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PREFACE 

Oil shortages caused by the Arab oil embargo in 1973 and the Iran-Iraq War in 1979 led the 
United States and other countries to accelerate research and development on converting coal to liquid 
fuels. Several direct coal liquefaction processes were developed and tested at scales ranging from a 
few tons to several hundred tons of coal per day. Much was learned about the chemical processes 
involved in these technologies, which included pyrolysis, solvent extraction, and catalytic liquefaction. 
The experience gained in dealing with the many problems encountered in dissolving coal, in separating 
and handling coal-ash-containing liquids, and in processing the gases and liquids that contained higher 
amounts of sulfur and chlorine compounds than normally encountered in petroleum refining was 
invaluable. Nowhere was this experience more valuable than in the identification of the special 
considerations that must be given to the materials of construction of coal liquefaction plants to enable 
the process vessels and other components to survive the harsh environments inherent in coal 
liquefaction processes. 

The experience related to materials of construction of coal liquefaction plants came from a variety 
of interconnected activities. During the operation of the solvent refined coal pilot plants at Fort Lewis, 
Washington, and Wilsonville, Alabama, in the mid-seventies, the U.S. Department of Energy (DOE) 
(then the Energy Research and Development Administration) Office of Fossil Energy established a 
coal liquefaction materials and components failure analysis task at the Oak Ridge National Laboratory 
( O m ) .  This activity enabled materials researchers at ORNL to become familiar with coal 
liquefaction process technology and the unique materials-related problems in these plants. To 
understand the causes of materials degradation and to facilitate the selection of materials that would 
survive in particularly troublesome areas of the plants, ORNL materials researchers, in conjunction 
with engineers at the pilot plants, initiated materials coupon tests at various locations in the Fort Lewis 
and Wilsonville pilot plants. When the H-Coal and Exxon Donor Solvent coal liquefaction pilot plants 
were later built at Catlettsburg, Kentucky, and Baytown, Texas, respectively, the failure analysis and 
coupon testing activities were expanded to those plants. Laboratory tests to study the response of 
materials to the chemicals found in various locations of the pilot plants were also initiated. These 
laboratory tests, which were conducted under more tightly controlled experimental conditions than 
were possible in the pilot plants, helped identify specific materials degradation processes and the 
chemicals that caused the problems. By studying the materials performance in all four pilot plants, 
which employed a wide variety of process technologies and coal feedstocks, the ORNL, researchers 
were able to obtain a unique insight into those materials problems that were generic to all direct coal 
liquefaction processes and those that were unique to specific processes. 

The experience gained in the performance of materials of construction of these four coal 
liquefaction pilot plants and the understanding of materials degradation processes obtained from both 
laboratory and pilot plant tests provide a valuable knowledge base for the design and operation of 
future coal liquefaction plants. The authors of this report have provided a great service to those who 
will select the materials for such plants. None of this would have been possible, however, without the 
support of the DOE Fossil Energy Advanced Research and Technology Development Materials 
Program and the DOE Major Coal Liquefaction Projects Office, as well as the materials engineers and 
operating personnel of the coal liquefaction pilot plants. To them goes the credit. 

Ron Bradley 
Oak Ridge National Laboratory 
September 1996 
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Assessment of Materials Selection and Performance for 
Direct-Coal-Liquefaction Plants in the United States 

A. R. Olsen,' R. R. Judkins: and J. R. Keiser 
Metals and Ceramics Division 
Oak Ridge National Laboratory 

Abstract 

Several direct coal liquefaction processes have been demonstrated at the pilot plant level in the 
United States. Presently (i.e., 1996) only one plant remains operational, namely, the Hydrocarbon 
Technologies, Inc., 4.0-ton-per-day process development unit in Lawrenceville, New Jersey. The period 
from 1974 to 1982 saw the greatest amount of development of direct coal liquefaction in the United 
States with four major pilot plants being devoted to variants of this technology. The plants included 
the SRC-I plant at Wilsonville, Alabama, which operated from 1974 to 1992; the SRC-VI1 plant at 
Fort Lewis, Washington, which operated from 1974 to 1981; the H-Coal plant at Catlettsburg, 
Kentucky, which operated from 1980 to 1982; and the Exxon Coal Liquefaction Pilot Plant at 
Baytown, Texas, which operated from 1980 to 1982. 

and technical disciplines at all four of these plants, especially in materials testing, evaluation, and 
failure analyses. In addition, ORNL materials scientists and engineers conducted reviews of the 
demonstration and commercial plant designs for materials selections. The ORNL staff members 
worked closely with materials engineers at the pilot plants in identifying causes of materials 
degradation and failures, and in identifying solutions to these problems. This report provides a 
comprehensive summary of those materials activities. 

and analyses of components after use in pilot plants were reviewed and assessed to determine the 
extent and causes of materials degradation in direct coal liquefaction process environments. Reviews of 
demonstration and commercial plant design documents for materials selections were conducted. These 
reviews and assessments are presented to capture the knowledge base (as of the mid-1980s) on the 
most likely materials of construction for direct coal liquefaction plants. Data are presented by process 
functional area (i.e., the areas of the plant performing specific process functions). This approach 
permitted an assessment of the degradation of materials in somewhat similar environments within any 
single plant, and it provided a convenient means to compare the performance of materials among the 
different plants. 

Oak Ridge National Laboratory scientists and engineers were actively involved in many phases 

Materials performance data from laboratory and coal liquefaction pilot plant tests, failure analyses, 

*Retired. 
+To whom all correspondence regarding this report should be addressed. 
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1. INTRODUCTION 

A variety of direct-coal-liquefaction processes have been, and are being, developed in the United 
States and abroad. These processes include variants of pyrolysis, solvent extraction, and catalytic 
liquefaction. Most of the development has been in the solvent extraction process, which is the 
dissolution and hydrogenation of coal at elevated temperatures and pressures both with and without 
added catalysts. In general, the catalytic and solvent extraction processes are modifications of the 
Bergius and Pier processes used in Germany before and during World War II. Limited development 
continued after World War II until the Arab oil embargo in 1973-74 revived a strong interest in these 
technologies. Between 1974 and 1982 there was a significant expenditure of U.S. Government funding 
for the development of direct-coal-liquefaction processes to establish both the technological and 
economic feasibility. Whereas significant improvements were made in technology, changing world 
conditions and reduced energy demands, combined with improved definitions of commercial-scale 
plant costs, have cast serious doubts on the current economic feasibility. 

The objectives of this report were to assess the selection and performance of the materials of 
construction in direct-coal-liquefaction process plants. One part of this task was to document the 
results of the study. The second part involved establishing a computerized information system on 
materials performance and design selection for direct-coal-liquefaction processes. This database was 
intended to complement the larger and more comprehensive Department of Energy Liquefaction 
Technology Data Base’ being developed and maintained by the Pittsburgh Energy Technology Center. 

The liquefaction materials database (LMD) files were included in the System 1022 database 
management system (a proprietary product of Software House, Cambridge, Massachusetts). This large, 
sophisticated database management system, capable of fast storage, sorting, and retrieval of large 
collections of reports, was available to the Metals and Ceramics Division through, and maintained by, 
the Computer Sciences Division of Martin Marietta Energy Systems, Inc. 

A series of files were defined for the LMD for collecting data to assist in the design selection of 
equipment construction materials for demonstration plants, Later, files were added to collect corrosion 
coupon data and equipment performance data from the liquefaction pilot plants’ progress reports. To 
assist in the collection and assessment of the data, a generic-process functional flow sheet for 
direct-coal liquefaction was prepared (see Fig. 1.1). A list of functional areas and process fluids was 
prepared with appropriate acronyms for entering data into the computer files. These keyed attributes 
were used to search all the files in the computer system and extract subsets of information for further 
evaluation and assessment. 

Each set of information entered into the computer files included a unique reference number that 
was used to identify the source(s) of the information. The references were compiled in the Automated 
Data Set Editing Program (ADSEP), which was a separate computer filing system. The ADSEP was 
used for the reference file because the number of sources of information under a given reference 
number was not limited, and this file had no limitation on the length of entries. In addition, the file 
could be prepared and maintained separately, reducing the complexity and cost of the System 1022 
LMD that was used frequently in this assessment activity (n.b.-the LMD is no longer maintained). 

Although each of the direct-coal-liquefaction processes involved unique features, all were 
generically similar when viewed as a collection of process functional areas. Therefore, the materials 
requirements were similar for comparable processing functions. Also, a number of comparisons could 
be made with the petroleum and petrochemical industries’ experience, and the selection of many of the 
materials used in the construction of the process development units (PDUs) and the pilot plants was 
based on this experience. Most of the petrochemical experience could be applied to the 
coal-liquefaction processes if some of the differences involving the high-erosion potential of the 
slumes and the higher sulfur, nitrogen, and chlorine contents in the coal-derived liquids were properly 
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considered. These differences and their potential effects on materials degradation were recognized and 
discussed by earlier reviewers (e.g., Nangia’ and Scott3) in comprehensive papers published in 1979. 
Both Nangia and King4 addressed fossil energy materials’ needs for a variety of processes, but Scott’s 
review was directed specifically at coal-liquefaction processes. 

Although limited assessments of support functions were addressed (e.g., the stripping of ammonia 
and sulfur from sour water), this assessment emphasized the functional processes of nonproprietary, 
primary, direct-coal liquefaction. Nonproprietary data were available for other functional processes and 
support systems and were entered into the database. The basis for this limitation in scope evolved from 
a number of considerations. First, the PDU and pilot plant experience has been limited to the primary 
process. Second, most of the unique materials performance demands were encountered in these 
functional areas. Third, with the exception of the gasifier and the preliminary treatment of the raw gas, 
most of the other functional processes in a commercial plant were selected from competitive- 
proprietary processes that were commercially available, with each process having its own materials 
performance database. 

1.1 REFERENCES 

1. G. W. Pukanic and W. C. Peters, The National Coal Liquefaction Technology Data Base 
System, proceedings of the Conference on Automation Technology for Management and Productivity 
Advancements Through CAD/CAM and Engineering Data Handling, held at Monterey, Calif., on 
Nov. 2-4, 1983. 

Department of Energy, Office of Fossil Energy, Washington, D.C., October 1979. 

Materials for  Coal Conversion and Utilization, CONF-791014, Oct. 9-1 1, 1979, National Bureau of 
Standards, Gaithersburg, Md. 

ORNL/’TM-7232, Union Carbide Corp. Nuclear Div., Oak Ridge Natl. Lab., July 1980. 

2. V. K. Nangia, Materials for Coal Conversion and Use, Vol. 11, Pts. I and 11, FE-2468-59, U.S. 

3. T. E. Scott, “Materials for Coal Liquefaction,” pp. K-1-59 in Fourth Annual Conference on 

4. R. T. King and R. R. Judkins, cornps., Fossil Energy Materials Needs Assessment, 
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2. BACKGROUND AND SOURCES OF INFORMATION 

For several years (1974-1984), the Oak Ridge National Laboratory (ORNL) assisted the 
Department of Energy (DOE) in coal liquefaction materials testing and failure analysis on the 
Advanced Research and Technology Development (AR&TD) Fossil Energy Materials Program 
(FEMP) and the major Liquefaction Projects programs managed by the Oak Ridge Operations Office 
(ORO) of DOE. In addition, ORNL assisted OR0 major Liquefaction Projects in reviewing designs for 
materials selections for demonstration plants. As a result of these activities, a wealth of information on 
materials design and performance has been accumulated. This report is based on work performed by 
ORNL materials scientists and engineers in collaboration with pilot plant operators and other 
laboratories during the period 1974-1984. 

locating reference materials needed and to collect and file information on the full range of fossil 
energy development areas with emphasis on the direct-coal-liquefaction processes. This resource, 
supplemented by publications of the American Petroleum Industry, the National Association of 
Corrosion Engineers, and data collected during our involvement in the Foreign Coal Liquefaction 
Technology Survey and Assessment,' was used in preparing some preliminary assessments to assist in 
the Demonstration Plant Design Reviews.24 

We had access to both nonproprietary and proprietary documentation (e.g., progress reports and 
most topical reports) from all four major U.S. process pilot plants; a variety of process development 
units (PDUs); demonstration plant design documents including documentation for the entire solvent 
refined coal (SRC)-I design; the SRC-11 Phase I termination documents; and the commercial H-Coal 
Plant, Phase 0, Breckenridge project's nonproprietary design reports. In addition, materials testing and 
failure analysis reports were available from the OR0 major Liquefaction Projects program and process 
research and development activities, along with those from the DOE AR&TD FEMP and the Electric 
Power Research Institute programs. 

This assessment has drawn on all of these sources. Emphasis was placed on the four processes in 
the United States whose development extended beyond the laboratory scale to PDUs, pilot plant 
operations, and preliminary designs of demonstration plants or commercial plants. These processes 
included the Exxon Donor Solvent (EDS) process, the H-Coal process, the SRC-I process, and the 
SRC-11 process. Pilot plant and PDU operations include 1 todd and 250 todd EDS plants in Baytown, 
Texas; 3 todd and 600 todd H-Coal plants in Trenton, New Jersey, and Catlettsburg, Kentucky, 
respectively; a 6 todd SRC-I plant in Wilsonville, Alabama; a 1 todd SRC-II plant in Harmarville, 
Pennsylvania; and a 50 todd SRC-I or SRC-11 plant in Fort Lewis,'Washington. Most of the 
information on which this assessment is based was derived from the operation of the four pilot plants 
listed in Table 2.1. Each of these plants included significant materials testing programs with varying 
degrees of sophistication, and this was supplemented by the evaluation of materials performance in 
equipment and piping during plant operation. Brief histories, process descriptions, and simplified flow 
sheets for these pilot plants are given in Appendix A. 

Also included in this assessment are reports on the designs of larger facilities, including two 
proposed demonstration plants. These plants, the SRC-I plant proposed for construction in Newman, 
Kentucky, and the SRC-I1 plant proposed for construction at Fort Martin, West Virginia, were 
designed for about 6000 todd of coal feed. The only commercial-scale plant design references 
included were for the H-Coal, Phase 0, Breckenridge project initial effort. Similar design studies were 
made for the process. 

The Fossil Energy Information Center was established at ORNL in about 1974-1975 to assist in 
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Table 2.1. Description of liquefaction pilot plants in the United States 
Capacity Operating 
(todd) period Products Process Location 

Wilsonville, Alabama 6 19761992 Solid SRC“ SRC-I“ 
Liquids 

SRC-II“ Fort Lewis, Washington 50 19761 98 1 Fuel oil 
Light distillate 
Gas 

Gas 

Heavy fuel oil 
Distillation fuel oil 

H-Coal Catlettsburg, Kentucky 600 1980-1982 Crude oil 

EDS‘ Baytown, Texas 250 1980-1982 Gasoline blend stock 

“SRC = solvent refined coal. 
bSince 1981, the Wilsonville, Alabama, Pilot Plant has been operated as a two-stage liquefaction 

‘EDS = Exxon Donor Solvent. 
process in which the primary products are medium boiling-point liquids. 

2.1 REFERENCES 

1. T. D. Pay et al., Foreign Coal Liquefaction Survey and Assessment, ORNLlTM-8288, Martin 

2. A. R. Olsen et al., “Materials Selections for Direct Coal Liquefaction Systems,” pp. 305-27 in 
Marietta Energy Systems, Inc., Oak Ridge Natl. Lab., May 1984. 

Proceedings of Symposium on Corrosion in Fossil Fuel Systems, Vol. 83-85, ed. I. G. Wright, 
Electrochemical Society, Pennington, N.J., 1983. 

3. J. R. Keiser, A. R. Olsen, and R. R. Judkins, “Corrosion of Alloys in Direct Coal Liquefaction 
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3. CAUSES OF MATERIALS DEGRADATION 

Before discussing the generic functional areas and their individual materials performance 
assessments, it is necessary to discuss the major causes of materials degradation in coal-liquefaction 
plants. There are many common causes of materials degradation in petroleum or petrochemical 
processes, varying only in degree, but some are unique to the coal-liquefaction processes. The 
predominant causes of material degradation and their manifestations are given in Table 3.1. 

Table 3.1. Primary causes of materials degradation in coal-liquefaction plants 

Cause Manifestation 

Sulfur compounds (H$) 
Polythionic acids 
Chlorine compounds 
Hydrogen 
Napthenic acids 
Phenols 

Common to coal-liquefaction and petrochemical plants 

General corrosion 
Intergranular-stress-corrosion cracking 
Transgranular-stress-corrosion cracking 
Embrittlement and blistering 
General corrosion 
General corrosion 

Unique to coal-liquefaction plants 

Coal particles Abrasion and wear 
Slurries Erosion and erosion-corrosion 
Mineral ash residue Corrosion, abrasion, and wear 
Amine hydrochlorides Severe general corrosion under specific conditions 

Among the common causes, active sulfur compounds are the most pervasive because they are 
found in the slurries, oils, sour gases, and condensed aqueous phases. Although the specific active 
sulfur compounds (e.g., the mercaptans) have not all been identified in the coal-derived oils, their 
behavior is much like that of H,S, with corrosion increasing with sulfur content, operating temperature, 
and flow velocity.' Early laboratory-scale studies by Exxon Research and Engineering showed that 
coal liquids were similar to petroleum stock in corrosion of metals, with pronounced effects caused by 
the sulfur content of the liquids, temperature, and alloy content. For example, low-sulfur oil (< 0.06 wt 
9%) remained essentially noncorrosive to carbon steel (< 0.1 &year) from 150 to 345°C (300 to 
650"F), but coal liquids containing 0.3 to 0.8 wt 9% sulfur caused sharply increasing corrosion rates at 
temperatures above about 250°C (475"F), rising to the range from 0.1 to 0.5 &year at 260°C 
(500°F) and 1.5 to 2.5 mm/year at 345°C (650°F). 

associated with sulfur. If sulfidic scales on the materials are exposed to oxygen and moisture, 
polythionic acids form. These acids attack the grain boundaries of sensitized austenitic materials, such 
as the 300-series stainless steels or alloy 800 frequently used to control high-temperature sulfidation. 
In the presence of this acid, a sensitized structure under stress may fail by intergranular-SCC. This 
type of cracking was found in sensitized type 304 stainless steel in the reactor-effluent separator at the 
Fort Lewis, Washington, Pilot Plant.3 Normally, this problem is minimized in the petroleum industry 
by following prescribed shutdown procedures in which the vessels are washed with caustic  solution^.^ 

Stress-corrosion cracking (SCC) caused by polythionic acid is a special form of degradation also 
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Chlorine is another pervasive element that degrades materials in both coal-liquefaction and 
petroleum plants. Chlorine is usually removed from petroleum crude oils by desalting processes before 
further processing, but even the low-residual chlorine (< 10 ppm) causes problems in the refineries. 
Removal from the coal feed to such low levels is impractical, although some washing procedures may 
reduce the quantities of chlorine. 

Transgranular-SCC of austenitic alloys, similar to the intergranular cracking caused by polythionic 
acids, is probably the most insidious form of damage. This has been noted in coal-slurry feed systems 
between the preheater and the dissolver, in the dissolver, and in dissolver-effluent ~eparators.2'~'~ The 
hydrogen chloride (HCl) formed in the dissolution process appears to follow both the high-temperature 
vapor-gas streams and the coal-oil slurry streams. It can lead to plugging of the heat exchanger by 
deposits of condensed ammonium chloride' (NH,Cl) and to significant corrosion wherever aqueous 
condensates are found. 

specific situation is discussed in Sect. 4.2. In addition, chlorine concentrations in both the sour water 
and the mineral ash residue sent to the gasifier cause significant corrosion problems for equipment in 
the areas of the plant processing these materials. 

Hydrogen, either as a process material or as a corrosion product, may lead to decarburization, 
embrittlement, blistering, and SCC. Although this problem is not restricted to the petroleum industry or 
the coal-liquefaction process, it must be recognized and addressed as an issue specific to coal 
liquefaction. 

Although these acids present a problem with some petroleum crude oils: there are no documented 
instances of a problem in direct-coal liquefaction. However, because it appears to be a problem only 
above 230°C (450"F), it would be difficult to separate from sulfur corrosion, particularly where high- 
sulfur coals are being liquefied. Therefore, it is retained here as a potential cause or contributor to 
materials degradation in coal-liquefaction plants. 

Phenols represent a large part of the intermediate-boiling fractions of the coal-derived oils. For the 
solvent-refined coal processes, phenols often exceed 30 wt % of the recycled process solvent. As with 
the napthenic acids, no materials degradation attributable to phenols alone has been found, although 
others10p" have shown that anhydrous phenols can cause significant corrosion of carbon steel above 
250°C (475"F), and the rate of attack is increased with sulfur content. The involvement of phenols in 
the severe corrosion of atmospheric fractionation towers in the coal pilot plants has been defined.".I2 

Other common degradation phenomena include a broad spectrum of causes of SCC, such as 
aqueous solutions of hydrogen sulfide (H2S), cyanides, and alkali nitrates and their effects on carbon 
steel and low-alloy steels. Usually, these problems can be avoided by following the practices of the 
petroleum and petrochemical industries as outlined in the National Association of Corrosion Engineers 
(NACE) standards [Materials Requirement-Sulfide Stress Cracking Resistant Metallic Material for 
Oil Field Equipment: NACE Standard MR-01- 75 (latest revision)]. 

The unique degradation causes in direct-coal liquefaction can be divided into two classes: One 
class comprises the solids that result in abrasion, wear, and erosion-corrosion. The coal particles are 
significant in causing such damage through coal preparation, slurry mixing, and slurry preheating. In 
subsequent processing, the solids are usually made up of the residual ash and ash-coke agglomerates. 
Erosion and erosion-corrosion are currently the predominant causes limiting the life of a number of 
components, including pumps, valves, and piping. 

The second class of unique degradation is the severe corrosion experienced in atmospheric 
fractionation towers and appurtenances in a limited temperature range and under specific operating 
conditions. Although the current understanding of this phenomenon will be discussed in Sect. 4.5, the 
actual corrodent results from the relatively high concentrations of nitrogen and, particularly, chlorine in 
the coals. Amines and HC1 are formed during the dissolution process. These combine to form amine 

Understanding of the effects of organic chlorides on oil or slurry corrosion is limited, although one 

Naphthenic acid is a generic name that is used to refer to a group of cycloalkane carboxylic acids. 
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hydrochlorides that can accumulate in a specific temperature region when transported to the 
fractionator. This concentration phenomenon, together with attendant thermal decomposition and 
interaction with other oil species such as the phenols, provides highly reactive acids. 
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4. MATERIALS PERFORMANCE BY FUNCTIONAL AREA 

Although all direct-coal-liquefaction processes of the solvent extraction class (see Sect. 1) differ in 
details, they could be represented as a collection of functional areas. The generic grouping of the 
functional areas used in this assessment is shown in Fig. 1.1.  The dotted lines in this flow sheet show 
alternative features such as light solvent refined coal (LSRC) recycle for the SRC-I process; slurry 
recycle for SRC-II, H-Coal, and Exxon Donor Solvent (EDS) processes; and the unique features 
associated with either the EDS or H-Coal processes. The latest SRC-I flows involving integrated 
two-stage liquefaction (ITSL) or various alternatives of this developing technology were not shown. 
Pilot plant materials-performance data for the two-stage liquefaction process were not included in this 
assessment because of the limited data available. 

functional area are discussed. Materials of construction selection was dependent on a number of 
considerations that addressed the broad areas of safety, durability, and economics. 

properties. These properties were strength, thermal shock resistance, creep, fatigue, and stress rupture, 
and potential modifications to these as a result of exposure conditions leading to embrittlement or 
stress-corrosion cracking (SCC). Whereas the considerations of durability and economics involved 
materials concerns (e.g., embrittlement and SCC) along with other materials-performance 
characteristics (e.g., corrosion and erosion resistance and cost of installation), they also involved a 
number of engineering factors that could significantly influence the design materials selection. These 
engineering factors included the economic impact of capital versus maintenance expenditures, 
productivity interruptions, and the probability of process improvements and modifications. The 
inclusion of these factors could result in upgrading or downgrading of materials for a given functional 
component. In this instance, grading refers to the cost of installation of the materials where improved 
materials performance usually resulted in a higher initial cost. We limited our assessment to the 
lessons learned in terms of safety and durability; consideration of the economic tradeoffs was left to 
the designers (they may be restrained or guided by different guidelines). 

In this section of the assessment, the materials performance and selection for each generic 

The safety considerations, from a materials selection viewpoint, were defined in terms of materials 

4.1 COAL PREPARATION 

The coal-preparation functional area was one of the ancillary processes that was not unique to 
direct-coal liquefaction. Existing technology was used in the preparation of appropriately sized and 
dried coal. Specific equipment selection and process steps depended strongly on the coal source, 
moisture content, and required finished particle size. 

The potential materials-related problems usually resulted from wear, abrasion, and erosion. 
Because of the coal impurities corrosion was considered also, especially sulfur and chlorine. The 
process conditions usually involved operating temperatures from ambient up to about 50°C (125°F) at 
atmospheric or slightly higher pressures in air, or, for powdered coal, nonoxidizing atmospheres. 

Three of the four pilot plants (all except Wilsonville, Alabama) incorporated coal preparation in 
their process flow sheets. All three plants experienced operational difficulties with this equipment 
during the start-up phase of their operation. Primarily, these operational difficulties were associated 
with the moisture content of the coal, which interfered with the steady measurable transfer of coal 
between equipment items and into the slurry mixing operation. 

Early-stage materials transfer was predominantly by mechanical means or gravity flow, but fine 
coal was often transported pneumatically at velocities that were usually held below 3.0 m / s  (9.8 fps) to 
minimize erosion of piping. Additional mechanical problems were encountered in the dust suppression 
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equipment. Despite these operational problems, the reported materials performance was adequate. The 
Exxon Coal Liquefaction Pilot Plant (ECLP) reported continuing erosion of the refractory linings of 
the cyclones and the inlet and outlet piping from these units,I2 severe erosion of the circulation and 
blowdown pumps in the venturi scrubber section? and erosion of the screw feeders for the roller mill.' 
The early Catlettsburg, Kentucky, Pilot Plant's experience was documented in a separate r e ~ o r t . ~  
Problems with wear and fracture of bowl-mill components continued to the end of the ~peration.~ 
Predrying of as-received coal was established as a standard procedure at the Fort Lewis, Washington, 
Pilot Plant.6 

The materials of construction that have given satisfactory performance are carbon, low-alloy, and 
martensitic steels. Corrosion-protective coatings are required for vessels handling moist coals and 
condensed water, particularly for high-chloride coals. Hard-facings are often required at high-wear or 
abrasion areas. 

The use of 12 (wt 9%) Cr stainless steels for vessels and chutes dispensing powdered coal may be 
required to ensure a smooth flow of materials. 

No unique research and development was required for coal-liquefaction plants, only the prudent 
application of existing technology. 

4.2 COAL SLURRY PREPARATION 

Slurry preparation was the first of the unique functional areas in the direct-coal-liquefaction 
process. The process involved the controlled blending of coal and a process solvent, either with or 
without the addition of recycled, coal-derived, oil-ash slurries. The generic-process breakdown 
included the pumps and other equipment for recirculating the slurry to maintain a constant feed, the 
pumps required to raise the slurry to a pressure suitable for injection into the reactor vessel, and the 
vapor recovery systems required for the slurry mixing and blending operations. 

121 to 177°C (250 to 350°F) range, process modifications and equipment changes were made to test 
slurry preparation at temperatures up to 232°C (45OOF). The system pressures ranged from about 
0.3 MPa (45 psia) in the slurry mixing tanks up to as high as 21 MPa (3000 psi) at the outlet of the 
high-pressure pumps. Solids contents of the slurries ranged from 10 to 50 wt 9% but were commonly 
controlled in the 35 to 45 wt % range. Velocities in the piping system had to be high enough to 
prevent solids from settling, but the upper limit was controlled by erosion-corrosion. In the pilot plants 
the range of velocities was typically 0.9 to 3.7 m/s (3 to 12 fps) except in special test loops. 

The primary causes of materials deterioration in coal slurry preparation were erosion and 
corrosion. Although wear and abrasion were considered in the coal feeding area where a totally 
satisfactory feed system had not been proven, the particulates in the slurry appeared to be the most 
damaging source. The particulates deteriorated the pump seals and eroded and abraded the pump 
components, slurry circulation, and feed lines. Corrosion alone had been a relatively minor cause of 
deterioration, but it was expected to be more of a factor as slurry mixing temperatures were increased, 
and, possibly, as process solvents were changed to suit the increased operating temperature. 
Erosion-corrosion was a minor problem in pilot-plant experience, and it was aggravated at the 
proposed higher mixing temperatures that involved using the solvent at temperatures in excess of 
260°C (500°F). 

subsequent functional areas. Coal feeding to the slurry mixing operation was usually from a feed 
hopper that provided all or part of the surge volume to isolate the coal feeding area from the coal 
preparation area. Whereas carbon steel with appropriate wear plates has given satisfactory service, it 

Although most experience at the pilot plants involved preparing mixtures with a temperature in the 

A better assessment of the materials performance was made in terms of components in this and 
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may be desirable to provide appropriate wear-resistant coatings or stainless-steel liners to the conical 
bin bottoms to reduce bridging and slugging in the outlet to the feed control device. 

Different types of coal feed devices were tested at the pilot plants with varying degrees of success. 
These devices included screw feeders, star valves, weigh belts, and gate-valve-controlled gravity feeds. 
During the initial operation, all systems except the batch-mode gravity feed at Wilsonville, Alabama, 
incurred significant operational problems; for example, the variable coal-feed rates associated with 
vapors backed up through the feed system and caused erratic flows or total blockage. Improved 
venting of the mixing tanks and equipment modifications led to improved performance. Although no 
specific materials problems were reported, increased slurry mix temperatures may aggravate the 
operational problems and lead to corrosion and abrasion wear problems if tighter inline vapor seal 
valves are required. 

A two-stage, screw-feeder system used at the ECLP to feed coal into the mixer below the slurry 
level appeared to show promise, although a bearing support failed and significant wear of the screw 
flights and housings was noted during the final examination.' The initial operation at Fort Lewis, 
Washington, used an eductor system to mix dry coal with the solvent, but with the SRC-I1 
modifications, a vortex mix tank similar to that used in the other three pilot plants was installed and 
used for most of the operations. 

In 1981 a twin-shafted pug mill mixing system was installed in parallel with the vortex mix 
system. Limited testing indicated that this could accommodate wide variations in coal feed rates, but 
transient periods of high-coal concentration caused severe pressure drop spikes in the downstream 
preheater. Although some operational problems were noted for all vortex mix tanks, no serious 
materials problems were encountered, even with the agitator paddles. The ECLP tested blades of type 
410 stainless steel, Stellite 6 (a maraging Mn steel), and tungsten carbide and found no significant 
difference in the slight erosion of the leading edge for all three materials at a mixing temperature of 
150°C (300"F).* 

Most of the baseline design of the SRC-I demonstration plant was based on this pilot plant 
experience. The coal receiving and metering system consisted of a receiving and feed calibration bin 
with an overhead dust separation and recovery tank and a screw-conveyor-feeding flowmeter that fed 
the slurry premix unit through parallel piping systems. These piping systems had nitrogen-purged air 
locks to prevent the back flow of solvent vapors. The calibration bins and flowmeters were of 
stainless-steel-lined, carbon-steel construction and unspecified hard-facing. Carbon steel piping, an 
appropriate choice, was used throughout this system, although there was a possibility that some 
corrosion and subsequent alternative materials replacements might be required in the piping from the 
air locks to the premixers. At this stage of the design, materials had not been selected for the rotary air 
locks. All of the slide valves in the system specified stainless steel, but some hard-facing might have 
been required to resist the abrasion of the coal (specified as 70%-200 mesh in size). 

The premix unit was designed to wet the coal before it was fed to the coal slurry drum as a paste 
that contained about 43 wt % solids. We do not concur in the selection of carbon steel for these units. 
LSRC at 213OC (418°F) and process solvent at temperatures up to 303°C (577°F) were added to the 
coal to form a slurry with a mixed temperature of up to 215°C (420°F). The abrasive action of the 
coal combined with the corrosiveness of the process solvent could lead to significant erosion-corrosion. 
We suggested using a femtic- or martensitic-stainless steel to replace the carbon steel. 

The slurry-mix tanks were paddle-agitated and their overhead vent systems all had carbon steel 
construction specified for vessels, piping, and heat exchangers. Based on the experiences at the four 
pilot plants, this appeared to be the appropriate choice. The one uncertainty revolved around the effects 
of the change in slurry mix temperatures on the corrosivity of the vapors and condensates in the vent 
system. In general, the pilot plant experience was with slurry mixing temperatures of I 177°C (350°F). 
This temperature was raised in the Wilsonville, Alabama, Pilot Plant in 1982, and the carbon steel 
tubes in the vent condenser failed because of severe pitting at the vapor inlet end after seven months 
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of service? Whereas the failure analysis results suggested that the cause was ammonium chloride 
(NH,Cl) condensation similar to that found in some petroleum refining condensers, the varied history 
of this heat exchanger may have affected its performance. The heat exchanger was retubed with a 
similar carbon steel and returned to service. The materials performance of this retubed condenser 
should provide valuable insight for further materials selections or the need for protective sleeves in the 
localized inlet area. 

possibly with a corrosion component, where slurry temperatures exceeded 230°C (450°F). This erosion 
was most evident in the slurry pumps and piping in the slurry recycle and feed systems. Laboratory 
studies by J. D. McCoy, Gulf Research and Development Company,'o and materials performance tests 
in the small, 1-todd Coal Liquefaction Pilot Plant (CLPP) operated by Exxon" both attempted to 
characterize the effects of velocity and temperature on the erosion-corrosion rates of coal-solvent 
slumes. The results of these tests were useful and clearly indicated varying degrees of velocity and 
temperature sensitivity for alloys ranging from carbon steel through the chromium-molybdenum 
(Cr-Mo) low-alloy steels to the femtic- and austenitic-stainless steels. However, the results were not 
adequate to provide definitive erosion-corrosion velocity limits for these alloys in coal-solvent slurry 
applications at temperatures below 230°C (450°F). 

Pilot plant experience with the piping in the feed system and around the slurry mix and blend 
tanks was variable. Velocities at the H-Coal Pilot Plant were very low, about 1 m/s (3 fps), and no 
significant erosion was noted in the carbon steel piping. At the ECLP,'2 the predominantly carbon steel 
lines containing slurry at 150°C (300°F) with up to 50 wt 9% solids had a velocity of 3.6 m/s (12 fps).  

In the first nine months of operation, a leak developed in a hard tee. The cause of the leak was 
erosion at the 11 and 1 o'clock positions downstream of the welds. Although all hard tees in the 
circuit were replaced with dead-ended (flooded) tees, examinations three months later showed that 
these had suffered erosion also. The tees were then replaced with long-radius elbows that reduced 
the erosion so repair could be made by metal buildup on downstream welds. The reported metal loss 
rates13 for the elbows in the outer-bend areas were 0.25 to 0.38 &year (10 to 15 mils per year). 
Because this experience was at relatively low temperatures, and during the processing a large fraction 
of the coal was low-sulfur Wyodak and Texas lignite, it appeared that this was an erosion and not an 
erosion-corrosion effect. 

At both Fort Lewis, Washington, and Wilsonville, Alabama, the slurry velocities were < 3 m/s 
(< 10 fps), and no significant damage to the carbon steel piping line was found. This indicated that 
erosion of carbon steel piping with long-radius elbows and some turbulence promoters might have 
been acceptable for coal-solvent slumes with nominal velocities of about 4 m/s (13 fps), provided the 
temperature was < 175°C (< 350°F). A test loop to study erosion-corrosion in the slurry recirculation 
loop was installed at Fort Lewis, but operational experience was too short to establish wear rates. 

Centrifugal pumps installed in this slurry service were constant sources of maintenance problems 
at all pilot plants. Although the principal maintenance load was associated with seal failures, casing 
and impeller wear was a serious problem in early plant operations. At Fort Lewis,', various pumps 
were tried using different type of materials in NiHard category [American Society for Testing and 
Materials (ASTM) A-5321, both with and without hard-face coatings. Very high wear rates were noted 
for type 410 stainless steel casings with different coatings. The most reliable service was obtained with 
a fully lined pump where both the liners and the impeller were made of 28 (wt %) Cr castings such as 
ABEX HC-250. At an operating temperature of 165°C (330"F), the liners and impeller had no 
problems with thermal cracking of this brittle alloy. Particle size effects could only be inferred from 
higher erosion rates during one period of operation with 30-mesh coal, but the pumps were operated at 
increased capacity also. 

operations there involved slurry preparation pumping at a lower temperature, 65°C ( 15O0F).I5 Both the 

The most significant materials-degradation phenomenon in this functional area was slurry erosion, 

A similar pump evolution occurred at the Wilsonville, Alabama, Pilot Plant, although early 
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H-Coal Pilot Plant and the ECLP incorporated significant pump test programs in their operations. The 
H-Coal findings were summarized in a topical report.16 They used partially lined pumps with types 410 
or 316 stainless steel casings that were coated with Com-0-lox, tungsten carbide, or Colmonoy 6. Wear 
of these casings was significant, requiring frequent rebuilding or replacement. Although the 28 (wt 9%) 
Cr liners provided satisfactory wear lives, the mounting method of bolting through the casing led to 
leaks in higher temperature applications, and frequent maintenance was required. Thermal shock was a 
problem with similar pumps in other service; however, no problems were encountered in this service 
where most operation was at 15OOC (300OF) and the maximum service temperature was 230°C 
(450°F). 

The ECLP programs on slurry pumps and mechanical seals were summarized in the quarterly 
progress report following termination of operations at the pilot plant." The slurry pump around tests in 
these programs usually supported the studies at the other pilot plants18 and confirmed that fully lined 
pumps were needed in this service and that there were three specific areas on these wear parts where 
significant metal loss occurred. These areas were the cutwater, front and back wear plates in the areas 
near the cutwater, and the vane tips of the impellers. The tests also provided some qualitative 
definition of the effect of tip speed on erosion of ABEX HC-250 castings with low rates at 23 m/s 
(75 fps), increasing at 32 m/s (104 fps), and achieving intolerable rates at 41 m/s (134 fps). The 
influence of coal types on erosion rates could not be derived from these tests because of other 
uncontrolled operational variables. 

The pilot plant experience indicated that centrifugal pumps were available that would operate for a 
reasonable period of time without requiring maintenance; this was not true for the reciprocating pumps 
that were used to raise the slurry to reaction pressure. Although a number of performance 
improvements were made, the operating periods before maintenance was required at the pilot plants 
were unsatisfactory. A variety of manufacturers' pumps was used in the various pilot plants, but most 
pumps were of the triplex type. 

the delivery pressure was up to 19.3 MPa (2800 psi), the original ductile iron casings showed 
excessive wear, and the material was changed to a 25 to 28 (wt %) Cr alloy. When these pumps 
operated at low plunger speeds (12 to 15 rpm) and low temperatures, Wilsonville was the only plant 
that required cleaning to prevent the balls from sticking to the seats in the check valves. To minimize 
corrosion, tungsten carbide seats and hardened type 440 stainless-steel balls were used. Although 
plunger packing leakage had always been a problem, this apparently increased significantly when 
hydrotreated SRC recycle operations began." 

23 gal/min). These larger pumps also operated at higher speeds (30 to 70 rpm). The plungers were 
flushed with heavy distillate oil on the pumping-head side of the packing on each suction stroke. The 
initial check valves were hemispherical and failed in about three days of operation. These valves were 
replaced with ball check valves using 200 Cr bearing-grade balls with Stellite 6 and tungsten-carbide- 
based seats, which provided up to two years of satisfactory service. The primary materials problems 
were caused by the packing and wear of the plungers. The service life of the best packing used 
(spring-loaded chevron, three rings, and 15% fiberglass-filled Teflon) ranged from 400 to 600 h. The 
packing wear and the wear on the plungers was caused by solids reaching the packing despite the 
flush. The plungers were Colmonoy 6, reconditioned by flame spraying with METCO 16C (a nickel- 
chromium-boron alloy), and refinished each time the packing was replaced. A solids buildup in the 
suction chamber of the pump was eliminated by recirculating the slurry to the blend tank so it flowed 
straight through this chamber. 

At the ECLP, the coal-slurry feed pumps were included in a separate test program to optimize 
materials for balls and valves, plunger packing design and materials, and to evaluate various operating 
parameter effects on performance." Free-floating, hardened type 44OC stainless-steel balls with a solid 

At Wilsonville, Alabama, where the pumping rate was low [< 2 x lo" m3/s (2.5 to 3 gdmin)] and 

At Fort Lewis, Washington:' the pumping rate was from 6.3 to 14.5 x 10" m3/s (10 to 
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tungsten-carbide-insert seat were used during most of the operation with only a very short test on 
ceramic [99.5 (wt %) A1203] balls. The original materials performed well; some were still in service 
after 7000 h of operation. Seat wear was always minimal, and ball erosion was a problem only when 
tramp material jammed the balls in one position. Seat cracking and chipping occurred during removal 
and installation. The ball cages had Satellite-coated guides and stops, and the impact deformed and 
caused wear on these. Late closure was a problem at full-speed (109 rpm) pumping [about 5 x 10 m3/s 
(80 gdmin)]. 

A partially spring-loaded cage was tested with no apparent improvement in operation. Again, 
packing failures were the major cause for maintenance. Several materials and types of packing were 
tested, and compression packings failed in a number of ways. The most successful material used in 
this application was interbraided 100% Teflon fibers. With pressure-actuated packing, the failure 
modes were equally diverse, and Teflon filled with glass fibers and molybdenum disulfide appeared to 
be the best material for overall wear and temperature resistance. 

The pump barrels were type 410 stainless steel with a specified hardness of Rockwell C-25. This 
was inadequate for the stuffing box wall. Heat treating to a surface hardness of about Rockwell C-40 
improved the wear rates, but significant wear was noted after 30 to 40 days of operation. Then the 
area in contact with the packing was undercut and chromium plated; this resulted in a surface hardness 
of about Rockwell C-60 and showed little (if any) wear during the succeeding operation. 

The plunger-materials testing was summarized as follows: 

1 .  Different types of plunger coatings and hardened surfaces of plungerbase material were evaluated 
at the ECLP. These included tungsten carbides, chromium oxides, and combinations of metal 
carbides in various matrices. The preferred coating was tungsten carbide in a cobalt-chromium 
matrix and was applied by a proprietary vendor process. Although this coating showed some axial 
grooving, it exhibited the best combined toughness and wear and spall resistance. 

2. The ceramic, chromium-oxide coatings spalled severely. Spalling was greatly reduced through the 
application of a baked, phenolic-epoxy sealant that effectively reduced the characteristic porosity 
of chromium-oxide coatings. This sealant, which is limited to operating temperatures below 200°C 
(40O0F9, significantly reduced coating failures due to spalling. In general, the performance of the 
ceramic-oxide coatings did not surpass the tungsten-carbide matrix. 

3. Other promising coatings included a tungsten-carbide coating that was applied by a high-energy- 
plasma spraying technique and a titanium-carbide coating in an age-hardenable nickel-alloy matrix 
applied by plasma spraying also. In both cases performance was satisfactory, and finished costs 
were significantly lower than the preferred tungsten-carbide-matrix coating. These lower-cost 
alternatives warranted further testing. 

4. Testing of fully hardened type 44OC stainless-steel plungers was promising on both the P-204A 
atmospheric bottoms and P-102B slurry feed pumps after the installation of redesigned stuffing 
boxes. These stuffing boxes provided a more effective flush system that reduced solids migration 
into the packing area. On the P-102B pump, the type 44OC stainless-steel plunger accumulated 
about 18-d run time before the shutdown of the ECLP, with no measurable wear or deterioration 
of the plunger surface. The performance of the fully hardened type 440C stainless-steel plunger 
justified further testing. The cost of these plungers was only about two-thirds the cost of applying 
a hardened surface, which was subject to coating failures. 

5.  Two solid-alumina ceramic plungers were tested in the P-102A slurry feed pump in July 1982. 
Although these plungers did not perform well in this service, the pump testing was rather severe, 
considering the ineffective flush system at the time and the almost immediate migration of solids 
into the packing area. The results were inconclusive. 
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Only the ECLP included a heat exchanger in this functional area to increase the coal-solvent slurry 
temperature and dry the slurry before raising the pressure (see Sect. 4.3). 

The H-Coal Pilot Plant included three high-pressure reciprocating pumps in the coal-solvent slurry 
service. All three pumps were made by the same manufacturer and were of similar design. Two of the 
pumps were identical, with five plungers, and each pump was designed to deliver 18.1 x 
(125 gal/min) at 110 rpm with a 17.8-cm (7-in.) stroke. The third was a triplex pump designed to 
deliver 32.6 x 
pressure was 24.8 MPa (3600 psi), but the pumps usually operated at 22 MPa (3200 psi). Because the 
pilot plant only operated in the syncrude mode, the actual slurry feed rate was 5 6.6 x 
(115 gdmin). During runs 1 through 10, the temperature of the slurry was 150°C (300"F), but during 
run 11, the temperature ranged from 200 to 232°C (392 to 450°F). For safety reasons, the two smaller 
pumps16 were usually operated in parallel during runs 1 through 7, but with the installation of an 
emergency quench oil pump, this was not necessary for runs 8 through 11. The three pumps were 
provided with suction stabilizers, but periodic additions of gas were discontinued because the suction 
manifold flow-through that returned 5 x m3/s (75 gdmin) to the slurry mix tank appeared to be 
adequate in preventing cavitation. All three pumps were originally set to flush on the suction stroke, 
but after run 4, both small pumps were altered to provide flushing on the discharge stroke. The flush 
pumps were integrated with the slurry pumps, and vibrations led to leaking and fatigue failures of 
tubing and fittings in the flush system. After the stuffing boxes on all three pumps were reconditioned 
and plated with hard chromium (early in the project), they performed well. 

Several combinations of plunger materials and packing designs and materials were tested; 
frequently the testing was done side-by-side in different barrels. The differences in operating 
conditions, coals processed, and modifications to the pumps made it impossible to rate the 
performance of the various packing materials. However, two features were apparent from the reported 
details: (1) the nominal packing service life depended on the quality of the installation, and (2) in 
general, the packings provided improved service life with the better plunger materials. The initial 
plungers were carbon steel coated with Colmonoy 6. At the maximum plunger rubbing speed tested 
[0.7 m/s (130 fpm)], this combination and carbon steel coated with MEiTCO 36C and METCO 16C 
provided poorer service than uncoated type 44OC stainless steel and far poorer service than carbon 
steel coated with Colmonoy 75C or type 410 stainless steel coated with UCAR-LW15. Limited data of 
the poorer plunger materials showed a significant drop in service life with plunger speeds increasing 
from 0.3 m / s  (6 to 3 fpm) to 0.7 m/s (130 fpm). 

