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ABSTRACT 

A program to investigate thermochemical water splitting has been under 

way at General Atomic Company (GA) since October 1972. This document is an 

annual progress report of Department of Energy (DOE) sponsored process 

development work on the GA sulfur-iodine thermochemical water splitting 

cycle. The work consisted of laboratory bench-scale investigations, 

demonstration of the process· in a closed-loop cycle demonstrator, and 

process engineering design studies. 

A bench-scale system, consisting of three subunits, has been designed 

to study the cycle under continuous flow conditions. The designs of sub­

unit I, which models the main solution reaction.and product separation, and 

subuntt II, which models the concentration and decomposition of sulfuric 

acid, were presented in an earlier annual report. The design of subunit 

III, which models the purification and decomposition of hydrogen iodide, is 

given in this report. Progress on the installation and operation nf 

subunits I and II 1.s descri_bed. 

A closed-loop cycle demonstrator was installed and operated based on 

a DOE request. Operation of the GA oulfur-iodine cycle was demonstrated 

lu this system under recycle conditions. 

The process engineering addresses the flowsheet design of a large-scale 

production process consisting of four chemical sections (I through.IV) and 

one helium heat supply section (V). The completed designs for sections I 

through V are presented. The thP.rmal efficiency of the process calculated 

from the present flowsheet is 47%. 
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THIS PAGE 

. WAS INTENTIONALLY 

LEFT BLANK 



CONTENTS 

ABSTRACT iii 

1. INTRODUCTION. . . . . 

2. BENCH-SCALE INVESTIGATIONS. 3 

2. 1. Design and Procurement of Subunit III 5 

2.1.1. Design Criteria for Subunit III . 5 

2.1.2, Flowsheet and Process Description . . . 10 

2.1.3. Equipment Listing . . . . . . 23 

2.2. Installation and Operation of Subunit I . . . . . 23 

2.2. L Subunit I Design Changes. 23 

2.2.2. Construction of Subunit I . 28 

2.2.3. Shakedown and Operation of Subut1it I 28 

2.2.4. Iodine Supply . . . . . . . . 32 

2.3. Installation and Operation.of Subunit II. 32 

2.3.1. Construction of Subunit II. . 32 

2.3.2. Shakedown and Operation of Subunit II . 38 

2.4. Future Work . . . . . 39 

2.5. Reference . . . . . 39 

3. CLOSED,.·LOOP CYCLE DEMONSTRATOR. 40 

3. L Design and Construction . 40 
_, 

3.2. Operation . . . . . . 42 

v 



4. ENGINEERING STUDIES ... 

4.1. Flowsheet Section I- H2so4-HI Production and 
Separation; o2 Purification . . . . . . . 

4.2. Flowsheet Section II - H2so4 Concentration and 
Decomposition . . . . . . . . . . . • . 

4.3. Flciwsheet Section III - HI Separation 

4.4. Flowsheet Section IV - HI Decomposition 

4.5. Fluwsheet Section v - Power Generation and Heat 
rr.<~nRfAr . . . . . . . . ' • • . . . . . . . 

APPENDIX A: WORK PLAN FOR FY-79 WATER-SPLITTING BENCH-SCALE 
INVESTIGATIONS . . . . . . . . . . . 

APPENDIX B: OBJECTIVE OF BENCH-SCALE EXPERIMENTS 

APPENDIX C: ACTIVITY PLAN FOR BENCH-SCALE MODEL: 
SUBUNITS I, II, AND III .... 

APPENDIX D: DETAILED FLOWSHEETS, INCLUDING MASS AND ENERGY 
BALANCES, FOR SECTIONS I THROUGH V ..... . 

FIGURES 

1. Subunit III, HI concentration and decomposition system 

2. Subunit .I - vessels, piping, and controls. . . ... . 
3. Subunit I - heaters, controllers, and thermocouples 

4. Subunit I R-1 01 mixing entry . 
s. Present dcoign of cubunit I . . . 

6. Decomposer furnace tube. 

. 

7. Flowsheet of subunit II, bench-scale H2so4 concentration 
ant! decomposition. . • • • . . 

8. Closed-loop cycle demonstrator 

vi 

46 

47 

50 

52 

54 

• • • i .)4 

A-1 

B-1 

C-1 

D-1 

. . . . 19 

2G 

27 

29 

. . . . 31 

36 

17 
., 

. . . . 41 



FIGURES (Continued) 

9. Installation of closed-loop cycle demonstrator . . 43 

10. Simplified schematic flow diagram of sulfur-iodine cycle 48 

11. Simplified flowsheet for section I . . . . . 49 

12. Simplified flowsheet for section II 51 

13. . Simplified flowsheet for section III . 53 

14. Simplified flowsheet for section IV 55 

15. Simplified flowsheet for section v . 56 

TABLES 

1. Equipment list for HI concentration and pyrolysis bench-scale 
system, section Ill .... ·'·.......... . . . . • 11 

2, Water-splitting bench-scale investigation, subunit I 
design assessment 24 

3. Subunit II modifications 33 

vii 



1. INTRODUCTION 

Thermochemical water splitting potentially provides a nonfossil 

renewable source of hydrogen. It characteristically requires high­

temperature heat input to achieve the necessary conditions for the chemical 

reactions to take place and appears to be compatible with heat character­

istics projected for three important heat sources: the gas-cooled fission 

and fusion reactors and systems for concentrating solar energy. 

General Atomic Company (GA) is working on the development of all three 

of these heat sources and in October 1972 began investigating thermo­

chemical water splitting. The result of this initial work was the discovery 

of a promising cycle (called the sulfur-iodine cycle) that requires no 

solids handling., General Atomic is cooperating with the Department of 

Energy (DOE) and the Gas Research Institute (GRI) to develop the thermo­

chemical water-splitting process to the point where it can be demonstrated 

as a commercially feasible source of hydrogen. Other participants ·in this 

effort have included the American Gas Association (whose sponsorship has 

been assumed by GRI), Northeast Utilities Service Company, Southern 

California Edison Company, and the University of California Los Alamos 

Scientific Laboratory. 

The process can be described by the following three chemical equations: 

370 K (1) 

1144 K (2) 

393 K (3) 



where the x in the reactions represents the average of several polyiodides 

formed in the initial solution reaction. Although the cycle can be repre­

sented by the three above reactions, several processing steps are necessary 

to accomplish these reactions. 

In February 1977, DOE [then. Energy Research and Development .. 

Administration (ERDA)] began sponsoring process engineering design studies 

and laboratory bench-scale investigations under Contract EY-76-C-03-0167, 

Project Agreement 63. The general objective of the beneh-scale wur·k. is to 

obtain better insight into the actual processing steps and their inter­

action by conducting key continuous flow reactions and separnriuu ~L~]J:s 

' that had previously been done on a batch basis. Bench-scale investigations 

will also give information on the handling of fluids involved, on the 

operational behavior of k~y pieces of equipment, and on the effects of 

incomplete physical separations and possible side reactions. In the later 

stages of the studies, the three subunits of the bench-scale system will 

be integrated and operated as one unit. This will provide additional 

valuable information for pilot plant design and operation. Process 

engineering efforts will show the energy efficiency that can be obtained, 

will give guidance to further chemlcal <:Uld bench scale investigat:!on~, Hull 

will become a basis for realistic cost estimates. 

This document is a progress report on the DOE-sponsored work for the 

period October 1, 1978 through September. 30, 1979. Section 2 describes the 

bench-scaLe investigations. Section 3 presents the closed-loop cycle 

demonstration effort, and Section 4 represents the process engineering 

effort. Detailed information related to the Work Plan and Activity Plan, 

program objectives, and engineering flowsheets is included as appendices. 
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2. BENCH-SCALE INVESTIGATIONS 

Bench-scale studies are the logical first step in the scaleup of 

the sulfur-iodine water-splitting process. The design of the bench-scale 

system is based on the results of extensive chemistry studies of the three 

basic reactions described earlier. The main objective of· the bench-scale 

unit is the studyof the cycle under continuous flow conditions by modeling 

the main solution reaction, product separation, and concentration and 

decomposition of H2so4 and HI. The bench-scale investigation effort was 

carried out in accordance with the approved FY-79 Work Plan (Appendix A). 

The unit is divided into three ·Subunits: subunit I represents the main 

solution reaction, subunit II represents the sulfuric acid concentration 

and decomposition, and subunit III represents the hydrogen iodide concen­

tration and decomposition. The designs of subunits I and II were presented 

in an earlier annual report (Ref. 2-1); design of subunit III is given in 

Section 2.1. Progress on the installation and operation of subunits I and 

II is described in Sections 2.2 and 2.3, respectively. When completed, 
-5 the system will operate at a production raie of approximately 6.6 x 10 

m3/s (~4 liters/min). 

The three subunits are described briefly as follows: 

Subunit I - The main solution reaction is carried out in this 

subunit. The H2o and so
2 

are injer.tP.d in a contact reactor 

where the two acid phases are formed. The products are then 

passed into a .gas separator, where the excess so2 is removed 

for recycle, and eventually into a liquid-liquid separator, 

wlu,~re the two phases are separated and collected. 

3 



Subunit II - The H
2
so

4 
phase from subunit I is purified, con­

centrated, and pyrolized at temperatures up to 1144 K. Un­

cracked H
2
so

4 
is recycled to the concentration column, and 

wet so
2
-o

2 
produc~ can then either be passed to a caustic 

ocrub pr:tor to metering and discharsing or recycled to sub­

unit I without removal of o2 . 

Subunit III - This subunit separates HI from the lower phase 

product of the main solution reaction (containing HI, I
2

, and 

H2o) by a treatment with concentrated H
3

.PCJ 
4

• ThE.! HI is eh~l'l. 

catalytically decomposed at moderate temperature. 

During FY-1979 several major accomplishments were made ~n the bench­

scale effort. A new process equipment enclosure was completed which will 

eventually house all three subunits. Installation of the new enclosure 

in a separate laboratory provides the needed space for future integration 

of the three subunits. It also greatly improves the safety of the bench­

scale operations. This new ventilated plexiglass enclosure provides good 

visibility of the process and permits easy access to the equipment. 
i 

Subunit I was removed from its old location lu a laboratory hood artd 

installed in the new enclosure. Information gathered during earlier 

operation of subunit I was used to improve the design of the system before 

reinstallation. Subunit II was also irtsr:alle<.l lu the new enclosure. Suh-

units I and II have both undergone equipment and operational shakedown, 

and gathering ot data was iulLlaL~J. De~ign of oubunit TTT wAs c.ompleted 

and all purchase orders were let. Installation of subunit III is scheduled 

for FY-1980. 

Continued basic research in the chemistry area has resulted in process 

changes that represent improvements in the efficiency or cost of the pro­

cess. Since design and installation of the bench-scale subunits preceded 

these process changes, they are not part of the present bench-scale system. 

However, it is anticipated that the improvements will be added to the bench­

scale system at a later date in order to demonstrate their performance at 

bench-scale level before scaleup to pilot plant level. 

4 



2.1. DESIGN AND PROCUREMENT OF SUBUNIT III 

2.1.1. Design Criteria for Subunit III 

The overall design criteria for subunit III of the bench-scale process 

are substantially the same as those for subunits I and II: 

1. The unit will reproduce the individual process operating steps 

of the large-plant conceptual flowsheet. 

2. The process operating steps will occur at the temperature 

and pressure conditions of the conceptual flowsheet. 

3. The bench-scale equipment will be designed and instrumented to 

facilitate the gathering of performance data useful for·guiding 

Scaleup and detailed design of pilot plant equipment. 

Material and resource considerations made it impossible to strictly 

meet all the foregoing criteria. However, planned modifications to the 

system at a later date will make it possible to meet the design criteria. 

An example of the departure from the above design criteria is the HI 

decomposition reaction, which occurs at substantially ambient atmospheric 

pressure instead of 5.065 x 106 Pa (50 atm). This is due to the fr~l"t that 

the equipment for this process is presently designed from glass. An 

all-metal HI decomposition system is being designed and constructed under 

separate funding. It is expected that this system will eventually replace 

the glass apparatus in the bench-scale system. 

The design criteria presented in Sections 2. 1. 1. 1 through ? .. 1, 1. 7 

define the functional subsections of subunit III as follows: 

1. Feed system. 

2. I
2 

separation system. 

3. HI distillation step. 

5 



4. H
3

Po
4 

concentration step. 

