to )
a deterioration in service due to the aggressive
environment of hydrogen chloride and sulphide zases
at eglevated temperatures. Fallure mechanism was
high temperature corrosion with extansive surface

scaling.

(10) The most important consideration regarding this
project was the selection of a suitable reactor
material. The project was abla to procsed by the
use of stainless stesl Types 316L and 310.
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(11) This project has shown that it would be feasible to
comnission a safe and profitable hydrochlorination
Facility. The use of a consumable stainless steel
reactor would have to be carefully evaluated with
respect to future financial returns from precious
metal residuss. Such a decision would ultimately

be for the decision of the company management.
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