The H-Coal Plant, Phase 0, Breckenridge project design anticipated the need for a plunger speed 
of 0.8 m / s  (165 fpm) with 22.8-cm. (9-in.) stroke. Because no failures were incurred with the 
Colmonoy 75- or LW 15-coated plungers at the pilot plant conditions, which included integrated 
plunger travel distances of about 50% of the commercial design at lower speeds, their potential for 
commercial application has not been determined. The original check valves in all three pumps were 
spring-loaded ball valves with a plug between the spring and the ball to provide axial loading. Both 
balls and seats were fabricated of type 440C stainless steel; the balls were hardened to Rockwell 
C-44-C-48 and the seats were hardened to Rockwell C-56-C-60. A variation in the plug design for the 
smaller pumps that had a skirt around the ball apparently restricted ball rotation, and this resulted in 
localized ball wear with shortened operational life. This condition was further aggravated by parallel, 
slow-speed operation of the smaller pumps that resulted in ball movement velocities at or near their 
design minimum. Although operation at higher speeds showed some improvement in ball life, it was 
concluded that this design was inappropriate. No ball failures occurred with the larger pumps, and no 
alternative materials were tested. 

m3/s 

m3/s (225 gal/min) at 55 rpm with a 22.8-cm (9-in.) stroke. Design discharge 

m3/s 
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4.3 PREHEATING 

The high-pressure slurry stream, together with the appropriate amount of hydrogen, was heated to 
temperatures in the 370 to 425°C (700 to 800°F) range before it entered the reactor. Although some 
designs incorporated a tube-in-shell first stage, most of the heat was provided by a fired preheater. 
Specific designs of the fired preheaters at the pilot plants varied considerably, and various operating 
conditions and controls were investigated. 

The process conditions for this functional area involved slurry temperatures ranging from 120 to 
230°C (250 to 450°F) in the feed stream to about 425°C (800OF) in the stream to the reactor. The 
slumes included the coal-solvent mixture, recycle coal-ash slurry, and hydrogen-rich gas to provide a 
three-phase system with unusual temperature-dependent properties. The pressures within the system 
ranged from 14 to 22 MPa (2500 to 3200 psi), depending on the process. Process stream velocity can 
be a critical consideration in preventing sedimentation, limiting coking potential, and avoiding erosion. 
Typically, superficial velocities ranged from 1 to 5 m / s  (3 to 16 fps), but actual velocities depended on 
the location in the system and the system design. 

Whereas the pilot plant experience indicated that erosion and erosion-corrosion were the dominant 
materials-degradation phenomena, the increased temperature and the introduction of significant partial 
pressures of hydrogen, together with the evolution of H2S by the reactions, had to be considered in the 
materials selection. SCC in this functional area appeared to have been limited to chloride-induced 
failures in stagnant areas of the piping. The lower temperature in these stagnant areas permitted 
aqueous condensation.’2” Although polythionic acid, intergranular-SCC was expected for sensitized 
stainless steel in the fired preheater tubing, none was reported. 

slurry before it entered the fired preheaters. Although the H-Coal Pilot Plant included two such 
heaters, they were never used in this ~ervice.2~ The only heat exchangers tested with coal-solvent slurry 
were two designs in the ECLP slurry drying circuit where steam in the shell was used to heat the 
slurry for drying.22 The slurry was at low pressure and moderate temperature, and no materials 
performance data were available. 

From a design point of view, however, it was worth noting that sedimentation in tube headers 
caused severe plugging of the original horizontal multipass exchangers. These tube headers were 
replaced by a vertical once-through exchanger, but plugging from oversize coal and trash remained a 
problem. The 200-todd coal oil plant in Bottrop, Federal Republic of Germany, uses the reactor 
effluent separator overhead stream to preheat its coal-solvent slurry.25 Although data on operational 
conditions and materials performance are not available, the early operation of the plant was reported to 
be sati~factory.~~.~’ 

The SRC-I demonstration plant was designed to use hot process solvent to heat the slurry. The 
conditions on the slurry side were relatively mild with the tube-side exit temperature at 24-0 to 260°C 
(450 to 500°F); however, the use of high-temperature solvent on the shell side posed an additional 
materials selection concern. The process solvent entered at 343°C (650°F) and was cooled to 293°C 
(560°F). 

Because there were four trains and each train had five large heat exchangers, the capital savings 
associated with the use of carbon steel instead of a higher alloy steel were appreciable. The economics 
were even more significant when other heat exchangers, used to heat the process solvent in other 
functional areas, were considered along with the interconnecting piping. This perceived cost 
differential, together with the lack of definitive data on the effects of temperature and velocity on the 
corrosion rates of carbon steel in process solvent, resulted in a prolonged difference of opinion on the 
appropriate materials selection for use with process solvent at temperatures above 230°C (450°F). For 
these heat exchangers, a compromise solution to the materials selection was established during the 

Some designs (such as the SRC-I demonstration baseline) included heat exchangers to preheat the 
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post-baseline design period. Stainless steel was chosen for three of the exchanger train shells, and 
carbon steel, with appropriate performance monitoring procedures, was retained for the fourth train. 

For the fired heaters, the pilot plant data have indicated the need for, and satisfactory performance 
of, austenitic alloys. All four pilot plants in the United States used radiant heaters of different designs. 
Operational problems associated with the changes in viscosity in the coal oil slurry as it passed 
through the gel-phase resulted in coking and plugging. This required maintenance and changes in 
furnace designs and operational procedures. Extensive studies of these phenomena have been made in 
the laboratory2* and in the pilot plants?93o 

Slurry 
preheater A was used sparingly because of the extensive testing with preheater B. The coil 
configuration for preheater A was a cylindrical helix of 7.6-cm (3-in.) Incoloy 800 tubing with a 
minimum wall thickness of 1.0 mm (0.041 in.). No major operational problems were encountered, and 
no materials performance data were reported. Preheater B was a highly instrumented prototype 
preheater designed to obtain scale-up data. The coil design was an oblong helix that was a series of 
straight tubes with long-sweep 90" bends at each comer. The design provided double firing for the 
tubes along the long side of the rectangle. The assembly was complicated by the pressure purge taps in 
every other coil turn and the special pipe extensions to the outside of the furnace box for thermowell 
insertion into the slurry. Also, skin thermocouples (TCs) were attached to a point on each coil. 

Maintenance problems were primarily associated with this instrumentation. Coking was never a 
severe problem, but frequent decoking ensured clean coil conditions for the performance testing. Two 
coils [5.1 cm (2 in.) and 3.8 cm (1.5 in.)] were used in this preheater. Both coils were made of 
Schedule 160, type 321 stainless steel. The 5.1-cm coil was in service over one year and the 3.8-cm 
coil less than six months, both with erratic service conditions in velocity and flow regimes. Wall 
thickness measurements were made periodically at a number of locations. These measurements 
indicated negligible losses in straight sections and nominal losses in the bends where the loss rates 
increased with the slurry temperature and velocity up to about 0.3 &year (12 mils per year) in the 
coil near the outlet. Superficial velocities ranged from about 1.2 m/s (4 fps) at the inlet to < 6 m / s  
(c  20 fps) at the outlet. 

[3.2-cm (1.25-in.)], Schedule 160 pipe. Although a portion of the top coil was removed for 
examination in 1979 because of failures in a purge line and TC housing in the outlet pipe, no 
significant erosion-corrosion has been reported.32733 Superficial velocities in this coil were very low 

At the Fort Lewis, Washington, Pilot Plaht, two upflow slurry preheaters were 

At Wilsonville, Alabama, the preheater was a cylindrical helix coil of type 316 stainless steel 

[< 3 m/s (C 19-8 fps)]. 
At the ECLP two parallel coal-solvent preheaters were used. Unlike the other pilot plants, these 

furnaces contained four banks of vertical coils with return bends outside the radiant Initially, all 
four banks were fired on both sides; however, after the insertion of a partition in one of the furnaces, 
the second row of tubes was fired on one side The materials or wall thicknesses were different 
for each row. Tube row 1 at the inlet was made of 11.4-cm (4.5-in.)-diam tube of 2.25 Cr-1 Mo steel 
with a 14.2-mm (0.560-in.) wall. Row 2 was 11.4-cm (4.5-in.)-diam type 304L stainless steel tubes 
with a 13.7-mm (0.540-in.) wall. Rows 3 and 4 were type 316 stainless steel tubes, but the wall 
thickness in row 3 was 13.7 mm (0.540 in.), and in the highest temperature row 4 was 14.2 mm 
(0.560 in.). 

3.0 to 4.6 m/s (9.8 to 13.2 fps) showed moderate erosion-corrosion rates in straight sections ranging 
from 0.25 to 0.5 &year (10 to 20 mils per year), and this did not increase after April 1982 when the 
velocity was increased to 9.1 m/s (30 fps) with the use of 7.6-cm (3-in.) tubes in the high-temperature 

rates up to 2.5 &year (100 mils per year). 

Extra-heavy wall castings were used for the return bends. Initial operation with flow velocities of 

However, some 7.6-cm-diam type 31 6 stainless steel return bends showed erosion-corrosion 
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At the H-Coal Pilot Plant three coal slurry preheaters were installed. Preheater A had a helical coil, 
preheater B had a serpentine coil, and preheater C was a split-flow design with two separately fued 
parallel helical coils. Only preheaters A and C were used, and the slurry in these heaters was 
downflow. The velocity was about 2 m/s (7 fps). To achieve design velocity in preheater C, which 
operated only during run 11, it was necessary to introduce all of the feed hydrogen through this 
preheater, raising the normal gas to a liquid volume ratio of 2:3 to 8:lO. The tubing was 11.4-cm 
(4.5-in.)-diam type 347H stainless steel with a minimum wall thickness of 1.3 cm (0.5 in.). Ultrasonic 
testing of both coils indicated essentially no wall thinning. Coking was not a problem with either of 
these preheater~.~' 

Unlike the preheater tubing, there were several failures in the piping connecting the heater outlet to 
the reactor, and tests were made to define the erosion-corrosion rates as a function of velocity!6 

At the Fort Lewis, Washington, Pilot Plant, two SCC failures occurred in pipe nipples attached to 
the piping downstream of preheater A. In both instances, the failures of these type 316 stainless steel 
pipe nipples were attributed to chlorides where conditions were favorable for the condensation and 
evaporation of water to permit concentration of the chlorides. 

An erosion-corrosion loop was installed on the outlet of preheater B. This loop was constructed of 
3.8-cm (1.5-in.) Schedule 40, type 321 stainless-steel pipe. Metal loss rates on the straight sections 
were 0.10 to 0.13 &year (4 to 5 mils per year) and up to 0.5 &year (20 mils per year) at the 180' 
bend. A separate spool piece of 5.2-cm (2-in.) pipe showed straight section rates of 0.05 &year 
(2 mils per year) and 0.10 to 0.3 &year (4 to 12 mils per year) at bends. 

The TC failure in an appendage to the outlet coil of the preheater at the Wilsonville, Alabama, 
Pilot Plane' was traced to porosity in the TC weld, but the failure in the vent line on the transfer line 
downstream was attributed to chloride SCC similar to that noted for the Fort Lewis, Washington, 
dead-legs. Because of this failure, an additional section of the type 316 stainless-steel line was 
examined. Although no failure was indicated, there was evidence of intergranular cracking that was 
probably caused by polythionic acid SCC; no chlorides were associated with the sulfidized cracks. 

At the ECLP the type 321 stainless-steel piping from the furnaces to the reactor reportedly 
experienced metal loss rates of 0.21 to 0.5 &year (10 to 20 mils per year). No SCC was reported. In 
addition to the pipe and thickness monitoring, corrosion racks were inserted in this line. The corrosion 
coupon data reported from these racks are summarized in Fig. 4.1. These data indicate that there was a 
corrosion component in the material loss rate. The introduction of these coupons into the flow stream 
caused significant turbulence, so the absolute rates were probably high. During operation a portion of 
the rack was lost; therefore, only limited data were available. In other cases some of the coupons were 
damaged in removal, and the data were not reported. 

At the H-Coal Pilot Plant, the piping between the preheater and the reactor was constructed of type 
347H stainless steel. Because this piping had been sized for the boiler fuel mode of operation, the 
velocity in this pipe in the syncrude mode was very low. Wall thickness loss measurements indicated 
minimal erosion. With velocities ranging from 0.5 to 3.3 m/s (1.5 to 10.8 fps) and with temperatures 
in the range of 340 to 400°C (650 to 750"F), there was no measurable wall thinning. A portion of the 
piping (containing both feed slurry and reactor recycle slurry) with a velocity of 1.1 m / s  (3.5 fps) at 
temperatures ranging from 425 to 450°C (800 to 850OF) experienced wall thinning at a rate of 
1.7 mdyear (66 mils per year). A corrosion component to an erosion-corrosion mechanism was 
indicated again. 

4.4 REACTOR 

The reactor vessels are the heart of the direct-coal-liquefaction processes. Although the internals 
and the mode of operation differ for specific processes, the primary vessel is a tall, large-diameter 
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Fig. 4.1. Corrosion coupon data from coal-slurry preheater to reactor at the Exxon Coal Liquefaction Pilot Plant. 
Temperature: 425°C (800'F); velocity: about 7.5 d s  (25 fps). 



vessel. Preheated coal-solvent slurry is introduced at the bottom, and a coal oil-ash slurry leaves the 
vessel near the top. Both pilot plant and larger demonstration plant designs have drawn on petroleum, 
hydrotreating-process experience to define the materials of construction. 

The process conditions within these vessels involve normal operating temperatures between 400 
and 460°C (750 and 860°F) and pressures between 11 and 21 MPa (1600 and 3000 psi). A significant 
portion of the pressure is from the hydrogen gas introduced with the preheated slurry, either separately 
or between consecutive vessels, as part of the control of the exothermic reactions. In addition, the 
vessels accommodate the full range of coal-derived oils and a full range of reaction by-products: HC1, 
H2S, NH,, H,O, phenols, and amines. 

The major materials-degradation concerns in these large reactor vessels were materials property 
changes caused by the temperature of operation, temperature and pressure cycling, hydrogen-associated 
attack and embrittlement, corrosion, erosion-corrosion, and stress-corrosion attack. The operating 
conditions for these vessels were at the limits of pressure vessel technology. 

these experienced significant operational exposure. These dissolvers were 0.6-m (2-ft) inside diameter 
(ID) cylindrical vessels about 12 m (40 ft) high. They were constructed of 2.25 Cr-1 Mo, 2.6 cm 
(3 in.) thick, with a two-layer, 5-mm (0.188-in.) stainless-steel-weld overlay of type 347 over a type 
309 base layer. Nozzles were sleeve lined with type 347 stainless steel and joined to the overlay with 
type 347 stainless-steel breather rings. As early as 1976, cracks were found in the weld between the 
sleeve liners and the breather rings. During the final examination, the side nozzle cracks had traveled 
all the way around this weld, but no evidence of corrosion behind the breather ring was detected 
within the resolution capabilities [0.6 cm (0.25 in.)] of the ultrasonic technique used. In-place 
metallography of the weld overlay revealed a microstructure that suggested carbide penetration; 
examination of a type 347 stainless-steel bracket section showed scale formation with increased 
chromium and depleted nickel contents3’ Corrosion racks were installed in the reactor. The data in 
Figs. 4.2 and 4.3 show the susceptibility of the 2.25 Cr-1 Mo alloy to corrosion attack and the 
satisfactory performance of type 321 stainless steel. A 9 Cr-1 Mo alloy, type 410 stainless steel, and 
Incoloy 800 gave intermediate corrosion rates. Because of the changing coal types and the modes of 
operation, coal feed rates in the SRC-I mode were roughly double the rates in the SRC-II mode. These 
data did not support an analysis of coal type or operational mode effects; however, they confirmed the 
need for an austenitic, stainless-steel-weld overlay. 

high-chromium stainless steel (the cast equivalent of type 310 stainless steel). The reactor was 
cylindrical with a 0.3-m (12-in.) ID, a wall thickness of 63.5 mm (2.5 in.), and a length of about 7 m 
(23 ft). Alternate outlets were provided at the 25, 50, and 75% levels, and a distributor plate was 
installed in the bottom head. The flanges welded to the cylinder and the heads were type 347 stainless 
steel. 

leaking at the bottom head gasket whenever the unit was cooled below 200°C (400°F). Periodic 
resurfacing of the mating surfaces was required. On-site inspections of the top of the vessel were 
conducted in 1977 and 1979, and the bottom of the vessel was inspected in late 1980.38 These 
examinations included surface cleaning, dye penetrant, and metallographic (by replica) examinations of 
the vessel, flanges, and cover plates. No cracking was found on any of the structural components. 
Cracks were found in the welds that attached nuts to the interior surface of the top plate. These nuts 
were used to hold corrosion racks in the vapor space. No significant difference was found between the 
1977 and 1979 examinations. 

Another dissolver component, a type 316 stainless-steel blind flange and a repair weld made with 
matching weld metal, exhibited cracking that followed substructural boundaries in the weld metal and 
was transgranular in the base metal. This cracking was attributed to SCC, but the corroding species 

The Fort Lewis, Washington, Pilot Plant had two reactors of equivalent design, but only one of 

At the Wilsonville, Alabama, Pilot Plant, the reactor was constructed of a centrifugally cast, 

Although some internal coke accumulation was noted, the principal operational problem was the 
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Fig. 4.2. Corrosion rates for coupons exposed in the top of the Fort Lewis, Washington, Pilot Plant reactor. Temperature: 440" 
to 460°C (825 to 860°F); velocity: < 3 m / s  (< 9.8 fps). 
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Fig. 4.3. Corrosion rates for coupons exposed in the bottom of the Fort Lewis, Washington, Pilot Plant reactor. 
Temperature: 440 to 460°C (825 to 860'F); velocity: c 3 m / s  (< 9.8 fps). 



was not identified.39 The stainless-steel TC probe from the dissolver was removed from service when 
erroneous readings appeared from some of the 16 TCs. The TC probe was sectioned into five pieces to 
facilitate transportation. TC 1 was near the bottom of the dissolver and TC 16 was near the top. 
Several TCs were cut from the probe and examined metallographically. Examinations of TCs 4 and 6 
showed incomplete weld metal penetration and some cracking of the sheath. Coke-like material inside 
the TC sheaths indicated penetration of slurry. Corrosion of the TC wires by the slurry was the likely 
cause of the TC couple failures. 

Corrosion coupon data from the early operations of the reactor were not reported. Beginning in 
March 1979, U-bend stress-corrosion samples supplied by the Oak Ridge National Laboratory ( O W )  
were inserted in the upper part of the reactor and were removed in January 1981. Only highly alloyed 
materials were included in these tests. Because of the need to preserve the surfaces, minimal scale 
removal was done; therefore, the corrosion rates based on weight losses were considered questionable. 
Type 410 stainless steel and Inconel 600 were the only materials with corrosion rates > 0.03 &year 
(1 mil per year). One Inconel 600 sample was destroyed by sulfidation, and more than two-thirds of 
the samples had cracks. Metallographic examination showed transgranular and mixed-mode cracks in 
almost all the austenitic stainless steels, including the stabilized grades. Although many of these cracks 
were associated with the highly stressed and possibly sensitized heat-affected zone of the welded 
samples, severe cracks were also found in nonwelded samples that exhibited a mixed-mode attack. 

racks were removed in March 1981, and the other two were removed in June 1982. These racks 
included 7 Cr-1 Mo and 9 Cr-1 Mo alloys and a variety of higher alloyed materials. The 7 Cr-1 Mo 
alloy indicated corrosion rates in excess of 1.8 &year (70 mils per year), and the 9 Cr-1 Mo alloy 
rates were > 1.3 &year (50 mils per year) during the initial 1850-h exposure. All four coupons were 
severely c r a ~ k e d . ~ ~ . ~  The four comparable specimens were missing after the 9960-h exposure.41 The 
type 410 stainless steel indicated a corrosion rate of 0.25 mdyear (10 mils per year), and the 
austenitic alloys were all < 0.10 mdyear (4 mils per year). Other coupons were subsequently exposed 
in both the vapor and slurry phases, but the corrosion rates were not available. 

The reactor at the ECLP had four identical vessels that could be operated in series. Each vessel 
was 0.2 m (2 ft) ID by about 17 m (57 f3) high. The vessels were constructed of 2.25 Cr-1 Mo with a 
weld overlay of type 304L stainless steel, and the internals were constructed of type 321 stainless 
steel. A bubble cap distributor was located above the hemispherical head at the bottom of the vessel. 
There was no significant attack of the weld overlay except for the severe erosion in the lead reactor 
vessel. This occurred because the distributor tray was bypassed during the initial shakedown run. The 
erosion penetrated the type 304L stainless-steel overlay and progressed into the 2.25 Cr base material. 
Vessel repair consisted of weld buildup of the eroded area and redesign of the distributor tray support 
ring; no subsequent erosion was 
included in the exit lines (see Fig. 4.4). Although the mean velocity in the pipe was low, some 
turbulence occurred around the specimens, along with a higher velocity in the recycle mode of 
operation. The differences between the various coals in the last three series were interpreted as 
differences in the corrosion contribution to the erosion-corrosion attack. 

The H-Coal reactor at Catlettsburg, Kentucky, was distinctly different. The 9-cm (7.5-in.)-thick 
2.25 Cr-1 Mo shell was weld-overlayed with 4.8 mm (0.188 in.) of type 347 stainless steel. This 1.8-m 
(6-ft) ID cylindrical vessel was 9.4 m (31 ft) high and was fitted with special heads. The shell was 
then lined with a 15-cm (6-in.) refractory liner. Internals, including the grid plate, ebullating pump 
suction cup, downcomer piping, and instrumentation supports and tubes were made of type 347 
stainless steel. Designed for 600-todd feed, it was never operated at this capacity; some of the 
problems with the malfunctioning of flow distributions were shown to be associated with the lower 
200-todd throughput. In operation, the catalyst bed was expanded by slurry flow through the grid 
plate. The expanded bed height was controlled by this flow, which was a combined flow of 

Four racks of U-bends were installed in the bottom of the reactor in November 1980. Two of the 

No coupons were included in the reactor, but they were 
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recirculated slurry collected in the ebullating pump suction cup (from above the expanded bed) and 
fresh coal-solvent sluny from the preheater and hydrogen gas. Both operation and materials 
performance in this proprietary design have been discussed in the final report!2 Significant materials 
considerations, which were of some concern with this cold-wall design, were the upward shift in the 
ductile-to-brittle transition temperature (DBlT) of the 2.25 Cr-1 Mo material because of temper 
embrittlement and the localized thermal stress around the grid support area. Several test cycles were 
planned, and there were some temperature and pressure transients caused by support equipment 
failures. A significant cooperative effort was expended on analysis of the thermal fatigue life of this 
vessel to address these transients as they relate to the safety and economics of large coal conversion 
systems.43 

At the operating temperatures and pressures of these vessels, low-alloy steels may experience 
hydrogen attack, which occurs when hydrogen reacts with carbon in the steels to form methane. This 
reaction may produce decarburization, or methane bubble formation, that could weaken the steel. 
Concerns in the selection of materials for these vessels were temper embrittlement and creep 
embrittlement of low-alloy steels. Materials selection for high-temperature hydrogen service was based 
on Nelson reference diagram data, derived from experience, that indicate the limits of temperature and 
pressure below which specific alloys have not failed in service (see Sect. 3, ref. 8). The pilot plant 
vessels have not been in operation long enough to provide significant additional data on potential 
hydrogen attack. 

The material of choice for monolithic, thick-walled vessels is American Society of Mechanical 
Engineers (ASME) SA-387, grade 22, class 2 (2.25 Cr-1 Mo steel), which has better resistance to 
hydrogen attack than lower alloy steels. The'design requirement is typically based on Section VIII of 
the ASME Boiler and Pressure Vessel Code. These design requirements and fabrication capabilities 
combine to place practical restrictions on the size of the reactor vessels that may be used in the 
direct-coal-liquefaction processes. Of particular concern was a recommendation by the Subcommittee 
on Properties of the ASME Code that the design stress intensity values for 2.25 Cr-1 Mo steel 
(SA-387, grade 22) in Section VIII, Division 2, be deleted for temperatures above 427°C (800°F). The 
data given in Table 4.1 show that this would result in a 10-22% decrease in allowable stress, 
depending on design temperatures, for the stronger class 2 materials and would further increase the 
wall thickness, fabrication difficulties, and costs for these vessels. 

Improvements in pressure vessel steels were considered for future uses. One possibility was the 
modified 3 (wt %) Cr alloys, which could also provide improved resistance to hydrogen attack or 
embrittlement. Such a substitution, however, implied the collection and evaluation of a large amount of 
data to obtain code approval and the adaptation or development of fabrication procedures for the new 
alloys, all of which take time. Therefore, materials considerations and design analyses will continue to 
limit the practical size of these reactor vessels. However, because of the wider applications of the 
pressure vessel materials, considerable research and development is in progress and will undoubtedly 
continue. 

The ebullating pumps associated with the reactor operated at 21 MPa (3000 psi) and 425°C 
(800°F) and pumped slurry that was recycled through the reactor. Although there were some 
operational problems, the materials performance was good. The pump can liner, the suction nozzle 
liner, and the discharge nozzle liners were all fabricated from type 316 stainless steel coated with 
flame-sprayed tungsten carbide and were in service during the operating life of the plant. The 
impellers, diffuser suction piece, and diffuser mounting rings were all made of ASTM A-351 
GRCF8M (a cast-type 3 16 stainless steel) with coatings. The flame-sprayed tungsten carbide coatings 
on the diffuser parts flaked off in service and were successfully replaced with a furnace-brazed 
Colmonoy 75 overlay (the same type as that applied to the impeller). The original tungsten carbide 
diffuser vanes cracked because of mounting difficulties and were replaced with Hastelloy X coated 
with a turbine materials technology (TMT) coating. These modifications provided good performance 
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Table 4.1. Design stress intensity values for SA-387, grade 22 (2.25 Cr-1 Mo) in Section VIII 
of the AMSE Boiler and Pressure Vessel Code (1980 Edition) 

SA-387 Section VI11 grade 22 
division class 

Stress value [MPa (ksi)] for each metal temperature 

37 1 "C 399°C 427°C 454°C 4820c 5100c 538°C 
(700°F) (750°F) (800°F) (850°F) (900°F) (950°F) (1 OOOOF) 

1 

2 

1 

2 

-- 

103 
(15.0) 

123 
(17.9) 
119 

(17.2) 
161 

(23.4) 

~~ 

103 
(1 5.0) 
123 

(17.9) 
119 

(17.2) 
159 

(23.0) 

103 
(15.0) 

105 
(15.2) 

116 
(16.9) 
155 

(22.5) 

99 
(14.4) 
102 

(14.8) 
113 

(16.4) 
150 

(21.8) 

90 76 54 

83 
(12.8) 

(13.1) (11.0) (7.8) 

109 76 52 
(15.8) (11.0) (7.6) 

117 
(17.0) 



during later operational periods. The ebullating pump was included in the Rotating Equipment Test 
Program at the pilot plant,I6 and operational and materials performance details were reported in the 
find report.44 

Corrosion coupons were installed in three locations within the reactor vessel: (1) in the vapor 
space at the top of the reactor, (2) within the expanded catalyst bed fuel, and (3) in the plenum below 
the distributor where only ebullation recycle slurry and feed slurry exposure would normally be 
encountered. Because of operational upsets, catalytic carryover through the ebullating pump occurred 
in the plenum region, therefore, a clear distinction between erosion-corrosion with and without a 
catalyst was not possible. Coupon results plotted in Fig. 4.5 indicated a significant increase in the 
corrosion contribution to metal loss when Kentucky 11 coal was processed in comparison with the 
processing of Illinois 6 and Wyodak coals. 

4.4.1 Primary Separation 

The effluent from the reactor contained a variety of coal-derived liquids and solids and a mixture 
of gases that included a significant portion of unused hydrogen and water vapor. The preliminary 
separation of distillable coal oils from a residual slurry and the separation of gases to recover the 
unused hydrogen for eventual recycle involved the two functional areas of primary separation and gas 
separation (Sect. 4.4.2.) Although these two functions were not totally independent and both functions 
involved significant interconnecting piping in some designs, it was decided to separate them because 
the differences in process conditions and materials handled placed varying demands on the materials of 
construction. Figure 4.6 is a simplified diagram of the initial treatment area of the reactor effluent 
stream. Some of the pilot plant components and their ranges of operating conditions are identified. 

In this report, the primary separation function is shown by the vessel sequence A, D, E. The 
dissolved gases and the more volatile organic compounds were separated from the ash-coal-oil slurry 
by a reduction in pressure as a high temperature was maintained. The temperatures ranged from 454 to 
about 204°C (850 to 400"F), while the pressure was reduced from as high as 21 MPa (3000 psi) to as 
low as 0.1 MPa (145 psi) in some designs. The materials handled included the slurry (unreacted coal, 
char, and ash) and the full range of coal-derived oils together with H2S, H,, NH,, and other gases. The 
solids content of the slurry ranged from 5 to 30 wt 9%. Flow through the system was strongly affected 
by the drop in pressure and varied from < 1.6 m / s  (5.2 fps) in some of the vessels to as high as 490 
m / s  (1600 fps) in the letdown valve trim areas. With the exception of the EDS process, the slurry from 
this functional area went to solids separation or recycle. 

The primary materials problems derived from erosion by the slurry, corrosion by the coal oils, and 
erosion-corrosion by the combination. The vessels in this area, particularly the reactor effluent 
high-pressure flash drum, were also subject to the same materials-degradation phenomena as the 
dissolver vessels. Although some designs considered heat recovery from the slurry, the difficulties 
associated with slurry heat exchangers led to their omission. The temperature was usually reduced by 
the flashing and recycling of condensed overheads andor the introduction of cooled recycle hydrogen 
to reduce the propensity for coke formation in the highest temperature vessels. The major materials 
problems in this area were the wear and breakage of letdown valve trim material and erosion of the 
downstream piping. 

At the Fort Lewis, Washington, Pilot Plant, the primary separation area involved a two-stage 
pressure reduction. Initially, an air-cooled heat exchanger was installed between the reactor and the 
high-pressure flash drum. This heat exchanger failed after a few days of operation. The failure was 
attributed to poor mechanical design; a recycle water quench injection was installed to cool the 450°C 
(850°F) stream to about 370°C (7OOOF). The high-pressure flash drum was constructed of 2.25 Cr-1 
Mo steel with a 3.2-mm (0.125-in.) type 304 stainless-steel-clad liner. This liner had been sensitized 
during construction, and it cracked in an intergranular mode; this was attributed to polythionic-acid 
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SCC. Because of the severe corrosion and cracking of the liner in the top head of this vessel, it was 
replaced with a 309/347 weld overlay. No cracking was found with the overlay material. 

Another cracking problem occurred with the sleeve-lined nozzles on this and the two other lined 
vessels operating at high pressure. Corrosion coupons were included in this vessel in the underflow 
slurry phase and the overhead vapor phase. Highly stressed U-bend coupons were also tested in the 
vapor phase, but limited defilming reduced their value for defining corrosion rates. All of these data 
were plotted (see Figs. 4.7 and 4.8), and several operational features were considered in the evaluation. 
First, the coal feed rates during the SRC-I mode of operation were about twice the rates in the SRC-I1 
mode. Second, the recycle of sour water to quench the feed stream to this vessel returned significant 
quantities of water-soluble materials (such as chlorides) to the high-temperature region of the process. 
These features, combined with the changes in feed coal during some operational periods, make 
interpretation of the effects of variables on materials performance questionable. 

intermediate-pressure flash vessel (see Sect. 6.1.1). The slurry entering the intermediate-pressure vessel 
was only slightly lower in temperature, 360°C (680" F), at a pressure of only 4.8 MPa (700 psi). This 
vesseI was constructed of C-0.5 Mo steel clad with type 304 stainless steel. Polythionic acid-induced 
SCC cracking of this sensitized liner was similar to that in the high-pressure flash vessel. However, 
examination of the replacement top head, which was weld overlaid with type 309/347 layered stainless 
steel, showed cracks in the overlay; small microcracks initiating at the delta ferrite-austenitic interfaces 
were revealed. This indicated that an improper weld-overlay technique was used. Coupons were 
exposed again in both the vapor and slurry within this vessel (see Figs. 4.9 and 4.10). The same 
reservations in interpretation of the data in Figs. 4.7 and 4.8 apply here, with the probable reduction in 
the influence of the recycled quench water. 

Before 1977, the underflow slurry from the intermediate-flash vessel passed directly to the 
filter-feed flash vessel through a second letdown valve. With the modifications for the SRC-11 
operation, the slurry recycle stripper was installed between these two vessels with part of the 
underflow returning to slurry mixing and part flowing to the old filter feed vessel. In subsequent 
SRC-I operation, this arrangement was retained with all of the underflow going to the filter feed 
vessel. Whereas both of these vessels operated at a relatively low pressure [0.7 MPa (100 psi)], the 
temperatures of operation were somewhat different. The slurry recycle stripper was constructed of 
type 304L stainless steel and operated at about 360°C (680"F), and no materials problems were 
reported. An associated side draw accumulator, cooler, and pump were operated only for a few 
months, and no materials performance data were reported. Corrosion coupon data from this area are 
presented in Fig. 4.11. The high rates of metal loss for the carbon steel coupons were comparable with 
carbon steel piping. 

The filter-feed flash vessel was constructed of carbon steel, and significant erosion-corrosion was 
noted. The side inlet nozzle required replacement because of excessive thinning. Initially, this vessel 
operated in the 260 to 315°C (500 to 600°F) range, but this temperature was increased to 370°C 
(700°F) during part of the last year of operation. 

The corrosion rates for carbon steel coupons shown in Fig. 4.12 reflect the effects of temperature. 
Both the filter-feed flash vessel and the filter-feed surge vessel (installed in parallel to provide needed 
capacity for downstream upset conditions) were supplied with sidearm heat exchangers through which 
the slurry was circulated and heated by Dowtherm. Erosion-corrosion was high in the original carbon 
steel pipes and exchangers of these loops as well as in the piping to and from the vessels. The flash 
vessel exchanger was repaired or replaced annually. Piping showed erosion-corrosion rates of 
4.5 mdyear (176 mils per year) at bends and 3.3 mm/year (130 mils per year) in straight sections. 
Type 316 stainless steel was substituted for the bends, and most of the transfer piping and the resultant 
erosion-corrosion rate was < 0.5 &year (20 mils per year). 

After passing through the first-stage letdown valves, the underflow slurry was flashed in the 
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Fig. 4.7. Corrosion coupon data from the reactor effluent separator at the Fort Lewis, Washington, Pilot Plant. 
Temperature: 370°C (700°F); velocity: < 1 m/s (< 3.2 fps). 
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Fig. 4.9. Corrosion coupon data from the vapor in the intermediate-pressure flash drum at the Fort Lewis, Washington, 
Pilot Plant. Temperature: 343°C (650'F); pressure: 4.8 MPa (700 psi). 
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Both the filter-feed flash and the filter-feed surge vessels were fitted with agitators. No problems 
were encountered with the flash vessel agitator, but the surge vessel agitator failed in 1976. 
Replacement of the shaft, installation of a tungsten carbide steady bearing at the bottom, and removal 
of some paddles resolved earlier operating problems. The difference in performance was attributed in 
part to the fact that the surge vessel was also used to heat and dry slop oils before they were sent to 
the vacuum flash drums. 

low-head, low-speed pump in the recirculation loop of the filter-feed flash vessel provided relatively 
good service, and it was rebuilt three times in the first two and one-half years of operation at 260 to 
315°C (500 to 600°F). Seal life was about five months. The higher speed pumps discharging this 
vessel were constructed of the same 12 Cr casting alloy (A-351 Gr CA-6NM). With less material 
being pumped against a much greater head, the pumps had to be rebuilt more frequently. Spray 
coating the internals with a tungsten carbide coating extended the period between rebuilding to three to 
four months. Mechanical seal failures required more frequent pump maintenance, but revised seal 
designs and appropriate flushing improved the seal life to about 2000 h. The same type of high-speed, 
high-head pumps in the filter-feed surge vessel suffered severe erosion with average casing and 
stuffing box lives of 30 days. These were eventually replaced with partially lined pumps, which 
operated at lower speeds, using ABEX HC-250 for liners and impellers. Although wear of the coated 
type 410 stainless-steel casing continued, the pumps achieved about 3000 h between rebuilds. 

At the Wilsonville, Alabama, Pilot Plant, only a single-stage pressure-letdown system was used. 
The slurry from the reactor passed through an air-cooled dissolver-product cooler where the 
temperature was reduced to 260 to 315°C (500 to 600°F) before the slurry entered the high-pressure 
separator. In the hot-flash mode, this cooler was bypassed and the temperature of the separator feed 
was from 365 to 388OC (690 to 730°F). The slurry underflow from this separator passed through a 
single-stage letdown valve to the low-pressure flash drum. Undefflow slurry from this drum was 
collected in an agitated reclaim tank for feed to the filtration system or vacuum column. 

this unit was leaks in the tube-to-header joints. The unit failed in 1975, and distortion of the tubes, 
caused by differentials in therrnal expansion, required retubing without fins on the  tube^.^^,^' 
Subsequently, this exchanger required repairs for erosion and tube plugging. In late 1980, the tubes 
were insulated to provide for the hot-flash mode of operation. No additional problems were reported, 
but this was not surprising because current piping pennits bypassing in the hot flash mode of 
operation. 

SCC was 
sizes above 1.27 m (0.5 in.) in 1981. The lines from the flash tank to the vacuum tower also were 
replaced after a failure.48 The high-pressure separator was constructed of type 316 stainless steel. No 
materials problems were encountered, but the original vessel was replaced in 1981 with a smaller one, 
constructed of the same material, to reduce the residence time in the vessel.49 Early results of corrosion 
coupons exposed in this area were not reported. 

The ORNL exposed both coupons and U-bends in the vapor phase only (see Fig. 4.13). Underflow 
from the high-pressure separator passed through the pressure letdown valves to the flash drum with 
essentially no loss in temperature. This vessel was fabricated of Mn-Si steel (SA-516 Gr 70) lined with 
4.8 mm (0.188 in.) of type 410 stainless steel. No materials problems were reported for this vessel. 
Limited corrosion coupon data are given in Fig. 4.14. The low-corrosion rates may change with 
continued operation in the hot-flash mode. The slurry underflow went through a reclaim tank, which 
was also constructed of SA-516 Gr 70 but with a type 410 stainless-steel liner only 3.2 mm (0.125 in.) 
thick. No materials problems were reported for this vessel. With the termination of filtration testing, 

A variety of pumps was used to recirculate and discharge the slurry in these two vessels. Only the 

The reactor effluent cooler was constructed of type 316 stainless steel. The primary problem with 

Piping throughout the primary separation area was made of austenitic stainless steel. Although no 
all slurry piping was replaced, in kind, in early 1976 and all high-pressure piping in 
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Fig. 4.14. Corrosion coupon data from the (low-pressure) flash drum slurry at the Wilsonville, Alabama, Pilot Plant. 
Temperature: 315°C (600°F); velocity: < 1 d s  (< 3.2 fps). 



this vessel was bypassed and the slurry flow was directed to either the vacuum tower preheater or, in 
the hot-flash mode, to the vacuum tower. No corrosion coupon data were available for this vessel. 

hydrogen from the reactor-effluent stream. Reactor effluent flowed directly from the reactor to the 
liquefaction-reactor separator. The pressure of the underflow slurry from this separator was let down 
by a single stage with the valve outlet product being fed to a mix chamber. In the mix chamber, the 
slurry was recombined with the reheated condensate collected from the separator overhead vapors and 
then fed to an atmospheric tower. In this section, only the reactor-effluent separator will be discussed. 

The reactor-effluent separator was a cylindrical vessel of 0.6 m (2 ft) ID, 7.5 m (25 ft) high, with 
hemispherical heads. It was constructed of 1.25 Cr-0.5 Mo with a type 304L stainless-steel internal- 
weld overlay. A cartridge assembly of wash trays constructed of type 321 stainless steel was installed 
in the overhead vapor outlet. Coke-like deposits were found in the bottom of the vessel and, before the 
revision of the recycle oil wash system in 1982, in the cartridge assembly. Level control was a 
problem, and overflow of slurry to the overheads system, occurred freq~ently.~' No materials problems 
with the vessel were reported, but a stainless steel tap on the bottoms flowmeter failed by SCC that 
was attributed to chloride at ta~k.~ '  Coupons were installed in the slurry phase during all five periods, 
but they were damaged in the last two periods. Corrosion rates for the other three periods are 
presented in Fig. 4.15. Whereas the data showed a difference in the corrosivity of slurries from 
high-sulfur Illinois coal and that from low-sulfur Wyodak coal, it was difficult to assess differences 
between series 1 and series 2 with the same coal. The valves are discussed in Sect. 6.1. 

involved a two-stage pressure reduction in the slurry stream and mixing of the intermediate, 
flash-drum overhead condensates with condensates from the high-pressure overhead gas-recovery 
system. Flashed vapors from the slurry streams leaving the hydroclones were used to separate a recycle 
slurry from the low-pressure slurry stream. In this section, attention is restricted to the high-, 
intermediate-, and low-pressure separators and the interconnecting piping. A more detailed description 
is given in Appendix A. 

The reactor-effluent separato?2 was a 5.5-m (184)  high by 1.37-m ( 4 . 5 4  ID vertical vessel of 
2.25 Cr-1 Mo steel, clad internally with 9.5 mm (0.375 in.) of type 347 stainless-steel weld overlay, 
which was originally covered with 0.15 m (6 in.) of castable refractory. Because of operational 
problems with coking in this vessel, the refractory installation was modified to provide an interior 
configuration with a conical-shaped bottom. The internals, including a hydrogen sparger system added 
to control the coking, were constructed of type 3478 stainless steel. There were no materials problems 
with this vessel not even with the refractory liner, although three different kinds of refractories were 
used in modifying the internal c~nfiguration.~~ Corrosion coupons were exposed in both the slurry and 
vapor space in this vessel. The data54 from these tests are presented in Figs. 4.16 and 4.17. U-bend 
samples, including additional material types, were exposed in these regions also. These samples 
showed similar weight losses, but the data were not plotted. Although significant sulfidation scale was 
found on these U-bends, no cracking was found in the early exposures.55956 One welded ferallium and 
one welded type 316 stainless-steel sample were cracked after being exposed during the last two 
periods. The corrosion data indicated that alloy steels were more severely attacked in the vapor space 
and that the corrosion rates of all coupons decreased with the reduction in temperatures in this vessel, 
beginning with the introduction of the hydrogen sparger after the series A exposure. 

The intermediate-pressure separator was a vertical [5-m (17-ft)-high] cylindrical [l.l-m (3.5-ft) ID] 
vessel constructed with a low-alloy 1 Cr-0.5 Mo steel (SA-387 Gr 12) and clad internally with a type 
347 stainless-steel weld overlay 3.2 mm (0.125 in.) thick. Visual examination of the cladding indicated 
some minor pitting and corrosive attack, and significant wall thinning, ranging from 1.5 to 
2.3 mdyear (60 to 90 mils per year), was noted for both the inlet and the outlet nozzles. One inlet 
nozzle was used for each letdown valve train. Each nozzle was directed at an impingement baffle that 

At the ECLP the primary-separation functional area served to remove the sour gases and recyclable 

The primary-separation functional area at the H-Coal Pilot Plant was the most complex, because it 
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Fig. 4.15. Corrosion coupon data from the reactor effluent separator at the Exxon Coal Liquefaction Pilot Plant. 
Temperature: 425°C (800°F); velocity: < 1 m/s (< 3.2 fps). 
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Fig. 4.16. Corrosion coupon data from the H-Coal Pilot Plant reactor effluent separator vapor. Temperature: 
380 to 440°C (725 to 830°F); velocity: < 1 m / s  (< 3.2 fps); operation: syncrude mode. 
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was made of alumina (Al,O,) plates bolted to a type 347 stainless-steel support. Erosion of the bolt 
heads caused these plates to fall to the bottom of the vessel. After run 4, they were replaced with 
hex-steel-reinforced refractory cement and exhibited only slight wear at the final inspection.57 
Corrosion coupons and U-bend samples also were exposed in the vapor and slurry phases of this 
vessel, which operates at a lower temperature. The coupon data5* are shown in Figs. 4.18 and 4.19. 

The U-bend tests involved additional alloys but usually confirmed the loss rates shown. Cracking 
was found in the limited U-bend specimens that were examined metallographically. Whereas these data 
also showed that the vapor phase was more aggressive than the slurry phase, there was a much larger 
drop in these corrosion rates than in the reactor-effluent separator where the sparger was added after 
the series A exposure. Although the temperatures in this vessel continued to drop with succeeding 
exposure periods, the effect of this change was not clearly demonstrated in the corrosion rates. From 
these data it appeared that the sparging helped to remove a volatile corrodent component from the 
slurry before the pressure reduction. 

The low-pressure flash separator was a vertical drum with a 1.8-m ( 6 4 )  ID and 6.1 m (20 ft) 
high. This vessel was also constructed of 1 Cr-0.5 Mo low-alloy steel with a 3.2-mm (0.125-in.) 
internal weld overlay of type 347 stainless steel. No materials damage was noted for this vessel. The 
original Durafrax coating on the impingement plate failed and was replaced with a hex-steel-reinforced 
refractory cement after coal run 4. Continued spalling required repair after coal runs 5 and 9. The 
corrosion coupon data plotted in Figs. 4.20 and 4.21 indicated that at the lower temperatures achieved 
after sparging, a type 410 stainless-steel liner might have provided adequate corrosion protection. 

The piping in slurry service for this area was all austenitic stainless steel; type 347H was used 
from the reactor discharge to the low-pressure flash inlet and type 304L from the low-pressure outlet 
to succeeding equipment. Erosion-corrosion in this piping was monitored by nondestructive 
wall-thickness measurements. Unfortunately, the precision of such measurements is questionable. In 
addition, the reported velocities were all < 0.6 m/s (< 2 fps) except for the reactor effluent line. The 
erosion-corrosion rate band of uncertainty ranged from 0.25 to 1.9 &year (10 to 75 mils per year) 
for both types of stainless-steel piping. All piping was installed with long-radius elbows and swept tees 
to minimize erosion. 

4.4.2 Gas Separation 

As indicated in Sect. 4.4.1, the initial stages of gas separation are part of the overall primary 

The gas separation function within the direct-liquefaction process has a variety of objectives. 
separation function. These initial stages follow the vessel sequence A, B, and C (see Fig. 4.6). 

Basically, it is designed to recover unused hydrogen for recycle and to separate the coal oils from 
reaction products such as H2S, NH,, and H,O along with other less abundant gaseous products. 
However, additional gases are separated from the condensed vapors leaving the primary-sepat-ation 
flash vessels. The condensed hydrocarbons are usually collected and sent to the liquid-fractionation 
area, separated sour water is sent to a sour-water treatment area, and the gases are further treated to 
separate the hydrogen for recycle. The remaining sour gases (principally H,S, NH,, and CO,) and fuel 
gas are subjected to a variety of treatments depending on the specific process design. 

maintained as high as possible as the temperature is lowered to achieve maximum energy efficiency. 
Under these conditions, the major materials-degradation phenomena are hydrogen attack, SCC, 
sulfidation, and sour water corrosion. The materials handled include hydrocarbon vapors, sour gases, 
and condensates of hydrocarbons and sour water. The operating temperatures range from 450°C 
(850°F) down to 22°C (55"F), and pressures are usually high [up to 21 MPa (3000 psi)] but reduced 
where the accumulated condensates are let down in pressure to about 0.4 MPa (55 psi) before further 

This system differs from the primary separation function (see Sect. 4.4.1); the pressure is 
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Fig. 4.18. Corrosion coupon data from the H-Coal Pilot Plant intermediate-pressure flash drum vapor. Temperature: 370 
to 390°C (700 to 730°F); velocity: c 1 m / s  (< 3.2 fps); operation: syncrude mode. 
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Fig. 4.19. Corrosion coupon data from the H-Coal Pilot Plant intermediate-pressure flash drum slurry. Temperature: 380 
to 400°C (725 to 750°F); velocity: < 1 m / s  (< 3.2 fps); operation: syncrude mode. 
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processing. Because of the wide range in temperatures and the varied corrosion media throughout this 
system, materials choices had to be based on the specific conditions existing for each component. 