5. HI decomposition step. 

6. HI recycle system. 

7. H
2 

purification step. 

2.1.1.1. Feed System. The feed system will provide a metered flow of 
-6 3 

heavy phase liquid effluent from subunit I at a rate of 0.7 x 10 :m/s 

and a pressure of 600 Pa to a discharge pr·essure of ambient. The heavy 

phase from subunit I is assUiii~d to hetvt: d mole rot to oompor;:i ti nn nf 

HI· 3.8I
2

· 5.SH20 · 0.01H2so
4 

at temperatures from ambient to 370 K. 

The feed system will be capable of synthetic feed solution makeup in 
-2 3 batches of 10 m each, with a makeup ttme not exceeding 30 min. The 

synthetic feed solution composition is: 11.0 wt% HI, 81.1 wt% I 2 , 

7. 8 wt % H.
2 
0, and 0. 1 wt % H

2
SO

4
. 

The nominal H2so
4 

content of actual or, synthetic heavy phase represents 

a mixture of sulfur species that is not defined but which is probably 

predomin~,~ely H2so
4

. Molar equivalent amounts of so2 and of elemental 

sulfur may b~ 8ubstituted for undefinA~ [ra~Llona of tho H~S01 spPrified 
"" ·I 

for snythetic feed. 

The feed system will provide metered synthetic feed for stored heavy 

phase from subunit I to the I
2 

-separation system at rates from 0.5 x 10-
6 

-6 3 to 1.0 x 10 m /s. The storage volume in the feed system will accept a 
-6 3 

minimum of 4 hours flow of heavy phase frum subtmit I at 0. 7 x 10 m /s. 

The feed system will also meter HI vapor at a rate of U. ~ x ·1 0-S m3 /'ci 

at STP* to the HI decomposition step anq have a N
2 

purge capability for 

flushing H
2 

gas from the HI decomposition step equipment and HI recycle 

system subsequent to completion of a period of operation. 

*zag K and 1~013 x 10-5 Pa (60°F and 1 atm). 

6 



2.1.1.2. I 2 Separation System. The I 2 separation system will receive 
-6 3 heavy phase from the feed system at a rate of 0.7 x 10 m /sand will 

separate the I 2 as liquid from the heavy phase by countercurrent contact 

with 100% H3Po4 at a rate sufficient to substantially remove all water 

from the liquid I 2 that is separated from the heavy phase. The H
3
Po

4 
flow rate into the 12 separation system is expected to be in the range 

-4 -4 . 
4 X 10 tO 8 X 10 . kg/ S. 

The system will provide means of scrubbing with water substantially 

all entrained H3Po4 from the I
2 

before the I
2 

liquid leaves the I 2 
separation system. The scrub water flow rate into the I

2 
separation system 

-5 -5 is expected to be in the range 1 x 10 to 2 x 10 kg/s. Conditions in 

the scrubbing operAtion will be maintaineu such that both the water and 

the iodine are liquids. The raffinate of the water scrub operation will 

be introduced into the H3Po
4

-HI-H
2

o phase of the I
2 

separation operation 

and the combined flow conducted to the feed subsystem of the HI distillation 

step. 

2.1.1.3. HI Distillation System. The HI distillation step will accept 

H
3

Po
4

-HI-H2o solution from the I
2 

separation step at A volumetric flow 
-6 -6 3 rate of approximately 0.5 x 10 to 0.8 x 10 m /s and will provide a 

gaseous effluent of HI vapor that is substantially free of water vapor at 

a rate of 0.25 x 10-3 kg/s. The HI may be accompanied by a variable amount 

of I 2 vapor tlow, the amount of which is indefinite but probably of a 
-3 magnitude of about 0.5 x 10 kg/s. Total volumetric vapor flow rate of 

HI-I2 effluent from the HI distillation step is expected to be in the 
-5 -4 3 range 5 x 10 to 10 m /s at STP. 

Approximately 85 wt % H
3

Po
4 

effluent substantially free of HI and at 

a temperature less than 350 K will leave the HI distillation step at a 

flow rate of approximately 0.7 x 10-6 m3/sand will be conducted by 

gravity Lu Lhe H
3
Po4 concentration step. The HI-H20 separation will be 

accomplished by extractive distillation using H
3
Po4 as the extraction agent. 

Diotillation ovel:l•ead ''reflux" will be 100% H3Po
4 

with a flow rate in the 
-6 -6 3 range 0.1 x 10 to 0.3 x 10 m /s. 

7 



~ 2.1.1.4. H3Po4 Concentration Step. The 85 wt% H
3
Po

4 
effluent of the HI 

distillation step will be heated to sufficient temperature, up to 495 K, 

to substantially remove all water vapor from the H
3
Po

4
. The water vapor 

will be discarded and 100% H3Po
4 

will be recycled to the I 2 separation 

system and to the HI distillation step at the metered rates specified in 

the design criteria for those subsections of bench-scale subunit III. 

Effluent water vapor will be condensed before being discarded. 

2.1. 1.5. HI Decomposition Step. The Hl and I
2 

vapor effluent from the 

HI distillation step will be cooled to a temperature slightly eJ~:ceeding 

the melting point of iodine, and condensed iodina will be separated from 

the residual vapor before the vapor is metered at a rate of approximately 
-3 3 0.5 x 10 m /s at STP into a vertical tubular heated chamber. Thermal 

decomposition of the HI vapor will occur in the heated chamber at a con­

trolled temperature in the range 450 to 1200 K at substantially ambient atmo­

spheric pressure. The controlled temperature volume for HI decomposition 
. -3 3 

will be approximately 4 x 10 m including catalyst volume, if any. 

Provision will be made for introducing and removing catalyst through a 

vapor-tight removable closure at the top of the decomposition chamber. 

Controlled heating capability will also be provided to prevent condeusation 

of iodine from the decomposition chamber effluent. 

2.1.1.6. HI Recycle System. The HI recycle system will accept the 

gaseous effluent HI decomposition products from the HI decomposition step 

1 . f . 1 2 5 10-3 m3/s at STP. Tl at a vo umetr1c rate o approx1mate y . x 1e gas-vapor 

input will first be cooled to a temperature slightly above the melting 

point of iodine (387 K), and condensed iodine wlll be acparatod fro~ thP. 

residual gas-vapor. The residual gas-vapor trom the 1 2 cuuJensation will 

then be chilled with liquid nitrogen or dry ice to a sufficiently low 

temperature to remove substantially all .condensable vapors from the H2 
product gas. Provision will also be made to t'evap·orizc the HI conrlP.nsed 

at liquid nitrogen or dry ice temperature for recycle at metered rates 

of approximately 2 x 10-3 m3/sat STP to the HI decomposition step. The 

capability of conducting a metered flow of approximately 1 x 10- 6 m3 /~ of 

residual gas from the I 2 condensation to output effluent hydrogen from the 

HI recycle system will be provided. 

8 



Z.1.1.7. Hz Purification Step. The Hz purification step will provide 

countercurrent scrubbing with water to remove low concentrations of HI 

from the effluent Hz of the HI recycle system. The Hz purification system 

will accept and meter the Hz effluent from the HI decomposition system at 

a rate of approximately 1.Z x 10-4 m
3
/sand will accept and meter scrub 

water at a net average rate of approximately 0.01 x 10-6 m3/s. Gas/liquid 

flow ratios in the countercurrent scrubbing operation will be maintained by 

recycle of aqueous raffinate to the water feed point of the scrubbing 

column. Provision will also be made for periodic transfer of aqueous 

scrub raffinate to the feed input of the HI distillation step. 

Z.1.1.8. Safety Criteria. Pressure relief will be provided for heated 

lines and equipment to safeguard against pressure buildup in the event of 

heater control failure. P~essure relief will be provided for cold traps to 

safeguard against pressure buildup in the event of loss of cooling. 

Positive displacement pumps will be provided with pressure relief to pre~ 

vent pressure buildup in the event of discharge flow blockage. 

Provision for nitrogen flushing before startup and following process 

operation, to prevent formation of air-hydrogen mixtures in the combustion 

and explosion ranges in the equipment, will be provided. Hydrogen product 

vented from the equipment will be immediately mixed with a large quantity 

of air in turbulent flow such that the air-hydrogen mixture is wPll below 

the explu~lve limit. 

Z.1.1.9. Instrumentation and Control Criteria. Flow, pressure, and level 

control will be manual. Sufficient surge capacity between unit operations 

will be provided to uncouple dynAmic operating characteristics of individual 

operations. Heat and temperatur~ control of equipment items will generally 

be auLumatic; heat and temperature control of line heat tracing will 

generally be manual. The choice of heat and temperature control is Rllhje.ct 

to onccptioD fur Hpetitic reasons. 

9 



{ 
2. 1.1.10. Materials of Construction. Materials of construction will be 

resistant to corrosion, decomposition, and degradation of physical prop­

erties by exposure to HI, H2o, 12 , H
2
so4 , S, H

2
s, and H

2 
under the pressure­

temperature servi(.;e conditions spP.d.fied in Table 1. In general, glass and 

Teflon materials in contact with process materials will be preferred, 

unless some specific considerations supervene. 

2.1.2. Flowshe::et and Proc.ess Description 

F l~~Jre 1 ohows .;a t;lPt.:lilt:d flowsheet for subunit III, the HI con­

centration and decomposition system. The basic functions of Llu:~ principal 

equipment items are given in the following process description. 

Degassed "heavy phase" from subunit I enters subunit Ill through 

positive displacement pump P-1. It is necessary to pump this liquid from 

subunit I because the output pressure from the degassing chamber of sub­

unit I is approximately 600 to 6000 Pa (0.006 to 0.06 atm), whereas vessels 

V-1A and V-1B of subunit III are approximateJy at ambient atmospheric 

prP.sS11re. The heavy phase c3n be stnred in either· V-1A or V-1B while 

synthetic heavy phase makeup in the other feeu vessel ic occurr·ITJg. Heavy 

phase from P-1 can be pumped directly to the processing portion of subunit 

III, bypassing the entire feed makeup and storage system. The feed makeup 

recircul~tion pumps P-2A and P-2B are of the centrifugal type and have two 

purposes: (1) to provide continuous recirculation stirring and temperature 

control of stored feed~ and (2) to provid~ pr~ss1rrc head aeainst feed flow 

control valves F-2A and F-2B. The magnitude of this pressure head is 

controlled mainly by bypa~>s vAlves FC~1A and FC-1B and possibly, to a 

lesser extent, by partial~y closing shutoff valves VA-8A and VA-8B. 

Feed from FC-2A or FC-2B is filtered in F-1 to remove adventitious 

crud before metering the flow with an orifice-manometer combination con­

sisting of FI-2 and PI-2. The metered feed is then contacted with dry 

H
3
Po

4 
in packed column V-2. The H

3
Po

4 
strips H

2
o and HI from the heavy 

1.0 



Equipment 
Nllllber 

C-1 
c-2 
C-3 
C-4 
C-5 

Cl'--1 
CF-2 
CF-3 
CF-4 
CF-5 

CT-1 
CT-2 
CT-3 

CV-1 
CV-2 

F-1 
F-2 

Fe-lA 
FC-lB 
FC-2A 
FC-!B 
FC-l 
FC-4 
FC-5 
FC-6 
PC-i' 
FC-1! 