(high-pressure flash) separator overheads condensates in a single vessel. The high-pressure flash drum 
overheads passed through an air cooler and water-cooled exchanger into the recycle condensate separa- 
tor at about 38°C (100°F). The uncondensed gases and vapors from this separator were forwarded at 
high pressure to the gas cleanup and hydrogen recycle system. The condensate was let down in 
pressure, combined with the overheads from the lower-pressure flash equipment described in 
Sect. 4.4.1, and forwarded to the recycle process water tank. This tank served as the oil-water 
separator and as a feed tank for the liquid fractionation functional area. It is important to remember 
that a portion of the separated water was pumped to high pressure and recirculated to quench the 
reactor-effluent stream. Excess water was sent to the waste water treatment plant. 

The initial high-pressure flash-drum overhead vapor cooler was a forced-draft, air-cooled heat 
exchanger. This was a four-pass design fixed-box header inletloutlet end and a two-piece split-box 
header on the return end. The tubes were type 304L stainless steel, rolled and seal welded to the tube 
sheet, with a 2.54-cm (1 in.) outside dam (OD) and a 0.516-cm (0.203-in.) minimum wall thickness. 
The box headers were type 304L stainless steel. 

The original heat exchanger performed adequately until October 1978 when two leaks developed 
on the tube sheet of the return-end box header. The two leaking tubes were removed and the holes 
were plugged, but one month later the cooler started to leak again. The failure was apparently a result 
of plugging, and as a consequence, some of the tubes cooled, contracted, and pulled out of the tube 
sheet rolls. A new tube bundle was fabricated with new box headers of type 304L stainless steel using 
finned tubes from the dissolver-effluent cooler (no longer in service). The tubes in the 
dissolver-effluent cooler were of type 321 stainless steel with a minimum wall thickness of 0.610 cm 
(0.240 in.). 

In June 1980, the bundle developed a leak, so the original tube bundle was cleaned, and pressure 
tested, several minor leaks were repaired, and it was reinstalled for service. The original heat 
exchanger began to leak in September 1980 and was replaced again by the spare. The spare was in use 
for only a few days before it began leaking again. Repairs were made on the spare by rerolling and 
inserting hollow-tapered plugs, and it was returned to service. The original tube bundle was not 
repaired because of SCC. The failures encountered with this heat exchanger provided a classic example 
of the need for design interaction with materials selection. In this heat exchanger, the heavy-wall 
stainless-steel tubes were rolled into the tube sheet and seal welded. The design required that all the 
tubes expand equally between the headers. Temperature differences between the tubes and the 
high-thermal expansion of the austenitic stainless steel resulted in high stresses (distortion of the tubes 
and cracks in the tube-to-tube sheet welds) during operation. Examination of a cross section of the 
tube indicated that the cracking initiated at the ID in the rolled area. The failures appeared to have 
started with transgranular cracks, a result of chloride stress corrosion. Because there was no evidence 
of thinning in the original tubes, the corrosion allowance was determined to be unnecessary. 

This heat exchanger was redesigned, and a new tube bundle was installed in the shutdown of 
April 1981. The new design was a four-pass, air-cooled exchanger with a three-piece, split-box header 
on the inletloutlet end and U-bends on the return end. The tubes were of type 321 stainless steel, 
rolled and seal welded to the tube sheet, and were 2.54-cm (1-in.) OD by 0.277-cm (0.109-in.) 
minimum wall thickness. The new tube bundle was fabricated with box-header material of type 
321 stainless-steel. This heat exchanger did not experience any problems during the remaining period 
of plant operation. 

The effluent from the high-pressure, flash-drum vapor cooler passed through the water-cooled, 
high-pressure flash-drum condenser for final cooling to 100°C (200°F). The shell and tube heat 
exchanger was constructed of carbon steel. Although no materials problems were encountered, 

The Fort Lewis, Washington, Pilot Plant separated the gases from the reactor-effluent 
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inspection indicated that the closure design for isolating the tube side (vapor and gases) from the shell 
side (cooling water) fluids was inadequate. Initially, there were two tube bundles in series. The two 
stages were not required, so one was retired and the other was rebuilt and retubed with a redesigned 
tube sheet. Despite the high concentrations of NH,, C1, S ,  and COz in the vapors, there were no reports 
of serious tube plugging in these condensers even though a wash water system was not used. This 
suggested that the simultaneous condensation of the quench water, added to the reactor effluent, 
provided the solvent for any solids formed. Contaminants (e.g., soluble chlorides) recycled with the 
water may have increased the corrosivity. 

The recycle condensate separator was fabricated from low-alloy steel (C-0.5 Mo) clad with type 
304 stainless steel. The post-weld heat treatment of this vessel sensitized the cladding and caused it to 
become susceptible to SCC. Visual inspections and in-place metallographic examinations revealed 
intergranular cracking that was attributed to polythionic-acid attack.59 Corrosion coupons were exposed 
in both the vapor and the liquid phases in this drum. For all alloys exposed, the corrosion rates were 
very low; the maximum corrosion rate reported for carbon steel was only = 0.06 d y e a r  (= 2.2 mils 
per year).@' U-bend samples exposed in this same vessel confirmed the low-corrosion rates with 
transgranular cracking found in the type 41 0 stainless-steel welded samples.6' 

high-pressure flash vessel and the overhead cooler. The stainless-steel piping normally operated at 
about 370°C (700"F), but the type 316 stainless-steel valve was cool enough to allow water 
condensation. The crack that caused a leak initiated in the base metal and propagated into the weld 
and the exterior surface. The transgranular mode was used to attribute this cracking to chloride stress 
corrosion. No other problems were reported for the piping in this functional area. 

At the Wilsonville, Alabama, Pilot Plant, the gas separation function was similar to that used at 
Fort Lewis, Washington. The overheads from the high-pressure separator were cooled in a single-stage 
heat exchanger and sent to the high-pressure vent separator at about 66°C (150°F). However, 
noncondensable gases from the separator were recycled only after being scrubbed with caustic and 
water. The condensed liquids were passed through a pressure letdown valve to the solvent decanter 
where they were mixed with the low-pressure flash overheads. This solvent decanter separated the sour 
water for treatment and provided a feed vessel for the liquid fractionation section. 

The high-pressure separator cooler was a horizontal shell and tube exchanger constructed of type 
304L stainless steel on the tube side and carbon steel on the jacket or shell side. Designed to cool the 
vapors to 38°C (lOO°F), it was operated at an outlet temperature of 66°C (150°F) or higher to prevent 
condensate accumulation and plugging. Before the hot flash mode was started, the vapors entering the 
cooler were tested at 288°C (550°F). After 1981, the vapor temperatures in the hot-flash mode were 
higher, sometimes in excess of 427°C (800°F). No difficulties were reported with this unit's operation. 

The high-pressure separator was a vertical cylindrical vessel [about 1.4 m (5 ft) high with an ID of 
0.3 m (1 ft)] constructed of type 304L stainless steel. Uninsulated, it operated at about 38°C (100°F). 
There were no materials problems with this vessel, and no corrosion coupons or U-bend samples were 
exposed. The piping in this system was all austenitic stainless steel. Both the vapor line to and the 
condensate line out of the bottom of the separator were type 316 stainless steel, and the piping for the 
sour gas to the caustic scrubber was type 304L stainless steel. Although no problems were 
encountered, these high-pressure lines were replaced (in kind) in 1981. 

vessels with some heat recovery. The vapors from the liquefaction reactor separator passed through the 
tube side of the atmospheric fractionator preheaters where they were cooled by the combined 
condensate from the subsequent separators. Then they passed through the hot separator condenser 
where the vapors were cooled from about 354 to 282°C (670 to 540°F) with cooling oil from an 
isolated heat exchange loop. After quenching with sour water that was recycled from the cooled 
separator for the liquefaction recycle gas, the vapors from the hot separator for the liquefaction recycle 

A stress-corrosion crack was the cause of a failure in a safety valve located in the line between the 

At the ECLP, the gas separation unit involved three heat exchangers and two flash separator 
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gas passed through the shell side of the cold separator condenser. Although only vapors and gases 
were to be handled in this system, problems with the operation of the liquefaction reactor separator 
resulted in considerable carryover of solids throughout the operation. As indicated in Sect. 4.4.1, the 
suction piping to the flash pump was modified in April 1982 to supply high-pressure mixed 
condensate to the flash recycled to the trays in the top of the reactor effluent 
reduced, but did not eliminate, the carryover of solids. 

The atmospheric-fractionator feed preheater was a shell and tube exchanger. The reactor effluent 
separator vapors were on the stainless-steel (type 321) tube side and the combined low-pressure 
condensate was on the carbon-steel shell side. In April 1982, a leak occurred through a crack in the 
shell near the outlet nozzle. This failure was attributed to erosion caused by the accumulation of solids 
within the shell. This accumulation almost filled the shell and forced the flow into a channel along the 
top of the vessel. The inlet temperature of the combined condensates was 213°C (415OF); the outlet 
temperature was not reported. The tube-side reportedly operated with an inlet temperature of 443°C 
(830OF) and an outlet temperature of 385°C (725OF), but heat transfer was undoubtedly restricted by 
the solids accumulation. The shell was replaced (in kind) and the tube bundle was reused.63 No 
corrosion coupons were located in this area. 

The effluent vapors from the exchanger flowed to the tube side of the hot separator condenser 
where they were cooled with Dowtherm. The channels, tubes sheet, and tubes were clad with type 
347 stainless steel; no materials problems were encountered with this exchanger. 

The 282°C (54OOF) effluent of the condenser was separated into its gaseous and condensate phases 
in the hot separator for the liquefaction recycle gas. This was a horizontal drum with hemispherical 
heads 0.9 m (3 ft) in diam and about 2.7 m (9 ft) long. The vessel was constructed of 1.25 Cr-0.5 Mo 
low-alloy steel with a type 304L stainless steel internal weld overlay and type 347 stainless steel 
intemals. No materials problems were encountered, although solids carryover fouled the level indicator 
and severely eroded the condensate pressure letdown valve. Corrosion coupons were located in the 
condensate in the tank and in the vapor exit piping after a recycle water injection. U-bend samples 
were included on the corrosion rack located in the vapor piping. (These dataM965 are summarized in 
Figs. 4.22 and 4.23.). 

Because of the carryover of solids and the significant accumulations found in the vessels, 
particularly after the series 4 exposure period, the absolute values of the corrosion rate data for the 
condensate coupons were considered questionable. All alloy grades were included in these plots, but 
they were not included in the data plotted for the overhead racks. These racks included several 
high-alloy materials. Because the corrosion rates for these racks were < 0.03 mm/year (< 1 mil per 
year), these data were not plotted. 

The U-bend samples were limited to four on each rack, and with one exception plotted for series 
3, their weight loss corrosion rates agreed with the coupon data. SCC was found in only three of the 
type 304 stainless-steel coupons. The as-rolled specimen in series 1 showed transgranular cracking, and 
the sensitized sample on the same rack showed intergranular cracking. The third sample to crack was a 
welded coupon in series 4B that showed transgranular cracking. The one instance of high corrosion of 
a Monel coupon was plotted for series 4B. Because these coupons in the vapor outlet were exposed to 
a lower temperature but higher velocity, with the additional complexity of the recycled sour water, 
differences in corrosion rates between the two sets were difficult to interpret. The series 1, 2, and 4B 
data indicated a higher corrosivity for the vapor, but this was not conclusive evidence. The 
liquefaction-reactor-separator pumps were designed to pump 1.3 x m3/s (21 gal/min) and were 
constructed of a 12 Cr alloy with wetted parts coated with tungsten carbide. Although solids were 
included in the high-pressure condensate at about 282°C (540"F), no significant materials problems 
were reported. Seal replacement and routine maintenance were required, but these pumps were 
reported to be in good condition during the final turnaround.% 

This 
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Fig. 4.22. Corrosion coupon data from the hot separator liquids for the liquefaction recycle gas at the Exxon 
Coal Liquefaction Pilot Plant. Temperature: 282°C (540°F); velocity: < 1 m l s  (< 3.2 fps). 
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The vapors from the hot separator were water-quenched before entering the cold separator 
condenser. Initially, the quench was derived from the subsequently separated high-pressure sour water. 
Because of possible (NH,),CO, precipitation with the lower grade coals (Wyodak and Texas Lignite), 
fresh high-pressure water injection was substituted for the recycle sour water during the June 1981 
turnaround. 

side and cooling water in the tubes. The shell and tube sheet were constructed of a low-alloy steel 
(C-Mo) clad with type 304L stainless steel. The tubes were made of Incoloy 825 with test tubes of 
Sandvik 3RE60 included in the bundle. No materials problems or operational difficulties were reported 
for this exchanger!' 

The mixed gases and condensates were fed to the cold separator for the liquefaction-recycle gas at 
43°C (1 10°F). This drum was a horizontal vessel about 1.4 m (4.5 ft) in diam and 5.5 m (1 8 ft) long. 
The drum was constructed of carbon steel and was lined with a refractory installed by the Gunite 
process. The inlet nozzle liner and wear plate were made from type 316 stainless steel. No materials 
problems were reported, and the refractory liner appeared to be in good condition at the time of the 
final inspection. Corrosion racks were mounted in the sour water section of the drum and in the sour 
water exit piping. These racks contained both coupons and U-bend specimens of carbon steel and a 
variety of alloys. The measured corrosion rates were all < 0.03 &year (< 1 mil per year) and no 
cracking was d e t e ~ t e d . ~ . ~ ~  The noncondensed gases were sent to the recycle gas cleanup tower at high 
pressure, and the coal-derived oil condensates were let down in pressure and mixed with the hot 
separator condensates before being reheated in the atmospheric fractionator preheater. 

This high-pressure, sour-water recycle pump was a gas venturi wash-water design. No materials 
performance data for this pump were reported!* 

complex and was interconnected to other primary separation streams. Recycle gas was recovered from 
two locations and recycled through separate compressors to the reactor input circuit. As in other pilot 
plants, most of the gas was recovered at high pressure. Additional gas was recovered from the 
intermediate-pressure, flash-drum overhead circuit and mixed with fresh hydrogen before being 
compressed to high pressure (see Appendix A, Fig. A.l. l) .  

At first, a high-pressure liquid quench was used between the reactor-effluent (high-pressure) 
separator and the reactor-effluent vapor separator. With the addition of the hydrogen sparger in the 
high-pressure separator after run 6, only the reactor-effluent vapor trim cooler was used for the initial 
stage of cooling the overhead stream from 427 to 454°C (800 to 850°F) to 260 to 288°C (500 to 
550°F). The overheads from the reactor-effluent vapor separator were quenched with water and cooled 
in the reactor-effluent vapor condenser to about 55°C (130°F). Vapors and sour gas from the 
subsequent reactor-effluent vapor separator were scrubbed and recycled through the high-pressure 
recycle gas compressor. The liquid condensates from the two separator drums were passed through 
separate pressure letdown valves and mixed with comparable streams in the intermediate-pressure 
gas-recovery system. The intermediate-pressure gas-recovery train combined the overheads from the 
high-pressure flash drum with the condensate from the reactor-effluent vapor separator. This was 
cooled by the high-pressure flash gross-overhead cooler and passed to the high-pressure condensate 
collector where the vapors and condensate were separated. The remaining vapors were quenched with 
a water injection, cooled in the high-pressure flash hot-overhead cooler to 52°C (125OF), and passed to 
the high-pressure condensate wash-water separator. This drum also received the condensates let down 
from the reactor-effluent vapor separator. 

where they were blended with hydrogen and pumped directly to the reaction circuit without additional 
cleanup. The condensates from the separators were passed through pressure letdown valves to 

The cold separator condenser was a shell and tube exchanger with the process stream on the shell 

For the series 1 and 2 operational periods, a type 316L stainless-steel centrifugal pump was used. 

The H-Coal Pilot Plant gas separation portion of the primary separation function was more 

Gases from this separator went to the suction drum of the intermediate-pressure recycle compressor 
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appropriate streams in the low-pressure gas-separation section. Gases separated in the low-pressure 
section were not recycled. Vapors from the low-pressure flash drum were cooled from about 370 to 
177°C (700 to 350OF) in the low-pressure flash overhead cooler. The feed to this cooler also included 
the overheads from the cyclone overhead and underflow receivers. The cooled stream was mixed with 
the letdown condensate from the high-pressure condensate collector in the low-pressure condensate 
collector. The overheads from this separator drum were water-quenched and further cooled by the 
low-pressure flash hot-overhead cooler to about 52°C (125°F). Then they were mixed with the organic 
condensates let down from the high-pressure wash-water separator in the low-pressure wash-water 
separator. Sour gas from this separator was sent to the vent gas system. The oil condensate from these 
two separators was transferred to the fractionator feed drum. Sour water separated in the high-pressure 
and low pressure wash-water separators was sent to the sour-water treatment area. 

In the following paragraphs, the materials performance experience for the components is discussed 
in the order of the above process summation. 

The reactor-effluent vapor-trim cooler was a shell and tube exchanger with the vapors on the tube 
side generating steam in the shell side. Initially, the steam pressure was varied to control the outlet 
temperature, but desublimation of inorganic salts resulted in the plugging of tubes when their wall 
temperatures fell below about 246OC (475"F), so the steam generation was stabilized at 3.1 h4Pa 
(450 psig). A detailed description of the associated steam system and operational modifications was 
given in the pilot plant final report.67 The tube exchanger was constructed with carbon steel on the 
shell side, and originally, with alloy 800 tubes, type 347 stainless-steel weld-overlaid channels, and 
tube sheet on the tube side. During the startup for run 5, three tubes failed. The cause of this failure 
was traced to chloride-induced SCC that started in the tube-to-tube sheet crevices on the shell 
Modifications were made in the tube-to-tube sheet assembly, and the entire bundle was rebuilt using 
the same tubes. Leakage at the tube-to-tube sheet weld led to retubing with Inconel 625 tubes six 
months later, and examinations of these tubes revealed no significant deteri~ration?~'~~ 

The reactor effluent vapor separator was a vertical drum 11.1 m (3.5 ft) ID by about 6.2 m 
(20.5 ft) high] fabricated from low-alloy 2.25 Cr-1 Mo with a 0.5-mm (0.188-in.)-thick weld overlay of 
type 347 stainless steel. Vessel internals were fabricated of type 347 stainless steel also. All vessel 
nozzles were fitted with Grayloc connectors, including a 0.5-m (18-in.) top manway. Examination of 
the interior of this vessel revealed some pitting and etching, but no signs of cracking were 
dete~ted.~'-'~ Dye penetrant examinations were not made. 

below the condensate liquid level (liquid phase), and in the bottom of the vessel where water 
accumulated during transient periods. The corrosion coupon data" for these locations are shown in 
Figs. 4.24-4.26. The data from U-bend samples exposed on separate corrosion racks in the vapor and 
water phases were not plotted on these charts. 

The materials exposed in these tests included carbon steel, alloy HT9, modified 9 Cr-1 Mo, type 
410 stainless steel, a variety of 300-grade austenitic stainless steels, and Incoloy 800 and 825 alloys. 
The corrosion rates based on weight losses correlated with those of comparable materials with the 
Incoloy alloys that were combined with the austenitic stainless steels. Pitting and SCC of both the 
transgranular and intergranular type were found on a number of specimens in the vapor phase during 
exposure period A, with only transgranular cracking found in the water set. Metallographic 
examinations of U-bends from both the vapor and water phase locations showed that SCC occurred in 
both locations on samples of types 304L and 347 stainless steels and welded samples of types 316 and 
316L stainless steels. Only the vapor phase specimen of ferallium showed cracking. The cracks in all 
specimens were predominately trangranular or mixed mode. 

Whereas the abrupt reduction in the corrosion rates for all materials occurred with a change of coal 
for the exposure period C series of coupons, it should be noted that this also was associated with a 
significant change in the operation of the reactor effluent separator where the hydrogen sparge rate was 

Corrosion coupons were exposed in three locations in this vessel: in the vapor space (vapor phase), 
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Fig. 4.24. Corrosion coupon data from the H-Coal Pilot Plant reactor effluent vapor separator. Location: vapor 
phase; temperature: 282°C (540'F); velocity: < 1 m/s (< 3.2 fps). 
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Fig. 4.25. Corrosion coupon data from the H-Coal Pilot Plant reactor emuent vapor separator. Location: liquid 
phase; temperature: 282°C (540°F); velocity: < 1 m / s  (< 3.2 fps). 
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Fig. 4.26. Corrosion coupon data from the H-Coal Pilot Plant reactor effluent vapor separator. Location: 
bottom of vessel; temperature: 282°C (540°F); velocity: < 1 m / s  (< 3.2 fps). 



increased significantly, the slurry temperature was reduced from 427 to 399°C (800 to 750"F), and the 
residence time was shortened from about 5 min to about 1 min. Concurrent adjustments in the 
operation of the vapor-trim cooler-control inlet stream, and therefore the operational temperature of the 
separator, were occumng at about 288°C (550°F). The very high-corrosion rates in the vapor and 
liquid phases did not recur in the exposure period D series when high-sulfur coals of the same seams 
used in periods A and B were processed. This suggested that a change in the composition of the input 
stream might have been responsible for the changes in corrosion rates. A detailed study of available 
stream analyses was required to examine this postulate. 

The reactor effluent vapor condenser was a shell and tube exchanger with cooling water on the 
two-pass, U-tube side and the water-quenched process stream on the shell side. The shell was 
constructed of a low alloy C-0.5 Mo steel, carbon steel was used for the channels, and Incoloy 800 
was used for the tubes. Although there were some operational problems involving the baffling and 
severe fouling of the water side of the tubes, periodic examinations showed no significant materials 
attack. The fouling was attributed to the use of a cooling water exchanger where the process stream 
inlet temperature was above 149°C (300°F); this was contrary to standard refinery practice.69 The 
piping to this exchanger was type 3478 stainless steel, and nondestructive examination data indicated 
no significant wall thickness loss [< 0.5 &year (e 20 mils per year)], with the possible exception of 
the line leading into this condenser. Some corrosion of the carbon steel lines handling the high 
pressure gases may have occurred, but the data were uncertain. 

The reactor effluent vapor wash-water separator was a horizontal vessel [1.1 m (3.5 ft) ID and 
about 3.7 m (12 ft) long] designed as a flash drum (decanter) to separate vapor from liquid and oil 
from water. It was constructed of carbon steel with a partial acid-proof cement liner (Saureisen No. 
33) 31.1 mm (1.25 in.) thick; the internals were made of carbon steel. Final inspection of this vessel 
showed an overall rust scale with no major pitting, but the lining was heavily spalled. No corrosion 
coupons were installed in this vessel, and operations were marred by the sensitivity limits of the 
instrumentation so that water was always let down with the oil fraction. 

The recycle compressor suction drum was a vertical vessel [0.9 m (3 ft) ID and about 2.1 m (7 ft) 
high] constructed of carbon steel with a stainless steel demister. Although there was no significant 
damage to the vessel, the opinion of the operators was that a change in material would be worthwhile 
for this vessel and the downstream piping. The opinion was based on the fact that particulate 
accumulation caused problems in the recycle-hydrogen-compressor valves, and this was attributed to 
the formation and carryover of iron sulfide from these  component^.^^ 

The intermediate-separator flash vapor at 371°C (700°F) was mixed with the 260°C (500°F) 
condensate let down from the reactor effluent vapor separator and fed to the high-pressure flash 
gross-overhead cooler at 8.3 MPa (1200 psig). The process stream was on the tube side of this tube-in- 
shell exchanger, and 0.3 MPa (50 psig) of steam was generated on the shell side as the stream was 
cooled to 177°C (350°F). The shell side was constructed of carbon steel, and the tube side and the 
cladding of the channels were type 430 stainless steel. The condenser was grossly oversized for the 
mode of operation, and, prior to run 11, 75% of the tubes were plugged. Visual examinations showed 
no evidence of corrosion, but ultrasonic inspection indicated some irregularities at the tube inlets. Two 
tubes were removed and examined at the end of run 5. These metallographic examinations provided no 
evidence of corrosion that would lead to During runs 9, 10, and 11 (exposure periods C 
and D), the mixed-feed stream temperature to the downstream separator was raised to 232°C (450°F) 
by partially bypassing this exchanger. 

The high-pressure condensate collector was a vertical vessel 0.9 m (3 ft) ID and about 5.2 m 
(17 ft) high. The shell and heads were constructed of carbon steel with an internal weld overlay of 
type 347 stainless steel 3.8 cm (0.125 in.) thick. The vessel operated at 177°C (350°F) during runs 
1 through 8 and at about 232°C (450°F) for runs 9 through 11. An early examination of the vessel 
showed an area of poor bonding of the overlay, and this portion was ground out and repaired. The 
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final examination revealed numerous pinholes in the overlay and evidence of corrosion, particularly at 
the liquid-vapor interface and around the vapor outlet nozzles.76 It was unfortunate that no corrosion 
coupons were exposed in this vessel, because the results would have been helpful in interpreting the 
data from the reactor effluent vapor separator. 

The high-pressure flash net-overhead cooler was a shell and tube exchanger, and the process 
stream on the shell side was cooled by cooling water on the tube side. Both the shell and tubes were 
constructed of carbon steel, and the inlet vapor stream was water-quenched to prevent inorganic salts 
from fouling the cooler. Periodic visual examination showed very little accumulation of process 
material in the shell except during the last inspection. After the shell was cleaned, some shallow 
pitting was seen on the process side of the tubes. 

The high-pressure condensate wash-water separator was a horizontal vessel [about 1.1 m (3.5 ft) 
ID and 3 m (10 ft) long] constructed of carbon steel with type 304 stainless steel internals. The Gunite 
process was used to cover the bottom half of the vessel, including the baffle, with acid-proof cement 
[3.8 cm (1.5 in.) thick]. Originally, the two feeds to this vessel flowed into separate compartments: 
The cooled intermediate-pressure vapors and condensate flowed into the decanter, and the liquid from 
the reactor effluent vapor wash-water separator flowed into the oil compartment. Because of the water 
in the latter stream, it was rerouted into the decanter section. No materials performance data were 
reported for this vessel operating at 52°C (125'F). The piping wall-thickness data into and out of this 
vessel suggested carbon steel corrosion rates in the 0.5 to 1.0 mdyear  (20 to 40 mils per year) range. 

The low-pressure flash gross-overhead cooler was a kettle-type steam generator that cooled the 
process stream from about 371 to 177°C (700 to 350°F). The shell was fabricated of low-alloy 
C-0.5 Mo steel, the tubes were type 430 stainless steel, and the channels were type 304 stainless steel. 
The vapor feed was collected from three low-pressure vessels: the low-pressure separator and the two 
receiver vessels associated with the hydroclones. During the final inspection, no significant materials 
damage was noted on the tube side, but some significant pitting was found on the steam boiler shell 
side. 

The low-pressure condensate collector [a 1.2-m (4-ft) ID horizontal vessel about 3.4 m (1 1 ft) 
long] was constructed of carbon steel. Operated at 177°C (350°F), no visual evidence of corrosion was 
noted, although, reportedly, a carbon-steel corrosion probe in this area showed significant corrosion 
rates!' The feed to this vessel included condensate from the intermediate pressure system. 

The low-pressure flash net-overhead cooler, constructed of carbon steel, was a tube-in-shell 
exchanger, and the water-quenched sour gas and vapors in the shell side were cooled by cooling water 
in the tubes. The final examination showed some corrosive etching of the shell side of the tubes and 
significant pitting of the shell, especially below the nominal liquid level. 

The last vessel in the gas separation area at the Catlettsburg, Kentucky, Pilot Plant was the 
low-pressure condensate wash-water separator. This was a horizontal vessel with a 1.1 m (3.5 ft) ID 
and was about 3 m (10 ft) long. Constructed of carbon steel, it was partially lined with 3.8 cm 
(1.5 in.) of acid-proof cement. Although some spalling of the cement occurred, there was no 
significant attack of the exposed metal surfaces. The organic condensates from the two low-pressure 
separators were mixed and sent to the fractionator feed drum. 

4.4.3 Solids Separation 

One of the major differences between liquefaction of coal and refining of petroleum is the need to 
handle and remove the residue (ash and unreacted coal) remaining after the hydrogenation of coal. The 
bottoms stream from primary separation, or in one process, the slurry from the bottom of the 
fractionation tower, supplies the feed to this functional area. Removal of the mineral ash residue 
(MAR) has been attempted by using filters, centrifuges, hydroclones, vacuum distillation, and 
proprietary solvent deashing techniques. The principal materials problems derive from erosion, 
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erosion-corrosion, and SCC. Because of the high melting point of the residual organic liquids, the 
temperatures of operation for the various processes are in the range of 205 to 370°C (400 to 700OF). 
The operating pressures also depend on the process, ranging from vacuum to > 1.4 MPa (203 psi). 
Solids contents vary from 10 to 40 wt 9%. Vacuum distillation, which can be used alone or in 
combination with other processes, has been incorporated in all four pilot plants. Because the velocity 
of the stream fed to the vacuum column increases rapidly, no reasonable upper limit on velocity can 
be stated here. In other parts of the system, the slurry velocities are usually maintained below 3.3 m/s 
(10 fps) where possible. 

Although both the Wilsonville, Alabama, and the Fort Lewis, Washington, Pilot Plants initially 
operated with filtration as the mode of separating the MAR from the heavy oils and a number of 
alternative filters and process modifications were tested, the primary reason for both plants abandoning 
this approach was mechanical operational difficulties. Because the operations were sporadic, very little 
materials performance data were reported; therefore, this mode of solids separation will not be 
addressed. 

At the Fort Lewis, Washington, Pilot Plant, the filter-feed flash drum (see Sect. 4.4.1) served as 
the feed to the solids separation function. At first, it was used to remove lower boiling point oils from 
the filter feed slurry, but later it served as a surge vessel for the vacuum flash drums. Reliable vacuum 
flash drum operation was a necessary component in both modes of operation. In the SRC-I mode, it 
was necessary to prevent the loss of process solvent in treating the filtrate or in treating the Lummus 
antisolvent, free-settler bottoms. In the SRC-I1 mode, it was necessary to prevent the loss of heavy 
distillate with the vacuum bottoms product. Two vacuum flash drums were installed. The A drum 
initially installed was much larger than the B drum, and its feed was preheated with a fired preheater. 
The smaller drum, B, was installed with other SRC-I1 modifications to handle the lower throughout. 
The drum B preheater was heated with Dowtherm, but its capacity was limited, so most of the heat 
input was obtained through the recirculation heaters of the filter-feed flash vessel. Both drums used the 
same vacuum system and the bottoms were discharged to the Sandvik cooling belt. 

Vacuum drum A preheater was a natural-gas-fired heater with a single vertical burner in the center 
bottom of the upflow coil. The coil was a cylindrical helix formed from tubing with 7.6 cm (3 in.) 
diam and a 1.0 mm (0.41 in.) minimum wall of 7 Cr-0.5 Mo material. There was no significant 
erosion-corrosion of this material, although it was periodically decoked and was sectioned two times to 
permit plug removal and rewelding. However, the 1.25 Cr-0.5 Mo outlet line was subjected to 
erosion-corrosion attack, particularly at the elbows. In 1977, this line was replaced” with the same 
material, except for a type 316 stainless steel section, and used sparingly thereafter. The stainless steel 
showed little corrosion?8 

The vacuum drum B preheater was a downflow helical coil of Dowtherm traced pipe. At first a 
152-mm (6-in.) Schedule 40 carbon steel pipe was used. This pipe was replaced in April 1978 with a 
100-mm (4-in.) pipe of aluminized carbon ~tee1.7~ In late 1979, a leak caused by erosion-corrosion was 
repaired by hard facing the inlet impingement point. 

Vacuum flash drum A was a vertical two-section drum constructed of carbon steel, with the upper 
2.7-m (9-ft) section having a 1.7-m (5.6-ft) ID and the lower 1.5-m ( 5 4 )  section having a 0.6-m 
(2-ft.) ID. The internal inlet splash plate was replaced in September 1979, but the drum was in service 
throughout the life of the plant. The variety of feed to this drum included filtrate, SRC-ash slurry, and, 
frequently, slop oils. Corrosion coupons mounted on a rack near the center of the upper section of the 
drum showed a maximum corrosion rate of about 1 mdyear  (40 mils per year) for carbon steel but 
0.025 &year (1 mil per year) for the stainless steel coupons. Vacuum flash drum B was similar to 
drum A, but the upper section was only 0.9 m (2.9 ft) ID and 2.2 m (7.2 ft) high and the lower section 
was 0.3 m (1 ft) ID and 1.4 m (4.5 ft) high. This drum was constructed of carbon steel also and had a 
demister pad at the top. The coupon data from, exposure just below the demister showed a ‘maximum 

4-53 



corrosion rate of 0.03 &year (1.3 mils per year) for carbon steel, 0.06 &year (2.4 mils per year) 
for type 410 stainless steel, and < 0.025 &year (1 mil per year) for all other alloys. 

The corrosion coupon data from these vessels could be misleading. Both rack locations were in the 
normal vapor phase, and neither coupon data nor wall thinning data were taken from the lower section 
that contained the slurry. Based on early data for carbon steel pipe in the outlet, the corrosion rate 
could be much higher. Reported rates for this pipe were about 2.5 &year (100 mils per year). The 
outlet line below drum A collapsed when the wall thinned so much that the pipe could no longer 
support the differential pressure between the thermal jacket fluid and the These carbon steel 
lines and similar piping in the drum A bottoms’ recirculation circuit were replaced with type 316 
stainless 
bottoms melting point above 177°C (350°F). 

Both drums were installed with pumps to recirculate the bottoms. Drum B pumps were not used. 
The drum A pumps were in the most severe service application in the plant. In normal operation, the 
A pumps handled the high-melting point slurry with 30 to 45 wt % solids delivering 1.6 x 
(25 gal/min) at a discharge pressure of 1.59 MPa (215 psig). Then during upsets, startups, and 
shutdowns, the pumpage was diluted with process solvents resulting in a low viscosity. These service 
conditions made the selection and operation of the pumps difficult. Initially, a small reciprocating 
pump was tried, but the vacuum bottoms solidified in the suction line. A specially designed gear pump 
for operation with the slurry would not pump the low-viscosity materials during startup. This pump 
was replaced by a centrifugal pump that was fabricated with a wear resistant casting (A351 GR, 
Cd4MCa) flame coated with tungsten carbide. They were modified in service to add Dowtherm 
heating jackets, remove the stuffing box cooling, and provide hot process solvent to flush the seals. 
Moderate erosion was found at the casing wear rings and inlet nozzle, but the major problem area was 
the mechanical seals.” 

Both drums used the same overhead system that consisted of the vacuum flash air condenser 
followed by the vacuum flash condenser and the vacuum flash condensate drum in the line leading to 
the eductors. The vacuum flash air condenser was two units, in parallel, with only one unit operating 
at a time to receive the 316°C (600°F) vapors. Originally constructed of carbon steel with aluminum 
fins, both units failed early in the operation (one in May 1976, which was retubed in kind, and the 
second in April 1977). The tube material was changed to type 316 stainless steel in 1977,and no 
further problems occurred. The vacuum flash condenser was a tube-in-shell exchanger constructed of 
carbon steel. The air-cooled stream was cooled in the shell side to about 66°C (150°F). No materials 
problems were reported for this condenser. The vacuum flash condensate drum [a vertical vessel of 
1.8 m (6 ft) ID and 4.3 m (14 ft) high] was made of carbon steel also. Corrosion coupons were located 
below the normal condensate liquid level. All of the carbon steel samples showed corrosion rates 
c 0.01 mdyear (4 mils per year). Condensate from this drum was pumped to the liquid-fractionation 
functional area. There were no significant materials problems with the downstream vacuum jet 
system.83 

At the Wilsonville, Alabama, Pilot Plant, the solids-separation functional area evolved with process 
changes and plant additions. Initially, the mineral ash separation was done by filtration with the 
vacuum column serving to recover some process solvent and heavy oil from the filtrate SRC. With the 
construction of the critical solvent deashing (CSD) system, the primary separation slurry was sent to 
the vacuum column to recover the same liquid fractions from the sluny and to provide an appropriate 
feed slurry to the CSD unit for separation of the MAR and product SRC. The atmospheric 
fractionation tower failed during operation in the nonintegrated, two-stage liquefaction operational 
mode. After the introduction of the SRC hydrotreating unit, the side stream products mixed with 
LSRC and formed the process solvent. 

description of the limited materials performance data from the CSD units. 

The vacuum drums were normally operated at about 343°C (650°F) to maintain the 

In this section, only the vacuum column and its associated systems will be discussed with a brief 
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The feed streams to the vacuum column preheater came from the filtrate feed pumps or the 
bottoms of the primary-separation flash tank. In the hot-flash mode of operation, the flash tank feed 
bypassed the preheater. Vacuum column bottoms were recirculated through the preheater also. The 
preheater was a fired unit with an upflow helical coil of 76-mm (3-in.) Schedule 40 low-alloy (7 
Cr-0.5 Mo) pipes. No materials problems were reported for the heater coil, although it was examined 
nondestructively because of erosion in the recirculating circuit's carbon steel piping and the failure of 
the outlet pipe from the bottom of the vacuum c0lumn.8~ This piping was replaced with the same 
carbon steel material, but a much heavier wall was used. Erosion-corrosion was affected significantly 
by the operational changes in feed that affected the quantity of solids in the vacuum column outlet; the 
maintenance requirements on the pumps were also affected strongly. 

The vacuum tower was a l-m (3-ft)-diam column about 12 m (39 ft) high with a reduced diameter 
section [about 0.4 m (1.3 ft) in diam] that was provided with an external Dowtherm heating jacket. 
The column was constructed of carbon steel that was lined with type 410 stainless steel [0.3 mm 
(0.125 in.) thick2'1 below tray 8. It was originally constructed as an 8-tray tower with feed from the 
preheater entering the flash zone below tray 8 and above the reduced section. Operational problems 
and changing process requirements resulted in a series of modifications. The column was originally 
designed to produce a single solvent boiling point between 177 to 427°C (350 to 800OF). It was 
modified in January 1976 to recover two fractions: these were a wash solvent boiling point above 
175" (350°F) and below 232°C (450°F) and a process solvent boiling point above 232°C (450'F) and 
up to 445OC (840°F). In July 1976, the column was further modified to improve separation by 
replacing valve trays 4 through 6 with Koch-Sulzer packing and using tray 7 for washdown to prevent 
solids buildup in the p a ~ k i n g . ~ ~ * ~ ~  

damage in this column. During the annual turnaround at the end of 1975, inspection8' showed a hole 
in the distribution box opposite the tangential inlet. The wall impingement area eroded through the 
stainless-steel cladding and to a depth of 6 mm (0.25 in.) into the steel behind it. A new box using 
10-mm (0.375411.) type 316 stainless-steel plate was installed. The type 410 stainless-steel trays were 
severely thinned also, especially below tray 4. All trays were replaced, and damage to the seal weld at 
the top of the stainless-steel liner was repaired. In February 1977, all piping below the column was 
replaced because of this failure. 

In April 1977, the sidestreams from this tower were fed to the new atmospheric tower to improve 
the separation of wash and process solvent fractions. In the third quarter of 1977, a new ejector with a 
type 316 stainless-steel diffuser was ordered because of severe corrosion of the original material. The 
heavy solvent draw-off line from tray 8 corroded through in November 1978 and was repaired while a 
new stainless-steel line to replace the carbon steel was being fabricated. Results of examinations in 
February 1979 showed considerable corrosion in the type 316 stainless-steel packing, the type 410 
stainless-steel trays 7 and 8, and the cladding. Tray 7 was replaced in kind, a type 316 stainless-steel 
tray 8 was installed, and the most severely attacked sections of cladding were replaced with type 316 
stainless steel. The carbon steel shell and stainless-steel trays above the packing were not attacked. In 
June 1979, the cladding below tray 8 was corroded in long narrow grooves, and these grooves were 
temporarily repaired by a covering of strips of type 316 stainless steel welded to the type 410 stainless 
steel. In August 1979, the column internals were disassembled. A description of the inspection can be 
found in the quarterly report.** 

Subsequent operation was predominantly with NqCO, added to the coal except for selected 
periods. In January 1980, recirculation of the bottoms was interrupted because of another failure of 
piping in the recirculation loop. On February 7, 1980, the tower was inspected again, but only a 
leaking gasket at tray 8 was reported. The tray was replaced with a type 321 stainless-steel tray welded 
in place to eliminate the gasket problem. During early September 1980 when no NqCO, was added to 

Before NqCO, was introduced with the feed coals in midyear 1979, there was significant materials 
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the coal, the carbon-steel corrosion probe in the packing area indicated a corrosion rate of 2.5 mdyear  
(100 mils per year). 

During the fourth quarter of 1980, the atmospheric tower was eliminated from the process solvent 
recovery system, and the combined sidestreams from the vacuum tower were used as part of the 
process solvent mix until the ITSL mode of operation was initiated. No further materials performance 
problems with this column were reported. 

Corrosion coupons were exposed in this atmospheric tower starting in November 1979. All alloys, 
including the carbon steel that was exposed in the top of the column above tray 1, gave corrosion rates 

0.025 mdyear (e 1 mil per year). Carbon steel coupons exposed below tray 8 provided corrosion 
rates ranging from 0.36 mdyear (14 mils per year) to a peak of 1.2 mdyear (49 mils per year), and 
all other alloys including samples of the low-alloy Cr-Mo grades showed corrosion rates < 0.25 
mdyear (< 10 mils per year).89790 

it must be remembered that this unit not only processed the underflow slurry from the primary 
separation area but usually the bulk of the condensates from the overhead streams in the primary 
separation area. Based on experience with other equipment (see Sect. 4.5), these coal-derived oils 
probably contributed significantly to the corrosion found in this column. 

The CSD unit received feed from the bottoms of the vacuum tower. This process unit was 
proprietary, and the materials performance data were limited (a nonproprietary description is provided 
in Appendix A). Most of this equipment was fabricated of carbon steel and did not indicate any 
materials performance problems. The one area where failures occurred was in the piping that 
transferred a mixture of LSRC and deashing solvent from the bottom of the third-stage separator to the 
solvent stripping column. These pipes were carbon steel with Dowtherm jackets operated at high 
temperatures. The failures appeared to be the result of erosion-corrosion?' 

column was derived from the underflow of the atmospheric fractionation tower (see Sect. 4.5). The 
feed to this train was the recombined slurry underflow and condensates from the overheads of the 
primary separation area (Fig. A.2). The partially stripped slurry from the atmospheric tower was 
pumped through a fired heater to the vacuum tower flash zone. Bottoms from the vacuum tower were 
solidified or partially recycled to slurry preparation in the recycle mode of operation. All hydrocarbon 
liquids recovered in the vacuum tower were combined with the atmospheric tower sidedraw streams 
and sent to the proprietary solvent hydrogenation unit. 

The vacuum stripper feed furnace was a fired heater with vertical tubes in the radiant section. The 
tubes were all constructed of 5 Cr-1 Mo alloy with type 304 stainless-steel return bends. The straight 
tubes averaged 0.12 to 0.25 mdyear (5 to 10 mils per year) metal loss over the period of operation.92 
Radiographs taken in June 1981 showed that the last return bend had lost about half of its wall 
thickness, and the wall was reinforced by welding an external patch over the bend. No further furnace 
coil metal losses were detected in subsequent monitoring. The operators suggested that the early life 
erosion incident may have been associated with a decoking operation. 

The piping to and from the heater was a 5 Cr-0.5 Mo alloy, and the line into the heater showed 
little erosion-corrosion. The line from the heater to the vacuum tower, however, failed at an elbow 
after 27 d of coal operation. The slurry at about 440°C (825°F) had a varying velocity as it flowed to 
the tower. The velocity reportedly varied from 15 d s  (50 fps) at the furnace, to 30 d s  (100 fps) at 
the elbow, to over 122 d s  (400 fps) at the tower. This failure and the corrective measures have been 
documented." Briefly, the original ell (machined 90') was temporarily replaced with a double, 
extra-strong type 316 stainless-steel tee to determine whether or not the flooded tee arrangement would 
control the erosion. Examination after 15 additional days of operation showed sufficient wear for the 
operators to jacket this tee with a larger tee that permitted operation to a scheduled turnaround. The 
elbow and downstream line to the tower were removed and examined. Measured erosion rates ranged 

When comparing the materials performance in this vacuum column with that in other pilot plants, 

The ECLP MAR separation was also done in a steam-stripped vacuum column. The feed to this 
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from 450 mm/year (17.7 in./year) at the ell to 12 &year (0.5 in./year) in the straight pipe. The 
interim stainless-steel-tee erosion rate was 340 mm/year (13.5 in./year) during its 20 days of operation. 
This section of 127-mm (5-in.) line was replaced with a 203-mm (8-in.) line of 2.25 Cr-1 Mo 
long-radius ell, and all piping was lined with a stainless-steel fiber-reinforced refractory.” Although 
grooves were developed in the refractory, the line did not require maintenance during the remaining 
400 days of operation. 

constructed of carbon steel with a 12-Cr stainless-steel liner from above the flash zone to the bottom. 
The stripping zone below the flash zone contained baffles of three different materials: four of type 316 
stainless steel, three of type 410 stainless steel, and three of carbon steel. The flash zone was lined 
with a 76-mm (3411.) layer of fiber-reinforced refractory. Pall rings, Glitch grid, distributors, and spray 
nozzles were fabricated of type 316 stainless steel, but the chimney trays were carbon steel. The 
temperature distribution in the column was about 441°C (825°F) in the flash zone, 330°C (630°F) in 
the bottom, and 82OC (1 80°F) in the overheads. 

The most serious materials problem was the severe erosion in the inlet horn area. After 50 d of 
coal operation, erosion penetrated the refractory and one-half of the 12-mm (0.5411.) wear plate 
backing it. The wear plate was replaced with a 12-mm (0.5411.) type 410 stainless-steel plate coated 
with 3 mm (0.12 in.) of Co-Cr-B-W overlay, and the refractory was patched with a more 
erosion-resistant, fiber-reinforced refractory. Following another 1 1 1 d of coal operation, the refractory 
and wear plate were penetrated, and there was some erosion of the shell. The shell was repaired, and a 
special patch of 51-mm (2-in.)-thick, 93%-dense alumina bricks was installed. After a total of 6700 h 
of service, only minor localized penetration of about 19 mm (0.75 in.) was found in these bricks. 
Velocity of the three-phase stream in this area was calculated to be about 150 m/s (492 fps). The 
carbon steel trays above the flash zone showed corrosion rates of 1.2 to 2.5 mrdyear (50 to 100 mils 
per year) at temperatures from 260 to 315°C (500 to 600°F). 

Several centrifugal pumps were used in the draw-off-recirculation systems. The centrifugal pumps 
taking a light oil feed from the uppermost chimney tray at 132°C (270°F) were fabricated of carbon 
steel. No materials or operational problems were encountered with either of these pumps or the top 
pump around air cooler that received the part of the pump discharge that was recycled to the top wash 
section. Two pumps were used in the heavy-vacuum gas oil circuit; one pump had a carbon steel case 
with 12-Cr internals and the other a 12-Cr case and internals. Although these pumps operated at 288°C 
(550”F), no materials problems were experienced other than seal failures caused by plugging while 
operated in the self-flushed mode and seal failures caused by solids in the light-vacuum gas oil while 
operated in the exterior source flushing mode. The overflash pump was made of 12 Cr, but it 
experienced limited service because severe plugging in the bottoms stripping section caused the 
cartridge to be removed in October 1981. No materials performance data were reported. 

and in the bottoms recycle mode, it was fed to the recycle pump. The screw pumps experienced 
erosion or wear of the chromium-plated 12-Cr stainless steel casings and the screws. Initially, D-2 tool 
steel was used for the screws, but the spare type 44OC stainless-steel screws wore also. Based on 
diameter measurements, the average screw wear was 0.5 to 0.75 mm (0.02 to 0.03 in.) in 3000 h of 
operation, which was enough to cause an adverse effect on pump performance. A number of 
mechanical problems were also rep0rted.9~ 

incorporating two pumps from different manufacturers. Other than limited testing, only one pump in 
each line was used. These pumps were fully lined with liners and impellers of cast alloy HC-250 and 
were operated at different speeds as part of a test program (see Sect. 6.2). No significant erosion of the 
liners and impellers was encountered. However, one of the pumps showed thermal stress cracks in the 

The vacuum stripper tower was 2 m (6.5 ft) in diam, about 21.5 m (70 ft) high, and was 

The vacuum bottoms stream was fed to the solidification belt by one of three twin-screw pumps, 

The recycle slurry centrifugal pumps were originally installed with two parallel lines, each 
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suction wear plate and the impeller. These cracks were attributed to a combination of rubbing in 
operation and possible thermal shock caused by inadequate warmup facilities?2 

top, center, and bottom of the vacuum tower. The coupons installed at the bottom of the tower for 
series 1 and 2 exposure periods were not recovered, and this site was no longer used. Paired racks 
were exposed in the line from the preheater during series 1, 2, and 3 exposure periods. These data and 
the data from the center of the column are presented in Figs. 4.27 and 4.28. The data for the top of the 
column indicated very low corrosion rates for all alloys [< 0.025 mdyear (< 1 mil per year)] and a 
maximum rate of only 0.036 &year (1.4 mils per/year) for carbon steel. These data support the 
satisfactory performance of 5 Cr-0.5 Mo piping used in the higher temperature regions of this 
functional area and carbon steel at the lower temperatures. 

The feed to the MAR removal system at the H-Coal Pilot Plant was normally through the 
hydroclone system with the overflow going to slurry recycle. The underflow at 316°C (600°F) was 
flashed in a receiver vessel and pumped to a surge drum that fed the preheater for a steam stripper. 
Overheads from the steam stripper were sent to the fractionation tower, and underflow was pumped to 
the vacuum stripper. Separated hydrocarbons from the vacuum stripper overheads were pumped to the 
fractionator feed drum; the bottoms from the vacuum tower were solidified. 

The hydroclone underflow receiver was designed to operate at 427"C(80O0F), but it actually 
functioned with slurry input at 316°C (600°F). This was a vertical vessel [about 3 m (10 ft) high and 
2.4 m (8 ft) in diam] constructed of carbon steel clad with type 410 stainless steel. No materials 
problems were reported." 

The preheater surge drum operated at temperatures between 288 to 316°C (550 to 600°F). This 
carbon steel vertical drum was about 4.5 m (14 ft) high and 1.5 m (5 ft) in diam. Again, no materials 
problems were reported,% but both the drum and the preheater were bypassed at times during the 
operation. 

serpentine coil was fabricated from C-Mn steel (A-106 Gr B). Slurry velocities ranged from 0.6 to 
4 m/s (2 to 13 fps), except when steam stripping was added; this raised the velocity to 12 to 14 m / s  
(40 to 50 fps). No significant wall thinning was measured during the final e~amination.'~ 

The atmospheric stripper used steam to strip distillate from the slurry. The tower was about 15 m 
(50 ft) high and was fabricated of carbon steel clad with 0.3 mm (0.125 in.) of type 410 stainless steel. 
The flash zone on top was 2 m (6.5 ft) high and 1.2 m (4 ft) in diam. The tray tower was 11.6 m (38 
ft) high, 1 m (3 ft) in diam, and contained 12 trays. Operational problems were associated with the 
facts that the design was oversized, and that in the syncrude mode, it operated at only 30% of design. 
No materials problems were noted.98 Corrosion coupons were located in the flash zone at the top of 
the tower and in the slurry at the bottom. The corrosion data99 indicated negligible rates for all 
stainless-steel coupons, and, with the exception of the period A exposure group, < 0.025 &year 
(< 1 mil per year) for the low-alloy steels. The period A exposure group provided the highest rates in 
the flash zone with the following values: carbon steel, 0.36 &year (14 mils per year); 5 Cr-1 Mo, 
0.12 &year (4.7 mils per year); 7 Cr-1 Mo, 0.18 &year (7 mils per year); and 9 Cr-1 Mo, 
0.18 mm/ year (7 mils per year). During the subsequent periods only the carbon steel coupons showed 
corrosion rates of about 0.08 mdyear (3 mils per year). 

The underflow from the atmospheric stripper was pumped to the vacuum stripper column. This 
column was similar to the atmospheric stripper with the flash zone located at the top in a 1.5-m (5 ft) 
ID section 1.7 m (5.5 ft) high. The column beneath this was 1 m (3 ft) ID and 10.5 m (34 ft) high 
with a 0.6 m (2 ft) transition between the sections. The vessel was constructed of carbon steel; the 
trays were type 304 stainless steel; and initially, 0.30- on 0.60-m (12- on 24-in.) centers were installed 
in the column section. The bottom elliptical head was fitted with an internal 45" cone of carbon steel 
backed by a refractory. The bottom of the tower rested on a skirt 3 m (1 1 ft) high. The operators 

Corrosion racks in this functional area were located in the slurry line from the preheater and in the 

The fired preheater was designed to increase the slurry temperature about 28°C (50°F). The upflow 
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Fig. 4.27. Corrosion coupon data from the vacuum tower preheater exit piping at the Exxon Coal Liquefaction 
Pilot Plant. Temperature: 427 to 440°C (800 to 825'F); velocity: 12 to 15 m l s  (40 to 50 fps). 
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concluded that this low-elevation, and consequently, low-pump suction head, contributed to the 
numerous operational problems. The operation and many modifications, including the removal of all 
trays except the top two, were summarized in the final report.'O0 From a materials performance point of 
view, no significant wall thinning was reported, and the tray damage appeared to have mechanical 
causes associated with the operational problems. Corrosion coupons located at the top, flash zone, and 
bottom of the column indicated reasonable corrosion rates for carbon steel [< 0.25 mdyear (< 10 mils 
per year)] for all except the period A exposure. During that period the samples at the top of the tower 
gave the following corrosion rates: carbon steel, 0.53 &year (21 mils per year); 5 Cr-1 Mo, 
0.36 &year (14 mils per year); and 410 stainless steel, 0.058 &year (2.3 mils per year) with all 
higher alloys < 0.025 &year (1 mil per year). 

Other pumps and pumping equipment are discussed in Sect. 6.2. 

4.5. LIQUID FRACTIONATION 

The liquid-fractionation functional area provided one of the greatest challenges to materials. 
Coal-derived liquids were separated in this area to recover a major fraction of the process solvent and 
to roughly separate the liquid products. This was done in fractionation columns operated at or slightly 
above atmospheric pressure. In the EDS process, the feed to the column contained the residual solids, 
but in the other processes essentially all the solids had been removed. 

The materials degradation problems in this functional area derived from sulfidation in the higher 
temperature regions, pitting, SCC, and very rapid general corrosion in the towers in a limited operating 
temperature range. This severe corrosion in the 200 to 260°C (392 to 500°F) temperature range was 
unexpected, and at one time it was considered to be the most serious corrosion problem in the direct- 
coal-liquefaction process. Extensive study in the laboratory and in the pilot plants was devoted to 
defining the mechanism and identifying means for combating the problem. In this section of the report, 
discussion will be limited to the pilot plant materials performance. At the Fort Lewis, Washington, 
Pilot Plant, liquid fractionation was accomplished in a two-step process. Organic condensates from the 
overhead streams in the primary separation function were collected in the recycle process water tank. 
These condensates, together with similar condensates from the vacuum flash drums, were fed to the 
light-ends-column feed tank. The combined fluids were preheated in an exchanger and fed to the light- 
ends column. Light oil was recovered in the overhead streams, and the column underflow was pumped 
to the atmospheric fractionation tower (wash solvent column) for separation into two distillate 
fractions. The medium oil fraction was used as a wash solvent for the filters in the SRC-I mode of 
operation and the heavier oil fraction was used as process solvent. 

The light-ends-column feed tank was a vertical drum of carbon steel that operated at a temperature 
of 38°C (100°F). Although no performance data were reported, the feed tank functioned throughout the 
life of the plant. 

entirely of carbon steel, with the process fluid on the shell side and Dowtherm on the tube side, it 
failed in 1975 because flow on the shell side was plugged by accumulated organic solids that caused a 
number of tubes to leak. The feed heater was replaced with a new heat exchanger using type 316 
stainless steel on the tube side, which now handled the process fluid, and a new carbon steel shell side 
that handled the Dowtherm at 288°C (550°F). The process liquids were heated from 38°C (100°F) to 
288°C (550°F). Examination of this exchanger in 1981 revealed no corrosion on the shell side but 
some corrosion and pitting of the tubes.'O'.'m 

heated-kettle reboiler section at the bottom. Normal column operation temperatures were in the 93 to 
204°C (200 to 400°F) range at the top and 200 to 343°C (400 to 650°F) at the bottom. The upper 

The light-ends-column feed heater was a tube-in-shell heat exchanger. Originally constructed 

The light-ends column was a cylindrical, two-section packed column with a Dowtherm 
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7.3-m (2443) of the 12-m (40-ft)-long column was 0.56 m (22 in.) in diam. There was a packing 
section above and below the center feed. A portion of the condensate from the overheads was 
recirculated to wash the upper packed bed. Originally constructed of carbon steel components with 
type 410 stainless-steel pall rings as packing material, upgrading was required throughout the entire 
operational life. The corrosion was most severe in the lower half of the column and in the reboiler 
where the temperatures were highest; however, the pall rings in both sections were severely attacked. 

In January 1976, the type 410 stainless-steel pall rings were replaced with type 304 stainless steel 
after about six months of service, and these were replaced with type 316 stainless steel in February 
1977. 

In the fall of 1979, examination of the column showed the lower section wall thickness was 
reduced to 40% of the original thickness, and the pall rings and carbon-steel bottom-support rings were 
severely corroded. At that time the bottom section of the column was replaced with a section that was 
fabricated of type 317 stainless steel, and new type 316 stainless-steel pall rings were installed along 
with type 3 17L stainless-steel support rings. Similar corrosion problems were encountered in the 
reboiler region. 

In April 1975, the carbon-steel tube bundle was replaced with a type 304 stainless steel bundle 
because of leaking tubes. In December 1975, inspection showed some pitting of the tubes, and the 
bundle was retubed in April 1976 with type 304 stainless steel and test tubes of types 316 and 
321 stainless steel, Hastelloy G, and Incoloy 825. Following an examination in October 1976, which 
showed serious corrosion of the shell, it was replaced with a new one that was constructed of type 
316L stainless steel. Examination of the tube bundle in April 1978 showed pitting of the type 304 
tubes and no corrosion on the type 316 tubes. At this time the carbon-steel stay rods and rails were 
replaced with type 304 stainless steel. 

In August 1978, this bundle was replaced with a spare bundle containing new type 304 stainless 
steel tubes because of the failure of a type 321 stainless-steel test tube. In April 1979, a new bundle 
was installed with type 316 stainless steel tubes and test tubes of type 317 stainless, Incoloy 825, and 
Hastelloy G. The Incoloy 825 tubes failed in April 1980 and were plugged. This tube bundle remained 
in service through the end of  operation^."^ 

Corrosion coupons were exposed in the top and middle of the column and on the shell and tube 
bundle in the reboiler. The coupons at the top of the column showed negligible corrosion rates for all 
alloys, with the peak rate for carbon steel being about 0.10 mdyear (4 mils per year). The data for 
the racks in the center of the column indicated a fluctuating corrosion rate for carbon steel, type 
410 stainless steel, and type 304 stainless steel (see Fig. 4.29). Because the other austenitic alloys and 
Hastelloy G in these racks had rates of 5 0.03 mdyear (5 1 mil per year), they were not included. 
Figures 4.30 and 4.31 show the data for the reboiler racksIo3 and some data from a second rack with a 
larger number of alloys in the shell location for the May 1980-September 1980 exposure period. Only 
multi coupon racks were exposed for the last period on the shell. For these racks, only materials with 
corrosion rates > 0.03 mdyear (> 1 mil per year) are shown. The complete sets of data have been 
reported elsewhere.'@' 

The overheads from this column were cooled from 204 to 66°C (400 to 150°F) with air in a 
condenser that was origindly constructed of carbon steel tubes with aluminum fins. Because of severe 
corrosion, particularly in the first 1 m (3 ft) of the tubes, the condenser was rebuilt with type 316 
stainless steel tubing. No further problems were encountered. 

The light-ends-column reflux drum was a horizontal vessel with a boot at the sour water exit. 
Constructed of carbon steel, it was in operation throughout the life of the plant. 

To interpret the data from this column and the subsequent atmospheric fractionator, certain features 
of the plant and operational problems were considered. Because of the ability to significantly reduce 
the process solvent-to-coal ratio in the slurry fed to the reactor below that anticipated during the 
design, both columns were significantly oversized. The operators estimated that the design capacities 
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Fig. 4.29. Partial corrosion coupon data from the center of the light-ends column a the Fort Lewis, Washington, 
Pilot Plant. Temperature: about 288°C (550°F); velocity: < 1 m/s  (6 3.2 fps). 
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Fig. 4.30. Corrosion coupon data for the light-ends column reboiler shell at the Fort Lewis, Washington, Pilot Plant. Temperature: 260 to 
343°C (500 to 650°F); velocity: < 1 d s  (< 3.2 fps). 
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Fig. 4.31. Corrosion coupon data for the light-ends column reboiler tube bundle at the Fort Lewis, Washington, Pilot 
Plant. Temperature: 260 to 343°C (500 to 650°F); velocity: < 1 m / s  (< 3.2 fps). 



were two times the operating flows for the SRC-I mode and as much as 10 times those required for 
the SRC-I1 mode. As a consequence, both the overflows and underflows were recycled to the 
recycle-process-water tank to stabilize column operation during startup. The process problems may 
also have been influenced by the recycles in other parts of the plant that allowed heavy oils to reach 
the recycle process water tank and form emulsions with the water phase. Several different water 
separator approaches were tried unsuccessfully in the feed lines to this tank. However, throughout most 
of the operations, erratic quantities of water were fed to the light-ends column. This caused problems 
in maintaining proper overheads conditions for both columns until a separate system for the wash 
solvent column was installed with the SRC-I1 plant modifications in 1977. This water probably 
influenced the corrosion by carrying over some of the water-soluble chlorides. A naphtha extractor was 
installed in the line between the recycle process water tank and the light-ends column feed tank to 
improve the water separation and the difference in density by diluting the organic phase with recycled 
naphtha. Limited testing indicated that the downstream corrosion rates were lowered. The feed to the 
atmospheric fractionation tower (wash solvent column) was pumped from the light-ends column 
reboiler and included essentially all coal-derived oil distillates boiling above 230°C (450°F). This 
column included a tower [15.2 m (50 ft) high and 0.8 m (32 in.) ID] that was assembled in two 
sections and mounted above a kettle-type reboiler. The upper section of the tower was about 6.7 m 
(22 ft) long and contained trays 13 through 21. The lower section was about 8.5 m (28 ft) long and 
contained trays 1 through 12 with a chimney tray on the bottom. Trays 1 through 11 were on 0.61-m 
(2-ft) spacings, and trays 12 through 21 were on 0.46-m 1.5 ft. spacings. The tower feed was 
introduced in the 1-m (3-ft 4-in.) space between trays 11 and 12. The tower and reboiler were 
originally constructed of carbon steel, and type 410 stainless steel was used for the trays. Operating 
conditions for the tower varied with the mode of operation and process requirements for the process 
solvent. Temperatures at the top of the tower ranged from 200°C (392°F) to over 26OOC (500"F), and 
the reboiler section operated at temperatures from 315 to 371°C (600 to 700°F). This column and 
associated equipment, including the overheads condenser and piping, suffered such severe 
erosion-corrosion that the materials of construction changed. An abbreviated chronology of the 
component parts problems is presented. 

Date Observation or action 

4/76 

4/76 

6/76 

10176 

5/79 

9/79 

5/75 

12/75 

6/76 

Column 

Hole found, upper half of column. Upper half badly corroded. 

A 10-ft section, upper half of column, replaced with 316 stainless steel ( S S ) .  

Lower half of column developed leak. 

Lower (CS) half of column replaced with 316 S S .  

Upper half of column corroded. 

Upper half of column replaced with 317L S S .  

Trays 

Trays (410 S S )  had corroded valves. 

410 S S  trays Badly corroded replaced with 304 S S .  

Valves (304 SS) missing in upper half of column, replaced with 316 S S .  
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Date Observation or action 

10176 

12/76 

4/78 

5/78 

9/78 

417 8 

2/79 

5/75 

12/75 

4/76 

10176 

3/77 

3/78 

4/79 

9/79 

5/80 

3/76 

8/76 

2/77 

4/78 

8/78 

9/7 8 

Eight of 10 trays (304 S S )  in upper column collapsed and 7 of 12 (304 S S )  trays in bottom 
half of column collapsed; replaced with 316 SS. 

Twenty percent valves (316 S S )  missing in upper half of column. 

Trays (316 S S )  replaced with Hastelloy G including experimental trays of 316 S S ,  Hastelloy 
C, and Incoloy 800 and 825. 

New Hastelloy G trays installed to replace corroded test trays 316 S S  and Incoloy 800. 

Upper trays replaced (except one Hastelloy C test tray); badly corroded upper trays replaced 
with Hastelloy C from bottom of column, 316 SS replaced bottom trays. 

Reboiler Shell 

CS shell thinned beyond limits. 

CS shell replaced with 316 SS. 

Reboiler Bundle 

CS tubes failed (DT leak), replaced with 304 S S .  

Tubes (304 S S )  showed pitting and some metal loss. 

Bundle retubed with 304 S S  plus experimental tubes of 321 S S ,  316 S S ,  Hastelloy G, and 
Inconel 625. 

The 304 and 321 S S  tubes showed pitting; however, 316 S S ,  Hastelloy C, and Incoloy 825 
showed no significant attack. 

The 316 S S  bundle installed with test tubes 317 SS, Hastelloy C, and Incoloy 800. 

The 316 SS tubes showed some corrosion while 317 S S ,  Hastelloy C, and Incoloy 800 
showed none. 

The 316 S S  tubes thinned, Incoloy 800 thinned to wear rupture, and 317 S S  and 
Hastelloy C tubes had no noticeable corrosion. 

316 SS bundle was retubed with 316 SS. 

Bundle replaced with 317 S S  with experimental tubes of Carpenter 20, Incoloy 825, 316 S S ,  
and Hastelloy G. 

Overhead Vapor Cooler 

CS tubes thinned and replaced in kind. 

CS tubes thinned at inlet and replaced with 316 S S .  

Leak due to corrosion of CS tube sheet. 

Tube sheet badly corroded at hot end. 

Tubes corroded between tube and sheet causing leaks. 