TABLE 1 
EQUIPMENT LIST FOR HI CONCENTRATION AND PYROLYSIS BENCH-SCALE SYSTEM, SECTION III 

Equipment Name 

lilet R,PO., Cooler 
D.ry R,PO., Coole:­
Vaste Water Coodenaer 
II Still ! 2 Conienaer 
BI Decomposer I~ Coodenser 

Check-Float Vah;e for Surge Tank V-4 
Check-Float Val~e for Surge Tank V-l 
qbeck-Float Valve for Surge Tank V-6 
Check-Float Valve for Surge Tank V-16 
Check-Floe% Val~ for Surge Taok V-11 

B[ Decomp. Feed ·Press. Reg. Cold Trap 
P:'oduct H2 Cold Trap 
Recycle HI Cold Trap 

N~trogen Purge Cleek Valve 
R! Supply Check Valve 

S£mple Port for Density Sample, V-8 
Sanple Port for I•ensity Sample, V-11 

Feed Filtex 
SUlfur Solids Filter 

Feed Pump 2A Bypass 
Fe2d Pump 28 Bypass 
Fe~d Pump ~\ Throttle 
Fe~d Pump 23 Throttle 
Ai:' Flow Control :o C-5 
I 2 Cleanup H20 Input Flow Control 
H2 0 Scrub to V-13 Flow Control 
Coac. H,PO., Pump P-6 Bypass 
Cooc. HaPO., Feed to V-2 Flow Control 
CoLe. R,PO., Feed to V-7 Flow Control 

Material of Construction 

Glass 
Glass 
Glaas 
Glaas 
Glass 

Class 
Glass 
Glass 
Glass 
Glass 

Glass 
Glass 
Glass 

Teflon 
Teflon 

Glass 
Class 

Teflon 
Teflon 

Teflon 
Teflon 
Glass-Teflon 
Glass-Teflon 
Stainless Steel 
Teflon 
Glass-Teflon 
Teflon 
Glass-Teflon 
Glass-Teflon 

Normal Process Ma~erials 
Exposure<a 

R,PO.,,H 20(S) 
H,PO., 
H.o 
HI,I 0 (1to0) 
HI,I 2 (H 20) 

HoO,H,PO., (Io,HI) 
Io (H,PO.) 
HI,H,PO.,,HaO (Io,HoSO.,) 
HsPO.,,H.O 
H,PO• (H.O) 

HI (I.,H.O) 
H.,HI(I.,H.O) 
H2 ,HI (1 2 ,H 2 0) 

No (HI,I.,H 2 0) 
HI (H:r(), I.) 

H,PO.,H.O 
H,PO.,,H.O 

HI,H.o,I. (H.so.> 
H,PO.,H.O (S} 

HI,H.O,Io (H.SO.,) 
HI,H.o,I. (H.SO.,) 
HI,HoO,I• (H.SO.,) 
HI,H.o,I. (a.so.) 
Air 
a.o (I.} 
HoO (HI) 
HsPO. (HoO). 
H,PO., (HoO) 
H,Po. (H.o> 

Normal OperatinR Conditions 
Temperature P.ressux.v) 

"K Paxlo-• to 

~425 
~490 
~373 

388 
388 

~375 
390 
390 

~315 
~315 

78-300 
78-300 
78-300 

'1.300 
'1.300 

425 
~315 

390 
<315 

390 
390 
390 
390 

~390 
'1.300 
'1.300 
~315 
S.315 
S.315 

"-1.3 max 
"-l. 3 max 
"-1.3 max 
"-1.3 max 
'1.2.3 
'1.2.0 
'1.2.0 
"-l. 3 max 
"-1. 3 max 
"-1.3 max 



TABLE 1 (Continued) 

Normal OperatinE Conditions · 
Equipment Material of Normal Process ~terials Temperature Pressurtb) 

Number Equipment Name Constructio::l Exposure (.a) "K Paxl0-5 

I 

Fc-9 Air Fl~w Control to C-4 Stainless Steel Air S-390 2.3 
FC-10 HI Decomp. Feed Flov Control Gh.ss-Teflon HI (I: ,H.O) '1.390 --
FC-11 HI Decamp. Recycle Feed Flow :ontrol Glass-Teflon HI '1.300 --
FC-12 Cold Trap CT-2 Bypass Flow ~~trol Glass-Teflon H2 ,HI,I. (H 20) '1.300 --
FC-13 HI Makeup Feed Flow Control Glass-Teflon HI (1 2 ,HoOl '1.300 --
FC-14 Auxiliary Boilup Water for V-8 Flow Control Stainless Steel H20 (RsPO.) '1.300 --
FI-1 HI Makeup Supply Flow Rotameter K)-nar-Glass HI (I 2 ,H 20) "-300 --
FI-2 Heavy Phase Feed 6P Orifice Teflon HI,I.,H,O (H 2 SJ ,) 390 --
FI-3 H.o Scrub Flow Rotameter for ·v-5 Kynar-Glass H20 (I, ,HsPO.) '1.300 1.7 
FI-4 HI Distillation Col,.DDn V-7 F1:ed Flow Rotameter K!"'lar-Glass HsPO.,,HI,H.O o.,H.so.: <390 --
FI-5 H8 P04 Distillation Column V-' Feed Flow K:rr.ar-Glass HsPO;, (H2 0) s315 --

Rotall!l!ter 
FI-6 Cone. HsP0 4 Scrub Flow to V-~ Rotameter K·(tlar-Glass HsPO• (H 2 0) S315 --
FI-7 Cone. HsPO. Scrub Flow to V-2 Rotameter K:yuar-Glass HsPOo cu.o) S315 --
FI-8 HI Decomposer Feed Flow Rotaneter Kynar-Giass HI (I.,H,O) '1.400 
Fl-9 HI Decomposer Recy·:.le Feed Y:low Rotameter Kynar-<:lass HI '1.400 --
FI-10 Scrubbed H2 Product Rotamet~ Kynar-Glasa H. CR.o) "-300 --

N 
FI-ll H2 Feed Flow to V-13 Rotal!leber Kynar-Glass H.,RI (I,) ~300 --
FI-12 H2 0 Scrub Flow Rotameter to H2 Scrub IC:ynar-Glase H.o (H 2 ,HI) "-300 --

Column V-13 
FI-13 Cold Trap CT-2 ·Bypass Flow Eotametet Eynar-Glass HI,H 2 (I.) "-390 --
FI-14 Auxiliary Boilup ~ater for 1-8 Flow Rotameter Kynar-Class H2 0 (HsPO.) '1.300 --
H-lA Feed. Tank V-lA Circulation line Heater (c) -- ~390 -
H-28 Fee~ Tank V-lB Circulation Line Heater (c) -- :.390 --
H-2 I2 SepaJ;_atiqn, Col.m _V-2 He.ater (c) -- ~390 --
H-3 C-4. C-5, and V-3 Air.Supply Heater (c) -- :.390 --
H-4 I 2 Scrub Column V-5 Heater (c) -- ~390 --
H-5 I 2 Scrub Aqueous ~ffinate Recycle Feed to (c) -- :>390 --

V-2 Heater 
H-6 Cone. HsPO• Feed to V-2 Heater (c) -- ~390 -
H-7 HoO Scrub Feed to V-5 HeatEr (c) -- ~390 --
H-8 HI Distillation Column V-7 'Feed Heater (c) -- "-400 --
H-9 HI Still Reboiler V-8 Heater (c) -- 425 --
H-10 HI Distillation Column V-7 Heater (c) -- ~425 --
B-ll H8 PO. Concentrati·~n Column V-9 Feed Heater (c) -- 425 --

I 

-._. 



Equipment 
Number 

H-12 
H-13 

H-15 
H-16 
H-17 
H-18 
H-19 
H-21 
H-22 
H-23 

LC-1 
LC-2 
Lc-3 
Lc-4 
LC-5 
LC-6 
LC-7 

w 
LC-8 

LI 

P-1 
P-2A 
P-2B 
P-3 
P-4 

P-5 

P-6 

Equipment Name 

~PO,, Concenuation Column V-9 Heater 
Cone. HaPO• Feed to HI Dist. Col. V-7 
Heate.r 
!2-HJ. Phase Separat()([' R-1 Heater 
HI Decomposition Furnace 
lo Condensation Prevention Heater for V-12 
HI Recycle Feed to v~12 Heater 
Ia-HI Phase Separato·r R-2 Heater 
HI Decompositi·Jn Vessel V-12 Feed Heater 
Cone. HaPO• Re:Joiler V-10 Heater 
Prod~t Ha from V-13 Heater 

Columa V-2 I 2-H0 PO. =nterface Level Control 
Column V-5 I 2-B2 0 Interface Level Contra] 
HI Diatillatioa Reboiler V-8 Level Control 
Cone. H,PO. Rehoiler V-10 Level Control 
I2 L~el Control for Phase Separator R-1 
Ia Le•el Control for 'Phase Separator R-2 
Pump r 7 7 Bypass Valve for Level Control in 
v-14 
Pump r-3 Bypass Valve for Level Control i~ 
V-4 

All Ll functions are by visual sight 
in glesa equipment. 

Feed Jnput Positive Displacement Pump 
Tank \1-lA Feed ·Jutput Pump 
Tank \1-lB Feed •Jutput Pump 
I 2 ScDUb Aqueous Rafflnate Recycle Pump 
HI Distillation Column V-7 Feed Metering 
P~.~~:~p 

H,PO. :oncentracion Column Feed Metering 
Pump 
Cone. :I,PO. Recycle PUJIIII·: 

TABLE 1 (Continued) 

Material of Construction 

(c) 
(c) 

(c) 
(c) 
(c) 
(c) 
(c) 
(c) 
(c) 
(c) 

Glass-Teflon 
Glass-Teflon 
Glass-Teflon 
Glass-Teflon 
Glass-Teflon 
Glass-Teflon 
Glass-Teflon 

Glass-Teflon 

Carbon-alumina 
Polypropylene 
Polypropylene 
Polypropylene 
Carbon-alumina 

Carbon-alumina 

Polypropylene 

Normal Process Materials 
Expcsure(a) 

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

I. (HaP04 ) 

I. (H.o) 
H,PO.,HoO (S) 
H3 PO. (HoO) 
I a (HI,HoO) 
I a (HI) 
HoO,HI 

HoO,H,PO. (Io) 

--

Hl,Ho,HoO (H,so.> 
HI, Io,HoO (H 1 SO.) 
HI, Io ,HoO (H,so.) 
H,.O,HaPO. (Iz) 
HI,HoPO.,H.O (I. ,H.so. > 

Hsi?O• ,HoO 

HaPO .. (HoO) 

Normal Operating Conditions 
Temperature Pressur~ ) 

"K Paxlo-•~b 

490 --
~390 --
'1.400 --

388 --
~1000 --

400 --
400 --

~500 --
'1.315 --

315 --
390 --
390 1.7 

~315 --
?.315 --

388 --
388 --

'1.300 "'1.3 max 

<375 '1.1.3 max 

-- --

369 0.006 - l,lll3 
390 "'1. 3 max 
390 "'1.3 max 

<390 "'1. 3 max 
!315 --
~315 --
.!0315 "'1.3 max 



Equipment 
Number 

P-7 
P-8 

PCV-1 
PCV-2 
PCV-3 

PI-lA 
PI-lB 
PI-2 
PI-3 
PI-4 

PRV-1 

PRV-2A 
PRV-28 
PRV-3 
PRV-4 
PRV-5 
PRV-6 
PRV-7 
PRV-8 

PS-1 
PS-2 

R-1 
R-2 

TC-L'I. 
TC-lB 
TC-2 

Tc-3 

Equipment Name 

H2 Scrub Aqueous Raffinate Recycle Pump 
V-5 I 2 P:>sitive Displc.·::ement Feed Pump 

HI Decomposer Feed System Pressure Control 
I 2 Scrub Column V-5 PreSSQre Control 
HI CT-2 Bypass Metering P7essure Control 

Makeup lank V-lA Pressure. Gauge 
Makeup Tank V-lB Pressure Gauge 
Feed to I 2 Scrub Column V-2 Flow Manometer 
I 2 Scrub Column v-5 Pressure Gauge 
HI Decomposer Feed Pressure Gauge 

Positive Displacement Pump P-1 Pressure 
Relief Valve 
Makeup Tank V-lA Pressure Relief Valve 
Makeup Tank V-lB Pressure. Relief Valve 
Metering Pump P-4 Pre.ssu1·e Relief Valve 
Metering Pump P-8 Pressure Relief Valve 
Cold Trap CT-1 Pressure ~elief Valve 
Cold Trap ·CT-2 Pressure kelief Valve 
Cold Trap CT-3 Pressure ltelief Valve 
Positive Displacement Punp P-S Pressure 
Relief Valve 
Pump P-4 Flow Pulsatton 3nubber 
Pump P-5 Flow Pulsation 3nubber 

I 2-HI Phase Separator f~ I 2 Condenser C-4 
I 2-HI-H 2 Phase Separator for I 2 Condenser 
C-5 

H-lA Heater Controller, Makeup Tank 1-A 
H-lB Heater ControUer, Makeup Tank 1-B 
H-2 Heater Controller, ! 2 Separation Column 
V-2 
H-3 Hester Controller, -• Surge Tank V-3 

TABLE · (Continued) 