Cooler replaced with 316 S S  cooler. 
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Date Observation or action 
~~~ 

10/79 

1/80 Retube with 316 SS. 

Cooler leak due to corroded 316 SS tubes. 

Overhead Vapor Line 

3/76 

8/76 

10/76 

1/80 

5/80 

Seventh section of CS cooler inlet line corroded. 

Entire cooler sheet found to be severely corroded. 

Cooler inlet replaced with 316 SS. 

Inspection of inlet line showed considerable corrosion. 

First 40 ft of cooler outlet replaced with CS due to corrosion. 

Corrosion coupon racks were initially installed at four locations in the column: at the top manway, 
above tray 21; at the middle manway, in the feed flush zone; on the reboiler shell wall; and on the 
reboiler tube bundle. These racks were later supplemented by corrosion racks supplied by ORNL and 
located in the upper part of the column where the tray corrosion rates had been most severe. Because 
of the large number of materials in these racks the data have not been plotted, but the tables from the 
summary reports (see Tables 4.2 through 4.9) are reproduced here. 

The operating conditions of the column were changed between SRC-I and -11 processing modes to 
meet production mixing requirements. Thus, the temperature region between 200°C (400°F) and 260°C 
(500"F), identified as the most corrosive, moved up and down the column depending on the operating 
conditions. From May 1980 through June 1981, the column conditions were such that this temperature 
range included the overheads piping. The most severe corrosion in the column occurred on the trays. 
The dynamic nature of the tray valves and the fact that the trays were subjected to corrosion from both 
sides contributed to the severity. 

complicated by the periodic inclusion of the vacuum tower in the post-primary separation of coal-oil 
distillates. These distillates were always transferred from the solvent decanter to a feed drum for the 
light organics recovery column where they were mixed with the condensates from the vacuum tower 
overheads and pumped to the column. This was not the original arrangement. From the installation in 
February 1975 until the second quarter of 1976, only the overheads from the vacuum column provided 
the feed. During the early operation, the column underflow was accumulated with the process solvent 
recovered from the vacuum tower. Using the column to pretreat the distillates improved the recovery 
of light organics, and the underflow was sent to the vacuum column to separate the wash solvent 
fraction from the process solvent. The overheads [177"C (350°F) boiling point oils] from this column 
were collected separately. With the installation of the atmospheric fractionation column in May 1977, 
the light-ends-column bottoms stream could be directed either to the fractionation column feed drum 
or to the vacuum tower. The operational mode was influenced by a number of variables including the 
need for wash solvent when MAR was being separated by filtration, process solvent compositional 
variations, and, following the discovery of severe corrosion in the fractionation tower in September 
1978, the availability of this tower. Although the data were not conclusive, indications were that the 
corrosion rates of column components increased when the underflow from the light-ends column was 
directed to a given column (see Sec 4.4.3), particularly when Na,CO, was not added to the feed 

The functional area of liquid fractionation at the Wilsonville, Alabama, Pilot Plant was 

coal. 107-1 10 
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Table 4.2. Wash solvent column corrosion racks 
Location: 13, top manwaylM 

Rack no. 180 196 205 223 243 274 29 1 308 329 376 
Date: 

Installed 05/06/75 07/17/75 10/20/76 04/08/77 10/15/77 05/04/78 09/15/78 03/15/79 11/05/79 05/06/80 10/01/80 
Removed 12/16/75 01/20/76 01/27/77 10/15/77 04/13/78 09/15/78 03/15/79 10/02/79 05/06/80 09/06/80 06/01/81 

Corrosion rate (mils per year) 
Alloy 

Carbon steel 
Type 304 
Type 316 
Type 3 17 
Type 321 
Type 405 
Type 410 
Incoloy 800 
Incoloy 825 
5 Cr-0.5 Mo 
9 Cr-1 Mo 
26 Cr-1 Mo 
Hastelloy C 
Hastelloy G 

61.5 663 
75 
38 

- 

- 

I - 
0.2 33 
- 370 

1 .o - 
0.1 14 
- - 
61.2 - 

1.8 - 
142 - 

- - 
- - 

183.0 116.3 
63.8 

1.8 39.3 
- 37.4 
7.3 - 

61.5 98.8 

- 

- - 
1.8 23.0 
- - 
- - 
- - 
29.2 - 

0.0 - 
- - 

78.8 
10.8 
18.0 
20.6 
- 
52.8 
- 
13.9 
1.7 
- 
- 
- 
0.0 
0.00 

630.7 
missing 

123.9 
69.5 
- 
- 

missing 
34.8 
- 
- 
- 
- 
0.0 
- 

335.6 - 
103.9 179.4 
55.6 38.0 
38.3 27.1 
- - 

139.3 - 
- missing 
13.4 - 
3.8 3.2 
- - 
- - 
- - 
<o. 1 0.1 
10.8 10.8 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

241.9 395.0 
48.4 69.5 
30.0 48.1 
25.9 37.3 
- - 
- - 
- - 
3.1 - 
- - 
- - 
- - 
- - 
0.0 <o. 1 
4.1 - 



Table 4.3. Wash solvent column corrosion racks 
Location: 14, middle rnanwaylM 

Rack No. 181 199 207 224 244 275 292 309 330 354 368 
Date: 
Installed 05/06/75 07/17/75 10/20/76 04/08/77 10/15/77 05/04/78 09/15/78 03/15/79 11/05/79 05/06/80 07/01/80 
Removed 12/16/75 10/20/76 01/27/77 10/15/77 04/13/78 09/15/78 03/15/79 10/02/79 01/17/80 09/30/80 06/01/81 

Corrosion rate (mils per year) 

Alloy 

Carbon steel 

Type 304 
Type 316 
Type 317 
Type 321 
Type 405 
Type 4 10 
Incoloy 800 
Incoloy 825 
5 Cr-0.5 Mo 
9 Cr-1 Mo 
26 Cr-1 Mo 
Hastelloy C 
Hastelloy G 

missing 

missing 

233.7 
189.8 

216.7 
52.2 
49.3 
40.3 

749 .O 176.2 243 
58.4 32.5 48.7 
36.5 24.2 30.6 
24.4 15.7 21.6 
- - - 

74.8 443 
- 48 

7 - 

missing 
- 
49.3 
- 
36.7 

missing 
- 
6.1 
- 

103.2 
48.2 
27.8 
24.2 

54.2 
14.4 
8.4 
6.5 

- 
93.6 

169.6 
177.7 - - 

0.3 28 
- 185 
74.9 - 
0.3 4 

- 
90.1 

- 
29.6 

146.0 
45.7 
19.3 

missing 
- 
19.4 
- 

missing 

109.4 

- 
47.8 

1.8 
42.6 

- - 
90.6 - 
56.0 - 
- 83 

- 
missing 
- 

- 
0.0 
- 

- 
0.0 
0.2 

- 
0.1 
- 

- 
<o. 1 
3.0 

- 
0.5 

43 .O 

- - - 
0.1 0.0 <o. 1 

- 38.0 5.0 



Table 4.4. Corrosion rates of coupons exposed in the Fort Lewis, 
Washington, Pilot Plant wash solvent column from 

November 1979 to January 1980 
Location: above middle manway 

Corrosion rate" 
[&year (mils per year)] Alloy 

Titanium 0.003 (0.1) 
Hastelloy C-276 0.002 (0.1) 
Incoloy 825 0.37 (14.4) 

Hastelloy G-3 

Hastelloy G 
Type 321 S S b  
Type 316 S S b  
Type 317LM S S b  
Type 317 SSb 
Type 304 SSb 
Type 410 S S b  
sc- 1 

26 Cr-1 Mo (stabilized) 

0.49 (19.2) 

0.65 (25.6) 

0.86 (33.8) 

0.93 (36.6) 

1.05 (4 1.4) 

1.14 (45.0) 

1 S O  (59.0) 

3.33 (13 1 .O) 
5.21 (205.0) 

9.43 (371.0) 

Carbon steel 10.84 (426.0) 

"Calculated from weight changes; assuming uniform removal of material. 
b S S  = stainless steel. 

The light-ends column was composed of a reflux section on top, with two 1.5-m ( 5 4 )  sections 
150 mm (6 in.) in diam below, and a Dowtherm-heated reflux boiler on the bottom. All of these 
components were constructed of carbon steel. There were two packed sections above and below the 
center feed in the 150-mm (6-in.)-diam portion of the column. Originally, both sections were packed 
with 0.64 cm (0.25 in.) of Pro-Pack. The lower section was changed to 15.8-mm (0.625-in.) type 316 
stainless steel, and pall rings were added in March of 1976 to increase the capacity of the column. 
Originally operated with a 150°C (300°F) feed, the conditions changed in May 1980 when a 
Dowtherm-heated exchanger was added to raise the temperature to 260°C (500°F). The feed point was 
also changed from the center to a lower position of the column. The 260°C (500°F) feed temperature 
was eventually increased to obtain an acceptable process solvent from T-102. Column examinations 
made before the temperature change indicated minimum corrosion. No additional examination data 
were presented."' 

The original fractionation column (a previously used unit) was about 6.4 m (55 ft) high with a 
0.9 m (3 ft) ID. It was constructed of carbon steel clad with a 2-mm (0.04-in.) thick type 304 stainless 
steel liner from the bottom of the column up to above tray 10 [9.1 m (30 ft)]. The column contained 
20 trays of type 316 stainless steel (numbered from the top down) and was introduced into the system 
on May 2, 1977. It performed well until nozzle leaks were detected in November 1978. Several 
nozzles were checked ultrasonically, and one was replaced because of cracks that appeared to be 
caused by stress corrosion. In February 1979, the middle section of the column developed a leak. The 
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Table 4.5. Corrosion rates of coupons exposed in the Fort Lewis, Washington, Pilot Plant 
wash solvent column from November 1979 to May 1980 

Corrosion rate" [mdyear (mils per year)] 
Above tray 20 Below tray 20 Below tray 19 Above tray 12 

for 2156 h for 2156 h for 3491 h for 2156 h 
Alloy 

Titanium 
Haynes 263 
Hastelloy C-276 
Inconel 625 
Hastelloy G-3 

Hastelloy G 
Haynes 20 

(modified) 
Inconel 671 
Monel 400 
Type 321 SSb 
Type 310 SSb  
Incoloy 825 
Aluminized 304 S S b  
Alloy 904L 
Type 317LM S S b  
Type 317 S S b  
Type 316 SSb  
Carpenter 2OCb-3 
Type 304 S S b  
sc- 1 

Type 410 SSb 
26 Cr-1 Mo 
(stabilized) 

Carbon steel 

c 0.003 
0.018 

< 0.003 
0.18 
- 

0.18 
0.14 

0.40 
0.33 
0.26 
0.67 
0.49 
0.53 
0.55 
0.68 
- 
0.76 
0.54 
0.10 
- 

2.13 
- 

- 

(c 0.01) < 0.003 
0.003 
0.10 
0.012 
- 

0.038 
0.26 

0.35 
0.28 
0.65 
0.77 
0.97 
- 

1.07 
1.07 
- 

1.07 
1.22 
1.05 
- 

1 .00 
- 
- 

0.033 
- 
e 0.003 
- 

0.224 

0.250 
- 

- 
- 
0.45 
- 
0.35 
- 
- 

0.69 
0.68 
0.98 
- 

0.92 
2.02 
2.18 
3.17 

4.74 

< 0.003 
0.018 

e 0.003 
c 0.003 
- 
0.003 
0.010 

0.004 
0.23 
0.064 
0.076 
0.17 
- 
0.08 
0.10 
- 
0.20 
0.35 
0.29 
0.89 
- 
- 

- 
"Calculated from weight changes; assuming uniform removal of material. 
bSS = stainless steel. 
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Table 4.6. Corrosion rates of coupons exposed in the Fort Lewis, Washington, 
Pilot Plant wash solvent column from May to October 1980 

Corrosion rate' [ d y e a r  (mils per year)] 

Above tray 12 Below tray 20 Above tray 20 
Alloy 

Hastelloy C-276 
Hastelloy N 
RA 333 
Molybdenum 

Inconel 600 
Haynes alloy 263 
Titanium 

Haynes 20 
(modified) 

Hastelloy G 
Inconel 625 
Carpenter 20Cb-3 
Incoloy 825 
Crucible 6M 
Alloy 904L 
Monel400 

Crutemp 25 
Type 317LM SSlI' 
Inconel 671 
Type 316 SS' 
Type 304 SS' 
Type 410 SS' 
Incoloy 800 
Aluminum 

b 
< 0.003 
- 
- 
0.01 
0.01 

0.05 

0.12 
0.14 
0.07 
- 
- 
- 
- 
0.47 
0.47 
0.49 
0.75 
1.06 
0.97 
- 

> 5.45 1 

b 
< 0.003 

0.003 
0.003 

0.007 
0.11 
- 

- 
0.11 
0.14 
0.06 
0.17 
0.18 
- 
0.41 
- 
0.50 
0.84 
0.89 
1.42 
1.27 
- 

< 0.003 
- 
- 
- 

- 
- 
0.07 

0.11 
0.03 
0.11 
0.2 1 
0.16 
0.24 
0.23 
0.39 
0.45 
- 
0.70 
0.92 
- 
1.78 

> 5.43 
'Calculated from weight changes; assuming uniform removal of material 
we igh t  gain indicating presence of a tightly adherent scale that was not removed by wire brushing 

'SS = stainless steel. 
or ultrasonic cleaning in an organic solvent. 
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Table 4.7. Corrosion rates for coupons exposed in the Fort Lewis, Washington, Pilot Plant wash 
solvent column from November 1980 to April 1981 

Exposure time: 3190 h 
Corrosion rate' [&year (mils per year)] 

Above tray 20 Below tray 20 Above tray 12 
Alloy 

Hastelloy C-276 
Hastelloy N 
Hastelloy B-2 
Inconel 625 
Haynes alloy 263 
Inconel X750 
Titanium 

Inconel 601 
Inconel 600 
Alloy 904L 
Nickel 
Type 321 SSb 
Type 316 SSb 
Aluminized 304 SSb 
Type 304 SSb 
Incoloy 800 
Type 410 S S b  
Carbon steel 

c 0.003 
<0.003 

c 0.003 
0.063 
0.073 
0.074 

< 0.003 
0.095 
0.20 
0.58 
0.60 
0.55 
1.52 
1.17 
2.22 
1.81 
2.63 

> 10.7 

< 0.003 
< 0.003 
< 0.003 

0.06 
0.10 
0.13 
0.009 
0.28 
0.33 
0.47 
0.49 
1.08 
0.89 
1.41 
1.37 
2.92 
1.09 
6.4 

< 0.003 
< 0.003 
< 0.003 

0.008 
0.083 
0.078 
0.36 
0.085 
0.14 
0.4 1 
0.61 
0.17 
1.01 
0.88 
1.31 
2.72 
3.45 
4.99 

"Calculated from weight changes; assuming uniform removal of material. 
'ss = stainless steel. 

column was taken out of service, and inspection showed severe corrosion, mainly in the carbon steel 
shell located between trays 7 and 10 (refs. 1 12 and 113). The carbon steel damage was repaired by 
welding and grinding the surface 
report. '13  

Additional repair activity was described in a quarterly 

Repairs to the T105 fractionation column (replacing the tray 8 and 9 support rings and 
downcomer from 316 SS material) were completed on 15 June. The area from tray 10 to the 
bottom of tray 7 was lined with ll-gauge, 321 SS sheet. Holes, 314 in. in diameter on 4-1/2-in. 
centers, were drilled in each of 14 sections such that the liner could be plug-welded to the column 
wall. Upon installation of a section of the liner, root passes were made and all but one of the plug 
weld holes were welded. The unwelded hole was used to pressure-test the root passes for leaks. 
After installation of the liner, the welds were again pressure-checked and the test hole was closed. 
All carbon steel nozzles located in the area of the new lining were replaced with nozzles lined 
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Table 4.8. Wash solvent column corrosion racks 
Location: 15, reboiler wall 

Rack No. 182 197 225 245 293 310 33 1 355 369 
Date: 

Installed 05/06/75 04/22/76 04/08/77 05/07/78 0911 5/78 0311 6/79 1 1/05/79 05/06/80 1010 1/80 
Removed 12/16/75 01/27/77 04/13/78 09/15/78 03/15/79 10/02/79 05/06/80 09/30/80 06/01/81 

Corrosion rate (mils per year) 
Alloy 

Carbon Steel 47.5" 24.7 22.0 32.7 13.4 - 21.7 61.4 35.1 
Type 304 - 0.2 8.2 72.1 3.0 24.7 3.1 1 .o 0.5 

Type 317 - - 0.2 3.1 0.1 0.2 0.3 0.2 0.2 
Type 321 0.2" 0.1 
Type 405 - 31.0 - 

Type 410 98.8" - - 29.6 - 

Incoloy 800 0.2" 0.0 0.3 133.2 0.4 - - 0.4 - 
Incoloy 825 - - - 10.3 - 0.2 0.5 - - 
Hastelloy G - - - 0.3 - - < 0.1 0.2 - 
Hastelloy C - - 0.0 0.1 < 0.1 0.1 < 0.1 0.1 0.1 

Type 316 - 0.1 1.6 64.0 1.2 8.0 3.6 0.3 0.3 

- - - - - - - 
- - - - - 10.7 

- - - 52.8 

- - - - - - - - 5 Cr-0.5 Mo 127.3" 
9 Cr-1 Mo 104.3" 
26 Cr-1 Mo - 8.2 

- - - - - - - - 
- - - - - - - 

"Weir location. 



Table 4.9. Corrosion rates for coupons exposed in the Fort Lewis, Washington, 
Pilot Plant wash solvent column 

Location: reboiler area 
Corrosion rate" [mdyear (mils per year)] 

2442 h 3190 h 
Sample May 198Mctober 1980 November 1980- April 1981 

Aluminum 
Nickel 
Titanium 
Carbon steel 
Type 410 SS' 
Type 304 SS' 
Aluminized 304 Ss' 
Type 321 Ss' 
Type 316 Ss' 
Type 317LM SS' 
Incoloy 800 
Incoloy 801 
Incoloy 825 
Haynes 20 (modified) 
Carpenter 2Kb-3 
Crutemp 25 
904L 
Crucible 6M 
Udimet 720 
Inconel 600 
Inconel 601 
Inconel 625 
Inconel 671 
Inconel X750 
Hastelloy G 
Hastelloy N 
Haynes 263 
Hastelloy B-2 
Hastelloy C-276 

2.58 
- 

b 
- 

1.14 

b 
b 

b 
b 
b 
b 
b 
b 

b 

b 
b 

b 

b 

- 
0.21 
- 
0.84 
1.01 
0.0 10 

0.005b 
< 0.003 

0.36 
0.26 

- 

- 
- 
- 
- 

0.004 
- 
0.007 
0.20 
0.98 

- 
0.023 

< 0.003 
0.004 

< 0.003 

- 

b 
"Calculated form weight changes; assuming uniform removal of material. 
%eight gain indicating presence of a tightly adherent scale that was not removed by wire 

'Stainless steel. 
brushing or ultrasonic cleaning in an organic solvent. 
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with 316 SS tubing. Corrosion probe and sampling nozzles were installed at trays 1, 9, and 15. 
Twenty new trays of 321 S S  were installed in the column, and the column was pressure-checked 
using nitrogen at 20 psig. After the column was heated up to temperature on solvent, leaks 
developed at the full-penetration welds of the new nozzles in the carbon steel section of the tower. 
(Welders had reported problems obtaining a good metal bond to the tower possibly a result of 
hydrogen penetration.) Preheating to 400 to 500°F for 1 h allowed entrapped hydrogen gas to 
escape but, after preheating, welders still experienced difficulty bonding new material to the 
column shell. 

In September 1979, the column was again shut down for repairs112 and replacement of some 
nozzles with schedule 80 type 316 stainless steel pipe. Measurements of trays 10 through 15 showed 
thickness losses of 10 to 20% during the preceding three-month exposure. The column was opened 
again in December for examination and coupon recovery. Details of this examination, some corrosion 
coupon data, and corrosion probe information were presented in the annual report,'" and additional 
corrosion probe data were presented in the June 1980 quarterly report.'I6 The quarterly report indicated 
an increasing corrosion rate trend for tray 15 in the atmospheric tower and in the packing area of the 
vacuum tower. The fractionation tower was taken out of service on August 24, 1980, when process 
modifications indicated that combined sidedraws from the vacuum tower could provide sufficient 
solvent."' Examination of the trays indicated that trays 10 through 19 needed to be replaced. During 
the dismantling of the column, sections were removed for corrosion studies. The results of these 
studies as reported"' are: 

When the column was removed from service in September 1980, sections were removed for 
corrosion studies. The sections were taken so that they included the circumferential welds at 
4.76 m (15 ft 7 112 in.) elevation, which was near the level of tray 18, and 9.18 m (30 ft 1 1/2 
in.), which was near tray 10. The lower weld included a joint in the carbon steel shell and a weld 
joint in the type 304 stainless steel cladding. The upper weld included a joint in the carbon steel 
shell and also had a joint where the type 304 stainless steel cladding was joined to the type 321 
stainless steel liner, which had been added to the column in early 1979. Examination of sections 
that included the lower weld showed that corrosion had consumed all or nearly all the cladding 
and in some places part of the shell. ... The extent of corrosion clearly shows that penetration of the 
wall was imminent. Metallographic examination of sections taken near the weld where the type 
304 stainless steel cladding and the type 321 stainless steel liner were joined revealed flaws in the 
weld and cracking in the cladding. ... Higher magnification examination of the cladding showed 
that intergranular cracks completely penetrated the cladding ... and that the carbon steel shell was 
corroding. Sensitization of the stainless steel as a result of the welding made it susceptible to what 
we feel was polythionic acid stress corrosion cracking. 

The corrosion coupon data from this column have been reported,lm but because of the number of 
alloys involved, Tables 4.10 and 4.11 are reproduced in this report. The data shown were indicative of 
the relative corrosion resistance of the various alloys, but the absolute rates did not reach the peak 
rates found in the tower and components because the available exposure locations were limited and 
were not in the peak corrosion rate region. 

feed. The underflow slurry and the condensed distillates from the primary-separation functional area 
(see Sect. 4.4.1) were combined in a special mixing chamber and fed to the tower at a mix 
temperature of about 370°C (700°F) to 400°C (750°F). The tower was provided with two drawpoints 
feeding supporting stripper towers with the underflow of these being partially recycled and partially 
pumped to the feed tank for solvent hydrogenation. The overheads from the atmospheric tower were 

The atmospheric fractionation tower at the ECLP was the only one to deliberately receive a slurry 
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Table 4.10. Corrosion rates of coupons exposed in the Wilsonville, Alabama, Pilot Plant fractionation column 
Location: top, middle, and bottom manways. 

Corrosion rate" [mdyear  (mils per year)] 
Alloy Period lb Period 2' 

Middle manway Top manway Middle manway Bottom manway 

Hastelloy C-276 < 0.003 (< 0.1) < 0.003 (< 0.1) 0.003 (0.1) e 
Incoloy 825d 
Hastelloy G-3 
Hastelloy G 
Titanium 
Haynes 20 (modified) 
Type 321 S S d  
Type 317 LM S S d  
Type 317 SS 
2RE69 
Type 304 SS 
Nitronic 50 
Type 410 SS 
MONIT 

- - 
0.044 (1.7) 
0.042 (1.6) 
0.22 (8.8) 
0.17 (6.6) 
- - 
- - 
0.85 (34) 
0.56 (22) 
1.23 (49) 
Not weighed 

2.02 (80) 
2.98 (117) 

- - 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 

e 
< 0.003 (< 0.1) 
- - 

- - 
0.003 (0.1) 

e 
< 0.003 (< 0.1) 
< 0.003 (<0.1) 

e 
< 0.003 (< 0.1) 

0.0 14 
0.018 
0.020 
0.072 
0.16 
0.20 
0.34 
0.46 
0.52 
0.70 
0.73 
1.06 

1.16 

- - 
e 
e 
e 

- - 
- - 
- - 

< 0.003 (< 0.1) 

< 0.003 (< 0.1) 
0.012 (0.5) 
0.64 (25) 

e 

0.08 (3) 

sc- 1 4.11 (162) e f e 
Carbon steel 4.58 (180) 0.012 (0.5) 1.97 (77) 0.52 (20) 
18 Cr-2 Mo 5.01 (197) < 0.003 (< 0.1) f e 
26 Cr-1 Mo (stabilized) 6.23 (245) < 0.003 (< 0.1) f 0.005 (0.2) 

"Calculated from weight changes, assuming uniform material removal. 
bJuly to September 1979; 1128 h. 
'July to December 1979; 3552 h. 
dSpecimen inserted on middle rack after 1128 h of operation; exposed 2424 h, September to December 1979. SS = stainless steel. 
'Weight gain indicating presence of a tightly adherent scale that was not. removed by wire brushing or ultrasonic cleaning in an 

'Specimen removed from middle rack after 1128 h of operation. 
organic solvent. 



Table 4.11. Corrosion rates of coupons exposed in the Wilsonville, Alabama, Pilot 
PIant from December 1979 to March 1980 fractionation column 

Location: top, middle, and bottom manways 

Manway Alloy Corrosion rate' 
[&year (mils per year)] 

TOP Alloy 625 
Alloy 904L 
Alloy 825 
Titanium 

2RFi69 
Type 321 SSb 
sc-1 
Hastelloy C-276 
Hastelloy G 
26 Cr-1 Mo (stabilized) 

Haynes 20 (modified) 

Hastelloy G-3 
Nyby MONIT 

Type 304 S S b  
18 Cr-2 Mo 

Type 317 SSb 
Middle Hastelloy C-276 

Alloy 625 
Hastelloy G-3 
Hastelloy G 
Alloy 825 
Carpenter 2OCb-3 
Haynes 20 (modified) 

Monel400 
Alloy 904L 
Type 321 S S b  
Type 317 SSb 
Type 317LM SSb 
2RE69 
Type 304 SSb 
Type 310 S S b  

Bottom 26 Cr-1 Mo 

18 Cr-2 Mo 

Type 317 S S b  

< 0.003 
c 0.003 
c 0.003 
< 0.003 
< 0.003 
c 0.003 
< 0.003 
< 0.003 
c 0.003 
c 0.003 
c 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 

0.005 
c 0.003 

0.006 
0.007 
0.008 
0.03 1 
0.043 
0.043 
0.065 
0.166 
0.169 
0.275 
0.297 
0.3 19 
0.337 
0.454 

< 0.003 
< 0.003 
c 0.003 

(c 0.1) 
(< 0.1) 
(< 0.1) 
(c 0.1) 
(c 0.1) 
(c 0.1) 
(< 0.1) 
(c 0.1) 
(c 0.1) 
(c 0.1) 
(c 0.1) 
(< 0.1) 
(c 0.1) 
(c 0.1) 
(c 0.1) 

(0.2) 
(< 0.1) 

(0.2) 
(0.3) 
(0.3) 
( 1.2) 
(1.7) 
(1.7) 
(2.5) 
(2.6) 
(6.7) 

(10.8) 
(11.7) 
(12.6) 
(13.3) 
(17.9) 

(< 0.1) 
(< 0.1) 
(c 0.1) 
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Table 4.11 (continued) 

Manway Alloy Corrosion rate" 
[&year (mils per year)] 

Alloy 825 
sc- 1 
Nyby MONIT 
Alloy 625 
Haynes 20 (modified) 
Hastelloy G-3 
Titanium 
Hastelloy G 
Hastelloy C-276 
Type 304 SSb 
2RE69 

< 0.003 
< 0.003 
e 0.003 
e 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 
e 0.003 

0.006 
0.03 1 

(< 0.1) 
(< 0.1) 

(< 0.1) 
(< 0.1) 
(< 0.1) 

(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 

(0.2) 
(5.2) 

"Calculated from weight changes: assuming uniform material removal. 
' S S  = stainless steel. 

cooled and condensed in two stages: In the first stage, condensate was recycled to the tower, and in 
the second stage, the light oils separated from the sour water were sent to the fractionation tower in 
the solvent hydrogenation system. The underflow slurry from the atmospheric tower was pumped to 
the vacuum tower preheator. The atmospheric fractionation chamber for feed mixing was a specially 
designed mixer that received the slurry at about 440°C (825OF) and 0.45 MPa (65 psig) and blended it 
with the combined distillate condensates that had been reheated to about 290°C (560°F). The initial 
unit, constructed of 5 Cr-0.5 Mo alloy with a 6.4-mm (0.25-in.) corrosion allowance was severely 
eroded during the initial shakedown operation."' It was replaced with a redesigned unit constructed of 
the same material but with all exposed surfaces lined with a metal fiber-reinforced refractory. Severe 
spalling of the refractory on the inner pipe occurred during the first period of operation. After the 
anchoring system was modified to correct this problem, only minor erosion was 

with the removal of the full 6.4-mm (0.25-in.) corrosion allowance by the end of plant operation. A 
nozzle in this line was removed and a section of pipe was replaced because of the rapid 
erosion-corrosion downstream that was caused by the high turbulence.lZ 

was constructed of carbon steel with type 410 stainless steel cladding in the flash zone only. A 
stripping cartridge containing 10 trays was located below the flash zone; four of these trays were type 
316 stainless steel, three were type 410 stainless steel, and three were carbon steel. Above the flash 
zone was a chimney tray made of type 316 stainless steel and 0.9 m (3 ft) of type 316 stainless steel 
grid with overhead wash return. The upper section contained trays 11 through 26 (constructed of type 
316 stainless steel). The heavy atmospheric oil sidedraw to the stripper was taken from tray 15, and 
the overheads and underflow were recycled from the stripper and returned above and below this tray. 
The light atmospheric oil sidedraw was collected from tray 19 with the recycled stripper underflow 
and overheads returned above this tray. Steam was introduced at the bottom of the tower. Wear plates 
and inlet horns were fabricated of 12 Cr stainless steel that was lined with fiber-reinforced refractory. 

Erosion-corrosion of the 5 Cr-0.5 Mo line from the mixer to the vacuum tower was significant 

The atmospheric fractionation tower was 1.4 m (4.5 ft) in d i m  and about 22.3 m (73 ft) high. It 
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The tower operated with a 399°C (750°F) inlet at the flash zone, a temperature of 385°C (725,"F) 

After the initial shakedown operation with Illinois No. 6 coal, the tower was inspected and minor 
at the bottom slurry outlet, and overheads leaving the top at about 177°C (350°F). 

repairs were made. Inspection revealed a honeycomb type of corrosion with pits up to 3.2 mm 
(0.125 in.) deep in the downcomer areas of trays 19 through 26, covering the approximate temperature 
range of 250°C (480°F) to 205°C (400°F). The corrosion noted on the tower wall and support rings for 
the trays in this area was attributed to improper fitting of the trays. The corroded areas were repaired 
with weld buildup, and the downcomer areas were stripped with type 316C stainless steel cladding.'" 
After an additional 300 h of once-through operation on Illinois No. 6 coal, a leak developed in the 
tower wall at tray 23. Ultrasonic inspection indicated severe metal loss above and below the failure 
with thickness measurements indicating corrosion rates between 5.5 &year (220 mils per year) and 
12.5 mm (500 mils per year). 

turnaround.'" During the June 1981 turnaround, the tower was repaired by cutting out a 4-m (12-ft) 
section of the tower between trays 19 and 26 and replacing it with a prefabricated section that was 
fully lined with the 321 stainless steel. Several corrosion racks and corrosion probes were installed in 
the new section.'u-'26 The finaVinspection reported moderate corrosion of the carbon steel shell below 
the stainless-steel-lined section and cracking of the stainless-steel tray hardware in the line secti~n.'~' 

The light atmospheric gas-oil-steam stripper at tray 19 reportedly operated at 274°C (525°F) and 
was constructed with a carbon steel shell. Details on the intervals were not available, and the only 
reported materials damage was moderate corrosion in the form of shallow grooving at the top of this 
[6-m (20-ft), high, 0.45-m (l-ft 7-in.)-diam] vessel. 

Minimal corrosion of the heavy atmospheric gas-oil-steam stripper at tray 15 was reported. The 
operational temperature was estimated at about 3 15°C (600"F), but actual operating conditions and 
measured corrosion rates for this carbon steel vessel were not reported. 

The reflux air condenser in the atmospheric fractionator received the tower overheads after they 
were quenched with recycle water and cooled them to 115°C (240°F). The reflux air condenser was 
constructed of carbon steel with aluminum fins, and no problems were reported. A corrosion probe in 
the outlet stream indicated that carbon-steel corrosion rates from 0.071 to 0.13 mdyear (2.8 to 
5.2 mils per year occurred during operation on Wyodak or Texas lignite coals; no probe data were 
reported for the Illinois 6 coal operations. 

reported with the carbon steel components (including those used in the sour-water recirculation 
streams). 

coupon racks. All of the corrosion probes were located in the atmospheric- tower overheads system 
with the exception of the one that was added to the atmospheric tower. A second probe exposed to 
raw wet naphtha was located after the overhead distillate condenser where the temperature was about 
43°C (1 10°F). This probe indicated carbon steel corrosion rates of < 0.025 &year (< 1 mil per year) 
except for an unexplained peak of 0 . 23 mm/year (9 mils per year) in September and October 1981 
when Wyodak coal was being processed. The other two probes were in the sour water that was 
separated from the condensates. Both probes indicated rates < 0.051 mdyear  (< 2 mils per year) for 
carbon steel, which agreed with corrosion rack data in these areas. 

Initially, three corrosion racks were installed in the atmospheric tower: one at the top of the tower, 
operating temperature 177°C (350°F); one in the middle, 315°C (600°F); and one at the bottom, 385°C 
(725°F). The maximum coupon corrosion rate in the top rack was 0.18 mdyear (7 mils per year) for 
carbon steel and about 0.25 m y e a r  (10 mils per year) for carbon steel coupons on the middle rack. 
These coupons were probably in the area near tray 15. The bottom rack showed carbon-steel corrosion 

The tower was patched externally and it operated for an additional 40 before the next 

The balance of the overhead system operated at low temperatures, and no materials problems were 

Materials performance monitoring in this area included a variety of corrosion probes and corrosion 
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rates up to 0.5 &year (20 mils per year). With the exception of 5 Cr - 0.5 Mo coupons, all other 
alloys indicated very little corrosion. 

In July 1981, new racks were installed on trays 20, 21, 23, 25, and 26. Corrosion rates for the 
ECLP operator's rack on tray 23 (CR-223) are shown in Fig. 4.32, and a comparison can be made 
with the data for coupons supplied by ORNL (see Tables 4.12 and 4.13). The racks from ORNL were 
reportedly installed on the trays so that at least some of the specimens would be submerged in the tray 
fluid. (The design of the operator's racks is not known.) The significant differences in corrosion rates 
were probably caused by exposure conditions. 

carbon steel and type 316 stainless steel were presented in a paper by J.P. Jones'28 (see Table 4 .14). 

feed drum. It included all the condensed distillates from the three stages of primary separation 
overheads and the condensates from the vacuum stripper overheads. The vapor overheads from the 
steam stripper in the solids-separation functional area were directly to the fractionator. The liquid feed 
was passed from the drum through a preheater to raise the temperature from 130 to 149°C (260 to 
300°F) in the drum to 315 to 388°C (600 to 730°F) for feeding the fractionator. A light atmospheric 
oil was removed from a side stream of the fractionator as the underflow of a side stream stripper. A 
raw naphtha product was condensed from the overheads and forwarded to a stabilizer unit. The 
underflow from the fractionator was both a process solvent and a heavy atmospheric oil product. 

constructed of carbon steel, with a boot for trapping and removing separated water. Operating 
conditions were 0.006 MPa (1 psig) pressure at 121 to 150°C (250 to 300'F), and no materials 
problems were reported. 

superheat tubes were located in the convection section. Hydrocarbon feed entered the carbon steel 
tubes in the convection section and exited through the 5 Cr-0.5 Mo vertical tubes in the radiant 
section. No significant operational problems were reported, and wall thickness measurements on the 
process tubes indicated no significant corrosion. 

When the fractionator was installed, [a 1.7-m (5.5-ft) ID vessel about, 14 m (46 ft) high], it 
contained 14 trays of type 410 stainless steel: 10 valve trays above the feed inlet (flash zone) and 4 
sieve trays below the flash zone. The carbon steel shell was clad with type 410 stainless steel from 
tray 4 up to tray 6. The steam was added below tray 1 to strip the heavy oils. A sidestream was 
removed from tray 9 and steam stripped to provide a boiling range of about 204 to 260°C (400 to 
500°F). The overheads were returned to tray 10, and part of the underflow from the stripper was 
returned to tray 8. The column was operated in this configuration through run 9. Before mn 10, a 
section with five additional trays was added to the top of the tower to improve the separation between 
the side cut and the bottoms. This accommodated the increase in the temperature of operation of the 
coal slurry preparation. With this modification, the side stripper draw location was changed to the new 
tray 15, and stripper overheads were returned to this tray and the partial bottoms were recycled to tray 
14.'29 This fractionator, as those at the other three pilot plants, was subject to significant corrosion. A 
detailed chronological description of the materials problems, fractionator modifications, and process 
modification tests to reduce the corrosiveness of the feed was presented in the H-Coal Pilot Plant final 
report.'3o The report includes details on the tower conditions, corrosion monitoring, and effects of 
varying process conditions and modifications. An abstracted summary of the highlights follows: 

The effects of source coal on the chlorine content in the coal liquids and the corrosion rates for 

The feed to the liquid fractionation area at the H- Coal Pilot Plant was collected in the fractionator 

The fractionator feed tank was a horizontal vessel [2 m (6 ft) in diam and 4.1 m (13.5 ft) long] 

The fractionator preheater was a gas fired unit with both radiant and convection sections. Steam 

The fractionator was first examined in July 1980 after run 3. Most of runs 1, 2, and 3 were on 
oil with very little coal processed. The tower was found to be in good condition. Run 5 included 
about 9 d on coal feed, and carbon-steel corrosion probes located at trays 9 and 12 indicated high 
corrosion rates. The probe material had to be changed to stainless steel at the tray 12 location 
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Fig. 4.32. Corrosion coupon data from tray 23 in the atmospheric fractionator at the Exxon Coal Liquefaction Pilot 
Plant. Temperature: varied; velocity: c 1 m/s .  



Table 4.12. Calculated corrosion rates of coupons exposed in the Exxon Coal Liquefaction Plant 
T-201 atmospheric fractionator series 3 

Exposure time: 1896 h 
Corrosion rate [mdyear  (mils per year)] 

Tray 26 Tray 25 Tray 23 Tray 21 Tray 20 
Alloy 

Carbon steel 

Type 410 SS' 
Type 321 SS' 
Aluminized 304 SS' 
Inconel 600 
Inconel 601 
Type 304 SS' 
Type 316 SSb*' 

P Incoloy 825 
P Type 316 SS"' 

Type 316L SSc 
Ferralium 

Haynes 20 

Zirconium 

Type 347 SS' 
Titanium 

Inconel 625 
Hastelloy C-276 

00 

(modified) 

0.58 
0.010 

< 0.003 
0.0 16 

< 0.003 
0 

< 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 

< 0.003 

< 0.003 

< 0.003 

(23) 
(0.4) 

(< 0.1) 
(0.6) 

(< 0.1) 

(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 

a 

- 

(< 0.1) 

(< 0.1) 

(< 0.1) 

a 

a 

1.47 (58) 
0.045 (1.8) 

< 0.003 (< 0.1) 
0.017 (0.7) 

a 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 

< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 

4.86 (191) 
2.10 (83) 
0.166 (6.5) 
0.01 1 (0.4) 

< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 

< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 

a 
- 0 

4.54 (179) 
2.62 (103) 
0.009 (0.4) 

0.008 (0.3) 
a 

< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 

< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 

2.69 (108) 
0.46 (18) 

< 0.003 (< 0.1) 
0.010 (0.4) 

a 

< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 

< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 

~ ~~ ~ ~ 

"Weight gain indicating presence of a tightly adherent scale that was not removed by ultrasonic cleaning. 
bTwo type 3 16 stainless steel coupons were exposed. 
'SS = Stainless steel. 



Table 4.13. Calculated corrosion rates of coupons exposed in the Exxon Coal Liquefaction Plant T-201 
atmospheric fractionator series 4 and 5 

Exposure time: 4920 h 
Corrosion ratea [mdyear (mils per year)] 

Tray 20 Tray 21 Tray 23 Tray 25 Tray 26 
Alloy 

Carbon steel 

Type 410 SSb 
Type 304 SSb  
Type 321 SSb 
Type 316 SSb 
Type 316L SSb 
Type 317LM SSb  
Ferralium 

Haynes 20 

Aluminized 304 SSb 
Incoloy 825 
Inconel X750 
Inconel 600 
Titanium 

Hastelloy C-276 

Zirconium 

Inconel 625 

(modified) 

> 4.20 (> 165) > 4.23 
0.60 
0.040 
0.041 
0.03 1 
0.020 
0.022 
0.022 
0.003 

0.003 
0.003 

< 0.003 
< 0.003 

0.004 
< 0.003 
< 0.003 
< 0.003 

4.04 
0.277 
0.196 
0.153 
0.131 
0.119 
0.094 
0.037 

0.010 
0.0 19 
0.008 
0.008 

< 0.003 
0.003 

< 0.003 
< 0.003 

(>166) > 4.22 (> 166) > 4.20 (> 165) 0.86 
(159) 
(10.9) 
(7.7) 
(6.0) 
(5.2) 
(4.7) 
(3.7) 
(1 -4) 

(0.4) 
(0.7) 

(0.3) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 

(0.3) 

1.96 
0.146 
0.131 
0.140 
0.072 
0.069 
0.048 
0.012 

0.01 1 
0.006 
0.005 
0.006 

~0.003 
0.003 

< 0.003 
< 0.003 

0.025 

< 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 

0.007 
< 0.003 
< 0.003 
< 0.003 
e 0.003 
< 0.003 
< 0.003 
< 0.003 

(1.0) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 

(0.3) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 

0.004 
< 0.003 
< 0.003 

0.003 
< 0.003 

0.003 
0.003 

< 0.003 

0.005 
< 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 

(34) 
(0.2) 

(< 0.1) 
(< 0.1) 

(0.1) 
(< 0.1) 

(0.1) 
(0.1) 

(< 0.1) 

(0.2) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 

“Calculated by assuming uniform removal of material. In  fact, corrosion of type 410 stainless steel was not uniform. 
bSS = stainless steel. 



Table 4.14. T-201 Atmospheric fractionator corrosioda 
~~ ~ 

Chlorides [wt (%)I" Corrosion rate (mrn/year)b*c 
Coal type and operating mode Feed Tray 23 Corrosion probed Corrosion rack 

coal oil Cs' 316 CS' 316 
Illinois No. 6 0.11 0.0092 - - - - 
(Once through) 

Illinois No. 6 0.1 1 0.0082 10.00 0.04 - 0.06 
(Bottoms recycle) 

(Bottoms recycle) 

(Bottoms recycle) 
Wry basis. 
bl mdyear  = 40 mils per year. 
'Corrosion rate on carbon steel shell was 32.3 mdyear during Illinois No. 6 once-through operation; 

type 321 stainless steel replacement lining did not suffer measurable corrosion in subsequent operations. 
'CS = carbon steel. 

Wyoming 0.03 0.00006 1 .oo 0.04 2.60 0.02 

Texas lignite 0.05 0.0003 0.10 - 0.14 0.02 

where the carbon steel had indicated a maximum rate of over 25 &year (1000 mils per year) 
before failure. The maximum indicated rate for the probe at tray 9, the side draw tray, was 
15.7 &year (628 mils per year). In November 1980, the examination results at the end of this 
run were synopized as follows: 

Top head had heavy scale. Trays 13 and 14 had loose valve caps and some scale on trays. 
Tray 12 had some corrosion and pitting on top side of tray. Also, pitting was detected on valve 
caps. Eleven valve caps were missing. Tray 11 had corrosion as noted for tray 12. There were 
143 valve caps dislodged. Tray 10 had 174 valve caps dislodged and had some corrosion as noted 
for tray 12. Tray 9 had severe pitting of about 1/32 in. beneath all the valve caps and had 
10 missing caps. Tray 8 and below had very light scale. Shell metal loss up to 0.028 in. on east 
wall between trays 9 and 12. 

During this turnaround, 100-mm (4-in.)-high strips of type 321 stainless steel were welded at the 
liquid area of trays 9 through 14 to protect the damaged vessel wall. The damaged trays were replaced 
with available spares of type 410 stainless steel. During run 6, the carbon steel probe at tray 9 
continued to indicate high-corrosion rates of 2.57-3.7 mdyear  (100-150 mils per year). After the run, 
the fractionator was thoroughly inspected including ultrasonic wall thickness measurements of the 
vessel. Severe corrosion was noted, and a large number of valves were missing from each tray above 
tray 7. The highest wall thickness loss was in the area from tray 9 up to tray 13. The stainless steel 
strips showed no significant attack. Despite the damage, calculations indicated that operation could 
continue for 55 d; therefore, no changes were made, but material was ordered and plans were made for 
protective modifications. 

Following coal run 7, the fractionator was thoroughly inspected, the corrosion coupons were 
removed for evaluation, and the upper 6 m (20 ft) and top head were striplined with 100-mm (4-in.) 
wide strips of 14 gauge type 321 stainless steel. Trays 6 through 14 and the tray supports and 
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downcomer supports were replaced with type 321 stainless steel stream sampling taps were also 
installed at the corrosion probe locations. 

In August 1981, the transfer line from N- 202 to the fractionator sidestream stripper (N-203) 
developed a pinhole leak during run 8. The defective line was replaced with type 321 stainless steel 
and a small type 316 stainless steel drum 10.6 m (2 ft) diam and 1.5 m (5  ft) long] was installed in 
the side stripper transfer line to consume corrodents and reduce the corrosive effects of the process on 
N-203. The transfer line was filled with 326 kg (725 lb) of 12.7-mm (0.5 in.) carbon steel Raschig 
rings. The objective was to sacrifice the packing to the chloride attack and prevent chloride corrosion 
to the downstream piping and sidestream stripper. A detailed.examination of the carbon steel line 
showed that the liner in the fractionator was damaged at trays 13 and 6, so the liner was repaired. The 
wall thickness reading under tray 13 showed a metal loss of up to 1.35 mm (0.053 in.) on the north 
wall above the corrosion probe. At the end of run 8, the fractionator was thoroughly inspected again. 
The visual indications of corrosion were minor compared to those observed earlier, and the only repair 
required was to the bulges in the striplining between trays 7 and 8 and below tray 12. After run 8, the 
chloride removal drum was emptied and the contents were weighed. A total of 306 kg (682 lb) of 
carbon steel was consumed during the run, and the drum was refilled with 324 kg (719 lb) of carbon 
steel rings in preparation for run 9. 

The early termination of run 9 provided an opportunity for modifying the fractionator to allow 
additional process control and better separation. The modification consisted of removing the top head 
and replacing it with the top 5.3-m (17.3-ft) section of the atmospheric tower in the 500 area that was 
never commissioned. The top section was of type 316L stainless steel and contained five type 316L 
stainless steel trays. Piping was extended to the new sidedraw, vapor feed, and reflux nozzles, and the 
old nozzles were blinded. Two additional probes were installed on trays 16 and 18, and the lower five 
trays, which were still type 410 stainless steel, were replaced with new trays of type 321 stainless 
steel. The trays were renumbered from bottom to top, and the six corrosion probes were renumbered 
from top to bottom. Rust was observed on liner welds above tray 1, several holes were spotted in the 
liner weld from trays 5 and 14, and bubble caps were missing from trays 5 and 6 .  Minor corrosion 
was observed below tray 4. 

low corrosion, only the area of the top weld was examined after this run and was found to be in good 
condition. 

In September, a hole developed in the stripper reflux line during run 11, and the fractionator was 
temporarily taken out of service. Examination of the fractionator from the manways did not indicate 
any problems. At the end of run 11, the system was thoroughly It was apparent from 
the results130 (summarized in Table 4.15) that significant attack of the stainless steel was encountered 
throughout the area from tray 7 up to tray 15. 

significant amounts of chlorine. Because these coals were the most corrosive in other plants, the very 
high corrosion rates in atmospheric fractionators were related to the chlorine content. Therefore, 
significant efforts were made at the H-Coal Pilot Plant to monitor chlorine distributions and their 
effects on the corrosion rates in the fractionator. One process modification was made in the primary 
separation area to reduce the transport of chlorine containing compounds to the fractionator. The 
results of the monitoring and the process modification were reported in detail in the final report.'3o The 
data show that most of the chlorine transported to the fractionator in this system was derived from the 
high- and intermediate-pressure flash overheads condensates. The process modification was designed to 
increase the temperature of the combined condensates in the high-pressure condensate collector to 
260°C (5OO0F), which increased the amount of condensates subject to a wash water in the succeeding 
high-pressure condensate wash-water separator. This provided encouraging but inconclusive evidence 
that the amount of chlorine fed to the fractionator would be reduced. The change in corrosion rates in 

Run 10 was essentially a continuation of run 9. Because the corrosion probes had indicated very 

Most of the operations at the H-Coal Pilot Plant were with high-sulfur coals that contained 
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Table 4.15. N-202 Fractionator inspection results (December 1982) 

New Section (Part of N-501; 316 SS shell and 316 SS 
trays) 

Tray No. 19 (Top)-316 SS in service during Runs No. 
10 and 11. Very light etching on trays noted under 
magnification. Shell shows no corrosion. 

Tray No. 18-Same as No. 19. Light etching on shell. No 
noticeable corrosion on trays or valve caps. 

Tray No. 17-Same as No. 19. Light etching on shell. 
Slight wear on valve caps and tray opening. 

Tray No. 16-Same as No. 19. Light etching on shell. 
One valve cap missing. Thickness reading on shell taken 
just below weld seam. 

Tray No. 15-Same as No. 19. Loose tray held down 
parts in drawpan. Slight thinning of valve caps and tray. 
One valve cap missing from manway tray. 

CENTER SECTION 

Original 410 SS trays replaced with 321 SS-Run NO. 7 
turnaround. No evidence of corrosive attack where 321 
SS strip lining was welded to 316 SS shell. 

Tray No. 14-321 SS in service during Runs No. 8 
through 11. Caps and trays were noticeably thinned. Ten 
areas suspected to have pinhole leaks in lining with rust 
stains. Tray has blackened spots. 

Tray No. 13-Same as No. 14. Trays thinned. Caps were 
very thin with several missing. Seven possible pinholes in 
liner noted. 

Tray No. 12-Same as No. 14. Thinning of valve caps 
and trays noted with overall corrosive attack. Liner 
bulged in area of downcomer. Three possible pinholes in 
liner noted. Several valve caps missing. Trays and shell 
wall were blackened in color. 

Tray No. 1 1-Same as No. 14. Caps and trays thinned. 
Eighteen pinholes in liner noted. 

Tray No. 10-Same as No. 14. Thinning of trays and 
valve caps more severe than trays above. Pitting on trays 
and caps noticeable. Heavy corrosive attack on liner, 
especially in downcomer area where pitting (0.375 in. 
diam) was evident. Eleven pinholes noted. Corrosive 
probe has severe corrosive attack. Numerous valve caps 
missing. 

CENTER SECTION (continued] 

Tray No. 9-Same as No. 14. Valve caps and trays were 
very thin with noticeable corrosive attack overall. Liner 
and liner weld has overall pitting. 

Tray No. 8-Same as No. 14. Corrosive attack on liner 
and welds with noticeable thinning of caps and trays. The 
drawoff pipe (carbon steel) for nozzle “T’ has been 
severely corroded down to a razor-sharp edge. The nozzle 
weld has been severely attacked with possible product 
behind liner evidenced by wetness in this area. 

Tray No. 7-Same as No. 14. Caps and trays were 
slightly thinned with general attack overall. Lining and 
weld have general attack with indication of product 
behind lining resulting in rust bleeding from these areas. 

Tray No. &Same as No. 14. Six areas in downcomer 
have rust bleeding from liner indicating pinholes in liner. 

FEED SECTION 

Carbon steel base metal with 410 SS clad. Original 410 
SS trays replaced with 321 SS-Run No. 9 turnaround. 

Tray No. 5-321 SS in service during Runs No. 10 and 
11. Tray and valve caps have light corrosion. The 410 SS 
cladding has pitting which has perforated to the carbon 
steel shell as evidenced by rust bleeding. 

Tray No. &Same as No. 5. Only light corrosive attack. 
Cladding has same attack as Tray No. 5. Loose and extra 
valve caps on tray. 

BOTTOM SECTION 

Unclad carbon steel. Original 410 SS trays replaced with 
321 SS-Run No. 9 turnaround. 

Tray No. 3-321 SS in service during Runs 10 and 11. 
Several loose valve caps in downcomer. Shell has loose 
rust scale. Minimal corrosion noted overall. 

Tray No. 2-Same as No. 3. Minimal corrosion noted. 
Loose valve caps on tray and in downcomer. 

Tray No. 1-Same as No. 3. Condition similar to Tray 
No. 2. Bottom head, light rust scale on walls. Minimal 
corrosions noted. 

4-88 



run 11, with the change from Illinois 6 to Kentucky 9 coals, presented evidence that chlorine 
concentration alone was not enough to produce the high-corrosion rates in the fractionator. When the 
change was made, two probes in the high- attack area indicated a significant increase in corrosion of 
the type 304 stainless steel. The rate increased from 0.10 &year (4 mils per year) with the Illinois 6 
coal to as high as 2.9 &year (115 mils per year) with the Kentucky 9 coal. Sulfur analyses of the 
two feed coals were similar, but the chlorine contents changed from 0.06 wt % for the Illinois 6 coal 
to 0.03 wt % for the Kentucky 9 coal. Thus, the direction of the change in corrosion rates was 
opposite to the rates that were anticipated. This unexplained behavior led to further investigation and 
analyses of numerous coal feed samples by ORNL. The results of these analysis (Table 4.16) show 
that the average chloride level of the Illinois 6 coal was 5-112 times that of the Kentucky 9 coal. 
Further analytical work by ORNL, which related to the chemical form of chlorine in the feed coal and 
the type of chloride salts that might be present, led to the conclusion that the corrosivity of a particular 
coal type cannot be predicted on the basis of C1, Na, Mg, K, or Ca ~ 0 n t e n t . I ~ ~  

Table 4.16. Feed cod analyses results (average) for run 11 

No. of N S Pg/g 

(%I ("/.I CI Na m K Ca 
Coal type samples 

analyzed 
Illinois 6 10 1.25 3.31 622 483 935 1,610 4,468 

Kentucky 9 13 1.48 3.40 114 139 73 1 1,438 1,223 

wvodak 1 0.79 0.87 27 717 2,650 422 12,100 

Initially, three coupon rack locations were defined. The corrosion data from these racks are plotted 
in Figs. 4.33 through 4.35. The tower configuration was change for exposure D, so the top rack was 
moved from tray 14 to tray 19. The new trays, together with the changes in operating conditions, 
changed the temperature distribution in the column and may have had an effect on the corrosion rates 
for all three racks. In addition to these racks, more racks were supplied for trays in the higher 
corrosion area. The racks in this area were designed with shorter supports to ensure that the coupons 
were immersed in the tray liquids (Tables 4.17 through 4.19). Unfortunately, the relocation of these 
racks for runs 9, 10, and 11 may have moved them above the highest corrosivity area. 
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CORROSION COUPON DATA FROM THE H-COAL PILOT PLANT 
FRACTIONATOR COLUMN BOTTOM 
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Fig. 4.33. Corrosion coupon data from the H-Coal Pilot Plant fractionator column bottom. Temperature: 315 
to 338°C (600 to 63OOF); velocity: < 1 m/s (< 3.2 fps); operation: syncrude mode. 
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CORROSION COUPON DATA FROM THE H-COAL PILOT PLANT 
FRACTIONATOR COLUMN MIDDLE 
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Fig. 4.34. Corrosion coupon data from the H-Coal Pilot plant fractionator column middle (tray 4). Temperature: 315 to 
388°C (600 to 630°F); velocity: < 1 m / s  (e 3.2 fps); operation: syncrude mode. 
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Fig. 4.35. Corrosion coupon data from the H-Coal Pilot Plant fractionator column top (tray 14 or 19). 
Temperature: varied; velocity: < 1 m / s  (< 3.2 fps); operation: syncrude mode. 



Table 4.17. Corrosion rates for ORNL coupons exposed in the N-202 fractionator during runs 6 and 7 

Corrosion rate" [mdyear (mils per year)] 

Tray 9' Tray lob Tray 1 lb Tray 12b Tray 13b 
Alloy 

Carbon steel 
Type 409 SS' 
Type 347 Ss' 
Type 321 SS' 
Monel400 
Type 3 17 SS' 
Carpenter 20Cb-3 

SAP 2205 
Sandvik 2RE69 
Incoloy 825 
Inconel 600 
Hastelloy B-2 
Crucible 6M 
RA 333 
Haynes alloy 263 
Titanium 
Alloy 904L 
Haynes 20 (modified) 
Hastelloy C-4 
Inconel 625 
Hastelloy G 

14.79 
1.15 
0.82 
- 

0.33 
0.060 
0.033 
0.004 

< 0.003 
< 0.003 

0.012 
0.007 
0.006 
0.005 
0.003 
0.003 

< 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 

20.43 
6.65 
0.76 
0.40 
0.29 
0.179 
0.036 
0.033 
0.014 
0.01 1 
0.014 
0.007 
0.004 
0.003 

< 0.003 
< 0.003 
- 

< 0.003 
< 0.003 
< 0.003 
< 0.003 

19.32 
7.63 
0.55 
- 
0.114 
0.189 
0.114 
0.038 
0.034 
0.01 8 

< 0.003 
< 0.003 

0.003 
< 0.003 

0.004 
< 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 

(760) 
(300) 
(22) 
- 
(4.5) 
(7.4) 
(4.5) 
(1.5) 
(1.3) 
(0.7) 

(< 0.1) 
(< 0.1) 

(0.1) 
(< 0.1) 

(0.2) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 

17.80 
5.35 
0.49 
0.53 
0.149 
0.029 
0.035 
0.046 
0.014 
0.004 
0.006 
0.009 
0.003 

< 0.003 
0.003 

< 0.003 
- 

< 0.003 
< 0.003 
< 0.003 
< 0.003 

7.50 
0.005 

< 0.003 
- 
0.1 12 

< 0.003 
< 0.003 
< 0.003 
< 0.003 

0.003 
< 0.003 

0.007 
0.003 
0.004 

< 0.003 
0.003 

< 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 

(295) 
(0.2) 

(< 0.1) 

(4.4) 
(< 0.1) 
(< 0.1) 

(< 0.1) 
(< 0.1) 

(0.1) 
(< 0.1) 

(0.3) 
(0.1) 
(0.2) 

(c 0.1) 

(0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 

- 

~ ~ ~ 

Xalculated from weight change: assuming uniform removal of material. 
bExposure times: tray 11, 1080 h; trays 9, 10, 12, and 13, 1176 h. 
'SS = stainless steel. 



Table 4.18. Corrosion rates for ORNL coupons exposed in the N-202 fractionator during run 8 

Corrosion rate" [mdyear  (mils per year)] 

Tray 13 Tray 12 Tray 11 Tray 10 Tray 9 
Alloy 

Carbon steel 3.54 
Type 410 SSb 0.019 
Monel 400 0.137 
Type 304 S S b  < 0.003 
Type 347 SSb < 0.003 
Type 321 SSb < 0.003 
Type 317 SSb < 0.003 
Type 316L SSb < 0.003 
Sandvik 2RE69 < 0.003 
904L < 0.003 
SAF 2205 < 0.003 
Inconel 600 < 0.003 
RA 333 < 0.003 
Carpenter 20Cb-3 < 0.003 
Incoloy 825 < 0.003 
Crucible 6M < 0.003 
Titanium < 0.003 
Hastelloy C-4 < 0.003 
Inconel 625 < 0.003 
Haynes 20 (modified) < 0.003 

( 139) 
(0.8) 
(5.4) 

(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 
(< 0.1) 

6.32 
0.068 
0.1 82 
0.010 
0.022 
0.050 
0.006 
0.005 

< 0.003 
0.006 
0.003 
0.005 
0.006 

< 0.003 
0.004 
0.004 

< 0.003 
< 0.003 
< 0.003 
< 0.003 

11.0 
0.44 
0.196 
0.28 
0.155 
0.063 
0.056 
0.056 

< 0.003 
0.009 
0.013 
0.005 
0.005 
0.005 

< 0.003 
0.005 

< 0.003 
0.004 

< 0.003 
< 0.003 

10.5 
0.53 
0.166 
0.3 1 
0.135 
0.141 
0.065 
0.084 
0.068 
0.016 

e 0.003 
0.004 
0.007 
0.005 
0.005 

< 0.003 
< 0.003 
< 0.003 
< 0.003 
< 0.003 

> 15.8 (> 620) 
1.86 (73) 
0.30 (12) 
0.26 (10) 
0.30 (12) 
0.145 (5.7) 
0.048 (1.9) 
0.017 (0.7) 
0.008 (0.3) 

< 0.003 (< 0.1) 
0.013 (0.5) 
0.007 (0.3) 

< 0.003 (< 0.1) 
0.007 (0.3) 
0.004 (0.1) 

< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 
< 0.003 (< 0.1) 

"Calculated from weight change: assuming uniform removal of material. 
bSS = stainless steel. 



Table 4.19. Corrosion rates for ORNL coupons exposed in the N-202 fractionator 
during runs 9, 10, and 11 (period CD) 

Exposure time: 3197 h 
Mils per yeaf 

Tray 19 Tray 16 Tray 15 Tray 14 Tray 11 
Alloy 

Carbon steel 3.7 90.4 378.9 410 
410 stainless steel 
Sandvik 2205 
304 stainless steel 
316L 
317 
32 1 
347 
2RE69 
Monel400 
904L 
Carpenter 20Cb-3 

< 0.1 0.2 7.7 6.4 0.4 
e 0.1 < 0.1 < 0.1 0.4 8.1 
< 0.1 
< 0.1 
< 0.1 
< 0.1 
< 0.1 
< 0.1 

2.9 
< 0.1 
< 0.1 

c 0.1 
< 0.1 
< 0.1 

3.7 
< 0.1 
e 0.1 

6.0 
0.1 

< 0.1 

5.2 
< 0.1 
< 0.1 
< 0.1 

3.2 
e 0.1 

6.2 
< 0.1 
< 0.1 

4.7 
0.8 
0.1 
1 .o 
1.2 
0.2 
6.3 
0.1 

< 0.1 

- 
14.3 
6.0 
2.8 

62.5 
0.6 

11.0 
3.4 
0.6 

Incoloy 825 < 0.1 < 0.1 < 0.1 < 0.1 1.6 
Haynes 20 (modified) < 0.1 < 0.1 < 0.1 c 0.1 0.2 

Crucible 6M < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
RA 333 < 0.1 < 0.1 < 0.1 < 0.1 0.3 

Inconel 600 
Inconel 625 
Hastelloy C 4 
Titanium 

< 0.1 < 0.1 < 0.1 < 0.1 0.4 
< 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
< 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
< 0.1 < 0.1 < 0.1 < 0.1 < 0.1 

“Calculated from weight change: assuming uniform removal of material. 
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5. SUPPORTING AREAS 

The three functions indicated on the generic process flow sheet (see Fig. 4.1) that have not been 
discussed in detail are gasification, gas treatment, and solvent hydrogenation for the Exxon Donor 
Solvent (EDS) process. These functions will be described in this section. 

5.1 GASIFICATION 

Materials for various gasification processes were investigated in a number of government and 
private industry programs and projects. These materials are mentioned in this report because 
by-products of direct-coal liquefaction may be used as feed materials to gasification. 

solids separation as feed to the gasifier can improve the efficiency and economics of the overall 
process. However, as indicated throughout this report, certain elements in the coal tend to concentrate 
in the MAR and must be considered in the gasifier process design and materials of construction 
selection. These elements include alkali and sulfur, with their known effects on high-temperature 
corrosion, and chlorine, which may have a significant impact on low-alloy steel wastage between 
temperatures of 230 to 370°C (450 to 700°F). Undocumented reports of high wastage of heat-recovery 
systems for gasification at some demonstration plants suggested a possible synergistic effect between 
chlorine and sulfur. This was suggested also by materials tests in waste incinerator boilers.’” The 
high-chlorine content in the gases must be considered in the gasifier product treatment, with particular 
emphasis on the wash-water systems. 

Hydrogen is a major chemical requirement, and the use of the mineral ash residue (MAR) from the 

5.2 GAS TREATMENT 

Existing technology in the treatment of gases to recover unused hydrogen for recycling (with 
sulfur usually recovered as a by-product) is beneficial in materials selection. Pilot plant data for gas 
treatment following direct-coal liquefaction are insufficient; therefore, the potentially higher chlorine 
content in the feed to such systems is of concern. 

Additional experimental data on actual gas feed compositions are required before any potential 
effects on pretreatment process design or materials selection can be assessed. The extent of treatment 
at most of the pilot plants was limited to a caustic wash to remove the acid gases, so a relatively 
impure hydrogen was recycled. The demonstration plant designs included more sophisticated processes 
that were often combined with the treatment of the gasifier raw gas; therefore, the processes and 
materials needs will be dependent upon the needs and desires of process designers. 

5.3 SOLVENT HYDROGENATION FOR THE EDS PROJECT 

The solvent hydrogenation step in the EDS process was representative of some of the product 
treatments considered for commercial plants. Basically, this was a catalytic hydrotreatment of the 
coal-derived oil and was designed to further reduce the oxygen, nitrogen, and sulfur contents of the oil 
and increase the hydrogen content of the organics. Depending on the process and its severity, 
significant changes in the oil components could also occur. The full effects of feed-composition 
differences between coal-derived oils and petroleum feedstocks on materials requirements are not 
known. Usually, product treatment processes are operated at lower temperatures than the 
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coal-liquefaction reactors, so no additional materials concerns are expected. In addition, the catalytic 
processes should dissociate the amines, thus eliminating or significantly reducing the fractionation area 
corrosion problems caused by the amine hydrochlorides in the raw coal oils. 

Nonproprietary experimental evidence is not available; both the hydrotreater unit at the Exxon 
Coal Liquefaction Pilot Plant (ECLP) and the unit in operation at the Wilsonville, Alabama, Pilot Plant 
were considered proprietary. The reported corrosion data from the ECLP could not be analyzed 
without the operational details, including temperatures and stream compositions. This does not impIy 
that the operators of both processes did not accrue the necessary materials information. Assuming they 
have or are collecting the needed data, these processes would fall in the same class as a number of 
proprietary functional processes in the petroleum industry. 
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6. GENERIC MATERIALS PROBLEM AREAS 

Many components in coal-liquefaction plants (e.g., valves and pumps) serve the same basic 
function. Although they may differ in certain design details, their functions are the same. For these 
components, materials degradation may be treated generically, and solutions to materials problems 
should be applicable to any plant. 

The assessment of the generic materials problem areas is based almost entirely upon pilot plant 
experience and upon specific component development and test programs conducted at the pilot plants. 
Although each plant has had relevant experience in these areas, the focus of this assessment is on 
those pilot plant activities believed to be most comprehensive and generically applicable. 

6.1 SLURRY SERVICE VALVES 

Slurry service valves14 include pressure letdown valves and block valves. The letdown valves are 
required to reduce slurry pressures from up to 21 MPa (3000 psi) at about 425°C (800°F) to 
downstream pressures of only a few hundred kilopascals. The highly erosive three-phase flow through 
these valves presents formidable design and materials selection challenges. The block valves are used 
to control flow to and through the various process vessels, including both the on-off control of flow 
and throttling of the streams to control the rate of flow. 

6.1.1 Pressure Letdown Valves 

An excellent review of the operating experiences of letdown valves in pilot plants has been 
published.' Improvements made as a result of pilot plant efforts, successful design features, and 
materials selections are summarized. Most of the information presented in this section was taken from 
that publication. 

At the Wilsonville, Alabama, Pilot Plant, the entire pressure drop was taken across a single 
pressure letdown valve [a modified Fisher DBAQ angle body valve (see Fig. 6.1)]. The original valve 
had a Stellite trim (plug and seat) set, and cracking and severe erosion limited the operating life to 
only a few hours. 

Several modifications were made to both the seat and plug of the trim. In the original design (see 
Fig. 6.1), slurry leaving the valve body entered a neck flange that was butt-welded to a standard 25 x 
50 mm (1 x 2 in.) bell reducer. In this configuration, erosion occurred at the weld neck portion of the 
flange. A custom-made reducer containing a tungsten carbide sleeve (see Fig. 6.2) was used at the 
valve discharge. Axially, about I-mrn (0.04-in.) clearance was maintained between the valve seat 
extension and the sleeve face to provide for thermal expansion. This modification resulted in greatly 
reduced erosion. 

The plug design was changed considerably from the shape shown in Fig. 6.1 to that shown in 
Fig. 6.3. The microflute design (see Fig. 6.3) is a cylindrical plug with a tapered flat machined on the 
surface. Although plugs of this design have experienced both erosion and cracking failures, service 
lives of up to several thousand hours have been attained with tungsten carbide (K703; Kennametal, 
Inc.) plugs. 

The Fort Lewis, Washington, Pilot Plant used a two-stage pressure letdown system. The first 
letdown accounted for up to 60% of the pressure reduction with the remainder being accomplished in 
the second stage. Both Fisher and Willis letdown valves were used. The Fisher DBAQ valve used at 
Fort Lewis was the same model as that used at Wilsonville, Alabama, but design modifications to the 
trim were quite different. 
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Fig. 6.1. Fisher DBAQ high-pressure angle body valve with microform trim. (Manufactured by Fisher 
Controls Company.) 
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Fig. 6.2. Discharge flange modification to the Fisher DBAQ valve using customized bell reducer 
and flange. 

Figure 6.4 shows four plug designs that were used at Fort Lewis. The original plug in the Fisher 
valve was a tapered microform that eroded severely after only a few days of operation. The plug size 
was reduced to permit operation in a more open position; this reduced wear and increased the life of 
the plug. However, the smaller size and brittle nature of the plug material (tungsten carbide) left the 
plug susceptible to breakage. A slight taper to the microform and a rounded, blunted nose were added 
to the plug [see Fig. 6.4(a)]. Although the life of the plug improved, breakage was still a problem. To 
minimize breakage, the tip of the tapered microform was shortened [see Fig. 6.4(b)]. This plug, when 
used with the modified valve seat, achieved lifetimes of about 2500 h in the fist-stage letdown valve. 

A snub-nose microform plug [see Fig. 6.4(c)] was installed in the first-stage letdown valve and 
was in service for 1057 h. There was no downstream orifice with this plug; therefore, the discharge 
was vertically downward into a section of straight 5-cm (2-in.) pipe; A similar plug [see Fig. 6.4(b)] 
was installed in the second-stage letdown valve and had about the same service life, although the 
extent of erosion was greater. This difference may have been caused by the presence of a 
downstream orifice in the second-stage valve. 

The 30' cone design shown in Fig. 6.4(d) was the last style tested. One of these plugs operated 
873 h in the second-stage valve and was controlling well when removed from service. During the last 
period of operation at Fort Lewis, very few valve trim failures occurred; nevertheless, valve trims were 
changed during scheduled shutdowns, even though they were still controlling well. 
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Fig. 6.3. Fisher DBAQ valve body with outline of stem and seat modifications (made by Catalytic, Inc.) 
for the Solvent Refined Coal Pilot Plant at Wilsonville, Alabama. 

The seat of the Fisher letdown valve at Fort Lewis was modified also. The original seat was made 
of Stellite, and failure was usually caused by cracking and eroding. An extended seat about 152 mm 
(6 in.) long with a slightly tapered interior lined with tungsten carbide was installed, and very little 
wear occurred. 

As a result of the valve plug breakage problems with the Fisher valve, a Willis choke valve was 
installed and tested at Fort Lewis (see Fig. 6.5). The Willis valve had no plug to break and was 
considered to be a desirable alternative to the Fisher valve. However, plugging problems and severe 
erosion of seats limited the lifetimes of the trim sets in this valve. In the meantime, plug breakage in 
the Fisher valve was reduced by changing the plug design and by modifying start-up procedures; 
therefore, the demand for an alternative valve was eliminated. The Willis valve was removed from 
service as a letdown valve, but its use as a block valve was continued. 
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Fig. 6.4. Typical plug configurations used in the Fisher DBAQ valve at Fort Lewis, Washington: (a) tapered microform plug, (b) snub-nose 
tapered microform plug, (c) snub-nose microform plug with sharpened tip, and (d) 30" cone plug. 
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Fig. 6.5. Configuration of the Willis (MlHT) letdown valve with back-pressure bean downstream orifice used at the Fort Lewis, 
Washington, Solvent Refined Coal Pilot Plant (used in LCV 166B position). 



The Fort Lewis experience indicated that the Fisher DBAQ valve with Kennametal’s grade K602 
trim normally operated at least six weeks, and this was the material preference of the Fort Lewis staff. 
Other materials used included K701, K703, and Valenite 134; all of these materials performed almost 
as well as K602. 

The entire pressure drop at the Exxon Coal Liquefaction Pilot Plant (ECLP) was taken across a 
single letdown valve. Exxon modified a Kieley-Mueller angle letdown valve, and good service was 
obtained. Although exact changes to the valve are proprietary to Exxon, the basic approach was to use 
a streamlined valve that could be operated with an optimum stem-to-seat clearance (normally 30 to 
35% open). Valve trim selected by Exxon was made of Kennametal grade K701 tungsten carbide. To 
prevent an anticipated erosion problem downstream of the letdown valve, Exxon installed a fiber- 
reinforced, refractory-lined receiver vessel. Although the refractory lining occasionally spalled, severe 
downstream erosion did not occur. 

Wear of the K701 trim was limited mainly to the plug top profile, and wear of the seat was 
minimal. Plug erosion losses averaged about 10% of the plug diameter (see Fig. 6.6) after 128 d in 
service on Illinois No. 6 coal. 

A significant finding in Exxon’s wear evaluation program was the progression of the plug erosion. 
During the early stages, wear occurred primarily in the mid- to lower section of the plug. As the run 
continued, wear proceeded up the plug, and erosion ceased on lower plug surfaces. The conclusion of 
the Exxon engineers was that as erosion occurred at one level on the plug surface, the level controller 
that held the liquid level in the separator drum reduced the valve lift position to restore the level in the 
drum. Therefore, continued reductions in valve lift progressively exposed higher and higher plug 
surfaces to erosion. 

A new set of trim of the same design was installed for the first operation with Wyodak coal. 
Although it was controlling successfully after about 800 h, this trim was removed for inspection. The 
wear was more severe than that which occurred with Illinois No. 6 coal. A groove had formed on one 
side of the plug and on its corresponding location on the seat. Accelerated erosion continued during 
the Wyodak coal runs, and Exxon redesigned the plug and seat of the letdown valve. The redesigned 
valve trim performed well during a run on Illinois coal. However, breakage of trim components 
limited the operating time for a second Wyodak run. 

shape but different materials were used. The first plug was constructed using K701 cemented tungsten 
carbide, and the second was constructed with a titanium diboride coating on the same material. The 2- 
to 4-mil (0.002- to O.W-in.)-thick coating was applied in a contractor’s laboratory by chemical vapor 
deposition (CVD) over a thin nickel electro-plated surface [0.2- to 0.3 mil (0.0002 to 0.0003 in.)]. 

The first plug was in service for 20 d during operation with Texas lignite, and plug wear was 
extensive (see Figs. 6.7 and 6.8). Exxon engineers estimated a maximum of 30 d before plug 
replacement would be required. The grooves cut in the plug tip face were characteristic of earlier runs, 
but to a lesser degree. 

with only traces left on the plug tip (see Fig, 6.9). The opinion of the Exxon engineers was that the 
advanced wear was related to both hydrodynamics and a sequential loss of the hard coating. Their 
supposition was that the lower coating came off first, causing heavy wear at the tip, followed by loss 
of the coating on upper surfaces. The plug tip was running at a much lower Iift position than normal 
because of the earlier wear in the seat. Examination of this seat surface showed an almost conical wear 
pattern. No wear on either the upper seat cone or the lower seat base was observed. Exxon engineers 
decided that if a new seat had been used with the second plug, the amount of wear on the upper plug 
surface would have been less and wear on the lower section would have increased. Under almost 
identical process operating conditions, the titanium-diboride coating did not reduce the wear 
experienced with the uncoated carbide. 

The new style in trim geometry was used during a Texas lignite run. Two valve plugs of similar 

The second titanium-diboride-coated plug was in service for 24 d. This coating came off quickly, 
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Fig. 6.6. Wear profile of Exxon Kieley-Mueller valve tip after 137 d of service. 

The Willis rotating disc design (the same design that was used at Fort Lewis, Washington) was the 
first selection of a letdown valve at the H-Coal plant. Erosion and other problems were experienced 
with this valve. The silver solder braze joint for the seat inserts failed, even when only hot oil was 
circulated through the plant during startup. This problem was solved with a mechanical device (i.e., 
shrink fit with lock pin) that retained the hard inserts in the discs during service. However, erosion of 
this valve continued to be a serious problem. 

tungsten-carbide inserts that were coated with TMT-5. (The TMT-5 was applied by a CVD process 
developed by Turbine Metals Technology Company, Burbank, California.) Even so, a serious problem 

The H-Coal modifications enabled the valve to last 70 to 100 h by using lock-ring-held 
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Fig. 6.7. Erosion wear pattern on the Exxon Coal Liquefaction Pilot Plant letdown valve No. 106. 

inherent in the Willis valve design was that the high-pressure slurry impinged on the disc face at 90°; 
brittle, hard materials experienced maximum wear with normal impingement angles. 

Several lessons were learned from the performance of the Willis valve: (1) the choked disc design 
presented an impingement angle that was too large for successful coal slurry letdown; (2) silver solder 
on the disc inserts failed at the high temperatures required [45OoC (850"F)l; (3) TMT-5 coating offered 
improved wear performance, but the wear performance of the TMT-745 coating was better; 
(4) molybdenum coated with TMT-5 did not function well; and (5)  the vertical alignment of the disc 
holes eroded in such a manner as to indicate flow stratification in the LV-202 (or higher pressure) 
position. 
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Fig. 6.8. Erosion wear pattern on the Exxon Coal Liquefaction Pilot Plant letdown valve No. 106. 
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Fig. 6.9. Erosion wear pattern of a titanium-diboride-coated letdown valve plug. 

Because of the initial unsatisfactory performance of the Willis valve, the H-Coal plant developed a 
program for procuring and testing a variety of more expensive letdown valves of an improved design. 
The performance of these valves was much more satisfactory. 

The following letdown valves were procured and tested in the H-Coal plant: 

1. 
2. 
3. 
4. 
5. 
6. 

Cameron Iron Works (new model), 
Cameron Iron Works (old model), 
Kieley-Mueller, 
Hammel-Dahl, 
Masoneilan (Sasol), and 
Masoneilan (prototype). 
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The performance of all brands tested was superior to the Willis valve. Except for the Cameron 
design and the Masoneilan prototype, all other angle letdown valves appeared to have one design 
feature in common: the inlet passage for the slurry stream was a smooth, streamlined curve, which 
gradually increased in cross-sectional area to compensate for the space occupied by the plug. This 
feature reduced the angle at which the accelerating slurry struck the brittle trim, thereby minimizing 
erosion effects. Other features included seat sizing to keep the valve plug in an open position, removed 
from the erosive high velocities, and an expanded discharge section to receive axial flow. 

At first, these new valves lasted only 15 to 23 d, failing prematurely from mechanical problems. 
Valve trim was broken from excessive vibrations, from thermal shock, or from being struck with a 
foreign object. Valve blockage by coke agglomerations occurred also. 

In general, performance improved during each run with better materials, sizing, and operational 
procedures. Each of the valve designs proved that valve life well over 30 d was possible. However, 
further testing under similar conditions was needed to determine the optimum valve performance. 

trims, that a silicon carbide blast tube was effective in this service, that the new Cameron 
air-motor-driven actuator was accurate and reliable, and that the new Cameron clamp design worked 
well. The Cameron (old model) valve indirectly demonstrated that piping stresses could cause valve 
failure. 

The Hammel-Dah1 valve provided almost 1100 h in coal service before failure. Inspection 
indicated that cumulative plug and seat damage was caused principally by vibration and chipping of 
the plug and seat. Improved plug support reduced vibration and extended the life of this valve. 
Significant discharge cone wear also confirmed the need for design changes in this section of the 
valve. The actuator and seat improvements and a new plug guide system improved reliability and 
performance of the Kieley-Mueller valve. In addition, an experimental TMT-524 (Cr-boride) coating 
proved to be less resistant to erosion than the TMT-745B coating. 

sweep-flow body coupled with an erodible plug and blast-containment seat tube. The valve performed 
smoothly for 865 h in coal service, and subsequent inspection revealed that only the discharge cone 
showed significant wear. This problem could be corrected easily by substituting more erosion-resistant 
materials in this section of the valve. 

The most unique angle valve application was the Masoneilan prototype. It performed well during 
the last runs and demonstrated that the flow-to-open erodible plug design was suited for this type of 
operation. Only one trim set was used in four coal runs. The pilot plant identified only one major 
opportunity for design improvement of this valve: the addition of a high-temperature lubricant to 
prevent migration of coal slurry into the stem area. 

used in the last run averaged 645 h. This improvement was probably a result of many design, 
operational, procedural, and maintenance changes. 

Materials characterization and testing of commercial trims showed that significant differences in 
the microstructure, composition, microhardness, and erosion resistance existed between various grades 
of the tungsten carbide and various coatings used in the trim. Also, slight compositional changes could 
affect the properties of the cemented carbides significantly. The examination of the Wilsonville, 
Alabama, letdown valve trim showed variations from specifications in both material composition and 
dimension; a need for careful quality control in both materials and dimensions in valve trim production 
was indicated. 

From the Fort Lewis, Washington, experience, the use of a downstream orifice did not appear to 
offer great advantages. Apparently, even with the total pressure drop shared equally by trim and 
orifice, the pressure ratios across both regions were still so high that critical or choked flow was 
reached or approached. Therefore, placing the entire flow across a single valve (or even a single 

The Cameron (new model) valve demonstrated that coated trims lasted much longer than uncoated 

The Masoneilan (Sasol) valve worked well in the last runs. The design concept of this valve was a 

Compared to earlier runs of an average valve life of 240 h in coal slurry service, the six valves 
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orifice) did not raise the velocity appreciably nor did it increase erosion. A downstream orifice used as 
a safety device at the H-Coal plant was the source of many maintenance problems. The greatest 
lifetimes were achieved during the last coal runs, when the orifice took only 20 to 30% of the pressure 
drop. 

much or greater wear on the trim. It was expected that the pressure in the pipe section immediately 
downstream from the seat would be higher in the presence of the orifice; this higher pressure was 
expected to inhibit flashing, which was assumed to be the major contributor to erosive damage in the 
trim. However, as previously discussed, the advantage of a long, straight seat was that it delayed 
flashing until the fluid was discharged into an unobstructed, expanded volume. If the pressure had 
been increased in the expanded volume by the presence of an orifice, the apparent advantage of the 
straight seat delaying the flashing might have been diminished. Flashing may have been affected by 
only a slight increase in the residence time. During this time the fluid is inside the straight tubehim 
area, allowing more time for the most volatile of the fluid components to vaporize. 

Unfortunately, the pressure ratio necessary to reach choked flow in coal liquids was not well 
defined. It would have been advantageous to size a downstream orifice small enough to prevent sonic 
flow or even high erosive velocities at the trim. The downstream orifice might have provided a design 
option for protection against a failed-open valve, especially if the valve seat size was not chosen to 
allow the valve to operate normally in a fully open position. However, if the process conditions could 
have allowed a control valve with (1) steady-state operation at one setting, (2) only occasional need of 
a turndown of short duration, and (3) essentially no need for increased flow capabilities, then the 
design option of sizing the valve seat for choked conditions would have been very appealing. This 
approach would have used the seat itself as the choked orifice with the plug being maintained in the 
fully open position, physically removed from the erosive high-velocity flow. Such an approach was 
clearly intended in the Cameron design used at the H-Coal plant. 

Techniques were not available to accomplish accurate sizing of valves that had to accommodate 
this unique three-phase flow. Valve manufacturers claimed that they could size the commercial plant 
valve to within 6.3 to 9.5 mm (0.25 to 0.375 in.) of the theoretically required size, but admitted that 
they would be using a very rough scale-up procedure. An oversized valve could have had a tendency 
to wear out more rapidly because the plug would have had to operate in a more closed position, 
adjacent to the seat. An undersized valve provided less range for flow control than was necessary for 
safe plant operation. 

The approach at H-Coal was to stock alternate sizes of trim and test them individually to 
determine the optimum trim size. The tendency at most pilot plants was to oversize the valve. For 
example, the ECLP oversized the valve to permit occasional large coke (build-up) particles to pass 
through the valve. 

In summary, some characteristics of the successful letdown valves (except Masoneilan prototype) 
were (1) streamlined valve surfaces to reduce slurry impingement angles, (2) an unobstructed seat 
geometry to delay flashing until the flow was directed into an expanded pipe section or vessel where 
the pool of downstream liquid could help absorb the energy, (3) proper sizing to allow the choked 
flow condition to pass the required amount of fluid flow as the valve was kept in an opened position, 
(4) a long straight or slightly tapered choking section to delay vaporization, and (5) upgraded trim 
materials fabricated to precise dimensional tolerances under strict quality control. In addition, careful 
operating and maintenance procedures, which allow for the brittle nature and thermal shock effects on 
the valve trim and special purging connections to valve internals, were important considerations for 
optimum valve performance. 

The Fort Lewis results indicated that the presence of the orifice downstream could have caused as 
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6.1.2 Block Valves 

Both the H-Coal plant and the ECLP had significant block valve testing programs. Their 
experiences were detailed in both progress and topical  report^?^' Portions of the summaries presented 
here were taken from those reports. 

At the H-Coal plant, block valves in the high-pressure letdown area experienced problems with 
mechanical design, packing, and ball coating material. Although the packing problem was quickly 
eliminated, the mechanical and ball coating problems were reduced to an acceptable level only after 
many months of operating time using alternate materials in valves from a number of manufacturers. 
Different combinations of mechanical design, ball materials, seat materials, and coatings suitable for 
commercial application were tested. 

The first significant packing failure in valves occurred during oil circulation before the first coal 
run. The spool and stem packing failed and resulted in leak-through and leakage to the outside of the 
Gulf and Western (EPG) valves (see Fig. 6.10). The Chesterton 1500 packing originally supplied was 
replaced with Crane 1871 (die formed) for spool packing and Crane 1625GR Grafoil (die formed) for 
stem packing. The Crane 1871 was satisfactory for the spool packing, but the Grafoil did not 
adequately reduce the stem leakage because of a tendency to extrude under high pressure. The Crane 
1871 above and below the Grafoil stopped the stem leakage. This combination of packing was used in 
the EPG valves until their use in the letdown area was discontinued. The packing originally supplied 
in the Kamyr and Cameron valves that were subsequently used presented no problems. The Mogas 
valves used a mechanical-type stem seal that required no packing. 

Ball coatings failed on several valves. The type 316 stainless steel balls in the EPG valves 
originally had an overlay of Haynes 25 that was plasma-spray coated with METCO tungsten carbide. 
This coating failed and was completely removed by grinding. The ball was reinstalled with the 
Haynes 25 weld overlay as the outer layer and showed no significant signs of wear after 21 d. Because 
of the success of the Haynes 25 overlay, several other balls, on which some of the tungsten carbide 
had flaked off, were completely stripped. A “D-gun” tungsten-carbide coating was applied to the 
Haynes 25 on two balls; after about 40 d of operation, most of the uncoated Haynes 25 balls were 
scratched, but the D-gun-applied coatings were in good condition. 

Two EPG valves equipped with balls of type 316 stainless steel weld overlaid with Haynes 25 and 
coated with TMT-5 (proprietary, packed, diffused-surface alloying by Turbine Metals Technology) had 
performed well previously. Other ball materials used in the EPG valves were Haynes 25 over type 316 
stainless steel, one of which had a D-gun coating. Mogas C-1 ball valves were tested also. 

A second letdown train (B) was equipped with Mogas valves, one of which had a ball of type 
316 stainless steel overlaid with Stellite No. 6. The remaining six Mogas valves were equipped with 
balls made of type 410 stainless steel coated with LC-1, a chromium-carbide coating applied and 
marketed by Union Carbide. After 45.5 d of coal operation, scratches and heavy erosion of one set of 
the EPG seats were noted. The LC-1 coating and the seats of two Mogas valves were in excellent 
condition except for some cracks in the stem slot area that were caused by mechanical loading. 

Following coal run No. 8, all 14 letdown area block valves were removed for inspection and 
evaluation. A design characteristic of the EPG valves nullified all attempts to disassemble them; 
therefore, no data were obtained. Seven Mogas valves, four of which were equipped with LC-1-coated 
balls, were evaluated. They were in excellent condition except for mechanical damage to the coating in 
the stem slot area. A ball overlaid with Stellite was also in acceptable condition, but the balls of the 
other two Mogas valves were severely damaged. 

The LC-1-coated ball was broken in two pieces, and a TMT-5-coated type 431 stainless steel ball 
was eroded and severely gouged by pieces of a broken Stellite No. 6 seat. Failure analyses of the balls 
suggested that improper heat treatment of the ball materials was the cause of the broken ball. A piece 
of broken seat (breaking was caused by impact loading of the seat ring) resulted in the ball being 
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Fig. 6.10. Gulf and Western (EPG) ball valve. 



jammed in a partially open position. This resulted in severe erosion and deformation of the ball 
surface. 

coated seats and two Cameron valves with type 422 stainless steel balls and seats of type 422 stainless 
steel and H-13 tool steel, all coated with TMT-5, were tested. Additionally, Mogas valves with type 
316 stainless steel balls overlaid with Stellite No. 6 were installed along with the Mogas valves with 
LC-1 -coated balls. The TMT-5- and LC-l-coated balls were in excellent condition. Stellite-overlaid 
type 316 stainless steel balls and their mating seats were severely scratched, and some of the Stellite 
seats were broken. 

In another run, a Mogas valve equipped with an LW-30 tungsten-carbide-coated type 316 stainless 
steel Ball gave excellent performance. As before, the Stellite 6 overlay showed scratches, and the LC-1 
coating on type 410 stainless steel and the TMT-5 coating on type 422 stainless steel performed well. 

During one run, a ball of type 410 stainless steel with what was believed to be a Union Carbide 
LW-33A coating, was used in a Mogas valve. This ball experienced total failure of the coating (see 
Fig. 6.1 1). Energy Dispersive X-Ray Analysis determined that the coating was LW-5, also a Union 
Carbide coating. Because the LW-33A was not tested, no conclusions of its performance could be 
made, but the LW-5 coating was not usable. 

were, in general, in excellent condition. A nickel-boron-coated type 316 stainless steel ball was in 
excellent condition after having been in service through three coal runs (133 d). A second nickel- 
boron-coated ball experienced coating failure in a pattern that suggested the cause of the failure to be 
improper application of the coating. Two TMT-5-coated type 422 stainless steel balls in Cameron 
valves and their seats, TMT-5-coated type 422 stainless steel and H-13 tool steel, were in excellent 
condition. One of the valves had been in service for a total of 133 d of coal feed. The only materials 
problem encountered on the Cameron valves was breakage of the silicon-carbide blast tubes. One blast 
tube was cracked, and it was subsequently broken during removal for inspection. Both silicon-carbide 
blast tubes were broken on one valve at the time of the final inspection. The break apparently resulted 
from mechanical shock that was encountered when the valve was cleaned with a high-pressure water 
stream. No corrosion or erosion of the blast tubes could be attributed to service conditions. 

The various ball and seat materials (and coatings) used in the letdown system block valves during 
the operations of the H-Coal Pilot Plant are summarized in Table 6.1. Valve body materials that did 
not cause a problem are indicated also. Although type 347H stainless steel was originally specified as 
body material, it was not available, and type 316 stainless steel was used for original valve bodies. No 
problems were identified with the type 316 stainless steel. Valves purchased from Mogas and Cameron 
in December 1981 were supplied with type 347H stainless steel bodies. 

included an LC-l-coated type 410 stainless steel ball with Stellite seats, a TMT-5-coated type 422 
stainless steel ball and seats, a nickel-boron-coated type 316 stainless steel ball with 
tungsten-carbide-coated Stellite seats, and a TMT-5-coated type 422 stainless steel ball with 
TMT-5-coated H-13 tool steel seats. Three other combinations had insufficient exposure times, but no 
serious problems were identified. These combinations included an LW-30-coated type 3 16 stainless 
steel ball with Stellite seats, TMT-5-coated H-13 tool steel ball and seats, and D-gun-applied 
tungsten-carbide over Haynes 25 with Stellite seats (solid Stellite seats are recommended rather than 
Stellite overlay). 

Combinations that are not recommended by the H-Coal plant include a Stellite-overlay ball with 
Stellite seats, an LW-5 coating on type 410 stainless steel, and Haynes 25 on type 316 stainless steel. 

Although better materials were an important factor in the improved performance and life of the 
ball valves tested at the H-Coal plant, improved mechanical designs (e.g., automatic actuators and 
motor drives) influenced valve performance significantly. 

Three Kamyr valves with nickel-boron-coated type 3 16 stainless steel balls and tungsten-carbide- 

As in previous tests, the Stellite No. 6 overlaid balls and seats were scratched. The LC-1 coatings 

The H-Coal staff identified several acceptable ball, seat material, and coating combinations. These 
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Fig. 6.11. Failure of an LW-5-coated type 410 stainless steel ball valve. 

At the ECLP, a comprehensive block- and check-valve test program was implemented. A summary 
of that program, as extracted from Exxon progress reports,377 is presented here. Valves used at the 
ECLP were exposed to severe service conditions with temperatures ranging from 177 to 464°C (350 to 
900°F) and pressures of up to 22.7 MPa (3300 psi) in streams containing high concentrations of solids. 
Criteria for selection of valves for slurry service were developed as part of Exxon’s Mechanical 
Engineering R&D Program and design specification effort for the ECLP. 

internals during Illinois coal once-through operation were favorable. A few valves and services 
required special attention. Equalizer rings in lubricated tapered-plug valves, which connect the valve 
stem and plug, cracked in valves used with reciprocating pump service. Design changes were made to 
the rings based on metallurgical studies, which indicated that the failures were caused by a corrosion- 
fatigue mechanism that was related to high-frequency reciprocating service, and caused pressure pulses 
downstream of the high-pressure pumps. The need for an extensive flushing system and a program of 
regular lubrication and maintenance of the valves was recommended as a major consideration for 
scale-up to a commercial plant. Valves tested during Illinois coal once-through operations are shown in 
Figs. 6.12 through 6.18. 

Lubricated dynamic-balance plug valves (see Fig. 6.12) were used in the discharge of the P-101 
slurry pumparound circulation pumps, the discharge of the P-216 atmospheric bottoms test pump, and 
the F-267CV inlet upstream and downstream of the P-102 high-pressure feed pumps. During initial 
operations, sticking and seizing of these valves were widespread. Laboratory tests suggested that the 

Results of testing for block-valve leakage rates and flushing requirements and inspection of valve 
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Table 6.1. Letdown system block valve trim materials 

Valve Ball 
Substrate Body Coatings Comments Seats Comments 

~ 

Gulf and 316 SS" 316 SS" 
Western 

Mogas 316 SS" 

316 Ss" 

316 SS" 

316 SS" 

410 SS" 

410 SS" 

431 SS" 

316 SS" 

316 SS" 

Kamyr 316 SS" 316 SS" 

Cameron 347H SS" 422 SS" 

HI3 
Tool steel 

Haynes 25 overlay with METCO 
plasma-spray tungsten carbide adhesion - chipping and flaking Stellite #6 

Coating failed - lack of 316 SS" with 

overlay 

Haynes 25 overlay with 
no additional coating 

Easily scratched - inadequate 
as top layer Stellite #6 

316 SS" with 

overlay 

Haynes 25 overlay with LW-5 
"D-gun" Tungsten Carbide chip - limited service Stellite #6 

Slight cracking and small 316 SS" with 

overlay 

316 SS" with 

overlay 

Haynes 25 overlay with TMT-5 
coating disassemble valve Stellite #6 

No evaluation - unable to 

LC- 1 Chromium carbide Generally acceptable except for Stellite #3 
areas of high mechanical load 

LW-33A Tungsten carbide No evaluation Stellite #3 

TMT-5 Not acceptable Stellite #3 

Stellite #6 overlay Not compatible with Stellite 
seats due to scratching 

Stellite #3 

LW-30 Tungsten carbide Appeared good - limited service Stellite #3 

Nickel-boron 

TMT-5 

TMT-5 

Appeared good - proper 
application to ball is critical 

Stellite #6 
with tungsten- 
carbide coating 

Acceptable performance 422lTMT-5 
coating 

Acceptable performance H-13 tool steel 
wlTMT-5 

Cracks in overlay 

Cracks in overlay 

Cracks in overlay 

Cracks in overlay 

Wear resistance good 
except on Stellite 
ball. Susceptible 
to breakage. 

Good wear resistance, 
heavier seat - no 
breakage 

No problems noted 

No problems noted 

"SS = stainless steel. 



Sealant 
I n  j e c t i  on 

Fig. 6.12. Lubricated dynamic-balance plug valve. 

valve lubricant-sealant was inappropriate for these slurry services. An alternative sealant was found, a 
planned maintenance schedule was developed and implemented, and the valves performed well in all 
locations, with the exception of one valve near the P-102 high-pressure slurry feed pumps. 

Equalizer rings in the outboard discharge-block valves of the P-102 reciprocating pumps cracked 
after one month of operation. The valves were in a 22.7 MPa (3310 psig), 150°C (300°F) environment 
with a slurry that contained 46% solids. Because of the reciprocating service, these valves were 
exposed to 210 pressure pulses per minute of about 1.5 MPa (200 psig). Both Exxon and the valve 
vendor performed metallurgical studies of the rings, and a corrosion-fatigue problem was identified. 
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Fig. 6.13. Through-conduit-type gate valve. 
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Full- Port Trunnion- 
Mounted One-Piece 

%rima Pre Loaded 

- Valve Body Cover 
To Allow ,For In-  
Line Maintenance 

Valve Body Cover To 
Allow For In-line 
Maintenance 

Fig. 6.14. Trunnion-mounted ball valve. 

New rings made of 17-4 pH steel, which is less susceptible to hydrogen-assisted cracking than the 
original chromium-molybdenum alloy, were installed. 

slurry service, required flushing from dedicated supply headers with each valve opening and closure. 
These valves were used on the suction and discharge of the P-101 slurry pumparound circulation 
pumps (located upstream of the L-106CV high-pressure letdown valve), the suction of the P-210 
vacuum bottoms pump, the R-101 solids withdrawal system, and the suction and discharge of the 
P-204 atmospheric bottoms pumps. Their operation and leakage test results were satisfactory only 
when the valves were adequately flushed with each cycle. Larger valves appeared to require much 
higher flush-oil-flow rates than the existing system provided. 

Trunnion-mounted ball valves (see Fig. 6.14) with spring-preloaded seats were used in the solids 
withdrawal system (located downstream of the L-106CV high-pressure letdown valves) and the suction 

The through-conduit-type gate valves (see Fig. 6.13), which were used throughout the ECLP in 
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1 .  
2. 
3.  
4. 
5 .  
6. 

8. 
9 .  

f 
I .  

IO.  
1 I .  

RAISED FACE -4 

Handwheri nut. 
Hand w hecl. 
Stem nut. 
Yoke. 
Yoke bolting. 
Stem. 
Gland flange. 
Gland. 
Gland bolts or gland eyc- 

bolts and nuts. 
Gland lug bolts and nuts. 
Siem wiper packing. 

It. Stem packing. 
13. Drain plug. 
14. Lantern. 
15. Backwst bushing. 
16. Bonnet. 
17. Bonnet gasket. 
18. Bonnet bolts and nut\. 
19. Gatc. 
20. Scat ring. 
21. Rody. 
22. One-piece gland (alter- 

23. Valvt port. 
nate ). 

Fig. 6.15. Wedge-type gate valve. 
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Fig. 6.16. Ram-seal valve. 
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S e a t  J 

Fig. 6.17. Swing-check valve. 

of the P-216 atmospheric bottoms test pump. These valves were modified to include a sleeve over the 
spring cavity. The modifications were made because similar valves showed a tendency to seize because 
coal particles got packed in this cavity. Although these valves required regular flushing to prevent 
solids buildup in their body cavities, problems with solids buildup in both the spring and body cavities 
were experienced. This buildup caused one valve to seize on the suction side of the P-216 atmospheric 
bottoms pump. The valve was replaced with a valve that was modified so that grease could be injected 
into the spring and body cavities to prevent solids buildup. The valves on the low-pressure side of the 
high-pressure letdown valve failed leakage tests, but because of a double block and bleed 
configuration, their performance was good enough to permit isolation and removal of the letdown 
valve. Other metal-seated floating ball valves were installed in the bottoms recycle and the slurry 
pumparound loop to investigate their performance in slurry service. 

Conventional wedge-type gate valves (see Fig. 6.15) passed leakage tests after 78 cycles on coal. 
Although these valves experienced no operational problems, they were used as inboard block valves on 
the suction of the P-204 atmospheric bottoms pumps, which is a relatively mild, low-pressure, low- 
solids content service. The valves did not require flushing with each cycle even though they closed on 
a diluted slurry. 

withdrawal system, used a plunger to stop fluid flow. Although leakage rates were low for these valves 
when closed, they had a tendency to stick in an open position, even though they were flushed. 

Experience with both types of check valves (see Figs. 6.17 and 6.18) was favorable. One exception 
was a swing-check valve in which the disc moved completely out of the flow path when the valve 
opened. The valve failed to restrict backflow after a process upset, and the disc was broken off at the 

The ram-seal valves (see Fig. 6-16), located on either side of the sample container solids 
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Flow 

I 
Fig. 6.18. Vertical-lift ball-check valve. 

bolt that holds it to the hinge. Determination of the cause of failure was made difficult by erosion that 
occurred after the failure. 

The experience with the block valve at Fort Lewis, Washington, is described in the final report,' 
and excerpts from that report are presented here. 

At Fort Lewis, most of the high-pressure hydrogen and slurry valves were forged, angle-globe type 
with Stellite trim. The original block valves installed in the plant were Rockwell-Edwards Model 6624, 
and most of the problems that were experienced with these valves involved stem leakage in both 
hydrogen and slurry service and seat leakage in slurry service. The seat leakage usually resulted from 
the valves reclosing on the slurry. A 51-mm (2-in.) Rockwell-Edwards globe valve on a line between 
the high-pressure flash drum and the flare line was eroded through. Either the plug was improperly 
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seated on a small amount of hard, solid material or the seat cracked and caused the slurry to leak. 
Differential pressure across the valve was about 13.1 MPa (1900 psi). Once the leak started, the valve 
body eroded through in a matter of hours. After this failure, all of the valves that flared in 
high-pressure service were either removed or modified to incorporate double-block valves and bleeds 
between the slurry line and the flare line. 

Three 100-mm (4411.) Walworth pressure-seal gate valves were originally installed for blocks and 
bypasses on a second dissolver (B). Bonnet and seat leaks were observed in these valves on several 
occasions. The valves were later used with low-differential pressure as blocks and bypasses on an 
erosion test loop where slight through-leakage was tolerable. 

During the 1977 plant modification for SRC-II operation, Gulf and Western EBV ball valves were 
installed upstream and downstream of the first- and second-stage letdown valves in an attempt to solve 
the problem of isolating the letdown valves. When exposed to normal operating temperature and 
pressure, the packing on all four valves failed almost immediately and was replaced with Chesterton 
style 1500 (as specified by the manufacturer). After several days of service, the stem packing failed on 
the block valve upstream of the first-stage letdown valve. The apparent cause of failure of the EBV 
ball valves was the inability of the spring-loaded seals to maintain a tight seal with the ball. The seal 
loading mechanism was clogged with solids, which allowed slurry to leak around the ball and expose 
the packing to full-line pressure. Apparently, the packing glands were not designed to withstand this 
pressure. There was evidence of slurry cutting grooves in the upstream ball seal, the ball itself, or the 
stem. All of these components were either solid Stellite or Stellite faced. The ball valves were replaced 
with Rockwell-Edwards Y-pattern globe valves, and in a further attempt to find a reliable block valve 
for high-pressure slurry service, rotating-disc block valves from Willis Oil Tool were tested. Two of 
these valves were installed on either side of the Willis high-pressure letdown valve and were in service 
until plant closure. 

The rotating-disc block valves leaked during initial hydrotesting and were returned to the factory 
and modified with a different internal gasket. The reworked valves were hydrotested again, and they 
leaked between the tungsten-carbide seat and its stainless steel retainer, which were bonded together 
with silver solder. The valves were returned to the factory for repair of the defect. The Willis valves 
were reinstalled and hydrotested. They operated successfully for about 6 months and then developed 
leaks. Corrosion attack on the Inconel X-750 Belleville washers was determined to be the cause, and 
new washers of A-286 material solved this problem. 

The relatively small orifice in the Willis valves caused plugging problems from migrating chunks 
of coke-like materials. In April 1980, discs with larger openings were placed in service, and they 
functioned well with no plugging. 

Stem leakage occurred with each stem movement and created a problem with the block valves in 
hydrogen service. The leakage appeared to be caused by tears in the packing; the seat leakage was 
apparently caused by scale migration from the carbon-steel system piping. An appropriate stem finish 
might have eliminated most of the leakage. Steam tracing of the hydrogen piping to prevent 
condensation appeared to eliminate the scale migration problem. 

at expendable valve locations. Ball valves with high-temperature seats for low-pressure sampling 
worked very well up to 177°C (350°F) and 0.8 MPa (125 psig), and sizes from 6 to 25 mm (0.25 to 
1.0 in.) were used for about 100 openings and closings. The Hex valve was fitted with an oversized air 
motor for tight shutoff in certain sample locations, and a flushing procedure was used to achieve tight 
shutoff in high-pressure sampling. 

Check valve failures caused significant problems for lines delivering hydrogen to slurry. The 
original, angle-poppet spring-loaded valves leaked. Double-ball or one-ball and O-ring check valves 
worked much better to prevent backflow of slurry into hydrogen lines, but scale and other solids 
caused back leakage. 

Slurry sampling valves were used in many locations. Throttling was minimized and was used only 
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Based on the Fort Lewis, Washington, experience, several valve designs and materials should be 
considered. 

1. Body cavities should be self-cleaning, or provisions should be made to flush the body cavities 
after or during cycling to prevent plugging. 

2. Seat materials should be made from the best erosion-resistant material available. 
3. Valves should be operated in the shortest possible cycle time to minimize erosion. 
4. Seats should be designed for positive shutoff. 
5. All seats, packing, and other serviceable components should be easy to maintain. 

6.2 SLURRY SERVICE PUMPS 

The experience of pilot plant test programs related to slurry service pumps, both centrifugal and 
reciprocating, will be discussed in this section. Most of the information (and conclusions) presented 
here was obtained from three  report^'^ that were prepared by cognizant staff at the H-Coal, ECLP, and 
Fort Lewis, Washington, plants. 

6.2.1 Centrifugal Pumps 

At Fort Lewis, Washington, experience with centrifugal pumps in slurry service included coal 
slurry circulation and vacuum bottoms service. A model 1 1/2 JC-14 Morris pump (and a spare) was 
originally installed for coal slurry operations. It was rated for 455 L/min (120 gdmin) at < 1 MPa 
(1 50 psi) discharge pressure and operated at 1800 rpm. The casing and suction disc liners were made 
of flint metal [American Society for Testing and Materials (ASTM) A532, Class I, Type A], and the 
impeller was made of high-chromium iron (ASTM A532, Class 111, Type A2). Because of the short 
packing life and high abrasion of the shaft sleeve, the seal system was converted to a mechanical seal. 
The casing and impeller materials were adequate and experienced very little wear. Repeated failures of 
O-rings and breakage of the slotted bolting fixtures on the casing led to replacement with two 4 x 3 x 
10/7 1/2 Durco Mark 11, Group 2 pumps that were constructed of A743-GR CD4MCU with wetted 
surfaces plasma-flame-sprayed with tungsten carbide. 

wear was caused by the periodic necessity to operate the pump without seal flush. Although the casing 
and impellers lasted about 2500 h in the 200-mesh coal slurry, the impeller failed after 150 h of 
service with 30-mesh coal. One of the Durco pumps was replaced with a Lawrence Pump Company 
(model 1 1/2 AL) heavy-duty slurry pump. This pump had a carbon steel casing with disc liners, 
impeller, and casing liner made of ABEX alloy HC-250 (28% chromium cast iron), and was much 
more reliable than the other pumps used in this service. 

Although the impeller was replaced after 7000 h of service, Fort Lewis, Washington, engineers 
estimated that it would have operated another 3000 h. Major areas of wear were on the suction shroud 
at the impeller eye and the leading edge of the vanes at the inlet. The disc liners showed only minimal 
wear when replaced after about 2000 h of service. A high rate of wear was noted at the sides of the 
cutwater in the first 1500 h of operation. During this time, the pump operated at 568 to 682 L/min 
[150 to 180 gaVmin (pump design point was 303 Umin, 80 gal/min)] for 150 h of operation with 
coarse coal (30 mesh). The liners were replaced and the flow rate was reduced to 303 to 379 L/min 
(80 to 100 gdmin). Fort Lewis engineers estimated that this casing liner would provide one year’s 
service at a flow rate of 303 L/min (80 gaVmin). 

good wear life. Although there were no problems with thermal cracks developing in the brittle 

The Durco pumps experienced seal failures, casing and impeller wear, and bearing problems. Seal 

The 28% chromium-iron wear parts tested in the Lawrence Pump Company slurry pumps provided 
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material, it is advisable to provide heated jackets, heat tracing, or some other method to keep spare 
pumps hot while off-line to prevent thermal shock on start-up. 

High wear rates were noted on type 410 stainless steel casings with various coatings. The failure 
of the casing by this erosion process would present a safety hazard to operating personnel; therefore, 
use of a hard-metal, replaceable casing liner was recommended. 

-175°C (350°F), 10% solids, and viscosity of 10 cp. The spare was a Durco Mark 11, Group 2, 1 x 
2 x 10 pump. Both of these pumps operated at 3500 rpm, and the wetted parts were flame-spray 
coated with tungsten carbide. The pumps experienced high wear rates on the casing, seal rings, and 
stuffing box, and the suction nozzles experienced high rates of erosion caused by prerotation of the 
pumpage. 

slurry pump (hub disc and suction disc liners). This pump originally had a type 410 stainless steel 
casing coated with a ceramic material (Com-O-Lox). The impeller and liners were made of ABEX 
alloy HC-250. On inspection after 300 h of service, a high rate of erosion was noted on the volute and 
cutwater areas of the casing. The casing was replaced with a type 410 stainless steel unit that was 
coated with a boride-diffusion coating (TMT-5), and a Stellite insert was welded into the leading edge 
of the cutwater. The impeller diameter was reduced from - 38 cm (15 in.) to - 36 cm (14 in.), and the 
speed was increased to make up the resulting head loss. The volute coating showed only slight wear 
after lo00 h. The Stellite cutwater insert showed that minor wear and gouging occurred in the type 
410 stainless steel casing along the sides of the cutwater. After 3500 h of service, the coating on the 
volute was completely eroded, and about 3.2 rnm (0.125 in.) of erosion was noted in the volute. 
Although the Stellite insert was still intact, the casing was almost completely worn through at the sides 
of the insert. Lower viscosity applications usually had higher wear rates than the higher viscosity 
slurries because of more intense vortices and reduced boundary layer thicknesses in the lower viscosity 
fluids. 

of 1 to -25% were very similar at Fort Lewis, Washington. In these services, pumps should be 
operated at impeller tip speeds of 132 m / s  (1100 fps) to minimize wear, and the pump should be fully 
lined (including the volute) with a material of 600 Bhn hardness or greater. The suction disc liner 
should extend out into the suction piping to reduce material erosion. Hard coatings were not effective 
on the casing in areas of direct impingement (such as the cutwater), but they may be beneficial for 
parts where the impingement angle is less. To reduce the possibility of thermal cracking, the impeller 
should be made of a softer ductile material with a hard coating. Several full-scale commercial-pump 
instaIlations in petroleum refineries use 28% chromium-iron impellers and liners. 

discharged through a fired heater back to the flash drum. Fresh feed was introduced to the system 
between the pump and the heater. The recirculated vacuum bottoms provided continuity of flow to 
prevent coking in the fired heater; they also provided the mass required for sensible heat to vaporize 
the volatiles in the fresh feed. 

When the plant was modified for SRC-II operation, a second vacuum flash system was installed 
with a Dowtherm preheater and a new flash drum. Recirculation pumps were installed but were not 
required for operation, because there was no fired heater in the system. The combination of high 
temperature, high solids loading, high viscosity, and the high melting point of the pumpage [150 to 
205OC (300 to 400"F)I made this the most severe pumping application. Also, during periods of upset, 
startup, and shutdown, the pumpage became diluted and thinned with process solvents, which resulted 
in low viscosity. 

Centrifugal pumps were more successful in this application. Numerous modifications including 
jacketing and heating with Dowtherm, flushing the seals with hot process solvent, and discontinuing 

A Goulds pump (model 3735 1 x 2 x 11A) was used to pump slop oil at 454 Wmin (120 gallmin), 

The Durco pump was replaced with a Lawrence Pump Company (model 1 1/2 AL) partially lined 

Coal liquid services with temperatures of 149 to 316°C (300 to 600°F) and solids concentrations 

The pump in the "A" vacuum bottoms system took suction from the "A" vacuum flash drum and 
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cooling water flow to the stuffing box were made. Although moderate erosion occurred in the area 
around the stationary casing wear ring and casing suction nozzle, this was not a serious problem. The 
most severe problem was a mechanical seal failure attributed to loss of seal flush, over-pressurization 
of the suction side of the pump with seal flush, and misalignment. 

technical risk, the H-Coal plant established a Rotating Equipment Test Program to increase the 
technical and documentation efforts for these (as well as other high-technical-risk) pumps. A report of 
this program was prepared by the H-Coal staff, and information included in this section is based on 
that report.' 

Coal slurry transfer pumps used at the H-Coal plant were supplied by the Lawrence Pump 
Company. The pumps had hub disc liners, suction disc liners, and impellers fabricated from hardened 
ABEX alloy HC-250, and they were fitted with Durametallic Double RO mechanical seals. These 
spring-type, back-to-back seals were furnished with Kalrez or Durafite O-rings, tungsten-carbide 
stationary seal faces (inserts), and tungsten-carbide rotating seal faces. The tungsten-carbide stationary 
faces were soon changed to silicon-carbide faces to reduce the heat checking that was observed during 
the initial operation. 

Most of the problems experienced with the pumps at the beginning of operation were limited to 
seal failures. The frequency of failures was reduced significantly by the improvements made in the 
quality and reliability of the seal pressurizing and cooling fluid and the inboard seal flush fluid. 
Eventually, a seal life of about 1500 h in coal service was obtained. Only Durametallic Double RO 
mechanical seals were used in these pumps. The H-Coal staff concluded that balanced spring-type, 
back-to-back seals would add to the improvement of seal life as would double-bellows, back-to-back 
seals of more advanced designs. A single-bellows seal (of an advanced design) also merits serious 
consideration for this application. 

The H-Coal plant recommended that the originally specified liner and impeller materials for these 
pumps be used for commercial pumps in the same service. The coated volutes were determined to be 
unsuitable for this application, and fully lined pumps were recommended. Volute lining material 
should be the hardened ABEX alloy HC-250 (or equivalent) used for the suction disc and hub disc 
liners. The H-Coal plant projects a life of 8000 h (1 year) for a fully lined design. Although the 
maximum demonstrated seal life did not exceed 1500 h, the suggested improvements (elimination of 
O-rings, balanced design) should extend average seal life to at least 4000 h. 

Operating conditions were a temperature of 260 to 37OOC (500 to 700OF) and a discharge pressure up 
to 2 MPa (300 psig). Impeller tip speeds ranged from 18 to 41 d s  (60 to 135 f p s ) ,  depending on the 
required pump head. The high operating temperatures and abrasive process fluids made these 
applications difficult for mechanical seals. 

All pumps were partially lined with coated casing volutes. The pumps were supplied with 
hardened HC-250 liners and impellers. Casing volutes were type 410 stainless-steel base metal with 
flame-sprayed tungsten-carbide or Com-0-Lox coatings. The pumps were all fitted with Durametallic 
Double RO seals with Kalrez or Durafite secondary seals, tungsten-carbide stationary and rotating seal 
faces, and spring-type seal-compression units. 

closed-loop, seal-oil system. A major problem developed with this system, and it was converted to a 
once-through configuration. 

Kalrez O-rings were almost always physically and chemically attacked in the higher temperature 
applications. Inboard flush, in combination with throat bushings, increased seal life significantly by 
reducing the temperature of the materials in contact with the O-rings. 

Because the high-temperature centrifugal slurry pumps were identified as a possible area of high 

The Lawrence Pump Company supplied all of the pumps in reactor product slurry service. 

Mechanical seal pressurization and cooling fluid was originally supplied from a central, 

Durafite (a graphite product) secondary seals were unsuitable because dynamic secondary seals and 
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The H-Coal plant recommended single metal-bellows seals with inboard flush, throat bushings, and 
outboard containment bushings or packing for commercial pumps. These seals do not require O-ring 
secondary seals or seal pressurization and cooling systems. The only single metal-bellows seal tested at 
the H-Coal plant with an inboard flush and a throat bushing served for 1995 h in the most difficult 
seal service. It was in excellent condition when disassembled for inspection. Seal-face combinations of 
tungsten carbide against tungsten carbide and silicon carbide against tungsten carbide were tested at 
the H-Coal plant. The silicon-carbide stationary faces helped reduce heat checking with the unbalanced 
Durametallic Double RO-seals and also performed well in the single-seal installation. 

Major difficulties were encountered with thermal shock-induced cracking of hardened HC-250 
impellers and liners in the higher temperature applications. Annealed HC-250 was much less subject to 
cracking, and the H-Coal plant recommended its use for commercial pumps. Coated volutes did not 
prove satisfactory at the higher tip speeds; therefore, fully lined pumps were recommended by the 
H-Coal plant for commercial installations. Thermal shock failure of HC-250 components may be 
significantly reduced by following proper warmup procedures. 

(133 fps) impeller tip speed; 370°C (700"F)I was 1995 h. Thermal shock-induced cracks were present. 
In the absence of cracking, a life of at least 400 h was probable. The longest seal life (1995 h) was in 
this same installation, and the seal was in excellent condition when disassembled for inspection. The 
life of the Durametallic Double RO seals that were equipped with throat bushings and inboard flush 
averaged 1300 h during several runs; during these runs, none of the Double RO seals failed due to 
excessive wear. Failures that occurred were related to assembly and operating errors or other pump 
failures that precipitated seal failure. Single metal-bellows seals are inherently more reliable because 
there are fewer components and assembly and operation are more simple. The H-Coal plant projects an 
average life of at least 4000 h for the more advanced single-bellows designs in commercial pumps 
provided with adequate inboard flush. 

Exxon conducted fairly extensive slurry-pump and mechanical-seal test programs at the ECLP. 
Centrifugal pumps tested included several coal-slurry, feed-booster pumps; an atmospheric-bottoms 
prototype test pump; and bottoms recycle pumps. 

Exxon conducted a series of tests using four coal-slurry booster pumps of identical design and 
determined that an arbitrary goal of 8000 h run-time between overhauls could be achieved if certain 
conditions were met. The impeller tip speed is an important consideration and should not exceed about 
33 m/s (1 10 fps). Slurry concentration should be limited to 50 wt 9% with a nominal particle size 
c 16 mesh. The pump wear parts should be made of HC-250 hardened to 550 to 600 Bhn, and the 
cutwater should be designed with a sharp edge. Exxon perceives cutwater wear to be the limiting 
factor in determining pump runtime between overhauls. 

Conclusions were about the same for tests conducted by Exxon with a high-speed [43 m/s 
(143 fps)] slurry pump. Although a combination of high-impeller-tip speed and large, 
impeller-blade-exit angles probably caused a high wear rate on impeller vane tips, Exxon surmised that 
considerable tip wear would be required to affect pump performance significantly. 

were identified. Severe erosion occurred on the bolt heads used inside the pump to attach the suction 
wear plate. This erosion was caused by localized slurry flow patterns in the area. The pump casing 
also experienced considerable wear behind the volute liner cutwater and the area around the discharge 
nozzle. Large clearances between the volute liner and the wear plates and casing permitted large 
amounts of slurry flow in these areas. Severe erosion of the impeller back-shroud-pumpout vanes 
occurred, primarily because they were relatively tall and had a large clearance with the back wear 
plate; localized recirculation of slurry flow caused this erosion. A deep erosion groove in the back 
wear plate also resulted from this localized flow. Severe erosion of the volute liner occurred, and, 
according to Exxon, this limited pump runtime between overhauls. Other minor wear patterns were 

The longest demonstrated life of the lining and impeller components at the H-Coal plant [41 d s  

In a similar test of a pump operated under about the same conditions, several major areas of wear 
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noted, and the Exxon results indicated the importance of a proper design-materials interface (i.e., 
proper design coupled with appropriate materials selection). 

A pump (fully lined with HC-250 hardened to 550 to 600 Bhn) was tested with atmospheric 
fractionator bottoms. After over 2000 h of operation on slurry with 20 to 30 wt 96 solids, the only area 
with any metal loss was at the volute liner cutwater, and this loss was minor. Impeller tip speed in the 
test was about 28 m/s (93 fps), and the slurry particle size was probably smaller than the nominal 
100 mesh. Although little erosion was noted, the impeller and suction wear plate were cracked, and 
there was evidence of rubbing, which may have caused the cracks. The cracking also could have been 
caused by the -167 to 220°C (-300 to 400°F) thermal shock during the introduction of slurry. More 
adequate heat tracing would probably prevent cracking by thermal shock. 

In the centrifugal pump test for vacuum recycling, a pump with all wetted parts, constructed of 
HC-250 (550 to 600 Bhn), performed well from an erosion standpoint. The suction wear plate and 
impeller had rubbed, and both had numerous cracks in them. Apparently, the rubbing occurred because 
the clearance was too small to accommodate thermal expansion in the shaft during pump heat-up. In 
this test, operating speeds were usually quite low [-12 m/s (39 fps) impeller tip speed], and this 
probably accounted for the very low erosion. As before, some metal loss was observed at the cutwater, 
and this wear rate will probably be the limiting factor in determining pump runtime between 
overhauls. 

6.2.2 Reciprocating Pumps 

The coal slurry charged to coal-liquefaction reactor vessels must be pumped to the pressure of 
these vessels. The pumping of slurries to the high pressures required [up to about 21 MPa (3000 psia)] 
from the pressures of slurry circulation loops [< 1 MPa (150 psia)] limits the choice of pumps to 
reciprocating plunger pumps of either the conventional or surge-leg type. Surge-leg pumps use a clean 
barrier fluid in a pipe chamber to separate corrosive or abrasive fluids from the plunger areas of 
conventional reciprocating pumps. Although the plunger and packing are protected, the check valves 
must operate in the process fluid. Experiences with reciprocating pumps at the pilot plants are 
presented here. 

6.2.2.1 SRC Pilot Plant at Fort Lewis, Washington 

At the Fort Lewis, Washington, Pilot Plant, the charge pumps drew coal slurry from the circulation 
system and discharged the slurry to the preheater at about 15 MPa (2200 psig). Conditions of service 
were 6.3 to 14.5 x lo4 m3/s (10 to 23 gal/min), 0.7 MPa (100 psig) suction pressure, 15 to 16.5 MPa 
(2200 to 2400 psig) discharge pressure, 120 to 215°C (250 to 420°F) temperature, and 38 to 45 wt % 
solids. The apparent viscosity was 300 to 1000 cp at the shear rates within the pump. 

The Fort Lewis plant had two identical pumps (one operating with a standby spare) that were 
manufactured by the Wilson-Snyder Pump and Oil Well Equipment Company. These pumps were 
originally installed with hemispherical suction and discharge valves. Because of the short life of these 
components and the soft-seated replacement valves (3 d and 8 h, respectively), Stellite seats and 200 
chromium ball-bearing-grade balls were installed. The seats were subsequently changed to tungsten 
carbide, even though the Stellite seats showed only 1.587-mm (0.0625-in.) gain on the radius of the 
break after two years of service. No measurable wear was apparent on the tungsten carbide in an 
equivalent time. Plunger material was Colmonoy No. 6 that was reconditioned by flame spraying with 
a nickel-chromium-boron alloy ground and polished to a IO-pin. finish. The plungers normally were 
replaced and reconditioned each time the packing was replaced. The packing material used was a 
spring-loaded chevron packing (3 rings, 15% fiberglass and 85% Teflon). Typical service life for the 
Teflon and for the Utex HTCR packing (another packing material) was 400 to 600 h. 
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Several conclusions were drawn from the Fort Lewis pilot plant’s operating experience; for 
example, further improvements in packing should be made by obtaining and developing better plunger 
and packing materials and by improving the packing flush system. Although the tungsten carbide seats 
and the grade 200 chromium balls provided adequate life, different materials may be needed in larger 
pumps. In the larger pumps, gasket materials, thermal expansion, and clearances will be extremely 
important. Suction piping should be arranged to provide continuous flow through the suction chamber 
of the pump to reduce both the settling of solids and the acceleration pulsations in the suction header. 

6.2.2.2 H-Coal Pilot Plant at Catlettsburg, Kentucky 

At the H-Coal pilot plant, the slurry feed pumps were high-pressure reciprocating slurry pumps 
that transferred a coal-oil slurry to the reactor through the reactor feed heater. Because this is a 
difficult pumping application, normal operating conditions were a discharge pressure of 22 MPa 
(3200 psig) and a slurry temperature of 120 to 230°C (250 to 450°F). The pumps used for this 
application were procured from the Aldrich Division of Ingersoll-Rand, Inc. Numerous problems were 
experienced at the H-Coal plant that resulted in excessive maintenance requirements and the need to 
provide alternative materials and accessory equipment. 

Many problems were encountered in operating the pumps, including failures of the power supply, 
fluid drive, valves, flush pump, flush piping, packing, and plungers. Although some of these problems 
were solved during operation of the plant, the short life of the packing and plunger coatings remained 
a problem to the end of the project. Only one plunger packing lasted longer than 300 h, and the 
commercial objective was 500 h between failures. The H-Coal plant found that the plunger material 
(or coating) affects packing performance and the type of packing affects plunger life. 

John Crane plunger packing. The plunger auxiliary packing consisted of an inboard ring of braided, 
graphite-filament yam, three central preformed Grafoil rings, and an outboard ring of the same 
material as the inboard ring. The main packing was identical, except that five preformed rings were 
specified instead of the three specified for the auxiliary packing. This packing and plunger material 
combination had an average life in coal service that exceeded 300 h. 

110 rpm and a plunger rubbing speed of 1.4 m/s (130 fps). The wiper ring was fabricated from an 
AFLAS elastomer (a peroxide-cured copolymer of tetrafluoroethylene and propylene) that was 
distributed in the United States by Xenox, Inc., Houston, Texas. The Utex 1043 pressure rings were 
laminates of Kevlar and fiberglass with an AFLAS binder. 

In 1982, an inspection revealed heavy grooves and wear of at least 76 pm (3 mils) in the packing 
area of all plungers (Colmonoy No. 6 coating) and wear up to 203 pm (8 mils) on plungers No. 4 
and 5 (Marlo 50/50 packing). An inspection following the failure of cylinders No. 1 and 3 showed the 
Colmonoy 75-coated plunger to be in excellent condition. The Utex packing was severely attacked by 
the process fluid and exhibited major swelling and erosion. The METCO 16C-coated plunger in 
cylinder No. 3 was grooved 8 to 9 mils in the packing area. About one month later another inspection 
revealed additional problems. A Colmonoy 75-coated plunger in a stuffing box was worn about 25 pm 
(1 mil) and the surface finish deteriorated to an rms finish of 80 pm. This coating was in much better 
condition than other plunger coatings, which exhibited wear of 178 to 305 pm (7 to 12 mils) at the 
packing area. An uncoated, type 440 stainless steel plunger showed less wear than any of the plungers 
except one Colmonoy 75-coated plunger. 

The stuffing box assemblies were rebuilt using new plungers and packing. After 17-1/2 h in coal 
service, two stuffing box assemblies failed (Merkel 6215 packing with LW-15 plunger coating). The 
Merkel packing was removed and replaced with Marlo 50150 packing at both stuffing box assemblies. 
The Marlo 50150 packing at another stuffing box was also replaced at this time with identical packing. 

All three pumps were originally equipped with carbon steel plungers coated with Colmonoy 6 and 

Two of the slurry feed pumps used a Utex spnng-loaded packing and were normally operated at 
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The pump was returned to service and operated on coal for 114 h, at which time the pump was 
disassembled for final inspection. No measurable wear was observed on any of the LW-15-coated 
plungers. Surface finish of all plungers except No. 2 was about 10 to 15 pm (rms), and the No. 2 
plunger surface finish was 20 to 40 pm (rms). The No. 3 stuffing box packing (Marlo 50/50) was in 
poorer condition than the No. 1 and No. 4 stuffing box packing (also Marlo 50/50). The Utex packing 
wiper rings at the No. 2 and No. 5 stuffing boxes were badly worn. 

The experience with a second slurry feed pump was reported by the H-Coal plant. Colmonoy 
6-coated plungers in two stuffing boxes exhibited cumulative wear in the main packing area of 17 to 
20 mils after 300 h in coal service. The H-Coal plant staff concluded that Colmonoy 6 was not 
suitable for this application. 

main packing area after 300 h in coal service. This performance was better than the previously 
described experience with this coating at the J-219A pump that used Merkel and Parker packings, 
which were more abrasive than the Utex die-form packing used in this test. Whereas the METCO 16C 
coating was better than the Colmonoy 6, it was not suitable for this application. The LW-15-coated 
type 410 stainless steel plungers in two stuffing boxes were in excellent condition. These boxes had 
been packed with Utex spring-loaded packing sets without wiper rings. Although contaminated with 
slurry particles, the packing was in good condition, but in three boxes the packing condition was poor 
as a result of rough plunger surfaces. The Utex elastomer wiper rings in two boxes were severely 
attacked by process solvent. 

The second slurry feed pump was rebuilt and new stuffing box parts were installed. The stuffing 
boxes were disassembled for inspection after 255 h in coal service. Inspection data were summarized 
by the H-Coal staff, and the LW-15-coated plungers in two boxes exhibited no measurable wear. 
Surface finish of both plungers had deteriorated from an original 5 rms to 30 to 40 rms in the packing 
area. A Colmonoy 75C-coated plunger in one box was in excellent condition with a 10 to 15 rms 
finish in the packing area, but the type 44OC stainless steel plungers in two boxes were worn. The 
Utex die-form packing in one box resulted in less wear (0.5 vs 2 mils) and less surface deterioration 
(20 rms vs heavy grooves) than the Marlo 50/50 packing used in another box. Packing in all boxes 
was in good condition although some slurry contamination was observed. 

Based on the data, the H-Coal engineers rated LW-15 and Colmonoy 75C as the best plunger 
coatings. Although uncoated type 44OC stainless steel plunger material gave mixed results, it was rated 
higher than Colmonoy 6- and METCO 16C-coated plungers. 

H-Coal run No. 9 and served over 1200 h of operation on coal during two runs. Carbon steel plungers 
coated with METCO 36C were added. The Marlo 50/50 packing is 50% fiberglass yarn and 
50% Kevlar yarn twisted together into an interlocking braid. The fiberglass yarn is impregnated with 
polytetrafluoroethylene (PTFE), which increases density and lubricity. 

Additional tests indicated that LW-15 coating on type 410 stainless steel was superior to the 
Colmonoy 6 and METCO 36C coatings applied to carbon steel. Although the LW-15 coating was 
more expensive, it was the recommended material because of the need to increase the system average 
time to failure from the 125 h demonstrated in the pilot plant to 500 to 1000 h. 

Parker 5730L. Marlo 50/50 packing served longer than Merkel 6215, but the Merkel packing served at 
a higher plunger rubbing speed and was retired from service with considerable remaining useful life. 

A METCO l6C-coated plunger in another stuffing box exhibited cumulative wear of 3 mils in the 

The larger slurry feed pump at the H-Coal plant was repacked with Marlo 50150 packing prior to 

Inspection results also indicated that the Merkel 6215 packing was slightly better than 

Based on results at the H-Coal plant, the engineers arrived at the following conclusions: 

1. Packing material, plunger material, and plunger lineal speed influenced the life of the packing as 
did many other variables. 

2. Rating the performance of the packings was subjective because of the many variables. 
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3. The best plunger coatings led to improved life with all of the packing that was tested. 
4. A composite packing comparison based on H-Coal results suggested that all of the packings tested 

deserved continued consideration except the originally specified John Crane Grafoil packing. (The 
other packings were produced of similar materials and major differences were not expected.) 

5. The quality of the packing and run-in could be expected to influence packing life more than the 
difference between these packings. 

The staff at the H-Coal plant recommended LW-15 and Colmonoy 75C coatings for commercial 
pumps. If packing lives of several months were to be obtained, lower cost type 44OC stainless steel 
plungers should be considered. Colmonoy 6, METCO 16C, and METCO 36C were not recommended. 
These recommendations were based on the facts that no LW-15- or Colmonoy 75C-coated plungers 
failed, and all of the plungers were judged by the H-Coal engineers to be suitable for continued use 
after operating in coal service for 200 to 820 h. In identical tests, a type 44OC stainless steel uncoated 
plunger suffered less degradation than the plungers coated with METCO 36C, METCO 16C, and 
Colmonoy 6. 

6.2.2.3 ECLP at Baytown, Texas 

Exxon conducted a coal slurry feed-pump test program that was designed to optimize materials for 
valve balls and seats; to optimize plunger packing design and materials; to determine the relationship 
between plunger, packing wear, and flush rate; and to determine the relationship between plunger 
speed and packing wear rate. 

Check valves supplied by the manufacturer for the slurry pumps had free-floating, hardened type 
44OC stainless steel balls and solid insert seats of tungsten carbide. This design was satisfactory if coal 
particles of large sizes were not allowed to enter the pump. Wear of the tungsten-carbide valve seats 
was negligible. Although a few valve seats chipped at the seating surface during operation, some 
chipping and valve breakage occurred during maintenance procedures and during the removal of valve 
seats for inspection. The erosion-resistant material chosen for these valve ball seats may have been too 
hard, resulting in chipping fractures; therefore, a less brittle, tougher material may be preferred. 

During operation, the impact of the valve ball deformed and wore the Stellite coating of the valve 
ball guides and also deformed part of the type 410 stainless steel backup base material. Solid ceramic 
valve balls of 99.5% Al,O, were tested at the ECLP, and these balls performed satisfactorily without 
wear or chipping of the ball surface. However, the tests were of short (200- to 600-h) duration. 
Ceramic valve balls tested in reciprocating slurry feed pump service at the Fort Lewis, Washington, 
plant chipped after a few weeks of operation. 

Compression packings failed in the ECLP pumps in several different ways. A common mode of 
failure was extrusion of the packing into the annular space between the plunger and the internal 
components of the stuffing box or the packing backup rings. Backup rings were necessary and 
clearance had to be minimized. Both bronze and aluminum-bronze backup rings were used 
successfully. Excessive temperatures resulting from process upsets or a lack of adequate lubrication 
caused failures also. Another type of failure observed on compression packings was severe abrasion 
caused by the solids buildup from insufficient flushing or by an excessively rough plunger surface. 
These types of failures were characterized by a large number of broken fibers on the inner surface of 
the packing. Of the many types of compression packings evaluated at the ECLP, interbraided 100% 
Teflon fibers were the most successful in this application. 

Pressure-actuated packings also failed by extrusion. Although the exact shape of the adapters 
depended on the shape of the pressure-actuated packing being used, the clearance between the adapter 
ring and the plunger had to be held to an absolute minimum that was consistent with the thermal 
properties of the materials involved. Minimal clearances were required because Teflon and Teflon 
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alloys had a tendency to flow under high-pressure conditions, even at relatively low temperatures. 
Uneven or rough appearances of the sealing lip were also observed; the probable causes were 
installation errors and solids entering the packing, which resulted in several relatively deep axial 
grooves on the inner surface of the packing. 

resist the chemical attack of the solvent in the pumpage. Teflon filled with glass fibers and 
molybdenum disulfide appeared to have the best overall wear and temperature resistance. 

Significant wear, caused by flexing of the lips of the pressure-actuated packing, occurred on the 
stuffing box wall. Two methods were used at the ECLP to combat this wear. In the first method, the 
type 410 stainless steel stuffing-box barrels were heat treated to a hardness of about Rockwell C-40 
(C-25 was specified originally), but after 30 to 40 d of operation, significant wear on the inside 
diameter of the heat-treated barrel was observed again. The second method involved undercutting and 
chromium plating of the portion of the barrel that was in contact with the packing. The chromium 
plating produced a surface hardness of about Rockwell C-60 and showed little, if any, wear at the 
conclusion of the ECLP operations. 

A number of plunger coatings and hardened surfaces of plunger base materials were evaluated at 
the ECLP. These included tungsten carbides, chromium oxides, and combinations of metal carbides in 
various matrices. The coating preferred by Exxon was tungsten carbide in a cobalt-chromium matrix 
that was applied by a proprietary vendor process. Although this coating showed some axial grooving, 
it exhibited the best combined toughness and wear and spa11 resistance. 

The ceramic chromium-oxide coatings spalled severely. The spalling was reduced significantly by 
the application of a baked phenolic-epoxy sealant [limited to operating temperatures below 200OC 
(40O0F)] that reduced the characteristic porosity of the chromium-oxide coatings. The performance of 
the ceramic-oxide coating did not surpass the tungsten-carbide matrix. 

age-hardenable nickel-alloy matrix. Both of these coatings were applied by a high-energy plasma-spray 
technique. In both cases, performance was good, and finished costs were significantly lower than the 
preferred tungsten-carbide matrix coating. However, further testing of these lower cost alternatives is 
warranted. 

redesigned stuffing boxes. These boxes provided a more effective flushing system that reduced solids 
migration into the packing area. Before shutdown of the ECLP, the type 440C stainless steel plunger 
in the slurry feed pump accumulated about 18 d run time with no measurable wear or deterioration of 
the plunger surface. 

Two solid, alumina-ceramic plungers were tested in the slurry feed pump. Although these plungers 
did not perform well in service, the pump testing was rather severe, considering the ineffective 
flushing system in use at the time and the almost immediate migration of solids into the packing area. 
These results were inconclusive. 

the throat bushing allowed solids from the pumpage to migrate into the packing area of the stuffing 
box, and packing leakage rates of < 1.9 L/h (0.5 gam) were found to contain some process solids. 
Redesigned stuffing boxes were installed, and leakage rates > 18.9 L/h (5 gaVh) did not show any 
evidence of process solids. A reduced flushing rate of 2.88% of pumpage was tested near the end of 
the ECLP run. The final turnaround inspection showed that the throat bushing/plunger clearance was 
slightly greater than normal, but the pump had operated well for about 18 d. Inspection of the packing 
in a final turnaround revealed no evidence of solids migration into the packing. 

The lateral motion of the vertical plunger during its passage through the close clearance of parts 
was believed to have contributed to component wear significantly. Throat bushings, anti-extrusion 
backup rings, and packing adapters often exhibited increased diameters that were caused by wear. 

Based on the ECLP experience, Exxon concluded that Teflon and Teflon alloys were suitable to 

Other promising coatings included a tungsten-carbide coating and a titanium carbide in an 

Testing of fully hardened type 44OC stainless steel plungers was promising after the installation of 

The original slurry feed pump had a plunger flushing rate of 4.76% of the pumpage. The design of 
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Tests of the plunger motion during its stroke did not confirm that rubbing contact had occurred with 
normal plunger motion. The lateral motion of the plunger was measured at 0.5 to 0.7 mm (0.002 to 
0.003 in.) over the 175-mm (7-in.) stroke of the slurry feed pump. No major differences were observed 
for different operating speeds or even for erratic operation of the pumps. 

However, the original plunger alignment appeared to have a major effect on the plunger motion, 
and, consequently, on wear caused by contact with close clearance parts. If the plunger was not 
aligned properly in the center of the stuffing box barrel, it made contact with the inner components 
only on one side. Wear patterns on the bushings and inner surfaces of the packing showed that plunger 
misalignment had occurred a number of times. 

Exxon conducted a test program on the reciprocating atmospheric bottoms pumps. Objectives were 
similar to those on the slurry feed-pump test program. Packing and plunger experience was the same 
as described in Sect. 6.2.1. 

Only the original ball material of hardened type 44OC stainless steel was evaluated in these pumps. 
During normal operations, the wear and erosion on the balls were minimal. When the ball was jammed 
in one position by tramp material, significant wear-and erosion occurred. However, suction strainers 
were installed and this problem was minimized. The original valve seat material, solid tungsten 
carbide, was the only seat material evaluated. The wear and erosion on the seats was minimal, even 
when the ball was jammed in one position by tramp material. The only major problem with the seat 
occurred during assembly or disassembly. On a number of occasions, the brittle tungsten carbide seat 
cracked or chipped when pullers or hammers were used for installation or removal. 

Some of the valve balls and seats used at the ECLP accumulated over 7000 h of run time and 
were still operating well at plant shutdown. Therefore, if tramp material did not jam the ball in one 
position, the minimum life expectancy of the valve ball and seat was > 7000 h. 

6.3 ELASTOMERS 

A number of components in coal-liquefaction plants require the use of elastomer seals to prevent 
leakage and to protect moving parts. Although these seals are usually inexpensive, they are critical to 
the operation of these plants. Many of the high-temperature and pressure aromatic-hydrocarbon streams 
in these plants present environments that degrade (sometimes rapidly) most elastomers. The 
degradation of these elastomers was the subject of several tests conducted at the coal-liquefaction pilot 
plants. Several of these elastomer test programs were included in the pump testing programs discussed 
in Sects. 6.2.1 and 6.2.2. In addition to the pilot plant tests, specific laboratory projects have been 
conducted to test these materials. The results and conclusions of some of those laboratory tests are the 
primary emphasis of this section. 

6.3.1 L'Garde, Inc., Elastomer Test Project 

L'Garde, Inc., (Newport Beach, California) conducted an elastomer test project for the Department 
of Energy (DOE)." The primary objective of this project was to identify commercially available 
elastomers as candidates for coal-liquefaction plant applications. 

In the L' Garde project, 17 commercially available elastomers were tested: 1 phosphonitrilic 
fluoroelastomer, 4 Viton or Fluorel, 2 ethylenepropylenediene monomer (EPDM), 3 Viton GF, 
3 AFLAS, 2 Fluorel, and 2 Kalrez. Tests that were conducted included 120-h immersion tests at 
temperatures of 150, 233, and 287°C (307, 451, and 549°F) of all 17 candidate elastomers and 5-d 
O-ring tests at temperatures of 232°C (450°F) of 4 of the elastomers. 

All tests were conducted in recycle solvent from the ECLP. This solvent, which contains 80 to 
86% aromatics, presented a very severe test for the elastomers. Swelling tests alone indicated that 
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EPDM elastomers were not appropriate for this application. However, O-ring tests conducted by 
L’Garde suggested that an EPDM elastomer was preferred. 

As a result of the O-ring tests, both with and without back-up rings, L’Garde made the following 
conclusions regarding the elastomers. Precision Rubber Company’s EPDM 42679 was found to be 
superior to all other compounds tested as a static O-ring in the solvent up to a temperature of at least 
288°C (55OOF) and differential pressures up to at least 20.7 MPa (3000 psi). Back-up rings may be 
required to prevent fluid permeation through the ring, and, at high temperatures, back-up rings on both 
sides of the elastomer may be needed. DuPont’s Kalrez 1050, with back-up rings on both sides, may 
be an acceptable substitute, but it may leak if there are larger temperature fluctuations at high pressure. 
This is because of the severe permanent set that may occur with this elastomer. Seals Eastern’s 
AFLAS 7 182x1 may be acceptable at both high-temperature and low-pressure applications. Precision’s 
Fluorel 161 57 may be used in low-temperature and high-pressure applications. According to L’Garde, 
Inc., these two materials (&AS 7182x1 and Fluorel 16157) should be used only if Precision’s 
EPDM 42679 or DuPont’s Kalrez 1050 cannot be obtained. 

6.3.2 Mechanical Technology, Inc., Test Project 

Testing of high-temperature, coal-slurry plunger pump packings” was performed by Mechanical 
Technology, Inc. (MTI, Latham, New York) for DOE. Tasks that were completed on this project 
included a failure analysis of slurry feed pumps’ packing components; selection of commercial designs 
and materials for testing; laboratory testing of high-temperature, coal-slurry pump packings; and field 