Material of Construction 

Polypro;>ylene 
Carbor..-alumina 

Teflon 
Tefl·Jn 
Tefl:>n 

(e) 
(e) 

Glass-'lleflon 
(e) 
(.e) 

Teflon 

Teflon 
Teflon 
Tef:.on 
Tepon 
Teflon. 
Teflon 
Teflon 
Teflon 

Teflon-Stainless Steel 
Teflon-Stainless.Steel 

Glass 
Glass 

Normal Process Materials 
Exposure<a: 

HI (I.,H.O) 
H.O,H,PO• (I) 
HI,H.,I, (H.o) 

RI,N.,H.o,I. 
HI,N,.,H.O,I• 
HI, I.,H.o (H.so.) 
I. (H,PD.) 
HI (I.,u.o) 

HI,I,,u.o 
HI,I,,H.o 
H~,H.PO.,H,o (I. u.so~) 
H,PO. ,H.O (S) 
HI (I 2 ,H 20) 
RI,H 2 

RI,H 2 

I. (H,PO.) 

R,Po.,H.o 
H,Po.,H.o 

HI CI.,H.o) 
HI,I.,H. (H 2 0) 

Normal 0DeratinR Conditions 
Temperature 

"K 

'1.300 
390 

390 
390 
390 

<390 
<390 

390 
390 
390 

368 

<390 
<390 
<315 
<315 
"-300 
"-300 
"-300 

390 

<315 
<315 

388 
388 

:1:390 
~390 
0!:390 

~390 

Pressure 
hxlo-•(b) 

"-1.3 max 
1.0-1.7 

(d) 
1.7 

~P"-0.15 m 10 (1) 
1.7 

(f) 

(f) 
(f) 
(f) 
(f) 
(f) 
(f) 
(f) 
1.7 



TABLE 1 (Continued) 

Normal Operating Conditions 
Equipment Normal Process ~terials Temperature Pressure 

Nuumer Equipment Name Material of Construction Exposure<a) OK Paxlo-•(b) 

TC'-4 K-4 Heater Controller, I. Scrub ColUIIn -- -- ~390 --
V-5 

TC-5 H-8 Heater Controller, HI Dist. Col. -- -- "-400 --
Feed V-7 

Tc-6 H-9 Heater Contrc·ller, HI Dist. ReboUer -- -- ~~25 --
V-8 

TC-7 H-ll Heatet· Cont t:·oller, RsPO. Cone. Col. -- -- 425 --
V-9 Feed 

TC-8 Heater H-22 Controller, HsPO• Cone. R.!!boiler -- -- i500 --
v-~o 

Tc-'9 Heater H-13 Contr~ller, HI Dist. Col. V-7 -- -- ~390 -
HI Output 

TC-10 Reuter R-10 Conttoller, HI Dist. Col. V-7 -- -- !:425 --
HI: Output 

TC-il.2 Heater H-15 Controller, I. Phase Separator -- -- "-400 --
R-l 

TC-13 He.ater H-16 Controller, HI Decomp. Fumace -- -- 388 --
TC-15 He;ater H-19 Controller, I. Phase Separ.ato.r -- -- "-400 --

\J1 
R-::! 

TI-i Feed to V-2 Tempet:ature (g) -- 390 --
rr-: H2C• Raffinate of I 2 Scrub to V-2 Temper:ature (g) ' -- 390 --
ri-3 CoLe. RsPO. Feed to V-2 Temperature (g) -- 390 --
TI-L H2C Scrub to V-5 Temperature (g) -- 390 --
TI-~ HI~sP04-H20 Overflow from V-2 Tempera:ure (g) -- 390 --
n-e Wet HsPO. Surge Tank V-16 Temperature (g) -- ~315 --
TI-7 Dry HsPO• Surge Ta:tk V-ll Temperature (g) -- i315 --
TI-8 Feed Filter F-1 Temperature (g) -- 390 --
'!I-9 I 2 Condenser C-4 Air Supply Temperature (g) -- !:400 --
TI-10 Scr~bbed R0 ?roducc Temperature, from \"-13 (g) -- '1.300 --
TI-11.. HI Decomposiclon Temperature in V-12 (g) -- 390-1000 --
TI-12 HI ~ecomposition Feed Inlet Temperature to (g) -- "-400 --

V-H 

0 



Equipment 
Number 

TI-13 
TI-14 

V-lA 
V-lB 
V-2 
V-3 
V-4 
V-5 
V-6 
V-7 
V-8 
V-9 
V-10 
V-11 
V-12 
V-13 
V-14 
V-15 
V-16 

VA-l 
VA-2 
VA-3 

VA-!, 
VA-SA 
VA-58 
VA-6A 
VA-68 
VA-7A 
VA-78 
VA-8A 
VA-BB 
VA-9 
VA-lOA 
VA- lOB 

Equipment Nc.me 

I 2 Conder.ser C-5 Air S.ppl~ Temperature 
Waste Water Temperature, t~ V-15 

Feed Makeup and Storag: T~~ 
Alternate Feed Makeup and StorB.Ee Tank 
Ia Separation ·column 
Ia Surge Tank 
HaO Raffinate of ! 2 Scrub Surge Tank 
Ia Scrub Column 
Feed for HI Distillati~n Surge tank 
HI Extractive Distillatioru Column 
HI Distillation Reboi:ar 
H,PO. Concentration Columa 
H,P0 0 Concentration Calum~ Rebodler 
Concentrated H3 P04 Surge rank 
HI Decomposer Vessel 
Ha Prod·~ct Scrubbing Coltnn 
Ha Scrubbing Column V-13 Surge Tank 
Waste H2 0 Collection •easel 
HsP04 Concentration Colwm Feetl Surge Tank 

No Purge Shutoff Valve 
Heavy Phase Feed Bypass •alve 
Makeup Tanks V-lA and B lnterc::mnection 
Valve 
Feed Sample Valve 
Gases ?eed Valve to tank lA 
Gases Feed Valve to ~ank lB 
Heavy Phase Inlet va·:ve ·to Taa"ot lA 
Heavy Phase In"!et Valve to Tank lB 
Tank lA Outlet Valve 
Tank IB Outlet Valve 
Pump P-2A Discharge throttle ~alve 
Pump P-2B Discharge Thr~ttle ~alve 
Filter F-1 Bypass Valve 
Filte= F-1 Outlet Vs.lve 
Filter F-1 Inlet Valve 

TABLE (Continued) 

Materials -~= Construction 

(g) 
{g) 

Glass 
Glass 
Glass 
·:aass 
Glass 
Glass 
Glass 
Glass 
Glass 
Glass 
Glass 
Glase 
Quartz 
Glass 
Glass 
PolypTO?ylene 
Glass 

Tefl::1~ 

Tefl.o:t 
Tefl.oa 

Tefloo 
Teflon 
Teflcn 
Tef:c-n 
Teflon 
Teflen 
Teflon 
Tefl·~n 
Tefl.::lr. 
Tefbr. 
Tefl.Dr.. 
Tefllon 

Normal Process Materials 
F.xposureCa) 

HI,Ia,HoO (HaSO.) 
HI,Ia,HaO (HaSO.) 
EI,H,PO. ,I 2 ,H 2 0 (H,S•J 4 ) 

Ia (H,PO.) 
HaO,H,PO. Cia) 
HoO,Ia (H,PO.) 
HI,H,POo ,H 20 (Ia,H:,SOo) 
HI,H,PO.,HaO (Ia,s: 
H,PO.,HoO (S) 
H,Po.,H.o 
H,PO. (H.O) 
H,Po. (HoO) 
HI,H 2 ,Io (H 2 0) 
HoO,Ho,HI 
HoO,HI (H 2 ) 

HoO 
H,PO.,HoO 

No (HI) 
HI,I 2 ,H.O (HaSO.) 
HI,I 2 ,H 20 (HaSO.) 

HI,Ia,H:O (P.aSO.) 
HI,Na (I• ,HoO) 
HI,Na (!o,HoO) 
HI,I 0 ,Ho0 (H.SO.) 
HI,Io,HoO (HoSO.) 
HI,I,.,HoO CH.so.) 
HI,Ia,HoO (HoSO.) 
HI,Io,HoO (HoSo.: 
HI,I 2 ,Ho0 (H 0So.: 
HI,Io,HoO (Hoso.: 
HI, Io, P.oO (HaSO. ·, 
HI,Io,EoO (HoSO.o 

Nonnal Operating Conditions 
Temoeratute Pressure 

.• K Paxlo-•(b) 

2:400 
2315 

390 
390 
390 
390 

~375 

390 
"'390 
~425 

425. 
~490 

~500 
~315 

390-1000 
"-300 
"-300 
~315 
~315 

"-300 
368 
390 

390 
<390 
<390 
~368 
2:368 

390 
390 
390 
390 
390 
390 
390 

1.7 

"-1. 3 max 
"-1.3 max 



TABLE 1 (Continued) 

Normal Operatinlt Conditions 
Equipment Normal P~ocess Materials Temperature Pressure 

NUIIlbEr Equipment Name Materials of Construction Exposure(&) "K Paxlo-•(b) 

VA-ll Io Scrub Raffinate Tank V-4 Drain Valve Teflon HaO,H,PO. (I a) <375 --
VA-112 HI Distillation Column Feed Sample Valve Teflon HI,H,PO.,HaO (I.,a.so.) '1.400 --
VA-L3 HaPJ. Concentration Columns Feed Tank V-16 Teflon H,Po.,H.o ~315 --

Drain Valve 
\'A-H H0 P•)0 Concentration Column V-9 Feed SBIIlple Teflon H,Po.,H.o :!0315 --

Val7e 
VA-:.3 Cone. H,PO. Surge Tank V-11 Sample Valve Teflon HaPO. (H.o) i315 --
VA-16 Cone. H,P00 Pump P-6 Discharge Drain Valve Teflon H,PO. (H 20) ~315 --
VA-H HI •ecomposex· V-12 :Feed Sample Valve Teflon HI (1 2 ,HaO) 390 -
VA.-18 HI I•ecompose~ V-12: Product Sample Valve Glass. HI,H 2 , I a CHaO) <460 --
VA-19 Pum~- P-7 to v-6 DiSICharge Valve Teflon HaO,HI '1.300 1.3 max 
VA-20 CT-l HI Output Valve to Scrubbing Teflon Ha (HI) 78-300 --
VA-21 CT-2 Transfer to CT-3 Valve Teflon HI,Ha (I. ,a.o) 78-300 --
VA-'12 Ha Froduct fr~m CT-2 Outlet Valve Teflon Ha (HI) 78-300 --
VA-23 CT-2 HI Output Recyde Valve Teflon HI (Ia,HaO) '1.300 --
VA-2!. CT-3 HI Output Recycle Valve Teflon HI (I 2 ,H 20) '1.300 -
VA-25 HI ~composer V-12 Fresh and Recycle Teflon HI (I a ,HaOl 390 --

Feed Mixing Valve 
VA-26 -Ho P~oduct from CT-J Outlet Valve Teflon Ha (HI) 78-300 --
VA-2! 8 2 S~rub Raffinate from V-14 Sample Valve Teflon RaO,HI (Ha) '1.300 --
VA-21 Sulfqr Filter F-2 B}~ass Valve Teflon H,Po.,H.o (S) i315 --
VA-29 Sulhr Filter F-2 Outlet Valve Teflon H,Po. ,H 20 '315 --
VA-30 Sulfar Filter F-2 Iclet Valve Teflon H,PO. ,HaO (S) :!0315 --
VA-31 Recy~le HI Sample Valve Teflon HI (1 2 ,H 20) '1.300 --
VA-3:<. Bo Product Outlet-Sample Valve, before Teflon Ha (HI) >78 --

Scrut'bing 
VA-33 8 2 P~duct Feed Shutoff Valve to Scrubbing Teflon Ha (HI) >78 --
VA-34 Scrubbing Column V-13 Raffinate Recircula- Teflon HaO,HI (HaOl "-300 1.3 max 

tion valve 
VA-3> N1 Purge Valve to HI Decomposition Feed Teflon F. a ,HI (Ia,H,O) <390 --

Strea:m 
VA-36 Na Purge Shutoff Valve to H,POo Portion of Teflon HI,N 2 (1 2 ,H.O) :!0390 --

System ' 

VA-37 HaO S~pply-Shutoff Valve to Ha Scrubber Teflon HaO "-300 '112.0 
V-13 

VA-38 Coudemsed I 2 in R-1 Recycle Valve to V-2 Teflon I. (HI,H 20) 390 --



00 

TABLE. 1 (Continued) 

Normal Operating Conjitions 
Equipment Normal Process Materials ':emperature Pressure 

Number Equipment Name Materials d Construction Exposure(a) "K Psxlo-• (b) 

VA-39 Condensed Ia in R-2 Re.cycle Valve to V-2 Teflo-:~ I a (HI ,H .. O) 390 --
VA-40 Air Supply Shutoff Val·Je Stain.!.ess Steel Air '1.)00 '1.2.3 
VA-41 CT-1 HI Output Recycle Valve Teflon !l• (HI) '1.]00 --

(a) Constituents .?resent only i.e. 811Bll amounts are shown parenthet::.cally. 