testing of selected packings. 

Several significant findings resulted from this work. MTI concluded that the primary causes of 
packing failures at pilot plants were insufficient packing lubrication; ineffective plunger flushing; 
unstable plunger alignment; incompatibility of the packing material with the slurry and solvent; and 
undesirable packing installation, startup, standby, and maintenance. The solvent compatibility tests 
indicated that all materials tested were compatible with pilot plant solvents. However, of these 
materials, the aramid-based (Kevlar) compression type of packing and the Teflon alloy and 
TFE/propylene copolymer V-shaped packings had desirable compressibility and resiliency properties in 
high-temperature slurry-pump services. 

The dynamic pump tests performed by MTI indicated that Teflon, FTFE, and fiberglass-based 
materials were not desirable for high-temperature, high-speed, slurry-pump service. The aramid-based 
(Kevlar) material was promising. In general, it was concluded that soft packing materials should not be 
used for high-pressure head-pump service. Packing field tests at both the H-Coal plant and the ECLP 
were inconclusive, but the performance of the aramid-based materials was good for high-temperature 
coal-slurry service. 

aramid-based (Kevlar) braided material impregnated with a secondary lubricant, such as PTFE, was a 
good packing design and materials selection combination for the four liquefaction processes considered 
(Exxon Donor Solvent, H-Coal, SRC-I, and SRC-II). This design-materials combination, according to 
MTI, should be as good as any to provide acceptable packing life. 

From the laboratory and field tests, MTI concluded that a compression-type design of 

6.3.3 ORNL Elastomer Test 

At the suggestion of Exxon, DOE funded an elastomer test program in which Oak Ridge National 
Laboratory (ORNL) worked with engineers at the Wilsonville, Alabama, plant. In this program, ORNL 
performed pre-exposure characterization and immersion tests (with liquids from the Wilsonville plant) 
of the Precision Rubber Company’s EPDM 42679 elastomer. The O-rings of this elastomer were 
obtained by ORNL for testing; then they were provided to Wilsonville for in-plant testing in selected 
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pump applications. The dynamic tests at Wilsonville were more demanding than the static tests 
conducted by L’Garde Inc. 

the Parker Seal Division of Parker Hannifin Corporation. These materials were included in the test 
program, but the primary emphasis was on the Precision Rubber Company’s EPDM 42679 elastomer. 

Results of this evaluation have subsequently been published, but these results and conclusions are 
not reported here.” 

ORNL obtained O-rings made of other materials from the Precision Rubber Company and from 
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7. GENERIC DATA CORRELATION 

The collected corrosion sample data from specific areas of all the coal-liquefaction pilot plants 
(CLPPs) will be presented in this section. These data provide information on the performance of 
materials in specific environments. A number of the functional areas described in the first section of 
this report will not be discussed here, because corrosion sample data were not generated for those 
areas. Nominally, conditions were the same for each functional area from plant to plant, but changes in 
coal or operating conditions in some areas dictated care in comparing results. For those needing better 
correlations, the stream compositions and operating conditions should be carehlly considered before 
making comparisons. 

7.1 COAL PREPARATION 

Corrosion sample results were not reported for coal preparation. However, experience has shown 
that carbon, low-alloy, and martensitic steels have given satisfactory performance when properly used. 

7.2 COAL SLURRY PREPARATION 

In the coal-slurry preparation area, coal, process solvent, and the coal solvent slurry are involved. 
Although corrosion is of concern because of plans to raise operating temperatures for the 
demonstration plants, corrosion sample data have not been generated for this area. Nonpilot plant 
corrosivity studies of process solvent have been conducted, and these studies raise considerable 
uncertainty about the use of carbon steel for heat exchangers, piping, and vessels in the coal-slurry 
preparation area. However, these tests did not determine that a protective sulfide scale was built up 
during long-term exposure. For example, static autoclave tests [performed by Southwest Research 
using nonhydrotreated process solvent from the Baytown, Texas, Exxon Coal Liquefaction Pilot Plant 
(ECLP)] indicated a slight corrodent depletion effect in 50 h of testing but no significant sulfide film 
protection with exposures up to 100 h at 295°C (575°F) (refs. 1, 2). Another study conducted by 
Exxon used a once-through operation to avoid depletion of the corrodent. One of the objectives of this 
program was to determine the corrosion rate, under static and dynamic conditions, of American Iron 
and Steel Institute (AISI) 1010 carbon steel (a 5 Cr-0.5 Mo alloy) and types 304L and 316L stainless 
steels in a coal-derived liquid at temperatures ranging from 288 to 371°C (550 to 700°F). In these 
tests, corrosion rates for the AISI 1010 and 5 Cr-0.5 Mo alloys were similar and independent of the 
test temperatures [288 and 330°C (550 and 625"F)I. The rates were about 0.5 d y e a r  (20 mils per 
year) under static conditions and 0.75 mdyear (30 mils per year) under dynamic conditions at 2 m/s  
(6 fps). Significant pitting of the 5 Cr-0.5 Mo alloy was ~bserved.~ These studies indicated that the use 
of carbon steel and 5 Cr-0.5 Mo alloys was highly questionable if temperatures in the coal-slurry 
preparation area were increased to 288°C (550°F) in a demonstration or commercial plant. 

7.3 PREHEATING 

In the preheating area, the temperature of the coal solvent slurry was raised to the 370 to 425°C 
(700 to 800°F) range. Corrosion (or corrosion-erosion) rate coupon data were reported for this area, 
but only for one plant. Samples were exposed in the piping between the preheating furnace and the 
reactors at the ECLP. Because of damage to racks and coupons, only limited data were available (see 
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Fig. 7.1). The rates of material loss versus a composition variable (usually of chromium content) are 
plotted in Figs. 7.1 through 7.13. From the data in Fig. 7.1, type 18-8 stainless steels should be 
projected as only marginally satisfactory for preheater service, because observed corrosion rates ranged 
up to about 0.75 mdyear  (30 mils per year). However, these samples were exposed in a pipe where 
they would cause appreciable turbulence, and this condition may have caused the measured material 
loss rate to be misleadingly high. Based on the successful experience with austenitic stainless steels in 
the pilot plants, these materials were considered to give satisfactory service, if the erosive effects of 
the coal slurry were taken into consideration during the design of the preheater and piping. 
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7.4 REACTOR 

The reactor vessels provided a site where the coal solvent slurry could be held at temperatures up 
to 460°C (850°F) and pressures up to 20.7 MPa (3000 psi) as the dissolution reactions occurred. 
Because conditions in the reactors were quite severe and the reactor vessels were large enough to 
accommodate many racks of corrosion samples, corrosion studies were performed at all of the pilot 
plants. A variation in corrosivity resulted from the wide variations in sulfur and chlorine content of the 
coals processed and the appreciable range of conditions over which the reactors were operated. 
Figure 7.2 shows the material loss rates versus chromium content for iron-base alloy samples exposed 
in the vapor and slurry of the pilot-plant reactor vessels. The seventy of conditions and the appreciable 
variations are demonstrated by the data in Fig. 7.2. Nickel-base alloys (e.g., Inconel 600) were 
unsuited for the high-sulfur environments, because sometimes they were dissolved completely during 
an exposure period. 

A femtic steel (2.25 Cr-1 Mo) was used for the reactor shell to provide the necessary strength. It 
was obvious, however, that this steel was totally unsuited for use where it would be in contact with the 
environment inside the reactor (see Fig. 7.2). A weld overlay was used to provide the necessary 
corrosion resistance. For the iron-base alloys, the data showed that the use of a 12% chromium alloy 
did not ensure that a corrosion rate below 0.5 M y e a r  (20 mils per year) could be maintained. 
According to existing data, the use of an austenitic stainless steel kept the corrosion rate as low as 
0.25 &year (10 mils per year). The performance of types 347 and 304L stainless-steel weld overlays 
was satisfactory in all of the plants, and a type 347 overlay was projected for use in the demonstration 
plants. 

7.4.1 Primary Separation 

The various types of separations performed on the reactor-effluent functional areas of primary 
separation, gas separation, and solids separation were described in Sects. 4.4.1 through 4.4.3. 
Furthermore, the primary and gas separation areas were described by the A, D, E and A, B, C 
sequences, respectively (see Fig. 4.6). For consistency, the corrosion sample data correlations in this 
section follow the same sequence. 

The first vessel in the primary separation functional area was the reactor-effluent flash drum that 
operated at conditions similar to those of the reactor. Exposure of samples was accomplished in most 
of the flash drums (see Fig. 7.3). Because this vessel was required to operate at temperatures up to 
445°C (830°F) and pressures up to 20.7 MPa (3000 psi), a ferritic steel shell was used. The data in 
Fig. 7.3 show that the typical 2.25 Cr-1 Mo steel shell did not have adequate corrosion resistance for 
the reactor-effluent, flash-drum vapor or slurry environments, and that a steel with 18% chromium 
limited material loss rates to about 0.25 m y e a r  (10 mils per year). Therefore, an austenitic 
stainless-steel weld overlay was projected for use in the reactors in demonstration plants. 

chlorine content of the coal processed had a major effect on corrosivity (Sect. 7.4), but operating 
conditions, including the use of a hydrogen sparger, affected the rate of material loss of samples. 

At the Fort Lewis solvent refined coal (SRC) and Catlettsburg H-Coal pilot plants, the second 
vessel in the primary separation area was the intermediate-pressure flash drum. These vessels operated 
at a slightly lower temperature [370 to 400°C (700 to 750°F)] and considerably lower pressure [4.1 to 
8.3 MPa (600 to 1200 psi)] than the reactor-effluent flash drum. Corrosion samples were exposed in 
both vessels, and results of these exposures are shown in Fig. 7.4. Because these vessels were operated 
at higher pressure, a femtic steel (0.5 Mo or 1 Cr-0.5 Mo) was used for the shell; these femtic steels 
have poor corrosion resistance in the environment of this vessel (see Fig. 7.4), so a weld cladding was 
used. The data in Fig. 7.4 showed that an austenitic stainless steel was needed to ensure that the 

The corrosivity of the reactor-effluent, flash-drum environments varied appreciably. The sulfur and 
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corrosion rate in the vapor was below 0.25 &year (10 mil per year). The slurry was considerably 
less corrosive, so theoretically, an alloy with about 9% chromium would be sufficient to keep the 
corrosion rate below 0.25 mdyear  (10 mil per year). However, for practical reasons, the 
intermediate-pressure flash drum in a demonstration plant would be clad with an austenitic stainless 
steel (as were their counterparts at the pilot plants). 

drum. To keep the viscosity of the heavy oil-ash slurry within reasonable limits, the temperature was 
maintained moderately high while the pressure was reduced to flash off additional volatile materials. 
Corrosion samples were exposed in many of these vessels, and results of these exposures (see Fig. 7.5) 
showed that carbon steel experienced a fairly high corrosion rate, but the chromium containing femtic 
steels were not corroded as severely as upstream vessels. 

corrosive than the vapor; that a femtic alloy with at least 9% chromium provided adequate corrosion 
resistance for the vapor space; and that a lower chromium-content alloy might be sufficient in the area 
contacting the slurry. However, a low-pressure flash drum used in a demonstration plant would 
probably be of Cr-Mo steel with an austenitic, stainless-steel weld overlay. 

The last stage in the primary separation area at most of the pilot plants was the low-pressure flash 

In the intermediate-pressure flash drum, the data indicated that the slurry was probably less 

7.4.2 Gas Separation 

The gas separation functional area consisted of vessels that operated under the same conditions as 
those of A, B, and C in Fig. 4.6 and at successively lower temperatures as high pressure was 
maintained. The environment included a number of corrosive gases and liquids. As a result, there was 
a possibility of hydrogen attack, chloride stress-corrosion cracking (SCC), and sour water corrosion. 

Another type of vessel, the high-pressure condensate drum, processed the vapor effluent from the 
reactor-effluent flash drum. Samples were exposed in vessels of this type at the ECLP and the H-Coal 
pilot plants (see Fig. 7.6). The data show that the vapor was usually more corrosive than the liquid and 
that the aggressiveness of the environment varied considerably. Probably the major reason for the 
variations in corrosion rate was the variation in hydrogen sulfide content of the stream, which was 
affected strongly by the sulfur content of the feed coal. The data indicated that carbon and low-alloy 
steels were not adequate for service under all conditions encountered in the high-pressure condensate 
drum. 

The other vessel in this functional area was the high-pressure, low-temperature, recycle-gas 
separator that operated near ambient temperature. Corrosion samples were exposed in vessels of this 
type at Fort Lewis, Washington, and the ECLP, and corrosion was negligible (see Fig. 7.7). 

Because austenitic stainless steels have shown some instances of SCC in the gas separation area, 
improved designs to avoid aqueous condensation and cracking-resistant duplex alloys warrant 
consideration. 

7.4.3 Solids Separation 

The stream leaving the bottom of the low-pressure flash drum, which was the last vessel in the 
functional area of primary separation, had a high solids content. Different processes for separation of 
these solids were attempted with varying degrees of success. Vacuum distillation was used in most 
coal-liquefaction plants, and additional techniques such as filters, centrifuges, hydroclones, and 
proprietary solvent deashing were tried in one or more of the plants. Corrosion samples were exposed 
in most of the vacuum systems, but essentially no data were generated for the other techniques. 

The Wilsonville, Alabama, plant; the Baytown, Texas, ECLP; and the Catlettsburg, Kentucky, 
H-Coal plants used vacuum distillation towers, and the Fort Lewis, Washington, plant used a vacuum 
flash drum. Figure 7.8 shows data collected for samples exposed in the cooler region near the top of 
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the vacuum towers. Corrosion in this part of the column was negligible, even for carbon steel. The 
results for samples exposed near the bottom of the Wilsonville, Alabama, vacuum tower showed 
appreciable corrosion only for carbon steel (see Fig. 7.8). More severe corrosion was reported for 
vacuum tower components before the introduction of corrosion samples, but in recent years, measured 
corrosion rates have been low except for carbon steel. 

Because of a number of failures of carbon steel components in the critical solvent-deashing unit at 
the Wilsonville, Alabama, plant, laboratory corrosion studies were performed using two heavy oils that 
were produced in this unit: SRC and light solvent refined coal (LSRC). Short-term, 5- to 21-h, static 
tests were made with these materials over a temperature range from 260 to 37OOC (500 to 700OF). The 
results showed a distinct difference in the corrosivity of SRC and LSRC. The results of this limited 
test program and some earlier tests of carbon steel in the SRC-I process solvent obtained from Fort 
Lewis, Washington, are plotted in Fig. 7.9. The solid lines in the figure represent the best linear fit 
(calculated by the use of least squares) after the data points with corrosion rates of < 0.025 &year 
(< mil per year) were dropped. 

With this limited database there was significant scatter; nevertheless, it was apparent that the 
LSRC was more corrosive and had a lower temperature limit at which corrosion rates started to rise. 
The laboratory data, combined with the pilot plant experience, indicated that carbon steel was a poor 
choice for the piping carrying LSRC. 

7.5 LIQUID FRACTIONATION 

The liquid-fractionation functional area was used to separate the coal-derived liquids into several 
boiling-point fractions, including one that was used as process solvent. Severe corrosion problems were 
not expected; however, they were encountered in the liquid-fractionation area and presented a serious 
challenge to plant operators and demonstration plant designers. 

At each of the SRC pilot plants, two fractionation columns were used: one column to remove the 
light oil (naphtha) and water and one column to fractionally distill the remaining oils. In both plants, 
the first, lower-temperature tower was packed rather than trayed; the corrosion was less severe than in 
the second tower. The second, higher-temperature fractionation column encountered severe corrosion in 
the 200 to 260°C (400 to 500°F) range, and this corrosion was roughly proportional to the chlorine 
content of the feed coal. 

For the processes using a single fractionation column, the temperature range of the column was 
greater, and usually sidestream withdrawals were used to remove some of the products from the trayed 
columns. Severe corrosion in the 200 to 26OOC (400 to 500°F) range occurred when only one column 
was used. 

corrosion samples were exposed in the columns to help characterize the problem.6 

column was serious enough that replacement of some column components was necessary, especially in 
the higher temperature areas. Figure 7.10 shows the corrosion rate versus chromium content for 
samples exposed in the reboiler of the column at Fort Lewis, Washington. Only limited data were 
available, but similar results were reported for the comparable column at Wilsonville, Alabama. 

For the second column (the type column at plants using the one-column system), corrosion 
samples were exposed throughout. For samples exposed at or near the top of the columns in areas with 
temperatures below 205OC (400"F), corrosion rates were very low (see Fig. 7.11). Samples exposed in 
areas with temperatures above 3 15°C (600°F) showed significant corrosion that was roughly 
proportional to the chromium content of the alloy. The severity of corrosion in the Fort Lewis, 

This corrosion problem was studied extensively in several laboratories,"S and hundreds of 

In the plants that used the two-fractionation-column system, corrosion of carbon steel in the first 
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Washington, reboiler fluctuated, and the use of an austenitic stainless steel was required to stay within 
acceptable limits. Data for samples exposed in the high-temperature region are included in Fig. 7.10. 

The fKst study of the corrosion problem in the 200 to 260°C (400 to 500°F) range of the 
fractionation columns was at the two SRC pilot plants. It was expanded to include the ECLP and the 
H-Coal pilot plant when the problem was encountered at both plants. Data collected from sample 
exposures at Fort Lewis, Washington, and Wilsonville, Alabama, did not show the usual pattern when 
corrosion rate versus the alloy’s chromium content was plotted (see Fig. 7.12). This result indicated 
that, unlike the environments characterized in Figs. 7.1 through 7.11 where hydrogen sulfide was the 
probable major corrodent, a different corrodent was active in this environment. When the data were 
replotted (see Fig. 7.13) to compare the corrosion rate and the sum of the nickel and molybdenum 
content of each alloy, a more understandable pattern emerged. The results indicated that alloys with 
high nickel and molybdenum contents were needed if the corrosion rate was to be kept below 
0.5 mdyear (20 mils per year) when high-chlorine coals were being processed. 

plants were also evaluated to compare the performance of various alloys (see Table 7.1). 

and the H-Coal pilot plant. These data confirmed the results obtained from the SRC pilot plants with 
only minor variations in relative alloy performance. 

Considerable study has been devoted to identifying and understanding the mechanism of this 
localized corrosion and to establishing means for its prevention?-’ The current understanding of the 
mechanism can be summarized as follows: 

The data collected from samples exposed in the most corrosive areas of the columns at the SRC 

Additional data were acquired from the samples that were exposed in the columns at the ECLP 

1. Both hydrogen chloride (HC1) and amines are formed in the reactor vessel, and, in the subsequent 
steps, they combine to form a variety of amine hydrochlorides. The amine hydrochlorides are 
transported to the fractionation columns where they thermally dissociate above about 240°C 
(460°F). The volatile dissociation products move up the columns until a temperature is reached at 
which appreciable recombination occurs. The higher boiling point of the compound leads to 
condensation and refluxing of the amine hydrochlorides; therefore, a trapping and concentrating 
mechanism exists within the column. On dissociation, the amine hydrochlorides form amines and 
hydrogen chloride. The hydrogen chloride dissolves in the process liquids to form acidic solutions 
that react with (i.e., corrode) the containment materials. 

2. This localized corrosion may be controlled by alloy selection or by process modifications. In the 
highly corrosive zones of the columns, Hastelloy C-276 is a suitable alloy for the column trays, 
and Inconel 625 and Haynes 20 (modified) are suitable for column walls. Usually, high-nickel 
alloys perform well in this application, and the ferritic and martensitic stainless steels perform 
poorly. In the pilot plants, lining the columns with austenitic stainless steels ( e g ,  type 321, 316, 
or 317) apparently provided adequate protection for the limited exposures. Performance of these 
materials when used as trays does not appear to be satisfactory; this could be caused by the 
increased flow and turbulence, particularly around valves. 

3. A number of process modifications have been considered. Fractionation tower corrosion at the 
Wilsonville, Alabama, plant has been controlled by adding N+CO, to the coal feed to tie up the 
chlorine and to prevent the formation and transport of HCl downstream. This poses potential 
problems for subsequent use of the oils and mineral ash residue (MAR), where increased sodium 
and chlorine concentrations could cause materials degradation problems. 
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Table 7.1. Relative corrosion rate: average normalized corrosion rates 
for samples exposed in fractionation columns at Fort Lewis, 

Washington, and Wilsonville, Alabama 

Average 
Number of corrosion rate' 

samples Alloy 
mdyea r  mils per y e a  

~~ 

Hastelloyb B-2 

Hastelloy' N 

Molybdenum 

RA 333' 

Hastelloyb C-276 

Haynesb Alloy 263 

Inconeld 625 

Titanium 

Inconeld X-750 

Inconeld 600 

IRCOReld 601 

Hastelloyb G 

Mastelloyb G-3 

Haynesb 20 (modified) 

Crucible' 6M 

Incoloyd 825 

Iconeld 671 

Moneld 400 

Nickel 

Alloy 904L 

Crutemp' 25 

Type 321 stainless steel 

Carpenter' 20 Cb3 

Type 317LM stainless steel 

3 

5 

1 

1 

14 

8 

10 

12 

3 

6 

3 

10 

5 

8 

2 

9 

5 

5 

3 

8 

3 

10 

7 

4 

< 0.003 

< 0.003 

< 0.003 

0.003 

< 0.01 

< 0.04 

e 0.06 

< 0.06 

0.07 

0.08 

0.11 

0.12 

0.14 

0.14 

0.19 

0.35 

0.38 

0.38 

0.38 

0.42 

0.46 

0.47 

0.5 1 

0.66 

< 0.1 

< 0.1 

< 0.1 

0.1 

0.3 

< 1.4 

< 2.4 

< 2.5 

2.6 

3.2 

4.3 

4.9 

5.4 

5.4 

7.5 

14 

15 

15 

15 

17 

18 

18 

20 

26 
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Table 7.1 (continued) 

Average 
Alloy Number of corrosion rate" 

samples 
&year mils per year 

Aluminized 304 stainless steel 9 0.72 28 

Sandvik 2RE698 3 0.76 30 

Type 317 stainless steel 5 0.77 30 

Type 310 stainless steel 4 0.80 31 

Type 316 stainless steel 11 0.83 33 

Type 304 stainless steel 14 1.06 42 

Incoloyd 800 5 1.77 70 

Type 410 stainless steel 11 1.80 71 

Nyby MONIT" 2 2.14 84 

SC-I' 4 3.15 124 

18 Cr-2 Mo 1 4.26 168 

Carbon steel 7 > 4.86 > 191 

26 Cr-1 Mo stabilized 3 5.22 205 

Aluminum 2 > 5.86 > 231 
"Calculated assuming uniform removal of material. 
Qegistered trademark of Cabot Corp. 
?iegistered trademark of Rolled Alloys. 
dRegistered trademark of Huntington Alloys, Inc. 
'Registered trademark of Colt Industries. 
'kegistered trademark of Carpenter Technology Cop. 
qegistered trademark of Sandvik, Inc. 
"Registered trademark of Granges Nyby AB. 
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The use of corrosion inhibitors in the first studies at the Fort Lewis, Washington, plant was 
unsuccessful. Two characteristics of the chlorine compounds in the coal liquids can be used to bring 
about their removal: thermal instability and water solubility. Using common distillation techniques, the 
chlorine can be routed to a stream with favorable properties for effective water washing to remove the 
chlorine to a waste stream. The limited experience with the naphtha extractor at the Fort Lewis Pilot 
Plant and the changes during the last run at the H-Coal Pilot Plant indicated that this was a possibility. 
Alternative approaches to achieve the same purpose, removal of the chlorine compounds, are being 
considered. Both the economic and the process feasibilities need to be evaluated and tested. 
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8. NEEDED MATERIALS RESEARCH AND DEVELOPMENT 

Throughout this report, the areas in which materials performance concerns still exist have been 
discussed. In many areas, these concerns reflect the assessment of existing performance data or 
anticipated exposure conditions; some are caused by the lack of data or by poor performance 
experience. The areas in need of additional research and development (R&D) will be addressed in this 
section. 

Several materials tests have been conducted in support of the development and demonstration plant 
design of direct-coal-liquefaction processes. In addition, R&D materials programs of a generic nature 
have been, and are continuing to be, sponsored by the Fossil Energy Advanced Research and 
Technology Development Materials Program activities.' Some of these activities address the needs of 
the designers; the following list of areas that should be investigated was compiled to provide needed 
materials data for commercial designs and component purchase specifications. 

Within the primary solvent refined coal (SRC) processing functions, data are still needed in three 
areas involving corrosion to provide the designers with a sound basis for economical materials 
selection. These include the following: 

1. The corrosion-erosion rates of carbon steel, low-alloy steels, and stainless steels in process solvent 
as a function of temperature and velocity.' 

Some laboratory studies have been performed; however, additional studies would be useful. 
Because of the difficulties in obtaining appropriate process solvent and the possibility of even 
limited time aging effects on such solvents, studies with sidestreams in an operating pilot plant or 
large-scale process development unit are needed. 

2. The data available on the corrosion rates of carbon steel exposed to SRC and light solvent refined 
coal (LSRC) at temperatures above 260°C (500°F) are very limited, and there are essentially no 
data on alternative low-alloy steels, such as the 5 Cr-1 Mo alloy used extensively in the petroleum 
refineries. 

The experience with LSRC suggests that the rates are very sensitive to turbulence. A specific test 
program is needed to evaluate the corrosivity of these materials as a function of temperature, 
velocity, and time, and these tests could be performed more successfully in an operating pilot 
plant. 

3. The difficulties associated with amine hydrochlorides in causing severe corrosion in coal-oil 
atmospheric-fractionation towers have been thoroughly studied, and the mechanisms are fairly well 
defined. However, the various proposed process modifications to alleviate this problem have not 
been properly tested. As an adjunct, the effect of various process modifications on the materials 
requirements for other process streams that are affected must be identified and resolved. 

A generic area for gasifiers is the materials performance in associated heat recovery systems. This 
is an area of concern in a direct coal-liquefaction demonstration plant because of the use of 
mineral-ash residue as a feed to the gasifier. The particular needs are for well-defined data on the 
effects of varying chlorine and sulfur contents on the sulfidation rates of carbon and low-alloy steels as 
a function of temperature in the range of 177 to 288°C (350 to 550°F). Both laboratory studies and 
participation in gasifier demonstration plant activities are needed. 
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The addition of secondary hydrotreater units for various liquid streams has created a need for a 
firm database for materials selection. This involves the processing equipment and the effects of 
secondary hydrotreating on the corrosivity of the various streams during subsequent fractionation. If 
some of this material is recycled to the coal slurry preparation area, potential reflected effects are 
involved also. A separate R&D program is not being suggested here, but rather a detailed monitoring 
(including the installation of corrosion coupons) and documenting of the equipment performance in the 
pilot plant operating at Wilsonville, Alabama. 

The general degradation of elastomeric materials commonly used as seals in the petroleum industry 
is an area that needs further R&D. This area is common to both types of pumps, valves, and other 
parts. Neoprene, Buna-N, and Butyl rubber are susceptible to attack by coal-derived oils. Early 
reported studies showed that even fluoroelastomers, such as Viton, were probably unsuitable at 
temperatures above 89°C (170°F) (ref. 3). Kalrez, a perfluoroelastomer, appears to have performed best 
at higher temperatures. Some data are available from the pilot plant experience and from the test 
program of Mechanical Technology, Inc., (MTI) sponsored by the Pittsburgh Energy Technology 
Center. The results of a recent test with an elastomer (normally not recommended for hydrocarbon 
use) suggest that other compounds should be tested for specific applications. These data are being 
followed by limited operating tests at the Wilsonville, Alabama, Pilot Plant. Compatibility studies as a 
function of time and temperature should be made for both economic considerations and improved 
performance. These studies should be made in a variety of coal-derived oils on the full range of 
commercially available elastomers, and the results should be made available to plant designers and 
operators. 

Two other areas involving unsatisfactory materials performance have been well do~umented.”~ 
These areas included trim materials for slurry letdown and block valves and materials for slurry 
reciprocating pumps. In these instances, the materials development programs need to be continued, but 
they must be augmented by additional mechanical design modifications to meet explicit applications, 
and the combined materials and designs need to be tested. 

The last area of R&D that needs further study involves the design of the reactors and the effluent 
separator. Whereas a better pressure vessel material is desirable and both the American Petroleum 
Institute and the Metal Properties Council (now the Materials Properties Council) are pursuing such a 
material, it is unlikely that a better American Society of Mechanical Engineers (ASME)-approved 
material will be available in the near future. This situation has been reviewed by R. W. S~ indeman .~  
In brief, the review indicated that for the currently selected SA 387, grade 22, class 2 material it 
would be desirable to develop a design methodology, to be available in the public sector, that would 
ensure the acceptance of these vessels in accord with the ASME Boiler and Pressure Vessel Code. 
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9. SUMMARY AND CONCLUSIONS 

The potential causes of materials degradation have been reviewed on the basis of individual 
functional areas for a generic, direct-coal-liquefaction process and the existing information on materials 
performance. From an overall process perspective, some materials-selection design criteria appear to be 
developing. 

9.1 CORROSION 

From the viewpoint of corrosion only, materials performance experience in the pilot plants can be 
characterized as follows: 

1. 

2. 

3. 

4. 

Sulfidation is the prevalent form of corrosion and is similar to that experienced in the petroleum 
and petrochemical industry. (a) Carbon steels and low-alloy steels, typically the chromium- 
molybdenum steels in American Society for Testing and Materials (ASTM) A 387 or A 335, 
appear to provide adequate corrosion resistance in most flow conditions at temperatures up to 
230°C (450°F) for coal-derived liquids. (b) The 5 Cr-l Mo steels are adequate for temperatures up 
to 290°C (550"F), if velocities are limited and solids are not present. (c) Austenitic stainless steels 
are required for temperatures above 290°C (550°F), and the molybdenum-containing grades usually 
provide additional sulfidation resistance. 

Sour gas and sour water environments are similar to those in the petroleum industry, but 
precautions must be taken to avoid material that is susceptible to chloride stress-corrosion 
cracking. 

Amine hydrochlorides form in the liquefaction process and can concentrate in fractionation towers; 
combined with the high-phenol content, they can present a unique, highly corrosive environment. 
The severity depends on the chlorine content of the feed coal. Protection for the towers is possible 
with the selection of relatively expensive alloys. Process modifications to remove the chloride from 
the coal-derived oils appear to offer the best solution, but these modifications have not been 
completely defined and tested. 

Other corrosives must be expected to be similar to those in the petroleum industry, but their 
specific roles have not been defined by pilot plant experience. 

9.2 EROSION AND EROSION-CORROSION 

Throughout the pilot plants, erosion and erosion-corrosion are the most severe materials 
degradation phenomena. Pilot plant and laboratory tests suggest the following: 

1. Velocity and turbulence must be restricted in all components, and piping through which slurry 
flows has to be restricted at all temperatures. Additional protection must be incorporated for 
typical velocity limitations above 6.7 m/s (20 fps) for austenitic steels and 3.3 m/s (10 fps) for 
low-alloy steels. 
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2. 

3. 

Velocity and turbulence must also be controlled for components and piping through which coal 
oils flow at temperatures above 230°C (450°F). Unfortunately, erosion-corrosion rates of various 
alloys as a function of temperature are not defined, particularly for the so-called medium and 
heavy oils. 

Components that are exposed to high-velocity slurries, because of their process functions, require 
special design considerations and erosion-resistant materials. (a) Castings of 28% Cr and 
hardfacings provide reasonably good service in centrifugal pumps when tip speeds are controlled. 
Such control usually requires derating existing designs. (b) For letdown valves, commercially 
available tungsten carbide provided the best trim performance. Both modified valve design and 
improved quality control are required to ensure adequate performance. (c) Piping and vessel inlets 
(e.g., the feed to vacuum towers) where three-phase flow conditions exist require special design 
and abrasion-resistant refractory liners to give satisfactory operational lives. 

One area that is not limited to the direct-coal-liquefaction process but is an important area for 
materials improvement is the need for better hydrogen-resistant pressure vessel steels. Current pressure 
vessel materials, materials property data, design methodology, and fabrication capabilities are adequate 
for the large pressure vessels such as those required for liquefaction reactors. 

In conclusion, the materials performance data derived from the pilot plant operations, together with 
the supporting research, made progress in establishing the necessary information to select appropriate 
materials for construction of a direct-coal-liquefaction plant. Therefore, sufficient information is 
available on materials performance for a prudent, possibly conservative, choice of materials for the 
various components for a demonstration plant. Additional materials development will improve the 
economics, but it is not absolutely necessary to the demonstration of the technological feasibility of the 
process. 
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Appendix A 

SUMMARY DESCRIPTIONS OF THE UNITED STATES' 

PILOT PLANTS 
DIRECT-COAL-LIQUEFACTION-PROCESS 

THE SOLVENT REFINED COAL (SRC) PILOT PLANT AT FORT LEWIS, 
WASHINGTON 

THE EXXON COAL LIQUEFACTION PILOT PLANT (ECLP) AT BAYTOWN, TEXAS 

THE H-COAL PILOT PLANT AT CATLETI'SBURG, KENTUCKY 

THE SOLVENT REF'INED COAL PILOT PLANT AT WILSONVELE, ALABAMA 





A.l THE SRC PILOT PLANT AT FORT LEWIS, WASHINGTON 

The solvent refined coal (SRC) process is the result of extensive research and development in coal 
liquefaction technology. Supporting data for the process were accumulated over a period of 19 years. 
Sponsorship of the work that provided these data was made possible through the combined efforts of 
the Gulf Oil Corporation and its subsidiaries and the U.S. Department of Energy and its predecessors. 
In 1966, a contract was signed between the Office of Coal Research and the Pittsburg & Midway Coal 
Mining Company to design, construct, and operate a 50-todd pilot plant. 

The Fort Lewis, Washington, Pilot Plant design was completed in 1969; construction was started 
in 1972; and the facility was first operated in 1974. The pilot plant, originally designed to produce a 
solid product (SRC-I process), was modified in late 1976 and early 1977 to produce a liquid product 
(SRC-II process). Most of the vessels and equipment that were installed for the SRC-I process were 
used in the SRC-11 process, and the plant could operate in either mode as required by the experimental 
program. The plant was shut down in July of 1981, and decommissioning was completed in September 
1981. 

In the SRC-I process, raw coal is pulverized and mixed with a coal derived solvent boiling in the 
temperature range of 288 to 454°C (550 to 850°F). The coal-solvent slurry is pumped, together with 
hydrogen, through a preheater to a reactor or dissolver. The dissolver is operated at a temperature of 
about 455°C (850OF) and a pressure of 10.3 MPa (1500 psig). At these conditions, about 95% of the 
moisture- and ash-free coal is dissolved. After separation of excess hydrogen, the dissolver effluent 
consists of the coal solution plus the undissolved inorganic material from the coal. This slurry is sent 
to the filtration section of the plant where the undissolved coal solids are separated. The filtrate is then 
sent to a vacuum-flash distillation step for removal of the solvent for recycle. 

The bottoms fraction from the vacuum-flash tower is a hot liquid with a solidification point of 
about 177OC (350°F). This is the major product of the process and is known as SRC. This material can 
either flow as a hot molten liquid to an adjacent power plant or be solidified for shipment to another 
location. 

rather than using an all-distillate liquid as in the SRC-I process. In addition to dissolving the coal, the 
process also converts much of the dissolved coal to distillate liquid and gaseous products. The major 
liquid product is separated through flashing, stripping, and a final vacuum distillation step; the residue 
from vacuum distillation is fed to a gasifier for hydrogen production. The quantity of organic material 
remaining in the vacuum residue is controlled so that it is sufficient to produce the hydrogen required 
for the process. 

The Fort Lewis pilot plant studies initially emphasized both process development and hardware 
and equipment testing. Later, most of the process development was done in a much smaller unit, and 
the pilot plant activities concentrated on equipment and systems testing. Throughout the plant 
operation materials performance was monitored, and substitutions were made as required. 

In the SRC-I mode of operation, the sluny-recycle stripper tank was bypassed, and underflow slurry in 
the intermediate-pressure flash vessel was sent to the filter-feed flash vessel (FFFV). Slurry from the 
FFFV was routed to the filtration system or to the Lummus antisolvent deashing unit for solids 
removal. Although the various solids removal processes were tested, the operational time on any given 
system was limited; therefore, materials performance information in these areas is too limited to 
warrant discussion here. 

Both the mode of operation (SRC-I and SRC-IT) and the feed coals were changed frequently 
during the operational period (Table A.l . l )  

In the SRC-I1 process, a portion of the dissolver product slurry is recycled as a solvent for the coal 

Figure A.l.l is a simplified process flow sheet of the pilot plant in the SRC-I1 mode of operation. 
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Table. A.l.l. Fort Lewis, Washington, Pilot Plant operational summary 

Period Coals processed 

09/01/74 

07/21/75 

09/01/75 

ioio 1/75 

--- I /  

04/-/77 

09/02/77 

11/02/77 

01/31/78 

03/24/78 

0 5 / W 8  

09/15/78 

03/15/79 

051-179 

06/-/79 

07/-/79 

0 7 1 ~ 1 9  

07/-/79 

11/02/79 

1 l/-/79 

1 1 1 / 7 9  

01/17/80 

05/24/80 

08/28/80 

10/28/80 

12/17/80 

01/21/81 

05/24/81 

07115ns 

08/31/75 

09/30/75 

12/16/76 

04/01/77 

09/02/77 

0911 7/77 

01/31/78 

03/24/78 

03/31/78 

09/15/78 

03/15/79 

05/-/79 

05/-/79 

07/-/79 

071-I79 

07/-/79 

0 8 l J 7 9  

1 11-n~ 

11/-/79 

01/17/80 

05/06/80 

08/18/80 

09/20/80 

12/05/80 

01/15/81 

03/26/81 

0711 6/81 

SRC-I 

SRC-I1 

SRC-I 

SRC-I 

SRC-I 

SRC-I1 

SRC-I1 

SRC-I1 

SRC-I1 

SRC-I1 

SRC-I 

SRC-I1 

SRC-I 

SRC-I 

SRC-I 

SRC-I 

SRC-I 

SRC-I 

SRC-I1 

SRC-I1 

SRC-I1 

SRC-I1 

SRC-I 

SRC-I1 

SRC-I1 

SRC-I 
SRC-11 

SRC-I1 

Kentucky-9/14 

Kentucky-911 4 

Kentucky31 14 

Kentucky-911 4 

Kentucky-9/14 

Kentucky-911 4 

Illinois 6 

Pittsburgh 

Illinois 6 

Pittsburgh 

Kentucky-91 14 

Pittsburgh 

Kentucky-9/14 

Illinois 6 
Kentucky-9/14 

Kentucky-9 

Illinois 6 

Kentucky-9/14 

Illinois 6 

Illinois 6 
Pittsburgh 

Pittsburgh 

Kentucky-9/14 

Pittsburgh 

Pittsburgh 

Kentucky-9/14 

Pittsburgh 

Pittsburgh 

Colonial 

Peabody 

Blacksville No.2 

Peabody River King 

Blacksville 

Powhatan No. 5 

Colonial 

Powhatan No. 3 

Colonial 

Lafayette 

Powhatan No. 3 

Colonial 

Blacksville No. 2 

Powhatan No. 3 

Powhatan No. 6 

Powhatan No. 6 

Colonial 

Powhatan No. 6 
Powhatan Nos. 5 & 6 

Powhatan No. 6 

Irelano No. 6 

3984 

240 

504 

6936 

2703 

1564 

1465 

1078 

2133 

565 

230 

607 

8158 

243 

417 

1640 

1040 

1771 

2273 

2482 4426 

1272 

1367 

1048 

397 

610 

572 

962 

983 

1332 

1318 

1897 

394 

606 

1181 

977 

759 
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A.2 THE EXXON COAL-LIQUEFACTION PILOT PLANT AT BAYTOWN, TEXAS 

The Exxon Donor Solvent (EDS) Coal-Liquefaction-Process Development Program is an integrated 
program that is cost-shared by government and private industry. The program includes bench-scale 
research, operation of small process development units, engineering design and technology studies, and 
before activity at the plant was terminated, the operation of the Exxon Coal-Liquefaction Pilot Plant 
(ECLP). Project sponsors include the U.S. Department of Energy; Exxon Company, U.S.A.; Electric 
Power Research Institute; Japan Coal Liquefaction Development Company, Inc.; Phillips Coal 
Company; ARC0 Coal Company; Ruhrkohle AG; and AGIP S.p.A. The design of the 250-todd ECLP 
began in 1975; construction was completed in March 1980; and once-through operation was started in 
June 1980. Modifications and additions to the plant to permit bottoms recycle operation were 
completed in early 1981, and all subsequent processing was done in this mode. Figure A.2.1 is a 
simplified process flow sheet showing the major components that were utilized in both operational 
modes. Operation was terminated in August 1981, and the plant was inspected and decommissioned. 

The ECLP was designed for a feed rate of 200-todd dry coal, which is nominally 250-todd 
as-received coal. Mined coal was transported to the plant by rail (in a 30-car unit train), stored in a 
5000-ton-capacity silo, and prepared by crushing and drying in either a gas-swept mill or an impact 
mill and a slurry drier. The prepared coal, hydrogenated recycle solvent, and, in the bottoms recycle 
mode, recycled vacuum bottoms slurry were mixed together in the slurry drier at 125°C (257°F). 
High-pressure feed pumps raised this feed slurry from about 1.5 to 13.8 h4Pa (215 to 2500 psi). 
Hydrogen-rich recycle gas was added to the slurry, and the mixture was then heated to 416 to 432°C 
(780 to 810°F) in a commercial-type furnace using vertical serpentine coils. The slurry then moved 
through a series of four reactors that provided a nominal residence time range of about 40 to 80 min. 
Exotherms from the reaction increased the average liquefaction temperature to about 443 to 454°C 
(830 to 850°F). 

After liquefaction, the three-phase mixture passed into an effluent separator drum. The vapors from 
this separator were sent through hot and cold separators for additional condensation. The slurry from 
the separator, containing about 15 wt 9% solids, was sent through a single-stage pressure letdown valve 
and fed, after mixing with the hot and cold separator liquids, to an atmospheric fractionator. The slurry 
was fractionated into a naphtha stream, two distillate streams, and a bottoms stream containing the 
original coal ash. This heavier, more viscous material, also containing about 15 wt 9% solids, was 
pumped to a maximum pressure of about 3.5 MPa (508 psi) and charged to the vacuum stripper 
preheat furnace. After heating to about 425°C (800"F), the three-phase stream was fed to a vacuum 
distillation tower. Most of the bottoms material was solidified on a water-cooled belt and stored for 
eventual use in various bottoms processing schemes. A portion of the heavy material was recycled to 
the slurry drier for remixing with the feed slurry, constituting the bottoms recycle mode of operation. 

A sizable gas-oil cut from the atmospheric and vacuum fractionators was sent to a solvent 
hydrogenation unit. In this hydrotreating step, hydrogen was added, and the mixture was passed 
through fixed-bed catalytic reactors to increase the hydrogen donor capability of the solvent. The 
hydrogenated product was fractionated to separate the recycle solvent for return to thus slurry drier. 
Both the naphtha and the excess gas oil were sent to the tank. 

The plant was located on a %-acre site adjacent to Exxon's Baytown, Texas, refinery. This 
location was chosen to obtain utilities and hydrogen from the refinery and to use the environmental 
facilities in the refinery to handle by-products from the ECLP operation. 

An extensive materials performance evaluation program was part of the EDS Development 
Program and, for the ECLP, was integrated into the plant design and equipment specifications 
wherever possible. This ECLP materials evaluation program involved a number of elements, including 
corrosion racks, to assemble a corrosion-rate database; corrosion probes, to provide on-line monitoring 
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for assessing fluctuations in corrosion rates as a function of time; and processing variations and on-line 
erosion monitoring of selected areas of concern in the slurry systems. These elements were supported 
by selective stream sampling and analysis to identify the types and amounts of aggressive species and 
by periodic nondestructive examination of selected components and piping. Service testing of equip- 
ment components was included in the program. 

After the first shakedown test and the first test in the once-through mode of operation (with 
Illinois 6 coal as the feed in both tests), three coal types were tested in four campaigns operating in 
the bottoms recycle mode. Table A.2.1 provides an abbreviated operational summary; two of the 
campaigns were initiated with coal from the previous campaign followed by the introduction of the 
test coal for the greater part of the operational period. 

Table A.2.1. Exxon Coal-Liquefaction Pilot Plant operational summary 

Period Coals processed 
Mode of Approximate 

From To operation Seams Mine process time Dried coal 
(tons) 

06/24/80 10/11/80 Once-through Illinois 6 Monterey No. 1 1,245 7,083 
(Runs 1-8) 
12/30/80 06/02/81 Once-through Illinois 6 Monterey No. 1 2,658 17,400 
(Runs 9-17) 
07/31/81 08/07/81 Bottoms recycle Illinois 6 Monterey No. 1 168 
(Run 18I) 
08/07/81 10/29/81 Bottoms recycle Wyoming Wyodak 1,674 8,598 

11/28/81 02/28/82 Bottoms recycle Illinois 6 Monterey No. 1 2,024 10,690 
(Runs 20-23) 

(h) 

(Runs 18W-19) 

02/28/82 04/19/82 Bottoms recycle Wyoming Wyodak 
(Runs 24-29) 

05/02/82 05/12/82 Bottoms recycle Wyoming Wyodak 
(Run 30W) 

862 4,937 

218 

05/12/82 08/20/82 Bottoms recycle Texas Martin Lake 1,843 11,415 
(Runs 3OL-35) Lignite 
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A.3 THE H-COAL PILOT PLANT AT CATLETTSBURG, KENTUCKY 

The H-Coal Pilot Plant used the H-Coal process developed by Hydrocarbon Research, Inc. (HRI). 
The process is based on HRI’s commercial H-Oil process that has operated successfully since 1963. 
The pilot plant was designed to convert 200 tons/d of coal into the equivalent of 600 barrels of 
synthetic crude oil or 600 tons/d of coal into the equivalent of 1800 barrels of boiler fuel. A plant of 
this size was built to permit testing of small commercial equipment that can be scaled easily to 
commercial process equipment. Only the syncrude mode of operation was tested at the pilot plant. 

The development of the H-Coal process began in 1965 and progressed through bench scale and 
process development stages and the operation of the pilot plant to the conceptual design of a 
commercial-scale plant (the Breckenridge, Kentucky, project). Project sponsors during the pilot plant’s 
operational stage included the U.S. Department of Energy; the Electric Power Research Institute; 
Ashland Oil, Inc.; Standard Oil Company of Indiana (Amoco); Conoco Coal Development Company; 
Mobil Oil Corp.; the Commonwealth of Kentucky; and Ruhrkohle, a West German coal company. The 
pilot plant was located adjacent to Ashland Petroleum Company’s Catlettsburg, Kentucky, refinery and 
covered a 45-acre tract of land along the Big Sandy River. It was operated by Ashland Synthetic 
Fuels, Inc., a wholly owned subsidiary of Ashland Oil, Inc. 

Construction of the pilot plant began in October 1975 and was completed in February 1980, with 
initial oil and coal operations starting in March and May 1980. Operation was terminated in November 
1982 with subsequent inspection, and the plant was then transferred to Ashland Oil Company for use 
or disposal. 

The deashing section (designed by Lummus) and the secondary hydrotreating system did not 
operate full time during the life of the pilot plant. Figure A.3.1 is a simplified process flow sheet of 
the coal liquefaction and oil recovery areas from which most of the materials performance data was 
derived. 

During the syncrude mode of operation, the plant operated as follows: 100-mm (4-in.) coal was 
crushed to -19 mm (0.375 in.) and stored in bins. Then the coal was ground in a bowl mill to a 
-100 mesh, dried to 2% moisture, and transported to storage bins. This dried, pulverized coal was 
mixed with recycle hydroclone overflow from the separator (Q-238) and bottoms from the fractionator 
(N-202) in the slurry mix tank (4-236). The slurry transfer pump (5-227) pumped the slurry from 
4-236 to the slurry charge pump (J-219), which pumped the slurry to a pressure > 21 MPa 
(3000 psig). A portion of the recycle hydrogen from the compressor (R-201) mixed with the slurry. 
The slurry passed through the slurry heater (L-201A) where the temperature of the slurry increased to 
about 382°C (720°F). The heat exchangers (M-235 and M-236) were often bypassed. The hydrogen 
preheater (L-207) heated the remainder of the discharge from the hydrogen booster compressor 
(R-201) and all of the discharge from the recycle hydrogen compressor (R-202) to about 399°C 
(750°F). The heated hydrogen and slurry flowed to the bottom of the reactor (K-201). 

the gas separated from the slurry at 21 MPa (3000 psig). The gas leaving 4-224 was cooled in the 
reactor effluent vapor-trim cooler (M-209) to about 288°C (550°F). The stream passed to the 
reactor-effluent vapor separator (4-204) where condensate separated from the gas. Water injection 
washed the gas from 4-204. The reactor effluent vapor condenser (M-210) cooled the remaining gas to 
about 54°C (130°F). The effluent flowed to the separator (4-223) where condensate, water, and gas 
separated. The lean oil absorber (N-201) boosted the pressure of the absorber overhead for recycle. 
The oil from N-201 flashed at 0.34 MPa (50 psig) to release the light hydrocarbons. The lean-oil 
circulating pump (J-204) pumped the flashed oil to 21 MPa (3000 psig) and returned it to the absorber. 

The letdown valve (LV-202) throttled the slurry from 4-224 to 8.3 MPa (1200 psig). The slurry 
flowed to the intermediate-pressure separator (4-202) where evolved gas separated from the slurry. 

The effluent leaving K-201 passed to the reactor effluent high-pressure separator (4-224) where 
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The gas from 4-202 cooled to about 177°C (350°F) in the high-pressure flash gross-overhead cooler 
(M-205) and passed to the high-pressure condensate collector (4-242) where condensate and vapor 
separated. Injected water washed the gas from Q-242. The high-pressure flash net overhead cooler 
(M-216) cooled the gas to about 52°C (125°F). The stream flowed to the high-pressure condensate 
wash-water separator (4-205) where hydrocarbon condensate, water, and gas disengaged. The gas from 
4-205 was combined with hydrogen. The hydrogen booster compressor (R-201) compressed the stream 
to about 21 MPa (3000 psig). Most of the compressed stream mixed with the feed slurry before going 
to the slurry heater (L-201A); the remainder went to the hydrogen heater (L-207). 

The letdown valve (LV-204) throttled the slurry from 4-202 to a pressure of about 0.48 MPa 
(70 psig). The slurry flowed to the low pressure separator (Q-203) where evolved gas separated from 
the slurry. 

The gas from the low-pressure flash drum (4-203) cooled to about 177°C (350°F) in the 
low-pressure, flash-drum overhead cooler (M-204) and passed to the low-pressure condensate collector 
(Q-207) where condensate and gas separated. Water injection washed the gas leaving 4-207. The 
low-pressure, flash-net overhead collector (M-206) cooled the washed gas to about 52°C (125°F). The 
stream passed to the low-pressure condensate wash-water separator (Q-208) where condensate, water, 
and gas separated. The gas from 4-208 vented to the fuel gas system. All distillates that were 
condensed and separated in the 21, 8, and 0.48 MPa (3000, 1200, and 70 psig) systems flowed to the 
fractionator feed drum (4-210). 

Slurry from the low-pressure separator (Q-203) flowed to the hydroclones (S-204) for a partial 
separation of unconverted coal and ash. Hydroclone overflow passed to the hydroclone overflow drum 
(Q-225), to the separator (4-237) for an atmospheric flash, and to 4-238 for a vacuum flash. These 
flashes removed lower boiling components from the stream. Hydroclone overflow from Q-238 passed 
to 4-236 to supply a portion of the oil used to slurry the feed coal. 

the surge drum (Q-219). The preheater (L-202) heated the stream from 4-219. The heated stream 
flowed to the atmospheric stripper (N-204) and then to the vacuum stripper (N-205) to remove 
distillate from the slurry. 

The vacuum bottoms stream from N-205 contained all the residual, unconverted coal, and ash 
leaving the pilot plant. This material cooled and solidified on a stainless steel belt (S-203) to facilitate 
transportation and storage. In a commercial unit, this heavy, solids-containing stream would be further 
treated to recover additional hydrocarbons or used as feed for hydrogen production. 

well as the distillate recovered from Q-237, 4-238, N-204, and N-205, flowed to the fractionator 
(N-202). Naphtha, from the top of N-202, passed to the stabilizer (N-206) and then to storage. A 
sidedraw from N-202 passed to the sidestream steam stripper (N-203), which stripped light 
hydrocarbons from it. The light distillate from the bottom of N-203 split; some returned to N-202 for 
overflash, and the remainder went to storage. A portion of the heavy distillate from the bottom of 
N-202 returned to 4-236 to supply the balance of the oil used to slurry the feed coal; the remainder 
went to storage. 

Materials performance was monitored through a materials evaluation plan included in the overall 
quality assurance program. This plan included corrosion monitoring at selected sites. Materials that 
were equivalent to the components material, materials that were potentially more economical 
replacements, and more corrosion-resistant alloys were monitored. Stressed and/or welded coupons 
were included at some sites. Erosion monitoring involved over 1000 check points, and the frequency 
of examination varied with each location. All equipment accessible during turnarounds was usually 
subjected to a visual examination, and materials performance was incorporated into all failure analyses 
and evaluations of malfunctioning equipment. As operations proceeded, the program was expanded to 
include corrosion probes in some locations. Because of the importance and complexity of several areas 

Underflow from the hydroclones flowed to the hydroclone underflow drum (4-227) and then to 

All distillate recovered in the 21-, 8-, and 0.48-MPa (3000-, 1200-, and 70-psig) gas systems, as 
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that required materials development, separate formal programs were established to ensure proper 
coordination of effort and to utilize results to the fullest extent. Four areas for which formal 
development programs were established are: 

1. letdown valves-development of materials and hydraulic design to extend operating life; 
2. block valves-improve mechanical design and develop ball and coating materials to prolong 

operating life; 
3. reactor feed pumps-development of plunger material and/or coatings and packing to prolong 

operating periods; and 
4. fractionators (N-202)--determine corrosion mechanisms and establish acceptable materials for 

commercial design criteria. 

Operation of the plant following the initial oil-only period was divided into 11 coal-processing 
runs using both bituminous and subbituminous coal. Table A.3.1 provides an abbreviated operational 
summary. 

Table A3.1. H-Coal Pilot Plant oDerational summary 
~ 

Period Coals processed 

Mode of Approximate process time Dried coal 
(tons) 

From To operation Seams Mine 
(h) 

05/29/80 10/09/80 Syncrude Kentucky- 11 Fies 
(Runs 1-5) 
01/31/81 04/03/81 Syncrude Kentucky-I 1 Fies 
(Run 6) Illinois 6 Burning Star 

05/08/81 05/09/81 Syncrude Illinois 6 Burning Star 

0511 0/81 05/14/81 Syncrude Kentucky-9 Mixed sources 
(Run 7) 
08/07/8 1 09/05/8 1 Syncrude Kentucky-9 Mixed sources 

365 1,850 

48 188 
1.044 8,182 

154 1,785 

09/06/8 1 12/11/81 Syncrude Illinois 6 Burning Star 2,153 19,200 
(Run 8) 
03/05/82 04/25/82 Syncrude Wyoming Wyodak 
(Run 9) 
06/05/82 07/12/82 Syncrude Wyoming Wyodak 
(Run IO) 

600 4,300 

727 5.300 

08/12/82 100 1/82 Syncrude Illinois 6 Burning Star 1,47 1 12,976 

10/31/82 11/19/82 Syncrude Kentucky-9 Peabody Alston Surface 398 3,329 
(Run 11) 
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A.4 THE SOLVENT REFINED COAL PILOT PLANT AT WILSONVILLE, ALABAMA 

In March 1972, the Southern Company and the Edison Electric Institute (EEI) began a pilot study 
of key steps in the solvent refining process for making low-sulfur and low-ash solid fuel from coal. 
Southern Company Services, Inc., represented the Southern Company and provided management for 
the project. The U.S. Department of Energy became a cosponsor of the project in 1976. The name of 
the facility was changed to the Advanced Coal Liquefaction R&D Facility in 1981 to reflect the 
capabilities and objectives of the revised pilot plant. In April 1983, the Electric Power Research 
Institute assumed the functions of utility industry project supervision formerly carried out by EEI. The 
6-todd Solvent Refined Coal (SRC) Pilot Plant was designed, constructed, and is being operated by 
Catalytic, Inc., at Wilsonville, Alabama. 

The evaluation of data from the Wilsonville facility included consideration of the variations in 
process conditions that prevailed at this plant. Beginning in January 1974, the plant was operated in 
the single stage mode and used the SRC unit with filtration for removal of the mineral-ash residue 
(MAR) from the product. For removal of the unreacted coal and ash solids from the liquefied coal, a 
pressure-leaf (Funda) filter, hydroclones, and centrifuges were evaluated. The Funda unit was replaced 
in October 1978 with a United States Filter Corporation vertical-leaf filter. Concluding tests with this 
unit were made on February 23, 1980. In March 1980, tests were begun to evaluate the performance of 
a subprocess-size candle filter made by Industrial Filter Corporation. Limited testing was conducted, 
but most of the deashing operations were performed with an alternative deashing system after March 
1980. 

With the addition of the second unit to the plant, solids removal by the Kerr-McGee critical 
solvent deashing (CSD) process was started in June 1978. The high-ash SRC product from the T102 
vacuum column was used as feed. Tests and modifications to maximize SRC recovery in the CSD unit 
have been and are continuing to be made. Initially, the CSD unit was used for removing the MAR as 
it operated in a single-stage mode. The flow sheet for this mode of operation is presented in 
Fig. A.4.1, with a schematic for the proprietary CSD unit in Fig. A.4.2. In May 1981, a third unit, the 
hydrotreater unit (HTU) that used the proprietary H-Oil process, was brought on stream. Several 
modes of operation were made possible with the addition of this unit. Because each unit could be 
operated individually, modification of the overall process was possible by coordinated operations. 
Therefore, both nonintegrated and integrated two-stage liquefaction processes were investigated. 

The initial unit was designed to process 500 lbh of coal into a low-sulfur, low-ash, solid product 
for use by the electric utility industry. 

Because of the relatively low continuous feed rates involved in the plant, the coal slurry was 
prepared in shift-size batches. Process generated solvent [available at 385°C (725"F)I was charged to 
the VlOlA slurry tank, which had an agitator for slurrying the coal. Ground coal (about 95% through 
200 mesh) was received in tote bins with about 1588 kg (3500 lb) net coal per bin, hoisted to an 
unloading position, and added to the slurry tank through a rotary feeder. After preparation, the coal 
slurry was transferred to the VlOlB feed tank, which was agitated also. 

delivered the slurry to the suction of the P103AA3 preheater feed pumps. Coal slurry was fed to the 
B 102 slurry preheater by these triplex reciprocating pumps. 

the preheater (hydrogen bypass was provided). The hydrogen stream normally consisted of scrubbed 
recycle gas plus makeup hydrogen. Therefore, the gas stream fed to the preheater contained methane 
and other light hydrocarbon gases in addition to the hydrogen. Makeup hydrogen was supplied from a 
1 14-m3 (30,OOO-gal) liquid hydrogen tank. 

The P102A/B slurry circulating pumps provided continuous circulation of coal/solvent slurry and 

Hydrogen-rich (85 mol %) feed gas was usually added to the slurry immediately before the inlet to 
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Fig. A.4.2. Critical solvent deashing process. 

The combined coaVsolvent slurry and hydrogen streams were heated in a helical coil 
[183 m (600 ft) long] of 32-mm (1.25-in.) Schedule 160 type 316 stainless steel. How through the coil 
was upward, and the coil was heated by a single fuel oil-fred burner at the bottom. 

The preheater was designed for feed to pressures of 19.3 MPa (2800 psig) and to maximum 
temperatures of 496" (925°F). The upper limit of velocity through the tubes was specified as 2.4 d s  
(8 fds) to minimize erosion of the tubes by the solids. A lower limit of 0.6 d s  (2 fds) was specified 
to minimize to possibility of coking in the heater tubes. 

The dissolver (R-101) was a vertical-cylindrical vessel [0.3-m (1-ft) ID and 7 m (23 ft) long] that 
was centrifugally cast of high-chromium stainless steel. It was insulated and electrically traced but not 
heated, and flow through the vessel was upward. A distributor plate was installed at the dissolver 
bottom to increase and the local velocity and to prevent the accumulation of solids. A solids density- 
increase system was installed to monitor the accumulation of solids. Alternate outlets were provided at 
25, 50, and 75% levels to permit the study of various retention times. The system was operated at 
427 to 486' (800 to 875"m and 9.6 to 17.2 MPa (1400 to 2500 psig), with coal slurry residence times 
of 10 to 60 min. 

The effluent from the dissolver was cooled to 288 to 316°C (550 to 600°F) by the E-102 air- 
cooled dissolver product cooler, and then it flowed to a gasfliquid high-pressure separator (V- 103). 
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The vapor from V-103 was cooled to about 66°C (150°F) in the E-103 high-pressure separator 
cooler and passed to the high-pressure vent separator (V-104). The vapor from V-104 included 
unreacted hydrogen, light hydrocarbon gases (mostly methane), hydrogen sulfide, and carbon oxides. 
The condensed liquids were fed through the letdown valve (LV-430) to the solvent decanter (V-105) 
where phase separation of the organic liquids and water occurred. 

The slurry from the high-pressure separator was reduced in pressure to 0.8 Mpa (1 15 psig) as it 
flowed through one of two parallel letdown valves (LV-415/419). The slurry (at reduced pressure), 
flashed gases, and vapors flowed to the flash tank (V-110). The gases and vapors were cooled in the 
flash condenser (E-107) from which condensate flowed to the solvent decanter. The uncondensed gases 
combined with gases flashed from the liquid that was leaving the high-pressure vent separator in the 
solvent decanter and flowed through the vent scrubber (T-103) and then to the flare (K-110). The 
slurry from the flash tank (V-110) towed to the reclaim tank (V-111) that served as a feed reservoir 
for the filtration system. With the addition of the CSD unit, V-1 1 1 also served as the feed reservoir for 
the vacuum tower when this mode of solids separation was in use. 

The components and process steps described and the recycle gas system (described later) were 
retained throughout the evolution of the SRC pilot plant at Wilsonville, Alabama. The remainder of 
the plant was modified operationally to accommodate the various process modifications, although most 
of the original components have been retained. 

In the filtration mode of solids removal, the slurry from the low pressure flash tank was fed to the 
various filters (F-103) at temperatures of 260 to 288°C (500 to 550"F), and the filtrate was sent to the 
vacuum column (T-102) to separate the product SRC from the lower boiling point oils. In the CSD 
separation process mode, the slurry was fed directly to the vacuum tower to separate an SRCNAR 
slurry from the lower boiling point oils. The underflow slurry was then separated into three 
components in the CSD unit-a light solvent refined coal (LSRC), SRC, and the MAR that contained 
the ash and unreacted coal. In this process the vacuum-bottoms underflow slurry was mixed with a 
proprietary deashing solvent (DAS) and experienced a triple-stage extraction at predetermined sets of 
temperature and pressure conditions. These conditions were based on the critical properties of the DAS 
and the qualitative and quantitative nature of products desired in the individual settlers. The DAS was 
recovered and recycled. 

Before the introduction of the HTU, the liquid SRC from either the vacuum tower or the CSD unit 
flowed onto two water-cooled trays of the product cooler (K-125). SRC from the CSD unit was fed to 
the HTU and only hydrotreated SRC was solidified. The sheets of SRC that broke up with further 
vibrating and/or cooling were conveyed to drums or bins. 

the process evolution. Most of the equipment and flow patterns were retained with changes in 
operating conditions varied to accommodate different sources of process solvent for recycle to the 
coal-slurry mixing stage. In the single-stage liquefaction process, recycle solvent from the fractionation 
system was supplemented with LSRC from the CSD unit. In the two-stage liquefaction (TSL) process, 
the solvent was derived predominately from the HTU, with supplemental feeds of LSRC and 
vacuum-tower sidedraw liquids available. 

were combined in vessel V-164 and fed to the light solvent recovery column (T-104). From this 
packed tower, components boiling below 177°C (350°F) were condensed from the overheads and 
collected in the light-organics storage tank (V-170). The underflow could originally be directed either 
to the vacuum tower or to the solvent feed tank (V-160) for the atmospheric fractionation tower 
(T-105). At all times, liquids from trays 3 and 8 of the vacuum tower were collected in V-160 and 
pumped to the original atmospheric fractionation column (T-105). This 20-tray column [about 16.4 m 
(53.8 ft) high with a 0.9 m (35.4 in.) ID] was originally constructed of carbon steel [9.5 to 11 mm 
(0.38 to 0.44 in.) thick] clad with a 2.0-mm (0.08-in.) thick layer of type 304 stainless steel along the 

The treatment of the lower boiling point, distillable, organic liquids was varied in accordance with 

Organic liquid from the solvent decanter (V-105) and condensed overheads from the vacuum tower 

A-16 



lower 60% of the column. Later additional lining was added. Because of severe corrosion attack, this 
column was removed from service in September 1980, and a new atmospheric fractionation column 
(T-105) of similar size, but fully lined with type 316 stainless steel, was installed in the HTU. 

In the filtration mode of operation, the overheads of the original T-105 column with a boiling 
range of 177 to 232°C (350 to 450°F) were recycled to the filter section for use in filter cake washing. 
The bottoms had a boiling range of 232 to 416°C (450 to 780°F) and were recycled to V-131 for use 
as process solvent. Following the removal of the original T-105 column, operation in the single-stage, 
or nonintegrated, two-stage liquefaction (NTSL) processes, involved a recycle process solvent. The 
solvent was derived from a controlled blending of the material from trays 3 and 8 from the vacuum 
tower, with or without additions of LSRC. In the integrated, two stage liquefaction (ITSL) process, the 
primary source of process solvent was the hydrotreated underflow from the new atmospheric 
fractionation column (T-105). A simplified process flow sheet for the SRC unit is given in Fig. A.4.3. 

The technology for the design of the HTU was supplied by Hydrocarbon Research, Inc. The SRC 
recovered from the CSD unit was catalytically upgraded in the HTU in the presence of hydrotreated 
recycle solvent and hydrogen-rich recycle gas. A flow sheet of the hydrotreating process is shown in 
Fig. A.4.4. 

The many similarities between the SRC unit and the HTU were evident (see Figs. A.4.3 and 
A.4.4). The principal difference in the two units was the ebullated-bed catalytic reactor of the HTU. 
The catalyst promotes SRC conversion, desulfurization, and denitrogenation even at a relatively low 
temperature of 343°C (650°F). A unique feature of this reactor was its efficient heat transfer that was 
made possible by the recycle flow and random motion of the catalyst pellets within the 
ebullated bed. 

The recovery and treatment of the recycle hydrogen in the SRC unit was essentially unchanged 
(see Figs. A.4.1 and A.4.3). 

Vapor from the high-pressure vent separator (V-104) contained 60 to 80 mol % hydrogen, plus 
hydrocarbon gases, hydrogen sulfide, and carbon dioxide. The hydrogen sulfide and carbon dioxide 
were removed in the hydrogen scrubber (T-101) by a diluted caustic soda (sodium hydroxide) solution. 
The exit gas from T-101 was scrubbed with water in the recycle hydrogen water scrubber (V-106) to 
remove entrained caustic agents. 

To provide a feed gas of about 85 mol '36 hydrogen, scrubbed recycle gas was blended with pure 
hydrogen. Excess scrubbed gas was vented to the flare (K-110). The fresh hydrogen compressor 
(C-104) brought pure hydrogen from storage to the hydrogen recycle compressor (C-102), which 
boosted the feed gas stream to the inlet pressure of the slurry preheater (B-102). 

plant. The program was expanded to include cooperative participation of ORNL, the International Coal 
Refining Company, and Kerr-McGee as possible materials problems were identified, and units were 
added to the original pilot plant. This program included corrosion coupons, corrosion probes, 
nondestructive examinations of selected components and piping, and failure analyses. In addition, 
selective stream sampling and analyses were used to assist in identifying the types and amounts of 
aggressive species and the effects of corrosion inhibiting additives. Materials performance was an 
integrated part of the evaluation of equipment performance. 

In addition to the modifications in processing configurations and parameters, a variety of coals 
from different sources have been tested in the Wilsonville, Alabama, Pilot Plant. Consequently, the 
summarized operational history provided in Table A.4.1 is even more complex than that provided for 
the Fort Lewis, Washington, SRC Pilot Plant. 

schematics presented in Figs. A.4.4 through A.4.6 and the description given in a recent report.' 

Kerr-McGee Corporation has investigated six different integration modes using a TSL bench-scale 

An evaluation program for materials performance was conducted in the initial construction of the 

A better understanding of the modes of operation listed in Table A.4.1 can be derived from the 

The inclusion of a hydrotreater enables two-stage operation in various modes of integration. The 
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Table A.4.1. The Wilsonville, Alabama, Solvent Refined Coal Pilot Plant operational summary 
~~~~ ~ ~ 

Period Coals processed 

Mode of Approximate Approximate 
From To operation" Seam Mine process time amount of coal 

(h) (tons) 

01/15/74 
(Runs 1-10) 
10/16/74 
(Runs 11-27) 
05/19/75 
(Runs 28-40) 
08/08/75 
(Runs 41-52) 
1 011 6/7 5 
(Runs 53-61B) 
02/02/76 
(Runs 62-88) 
08/12/76 
(Runs 89-98) 
12/05/76 
(Runs 99-104) 

03/03/77 
(Runs 105-123) 
06/09/77 
(Runs 124-148) 

(Runs 148A-156) 
02/01/79 
(Runs 157-166[A] 
06/28/79 
(Runs 166[B]-201) 
02/26/80 
(Run 202) 
03/07/80 
(Runs 203-208) 
05/25/80 
(Runs 209-215) 
09/07/80 
(Runs 216-227) 
0511 818 1 
(Runs 228-235) 
01/05/82 
(Runs 236-237) 

04/08/82 
(Runs 238-239) 
05/3 1/82 
(Runs 240-241) 
11/21/82 
(Runs 242-244) 

09/27/83 
(Run 244X) 

0 9 m n s  

1 Of 1 6/74 

0411 8/75 

08/08/75 

10/14/75 

12/23/75 

0711 1/76 

12/04/76 

031 9/77 

06/04/77 

09/27/78 

01/29/79 

06/28/79 

02/26/80 

03/07/80 

05/09/80 

08/24/80 

0511 818 1 

1 2/2 118 I 

04/06/82 

05/24/82 

loll 1/82 

09/27/83 

09/30/83 

SSL 

SSL 

SSL 

SSL 

SSL 

SSL 

SSL 

SSL 

SSL 

SSL 

SSL 

SSL 

SSL 

SSL 

SSL 

SSL 

SSL 

NTSL 

NTSL 

ITSL 

NTSL 

ITSL 

ITSL 

Kentucky-14 

Illinois-6 

Pittsburg-8 

Illinois4 

Wyoming 

Kentucky-9 
and 14 
Illinois-6 

Wyoming 

Utah 

Indiana-V 

Kentucky-6 
and 11 

Kentucky-9 

Kentucky-9 

Kentucky-9 

Kentucky-9 

Kentucky-9 

Kentucky-9 

Kentucky-9 

Illinois-6 

Illinois-6 

Illinois-6 

Illinois-6 

Wyoming 

Colonial 

Burning Star No. 2 

Lovemdge Mine 

Monterey No. 1 

Bell Ayr Wyodak 

Colonial 

Monterey No. 1 

Bell Ayr Wyodak 

Emery I and J 

Old Ben No. 1 

Pyro 

Pyro and Lafayette 

Lafayette 

Dotiki 

Dotiki 

Fies and Dotiki 

Fies (with NqCO,) 

Fies (with Na$O,) 

Burning Star No. 2 

Burning Star No. 2 

Burning Star No. 2 

Burning Star 

Clovis Point Wyodak 

2209 

2693 

1122 

1019 

738 

3213 

2219 

1 047 

1445 

7677 

2427 

2640 

4008 

215 

1276 

1644 

4287 

3785 

1211 

927 

2818 

6221 

79 

350 

626 

263 

240 

134 

865 

508 

23 1 

307 

1550 

501 

624 

933 

55 

334 

430 

1040 

953 

242 

185 

555 

679 

72 

"Modes of operation: SSL = single-stage liquefaction; NTSL = nonintegrated two-stage liquefaction; ITSL = integrated two-stage 
liquefaction. 
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Fig. A.4.5. Nonintegrated two-stage liquefaction mode. 
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Fig. A.4.6. Integrated two-stage liquefaction mode. 
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Fig. A.4.7. Partially integrated two-stage liquefaction mode. 
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unit? At the Wilsonville, Alabama, facility, initial efforts were directed toward NTSL operation; 
current efforts are directed toward ITSL operation. The associated yield structures and relative merits 
for each of these operation modes have been di~cussed.~ 

A fundamental difference between integration modes lies in the recycle of hydrotreated streams to 
the thermal unit. In the NTSL mode (see Fig. A.4.5), the thermal, CSD, and the HTU were combined 
sequentially without the recycle of any stream from the HTU to the thermal unit. Hydrotreated solvent 
is recycled within the HTU. In the ITSL mode (see Fig. A.4.6), both the hydrotreated SRC and solvent 
streams were combined and recycled to the thermal unit. A few runs at Wilsonville investigated 
another process option: the partially integrated two-stage liquefaction mode (see Fig. A.4.7), in which 
the hydrotreated solvent was recycled within the HTU (as in the case of the NTSL mode), but 30 to 
50% of the product SRC was recycled to the thermal unit. 
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