(b) Unless otherwise specified, pressure is ambient to ambient p]us a liquid head of a few centimeters to no mor~ than l/2meter. 

(c) Heaters are on the exterior of ·equipment and d~ not contact ~rocess materials; heater materials of ~cnstructlcn are not··specified. 

{d) Pressure is aet empirically at the minimum amount above amblent that vill afford pressure control, ~.g., PCV-1, ~robably on the 
order of 0.1><105 Pa, gauge .. 

(e) Gauges are steel bourdon-tliile type filled with silicone oil 3.nd are protected from contact ·with pro.:ess materials by . .ei.Teflon d1.aphragm. 

(f) Pressure relief valves are adjastsble and will be set to relleve at pressures somewhat in exceBS of working pressure, which in ~oat cases 
is slightly above ambient pressure. 

(g) Temperatures are measured l:n glass or teflon thermowells or ~t:. the exterior of the equipment and do;as not ca1::acr.: process mater:.als; 
thermocouple materials in temperature measureoent service is not specified. 



Fig. 1. Subunit III, HI concentration and decomposition system 



phase, leaving nearly all the iodine as a heavy liquid, which flows from 

the bottom of V-2 by gravity into surge tank V-3. H
3

Po
4

-H
2
0-HI solution 

overflows from the top of V-2 into surge tank V-6. The interface level 

between liquid I 2 and the H
3
Po

4 
solution in V-2 is controlled manually by 

valve LC-1. Liqu~d iodine from V-3 is metered by positive displacement 

pump P-8 into pressurized packed column V-5. where the iodine is contacted 

with water to remove entrained H3P0
11

• The scrub is done at about 1.7 x 105 

P~ instead of ambient atmospheric pressure so thar water wlll L~ liquid at 

a temperature a little above the melting point of iodine (386.7 K). The 

interface level between liquid I 2 and water in V-5 is controlled manually 

by valve LC-2. The pressure drop between V-5 and vapor disengagement 

tank V-4 is controlled by PCV-2. From V-4 the dilute Hlo
4 

solution is 

pumped into V-2.at a suitable feed point somewhat above the lower outlet 

of V-2. HI not removed from the I 2 in V-2 is removed in V-5. 

It is not certain whether the subsystem consisting of V-4, P-3, and 

H-5 is· necessary. It may be possible to connecL PCV-2 directly to the 

dilute H3Po~ solution recycle feed point on V-2, or directly through a 

single line cooler. The p·racticality uf 1naking the direct conner:th111 will 

depend on the operational "touchiness" of column V-2 in relation to the 

steadiness of the operating conditions attainable in V-5 under practical 

operating conditions. The overflow subsystem for V-5 shown in Fig. 1 is 

~onservotive; it positively uncouples the dynamic output behAvior of V-5 

from the conditions at the dilute H 1PO~ recycle feed point on V-2. 

The Hlo
4
-Ht-H

2
o overtlow irt V-6 is m~L8red by pooitive dis.;plarPmP.nt 

pump P-4 into packed distillation column V-7 aL a temperature Lltal. ls 

controlled to be approximately the boiling point of the feed mixture. Dry 

H
3

Po
4 

is introtluced into the to.p of V-7 as a water extraction agent and 

acts as the overhead teflux condcnoate stream of Rn ordinary distillation. 

The feed/reflux ratio is adjusted so that HI-H
2

0 azeotrope of the binary 

vapor-liquid equilibrium does not occur. HI is prevented from leaving the 

bottom column of V-7 by boilup of H2o vapor from V-8, the still reboiler. 
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If there is no water flow into V-8 via FC-12 and FI-12, the boilup rate 

from V-8 is not an independent variable. It is set by the feed/reflux 

ratio that is required to keep H
2
o out of the HI effluent and by the need 

to keep the H3Po4 concentration in the liquid phase above 85.0%, below 

which concentration an HI-H20 azeotrope can occur. In order to ensure 

that there will be sufficient vapor boilup to keep HI out of V-8, an 

auxiliary water input to V-8 was specified, although it may not be 

necessary to use it. 

Hot H3Po4 solution leaving V-8 by gravity flow is cooled in C-1 to 

protect downstream plastic parts from heat softening and swelling attack. 

ThP. cool solution is Lhen pumped through filter F-2 to remove any 

elemental sulfur that may have formed in V-7. 

F-2 of the flowsheet is representative of the need to provide a purge 

point i~ the system for the removal of ~ulfur species. Actual heavy phase 

normally contains a small amount of sulfur, probably mostly as H
2

so4. 

The inevitable process upset and operational control problems that are 

typical of new experimental bench-scale continuous processing systems will 

occasionally lead to a high sulfur content in the heavy phase. The 

introduction of F-2 into the flowsheet pr.ov.ides a means to purge sulfur 

species from the system. 

Filtered H
3
Po

4 
solution from F-2 is then fed to a packed distillation 

column (V-9) where water is vaporized. Liquid of approximately .100% 

H3Po
4 

leaves at the bottom. 

In principle, reboiler V-10· is not needed, but in practice it seems 

appropri8te to have backup H
2
o vaporization capability to allow for possible 

operational touchiness and short circuit flows. Hot 100% H
3
Po

4 
flows by 

gravity from V-10 thrn1.1gh C-2t where lL ls cooled to protect downstream 

plastic parts. Cooled 100% H
3
Po

4 
is collected in surge tank V-11 and is 

then pumped by P-6 for use in V-2 and V· 7. 
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The HI vapor leaving the top of V-7 is cooled in C-4 to slightJy above 

the melting point of Iz to condense as much as possible any Iz that may be 

present. The Iz that condenses in C-4 will probably originate mainly from 

the separation step in V-2 not being petfeL.t; houov'lilr, some of it may orig­

inate in premature HI decomposition in V-7. Condensed Iz(t) is then 

separated from the HI vapor in R-4, and the vapor is metered into the 

botlom of the HI necomposer (V-1Z) .. The HI feed system for V-1Z is fairly 

elabor8tP in order ~u ~ermit careful rnntrol during experiments for 

accurately defining the kiw.::tics of the HT det:o!uposition. 

Heat input A.nd temperature control for the HI decomposition au: 

provided by furnace H-16. Heater H-17 guards against condensation of I
2

, 

which could drip back into thP. catalyst bed. 

Iodine ·from the der.omposition of .HI in V-1Z is condensed as liquid 

in C-5 and is separated from the remaining HI vapor - H
2 

gas mixture in 

R-2. ThP HI vapor is then frozen out of the Hz gas in liquid nitrogen 

cold trap CT-2. A small amount of residual I 2 .vapor, along wlllt any 

~nvPntitious H~O vapor and volatile sulfur species (prnhab~y SO~ and/or 
L L 

H
2
s), wil;L also f l'eeze out with r.he HI. VirtuaLLy pur:e l(v-drogon thPn 

leaves the syst:em Lhrough valve VA-22, flowmeter: 1"1-11, aud vnlvo VA-1?. 

Liquid nitrogen cold traps CT~1, CT-Z, A-nd CT-3 are interconnected so 

as to permit continuous recycle of undecomposed HI back to V-1Z even though 

tl~ traps are of the batch type, with the freezeout occurring as solids 

instP.ad of as liquid condensation. In order to model the proposed final 

~a~er sen~ of HI from the H
2 

product in the base planl conceptual f]nw- · • 

sheet, a metered bypass of CT-Z, via FC-1Z and Fl-1}, is pruvlded, and a 

final water scrub of the H2 product can be introduced by opening valve 

VA-33 and closing valve VA-3Z. The Hz product stream is then scrubbed 

with water in packed column V-13. Dilute HI solution flows by gravity 

from the bottom of V-13 into surge tank V-14, from which it is then 

pumped to surge tank V-6, the feed supply of the HI extractive distil­

lation column V-7. 
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2.1.3. Equipment Listing 

The equipment for subunit III is listed in Table 1. 

2.2. INSTALLATION AND OPERATION OF SU~UNIT I 

2.2.1. Subunit I Design Changes 

The work on subunit I in 1979 began with an assessment of the design 

of this system as it existed at the end of 1978. The purpose of the 

assessment was to determine practicable design changes for improving the 

operability, control, and energy utilization of·this system. The assess­

ment drew heavily from actual operating experience acquired during 1978. 

The assessment resulted in the proposal of several specific ~hanges, 

which are described in Table 2. Implementation of these changes resulted 

in the system shown schematically in F:Lgs. 2 and 3. 

The revised system differed from the original design (Ref. 2-1) in 

the following ways: 

1. The revised system temporarily has no capability for recycling 

so2 (g) from the first phase separator (R-102) to the reactor 

(R-101). 

2. The revised system temporarily has no capability for recycling 

reactor (R-101) product as mixed liquid phases from R-102 to 

R-101 inlet. 

3. ' The revised system originally ha~ no capability to degas the 

heavy phase from the second phase separator (R-103). This 

capability has now been pn:n.rid~d by a vuc.uuru ~egassing column. 

4. The iodine melt vessels (V-101A anc'l V-101B) \.;rere removed hum 

heated, insulated hoxes and provided with electrical heating 

mantles. 
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TABLE 2 
WATER-SPLITTING BENCH-SCALE INVESTIGATION, SUBUNIT I DESIGN ASSESSMENT 

Section uescrlpLlou of Ch~ngP Reason for Change 

I2 fusion and 1. Insulate vessels V-1A and V-1B 1. Existing vessels use 
external heating 
coils without insul­
ation. Difficult to 
keep I2 fused. 

injection with Fibrefax. Provide heating 
mantles. 

2. Use glass 12 transfer line with 2. 
minimum 4-mm i.d. Operating 
pressure approximatelY' 30 poig 
max. 

EAisting 1/~-in-­
o.d. Teflon tube 
plugp;ed. 

3. Modify I2 injection at reactor 
R-1. Use jet nozzle concept 
per Sketch 3260005-R1-1. 

4. Replace F1-3B with a direct­
readout calibratable, non­
plugging flowmeter. (Example: 
rotameter with Teflon-coated 
metal tube and float anli mag­
netic follower.) 

3. Prevent 12 solid­
ification and 
plugging at point of 
contact with H20 and 
so2• 

4. Existing small-bore 
glass tube plugs and 
has an uncalibrated 
manometer readout. 

so2 injection 1. Wrap the so2 transfer line with 1. 
heating tape; heat to approxi­
mately 120°C. 

Prevent cooling and 
solidification of 
of r 2 at point of 
contact with S02. 

2. Repair FC-1. Transistor needs 
t:o he r:eplaccd. 

3. I11~tall SOz rPr.yr:le loop and 
wx~p rP.r:ycle line with heating 
tape. 

H2o injection 1. Wrap H2o·transfer line with 
he~ting tape; heat to approxi­
mately 120°C. 
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2. Controller does not 
work. 

3. Present subunit I 
cannot l.'ecycle SOz 
fr~m ncpa~atnr R-2 
per original design. 

1. Prevent coollng and 
solidification of I2 
at point nf contact 
with H20. 



Section 

Mixed phases 

TABLE 2 (Continued) 

Description of Change 

1. Install R-1 product recycle 
loop. Add new check valve. 

2. Install FC-6 downstream and 
close to separator R-2. 

so2 stripping 1. Install so2 stripping loop, 
including V-2, V-3, V-4, and 
associated valves, tubing, and 
instruments. 

General 1. Replace the following four 
Teflon valves with glass 
valves: FC-4, FC-6, FC-8, and 
FC-9. 

2. Add sample connections and 
valves at R-2 inlet, so2 from 
R-2, mixed phase from R-2. 

3. Modify insulat~d hot boxes to 
allow access to components 
from back of panel. 

4. Mount all hardware on Unistrut 
·and Flexframe. 
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Reason for Change 

1. Increase mixing and 
conversion in reac­
tor R-1. 

2. Improve level con­
trol in R-2 due to 
quicker response. 

1. This loop is pres­
ently not installed. 

1. Teflon valves tend 
to leak. 

2. Required to allow 
complete chemical 
analysis of unit 
performance. 

3. Existing boxes are 
mounted on aluminum 
panels with nu 
access from rear. 
Heatine tape without 
hot boxes is not 
adequate. 

4. Required·to provide 
maintenance access 
and to eliminate 
heat s;i.nk. 



N 

"' 

V-IOlA 

Fi~. 2. 

VENT 

NOTE 1: GAS CYLINDERS TO BE EQUIPPED 11111~ INTEGRAL PRESSURE REL1E~ VALVES. 

Subunit I - vessels, piping_, and controls 



NOTES 

1. INSTALL REOUNOANTTHERMOCOUPLES. 
ONLY ONE CONNECTED TO RECORDER. 

2. All THERMOCOUPLES TYPE JEXCEPT Tl·111 
AND Tl·112 (TYPE K) 

3. GLAS.COL CONTROLLERS. ALL OTHERS 
ARE BARBER·COLMAN. 

HEAVY 
PHASE 

Fig. 3. Subunit I - heaters, controllers, and thermocouples 
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5. The I 2 (t) injection port at reactor R-101 was modified as shown 

in Fig. 4. 

This redesign of subunit I and issue of purcflase uul.:r~ for all nPw 

parts were completed by March 30, 1979. 

A significant amount of thought and effort also went into the 

poosib11JJy of rcplO!('ine F~ome.ot the glass equipment of subuni.t I with 

metal equipment. This would result ir1 a murc eaaily oper.<ihle ~ystem ortd 

would allow gathering of valuable materials corrosion data under actual 

operating conditions. Several areas of subunit I were identified for 

possible replacement of glass with meta.l vessels. 

2.2.2. Construction of Subunit I 

Construction of subunit I started on March 1. and was completed on 

May 29. Equipment shakedown, including leak-testing, instrument cali-.·· 

bration, and verification of functional operability with water and inert 

gas, was completed hy Jurte 18. 

No fundamental process design problems were. discovered during shake­

down. Several minor equipment design problems were uncovered. For 

example, the iodine flow sensing device (FI-103) did not function as 

required and iodine flow rates could not be accurately measured. An 

armored rotameter with remote readout hao be~n ordered to replace the 

capillary manomiiter-. 

2.2.3. Shakedown and Operation of Subunit I 

Opera ti.onal shakedown of subunit l began in early July. The init:i.al 

objective was to verify the ability of the system to melt and transport 

iodine to the reactor (R-101) in a reasonable time. The initial melting 

of approximately 9 kg of fresh crystals (bulk density approximately 
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Fig. 4. Subunit I R-101 mixing entry 
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2.2 g/m3) in a glass vessel was accomplished in 30 min with a 1-kW 

external electrical heating mantle. Resolidified iodine with a higher 

bulk rlPnRity took somewhat longer to melt. 

Several solid plugs occurred at cold spots in the heat-traced iodine 

feed line and prevented flow of the molten iodine. Numerous attempts to 

keep the system hot and to fr~~ these plugR failed. As a result of this 

E;!xperici\c~, w•o,.!lt of t.:hP elriss patr.s lu the iodine feed system were replaced 

with HA.stelloy B tube and Hastelloy C valves (\·lh:i.tey '.'NB" series). 

The main melt vessel is still glass but a melt ve~sel fabricated of 

Hastelloy C-276 has been designed and will be installed if funding is 

sufficient. The revised system is shown in. Fig. 5. 

Several experiments yielding useful data have been conducted with 

subunit I. The first experiment produced separable light and heavy acid 

phases over a 90-min period. Analysis of 73 g of light phase after · · 

degassing indicated an H2so
4 

concentration of approximately 42 wt %, 

wh.:>rea.s the design concentration is 50 wt % without a ilboost" reactti!on. 

Approximately 3.8 kg of heavy phaac \vas al.so collected br..1t not .;:tnalyzed. 

These quantities resulted from the reaction of approximately 3 kg of 

purified liquid iodine with 1.2 liters of water. The average r
2

/H2o 
ratio was 2.5/1 (weight basis) as compared to 7/1 (design). A later 

experiment produced approximately 34 g of light phase with an H1 S01 L. l 

concentration of approximately 48 wt % after degassing. This is very 

close to flowsheet design condition~. The heavy phase collected was 

very viscuus, and the vol1,1me ratio of light-to-heavy phases wa.s much 

lower than bdore. Approximately 3 kg of resublimed iodine reacted with 

160 ml of water in a 40-min period, giving an average I 2/H2o weight ratio 

of 19/1. The experiments up to this time were all of short duration and 

were conductP.d without benefit of adequate iodine or so
2

· flow indicators. 

Therefore, complete material balances were not obtainable for estimA.tion 

of throughput in terms of equivalent hydrogen. After installation of the 

iodine flowmeter, quantitative experiments will be carried out to verify 

flowsheet conditions. These earlier qualitative experiments indicate that 

flowsheet conditions can be met without great difficulty. 

30 





2.2.4. Iodine Supply 

Early experiments in subunit I were done with iodine that had been 

purified by distillation. Altl1uugh this procedure climinaced pluggloe nf 

the mixing entry capillary with organic or mineral impurities, it was labor 

intensive; available equipment for distilling the iodine limited the 

purification rare to 6 to 7 kg/day. As an alternative to purification of 

the iodine on-hand, purchase of resublimed iodine from another supplier 

was investigated. Comparative analysis of resublimed iodlut:! from 

Spectrum Chemical Manufacturing Corporation (Redondo Beach, Calif.), 

iodine crystals already on-hand, and distilled iodine showed the resublimed 

iodine to be superior (i.e., fewer impurities). Therefore, subsequent 

experiments were conducted with the resublimed iodine [assay: 99.8% I 

(minimum), nonvolatile impurities 0.010%, chloride and bromide (as Cl) 

0.003%, balance uncharacterized organic material]. No plugging problems 

due to impurities were experienced. 

2.3. INSTALLATION AND OPERATION OF SUBUNIT II 

2.3.1. Construction of S11hunit II 

Construction of subunit II started on March 1 and was compleced uu 

Hay 14. Equipmenl shakedown, including leak-testing, instrument calibra­

tion, and verification of functional operability with water and inert gas, 

was t:umpleted by .Tunc 18. 

As with subunit I, no fundamental process design problems were 

discovered during shakedown. Several minor equipment design problems, 

such as pump air lock and inoperable flow-indicators, were uncovered. · 

The changes recommended to resolve these problems are described in more 

detail in Table 3. The system was subsequently modified to lut:urporate 

these changes. The design of subunit II is shown schematically in Fig. 7. 
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TABLE 3 
SUBUNIT II MODIFICATIONS 

1. 

2. 

Description of Change 

Install vent valves on v~201A 
and V-201B recirculation lines 
between vessels and first shut­
off valves. 

Order: 2-1 /4-·in. valves 
Mace Part No. 911-234-0 

Install vent valves on discharge 
side of pumps P-201 and P-202 as 
close to impeller housing as 
possible. 

Order: 2-1/4-in. valves 
Mace Part No. 911-234-0 

3. Replace orifice manometers ~I-
201 and FI-202 with rotameters. 
Use infrared scanner, as re­
quired, to find float. 

Order: Brooks Model 1355, Meter 
Size 2, Tube R-2-15-D, 
both glass and tan­
talum floats, anodized 
aluminum housing, 150-
rrnn scale. 

4. Revise V-201A andV-?.01B fill 
lines: 
a. Replace with 5/8-in.-o.d. x 

16-in. wall x 1/2-in.-long 
lines 

b. Provide funnel, 4-in. diameter 
x 4-in. cone height with 
3/8-in. o.d. x 1/16~in. wall 
x 4-in. long stem. Support 
funnel with ring suppnr.t. 

5. Remove F-201. 

·Justification 

1. Pressure (or vacuum) builds up in 
V-201A and V-201B as level changes 
and ·reduces P-201 and P-202 flow 
capacity. Difficult to relieve 
gas through downflowing liquid 
from R-204. 

2. It is difficult to vent air from 
system and pumps frequently 
airlock. 

3. See Table 1, item 1. 

4. Exis~ing till line makes spillage 
(of corrosive acid) unavoidable. 

5. Not needed if FI-201 replaced 
(itP.m 3). 
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TABLE 3 (Continued)· 

Description of Change 

6. Fuse V-203. 

7. Relocate FC-203 downstream of 
PI-210. 

8. Install pressure gaugca and 
control vaJves ou ~ischar&e 
side of P-203 and P-204 pumps; 
wtlves tu Le located down­
stream of FI-203 and FI-206, 
respectively. (Relocate PI-
204 upstream of new control 
valve.) 

Order: (a) 2-1/4-iu. valvco, 
.Mace Part No. 911-234-0; 
(b) one Ashcraft pressure 
gauge, 0 to 30 psi, 1-psi 
increments, 2-1/2-in. dial; 
(c) gauge protector; Mace 
Part No. 966-2142-1-1-1. 

9. Install higher power (400 W) 
minimum) heating mantle on 
V-206 

Order: Cal-Glass, Inc., 
spherical. heating mantle, 
Size No. 0-108-3, Part No. 
LG-8820. 

10. Provide miscellaneous spare 
fittings. 

11. Fuse V~L.U9. 

12. Provide Teflon sleeves to 
seal glass joints. 

Order: ACE Glass, Inc., 
Vineland, N.J., Teflon 
sleeve 28/15. 

Justification 

6. Ga3kctod fl~ngP RAal leaks and 
cannot be tightened further. 

7. Cannot measure P-202 discharge 
pressure in present location. 

R. Pressure gauges integral with 
puloc dampeDPrR PS-2Q1 and PS-
202 do nuL function below 10 
psig (actual system pressure 
approximately J to 6 pslg). 
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Presently, flow adjustment tq 
concentrator and decomposer re­
quires piston (cam) adjustment at 
pump, This is undesirable during 
operation. Outlet valves are 
acceptable ~o pump. supplier. 

9. Existine mantle (250 W) covers 
less than 307. of volume of V-206 
and is not adequate to provide 
required boilup at 1.2 slpm H2 
(equivalent). 

10. None QXi9t. Requi~ed for con­
figuration changes. 

11 . . See item 6. 

12. Better seal and easier to install 
thanhand-made sleeves. 



TABLE 3 (Continued) 

13. 

14. 

Description of Change 

Modify decomposer furnace tube 13. 
according to Sketch 326005-VS-2 
(Fig. 6). 

Install cooler between R-202 14. 
and LC-203/FI-204. 

Order: Liebig condensor Part 
No~ LG-~180 Lab-Glass with 
200-mm jacket length and 
28/15 ball joint at one end 
and socket joint at other. 

Justification 

Required to facilitate loading 
~nd unloading of catalyst and 
catalyst support. 

Required to protect LC-203 valve 
and FI-204 rotameter from exces­
sive temperature (~225°C). 
Temperature of recycle acid 
limited to 200°F by Teflon rota-

. meter seals. 

15. Order tantalum floats for six 
Brooks rotameters, Model 1355, 
Meter Size 2. 

15. Required. to extend range from 1. 2 
to 4.0 slpm H2. 

Order: one float for tube 
R-2-15-A and five floats for 
tube R-2-14-D. 
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2.3.2. Shakedown and Operation of Subunit II 

Operational shakedown of subunit II began in October with a batch 

stripping operation performed with the HI-I
2 

stripper column. 'l'h1s column, 

packed with 3.2 mm (1/8 in.) diameter spherical glass beads, was operated 

at 1.013 x 10-5 
Pa (1 atm) and a steady-state reboiler temperature of 125° 

to 130°C. The column was fed approximately 300 ml of a "synthetic" feed 

solntion representing expected light phase from l:;UUuuit I. The feed 

solution composition was 53 wt % u2so 
4

, I. 1. wt % Hl, an,d 0. 2 wl % I
2 

at room temper I'! tUn:!. Qualitatively~ th"" t:< 1 P.:lm-stripping operati em was 

successful. Operation was straightforward, and no leakage occurred. 

Stripper product was clear and appeared to contain no HI-I
2 

impurities. 

Analysis of acid in the product showed an n
2
so

4 
concentration (60 to 65 

wt %) well above the flowsheet value ot 60%. 

Subsequent attempts to run the HI-I
2 

stripper column at higher iodine 

concentrations in the feed were thwarted by precipitation of solid iodine 

from supersaturated feed solution. Separate correlation of iodine sol-

ubility in cml fnri r. acid with tempetalure indicates that nnly 0, 2 wt % 

iodine can he dissolved at room temperature and approximately 0.4 wt /~ 

iodine at 66°C, the present limiting equipment temperature. The design 

conditions are 0.8 wt % iodine at 95°C. Evaluation of the present 

limitations to reaching the design feed composition, i.e., operating the 

feed system at 95°C, indicates that program objectives (Appendix B) can 

still be met at the lower concentration; fulut·e integration of snhnnits I 

and II will permit an increase to the design value. 

Two shakedown experiments have been conducted on the H
2
so

4 
concentrator column. The feed solution to the column was approximately 

60 wt % H
2
so

4 
in ·water, the normal product from the HI-I

2 
stripper. The 

reboiler was started up half full of 96 wt % H
2
so

4 
to simulate actual 

bottom product composition. In the first experiment an improperly wired 

temperature controller prevented reaching the required reboiler temperature 
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of 275° to 300°C. During a subsequent trial run, one of the glass feed 

lines broke and forced shutdown of the experiment. The system has been 

repaired and additional runs will be made in the future. 

2.4. FUTURE WORK 

The main emphasis in the bench-scale effort during FY-80 will be 

focused on the installation and functional testing of subunit III and 

gathering of data in subunits I and II. 

The experimental wurk will be geared toward meeting the bench-scale 

objectives described in Appendix B and will be carried out in accordance 

with the pha~ed approach described in the Activity Plan (Appendix C). 

2.5. REFERENCE 

2-1. "Thermochemical Water-Splitting Cycle, Bench-Scale Investigations 

and Process Engineering, Annual Report for the Period February 

through December 31, 1977," DOE Report GA-A14950, General Atomic 

Company, April 1978. 
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3. CLOSED LOOP-CYCLE DEMONSTRATOR 

During the latter part of FY-79, DOE requested that GA demonstrate 

the sulfur-iodine cycle in a closed luu~ using recycled matPrials. Work 

on design of sucl1 d system [tho cloqprl-lnop cycle dewonstratur (CLCD)] 

started in September 1978 and construction was compleleu in December. 

3.1. DESIGN AND CONSTRUCTION 

The CLCD was not designed to duplicate the conditions of the process 

engineering flowsheet, but rather to provide an early demonstration of the 

feasibility of the cycle under recycle conditions. A schematic diagram of 

the system is shown in Fig. 8. 

H
2
0, I 0 , and SO? are fed j nto a main teaclion veoccl (R-1) ano 

"- ~ 

continuously recirculated, by means uf a pump (P-1), in R loop where 

te.mper.::J.tur~ control ca11 be obtained through the cooler (C- '1) (or healer). 

Some of the products are intermittently fed to the liquid-liquid separator 

(R-2), where the two acid phases are separated. The upper H2so
4 

phase is 

purified by boiling in R-3 and then decomposed in a quarlz cracker con­

taining FeO catalyst. The product gas is first cooled in a condenser (R-5), 

the rnnoensed phase (unreacted H
2
so

4
) is recycled to R 3t and thP eas 

phase (so
2 

and o
2

) is fed to the purification system. (TR-1 and 'l'H.- 2 are 

two co
2
-aceluue trapo in ~a.t:all f'.l.) The lowPr phase from R-2 (HI-I

2
-H

2
0 

containing S0
2

) goes to an off-gas reactor (R-6), where so
2 

is ·extracted 

under vacuum at 370 K and trapped in the liquid nitrogen traps (TR-3 and 

TR 4). Again, intermittently, the degassed lower phase is sent to a 

cracker (R-7), where some of the HI is thermally decomposed into H2 and 

r
2

• The product gases are first cooled in C-4 and then fed to a series of 
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Fig. 8. Closed-loop cycle demonstrator 
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separator and condensers (R-8, C-5, and C-6), where H
2
o, HI, and I

2 
are 

separated and sent to the main reaction vessel (R-1) for recycle. The 

H
2 

gas is purified in the liquid nitrogen traps (TR-5 and TR-6) before 

metering and collecting. 

Construction and assembly of the CLCD took place between October and 

DecembP.r 1978 . Glass was used throughout the system, with the exception 

of the high- temperature portions [the two cracker- cooler units (R-4/C-3 

and R- 7/C- 4)], wh.i<.:h were made of quartz. Figure 9 shows the CLCD c1S it 

wa~ ins talled. 

3.2. OPERATION 

Operation of the CLCD took place during the first weeks of January . 

As a result of the experience gained during te~Ling of bench-scale subunit 

I, no operational problems were encountered. All valves, joints, pumps, 

and temperature and flow controls worked as designed. For simplicity of 

operation, it was found convenient to add a small displacement !JUlll!J to 

feed the HI cracker; this allowed operation of the degassing P-2/R-6 loop 

independently from operarion of cracker R-/. 

Operation of the CLCD started by introducing J kg of iodine ann 1 kg 

of water at room tempe~:aturc into the main reaction vessel (R-1). so7 was 

bubbled through at a rate of 3 liters/min until there was evidence of for­

mation of two separate liquid phases (20 min). The prime reaction products 

were kept circulating through the fille1 (F-1) and the conler (C-1) by 

means nf the pump (P-1). Since the temperature had risen Lu only 45°C, no 

cooling was necessary. Intermittently, the liquid was fed to Lite phase 

separator (R-2) and allowed to rest 5 min to complete the separation; the 

upper phase was then sent ot the H
2
so

4 
purification boiler (R-3) and the 

lower phase to the deeasser (R- 6). 
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Fig. 9. Installation of closed-loop cycle demonstrator 
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The H2so
4 

was concentrated from an initial 30% to approximately 95% 

and all of the water and traces of I 2 and HI were cooled in C-2 and recycled 

into the main loop. The concentrated, purified H2so
4 

was fed to the cracker 

(~-4), filled with pellets of Fe 2o
3 

catalyst kept at 850°C, at a rate of 

approximately 5 cm
3

/min. The product gases were condensed in C-3, re­

cycling the uncracked H2so4 to the boiler and sending the resulting so2-o2 
mixture directly to the main loop for recycle or to the trap system for 

separat i u11 and ;:mal ysj s. The lowr'r ph::~se was degassed (So
2 

re111oval) under 

var.uum in R-6 for 10 m1n before it was sent to ilte III -:,·::~rk.)..ng step. 

Since, for simplicity, the CLCD was designed wi thuut th~ TTT pud fica­

Lion step, the lower phase (HI-I
2

-H
2
0) was fed directly to the HI cracker 

and no catalyst was used. 

The feeding rate was approximately 4 cm3/min and the temperature was 

held at 900°C. Refore operating the HI cracker, the system was flushed 

with He. 

The product gases from the uacker (R-7) were cooled and all condensed 

phases (H
2
o, I 2 , and unreacted HI) were n~c:ycled to the rnalu loop. The 

cooled gas was purified in the liquid nitrogen traps (TR-5 and TR-b) auu 

the product H
2 

was collected in a graduated cylinder. The rate of H
2 

d . . t 1 0Q 3/ . pro uct1on was approx1ma e y ~ em m1n. 

Operation ot the loop '\or::~s accomplished subsequently in a complete 

recyt:lc mode: the main reaction products wP.re formed by real: l:ing thP 

recycled 1
2 

ftom tbe HT decomposition system with the S02 obtained from 

the H
2
so

4 
cracker. No differences were observed. 

During operation of the loop small quantities of sulfur were observed 

in the recycled liquids after the HI cracking roolers and small amounts of 

H
2
s collected in the H

2 
purification traps. This was due to incomplete 

separation of the sulfur-containing species (so2 and H2so4 ) from the lower 
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phase prior to decomposition. The lower phase concentration and purifica­

tion step (H3Po
4 

treatment), which is an integral part of the cycle, will 

eliminate this problem. The step will be tested in subunit III. 

Complete operation of the CLCD confirmed the feasibility of the GA 

water-splitting cycle and provided laboratory personnel with information 

useful for the detailed construction and operation of the bench~scale unit. 

A motion picture was made of the operating CLCD and distributed to the 

various funding agencies. 
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4. ENGINEERING STUDIES 

The process engineering design effort for the water-splitting cycle 

::~t GA was based on the following objecr.ivlcl::; and constrajnts: 

1. Energy is supplied by a process heat h1gh-L~:::mperotura g<~s­

cooled reactor (H'i'K) havlug n helium inlet temper;'lture of 772 K 

and an outlet temperature of 1265 K. 

2. Process power is supplied from the helium loop and· from a ·, · 

low-temperature, process-bottoming cycle. 

J. The temperature match-up of the helium heat.delivery line and 

the proces!:l lteat demand 1 ine mvst be good to maintain efficiency. 

4. H~at must be r~used within the proccos until its quality is so 

low that it must be rejected. 

5. Reasonable estimates are used for unavailable thermochemical data. 

During FY-79, a revision of the total flowsheet was carried out. In 

this revised version, several of the new process improvements were incor-:­

porated in the fluwsheet. The result of this revision was a significantly 

improved efficiency uf 47~~ (from 42%). The main process improvements 

included in the design were: 

1. A higher temperature in the main solution reaction. 

2. An increase in sulfuric acid concentraiton to 57% (from 50%). 

3. Utilization of phosphoric acid of lower concentration in the 

hydrogen iodide purification system. 

4. Decompo!:lition of hydrogen iodide in the liquid phase instead of 

the gas phase. 
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These process improvements were mainly responsible for the increased 

thermal efficiency of the process. A simplified schematic flow diagram of 

the sulfur iodine process conceptually showing product mass flows and 

recycle streams is given in Fig. 10. Figures 11 through 15 are simplified 

versions of the five detailed engineering flowsheets. 

A description of the sulfur-iodine process via process flowsheet 

sections I through V is given below. For reasons of simplicity, the 

descriptions are keyed to the simplified flow diagrams (Figs. 1.1 through 1.5). 

Detailed flowsheets for sec~ions I through V, including mass and energy 

balances, are included as Appendix D. 

4.1. FLOWSHEET SECTION I- H
2
so

4
-HI PRODUCTION AND SEPARATION; o

2 PURIFICATION 

The main solution reaction is carried out in section I of the 

flowsheet together with the purification of the product oxygen. Figure 11 

shows a simplified version of the detailed flowsheet for this section. 

In the main reaction, recycle iodine frum sections III and IV reacts 

with water and so
2 

from a mixture of gaseous so
2
-o

2 
in a countercurrent 

reactor (C-101). The reaction results in the formation of the two acids, 

H
2
so

4 
and HI, in solution. The discovery of the formatinn uf two phases 

and the natural separation of these phases made the sulfur-iodine cycle 

feasible. The lower density phase (upper phase) contains all the H2so
4 

at a concentration of approximately 50 wt % with traces nf iodine and a 

small amount of dissolved so2 . The higher density phase {lower phase) 

contains all the HI with considerabl P. amounte: of iodin~:: :l.n an H2o solution. 

A small quantity of so
2 

and a trace of H
2
so4 are also present. 

The phases are separated (S-101), and the sulfuric acid phase is 

TP~Ct~d with molt~Ll ludine and so2. This increases the H2S04 concentration 

to approxtmately 57 wt % and generates additional reaction product HI. The 
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57% sulfuric acid is transferred to section II .for concentration and 

decomposition. The lower phase goes through a degassing step, which removes 

practically all the so
2 

(C-104). This lower phase containing HI, H20, and 

I 2 i~ then transferred to section III for purification and HI separation. 

The so2 entering the main reaction (C-101) and the H
2
so

4 
boost reaction 

(C-102) is a mixture of so2 and o2 com:ing directly from the so
3 

decompo­

sition reaeL.i.ui'l. of c<ictinn II. A::; thia gas mjxture passes through the 

reactor, so2 is removed by reacciou with I
2 

,::md 11
2
0, an<l the gas leaving 

the top of the main solution reactor is practieally pure oxygen with small 

amounts of iodine. The iodine is removed in a scrub column (C-103), and 

pure oxygen leaves the system as a product. 

All reactions in section I have been demonstrated in the laboratory 

and the yields quoted in the material balance sheets of Appendix D ar.e 

based on actual experimental data. The engineering design of section I is 

based utl GA cxperjments and available thermodynamic literature data. 

4. 2. FLOWSHF.ET SECTION II ··· H
2

SO ~ CONCEN'J'RATION AND DECOMPOSITION 

Concentration and decomposition of sulfuric acid are carried out in 

this section, which fulfills one part of the recycle requirement by 

generating the needed S02 for the main reaction from the H2so
4 

decomposi­

tion. Figure 12 shows a simplified version of the detailed flowsheet for 

this section. 

Dilute sulfuri~ acid (57 wt %) from section I is concentrated in a 

series of flash evaporators (V-201 through V-212). The concentrated 

H
2
so

4 
is decomposed (E~221) to H2o ~nd so3, and the sulfur trioxide is 

decomposed (E-214) to sulfur dioxide and oxygen. The so
3 

decomposition 

is the highest temperature step in the total proce·s~, with operating 

temperatures of up to 870°C (1600°F). The gaseous mixture of so2 and 0 2 
is separated from the water and unreacted H2so

4 
and transferred to the 

main solution reactor in section I. The condensate from this separation 

is recycled to the first flash evaporator. 
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The concentration and decompo~ition of H
2
so

4 
are common to n number 

of water-splitting cycles and have been evaluated in several laboratories. 

Gcnor2l Atomic has developed proprietary catalysts and processes, which 

have· been demonstrated a.t the quoted temperature. The. cngiDPPring desisn 

of section II is based on GA experimental data and available thermodynamic 

literature data. 

4.3, FLOWSHEET SECTION III HI SEPARATION 

Hydrogen iodide i::; ::.eparoted fl·nm the components of the HI-I 2~H20 
solution (lower phase) in this section. Figure 13 shows a simplified 

version of the detailed flowsheet for this section. 

Lower phase from ~ection I containing approximately 4 moles of 

iodine arid 5 moles of wat·er for each mole of HI is treated with con­

centrated phosphoric acid (C-302) and a major portion of the iodine 

(~95%) is separated frum the solution. This iodine is scrubbed with wate~ 

to remove small amounts of HI and H
3
Po

4 
(C-301) and returned to the ma:bn 

eoiur1ou ).:'eaction of section I. The overhead solution containing HI, 

H2o, H
3

Po
4

, and some I
2 

is subjected to an extractive di~~illation (C-3(13), 

where most of the water (99%) remains with the phosphoric acid and the HI 

And I 2 are removed as overhead vapor. Minor amounts of H2S may be formed 

in th~se st~ps from a reaction of trace quantities of H2so4 with HI. The 

dilute phosphoric acid is concentrated in a series of concentrators (E-318 

through E-321) and reused fur the iuJine separation as discussed ~bove. 

The overhead containing HI, some 12, and a very small amount of water is 

cooled (E-305) to condenRe and separate (S-301) some of the iodine and 

then subjected to another distillation (C-313). Here the HI is purifi~~td to 

a level where it can be sent to section IV for decomposition after com­

pression to 5.065 x 106 Pa (50 atm). 

The engineering design of the HI purification system is based on 

laboratory data collected at GA. Design of the phosphoric acid concentra­

tion section is based on available thermodynamic data from the literature. 
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4.4. FLOWSHEET SECTION IV - HI DECOMPOSITION 

The decomposition of hydrogen iodide is carried out in this section. 

Figure 14 shows- a simplified versiot'l of liu?: ~clu.il•d fl nwfiht;-Pt for t'his 

s·ection. 

Pudfied liquid HI [5.065 x 106 Pa (50 atm)] from section III is 

l".dtalytic!lll y dec;:omposed ·at approximatPl y 120°C (R-401). The degree uf 

decomposition is only approxluiately 30% in ont: !-'ass. Therlo'f, 1' e. tho. r~­

cycle r.tep has to be used in this section. The hydrogen product is 

separated from most of the I 2 and some HI in a liquid gas separator (S-401). 

Thi.s gas is then·cooled (E-408, E-409, and E-410) to condense out most of 

the HI. which is recycled to the HI decomposer (R-401). The gaseous H2 
product is scrubbed with H2o, and pure hydrogen is the resulting end 

product. The liquid from the gas-liquid separator (S-401) contains mostly 

iodine and HI. The HI is removed by distillation (C-401) and returned to 

the HI de.c.omposer (R-401). The iodine is returned to the main solution 

reaction in Section I. 

The engineering design of section 1V is ba§erl on ~~perimental 

laboratory data collected at GA. The catalysts for the liquid HI 

decomposition have been developed and demonstrated. General Atomic has 

filed for a patent for the decomposition of liquid HI. The decision to 

design the system for 5.065 x 106 Pa (50 atm) pressure was based on exist­

ing pipeline pr!:!ssun~:s for natural gas transmission. 

4 • .J. FT .OWSHEET SF.\.TION V - POWER GENERATION AND HEAT TRANSFER 

SectioR V of the flowsheet describes the generation of heat and 

power needed in some of the processing sections. The basic assumption 

has been that a high-temperature gas-cooled nuclear reactor, similar to 

the one designed by GA, would be available. Figure 15 shows a simplified 

block diagram of the detailed flowsheet for this section. 

54 



1..11 
1..11 

421 

401 

HI 
FROM 
SECTION 
Ill 

430 

416 

HI 

~--- H2, 12, Ht ....______, 
HI DIECOMPOSER 

406 

H2 (g)­

·HI(!) 
SEPARATOR 

HI CONDENSERS 

. 424 

408 
HI 

425 H2s 428 

SCRUB 

.ABSORBER H2 
PRODUCT 
OUTPUT 

431 
HI, H2o TO SECT. IU 

410 REFLUX CONDENSER 

412 

413 

12, HI DISTILLATION 

L __ ....:.._ _________ -:-- _c_oL_U_M_N ____ 415 12 TO SECTION I 

14 ~l.·mplified flowsheet for section IV Fig. . u 



NUCLE~R 
REACTIJR 

POWER -

HIGH 
T!MP. 
LOOP 

MEDIUM 
TEMP. 
LOOP 

LOW 
rEMP. 
LOOP 

MEDIUM TEMP. 
HEATrLOAD 

. (FOR SECT. Ill) 

REJECT 
HEAT 

HIGH, TEMP. 
HEAT LOAD 

IFOR 3ECT.II) 

PDWER,1'D 
SECT. 1.1 

Fig. 15. Simplified flowsheet for section V 

t 
PDWERTD 
SECT. Ill 

MEDIUM TEMP. 
HEAT LOAD 
ISECT.IV) 

I POWERTD 
t' SECT. Ill 

LOW TEMP. 
HEAT LOAD 

CSECT. II & IV) 



Helium from the primary loop transfers its heat to three secondary 

helium loops through heat exchangers that operate at high, intermediate, 

and low temperatures. The high-temperature loop provides the heat for 

the sulfuric acid decomposition reaction of flowsheet section II. 

Recovered heat from section II is utilized to provide heat for the HI 

distillation and phosphoric acid concentration of.flowsheet section III. 

The intermediate-temperature loop provides the heat for flowsheet 

section IV, HI decomposition .. Power for flowsheet section III is 

generated through a helium turbine and a steam cycle. The low-temperature 

loop provides low value heat to flowsheet sections II and IV, sulfuric 

acid concentration and HI distillation. Additional power for flowsheet 

section IIt is generated through a helium turbine and a second low­

temperature steam cycle. Section I is heat self-sufficient and exports 

power to other sections. 

The design of section V is based on available thermodynamic data and 

good engineering practice. 
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APPENDIX A 
WORK PLAN FOR FY-79 

WATER-SPLITTING BENCH-SCALE INVESTIGATIONS 
(PREPARED FEBRUARY 1979) 

Contract No. DE-AT03-76SF90851 

Project 3260 - Thermochemical Water Splitting 

Task 005 - Bench Model 

Work Order 001 - Bench-Scale Investigations 

A.1. OJBECTIVE 

The objective of this task is to verify the chemical concepts which 

together constitute the GA thermochemical water-splitting process. This 

process basically involves three chemical reactions: (1) the oxidation of 

sulfur dioxide (S0
2

) by an aqueous solution of iodine to form sufluric 

acid (H2so
4

) and hydriodic acid (HI); (2) the thermal decomposition of 

sulfuric acid to form water, sulfur dioxide, and oxygen;· and (3) the 

catalytic decomposition of hydrogen iodide to form iodine and hydrogen. 

Thus, the overall result of the process is to create hydrogen and oxygen 

from w~ter. The verification of this process is aimed at developing 

engineering approaches to each of these reactions and to their associated 

separation processes. These processes have heretofore been carried out 

only in the laboratory using traditional chemical investigative methods. 

A.2. PURPOSE 

General .Atomic is presently conducting a comprehensive program 
r 

sponsored by the Gas Research Institute (GRE), ~he DepartmAnt of Energy 

(DOE), and others to develop the sulfur-iodine cycle as the basis for a 

thermochemical process that creates hydrogen and oxygeri from water. This 

is a long-term program leading to the operation of a large-scale 
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demonstration plant. The benefits of this research will be a process that 

provides a nonfossil, renewable source of hydrogen for the gas industry 

(F.tWf. A-1). 

The purpose of the bench-scale investigations is to carry out extensive 

testing on a larger-than-laboratory scale of the three subunits that com­

prise the water-splitting process. Ac a later Jate the bench-seal~ su~­

units will be operated AS a conL1Ltuuu~ chemical proccoo with ~ddjtinn nt 

water feed, removal of hydroge!l and oxygen products, and conversion and 

recycle of all other chemicals (H2 ~;u 
4

, Hl, so
2

, and t
2
). 8ubu·ni t I ca.rri(,l!ii 

out the main solution reaction, which produces the acids u
2
so

4 
and HI out 

of so
2

, H
2
o, and I 2 . Subunit II concentrates and decomposes H

2
so

4
, and 

the decomposition products are separated. Subunit III concentrates and 

decomposes HI, and the decomposition products are separated. 

The ben~h-scale investigations will consist of four overlapping 

phases of work: design asse!lsmento and improvements, fabrication and 

installation, shakedown testing, and data acquisition. During FY-79 the 

emphasis wil-l be on completing the first three phases for subunits I and 

II. Data acquisition for subunits I and II may begin after July 1, 1979, 

if the budget allows. Procurement of equipment for subunit lii will be 

completed by the end of FY-79. 

A.3. CURRENT STATUS 

General Atomic has done deVelopment of the thermochemical water­

splitting process, based uu the sulfur iodine ~y~le, ovPr the past 4 or 5 

years. The results of this work arc reported by Russell (Ref. A-2), 

Schuster (Ref. A-3), Norman (Ref. A-4), and others. The first bench­

scale work based on earlier process design studies (Ref. A-5) was done in 

1978; subunit I was built, installed, and operated. After operational 

problems were encountered, tests were stopped and.subunit I was modified. 

Subunit I is presently inactive; operation is scheduled to resume during 

FY-79 after the design modifications are complete and the equipment are 

reinstalled in a new location. 
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The design of ~ubunit II was completed in 1978 and is discussed by 

McCorkle (Ref. A-6). Procurement of equipment for subunit II was started 

at the same time and must be completed during FY-79. Data acquisition 

from this unit must start by July 1, 1979. 

The design of subunit III was also completed in 1978 and is discussed 

by McCork1e (Ref. A-7). Procurement of equipment for subunit III has not 

started but must be completed by the end of FY-79. Operation of this unit 

is not scheduled during FY-79. 

A.4. SCOPE OF ACTIVITY 

A.4.1. Design Assessment and Improvement. 

An assessment of the most recent "as modified" design of subunit I 

will be made to determine if specific improvements can be incorporated 

without slipping FY-79 milestones or exceeding the FY-79 budget. This 

assessment will focus on operability, control, and energy utilization. 

A.4.2. Procurement and Fabrication 

Specifications will be compiled to allow procurement or fahr.ication 

of equipment for subunits I, II, and III that is not already "on-hand" 

or "on-order." Items will be fabricated at GA whenever lower costs or 

improved schedule result. 

A.4.3. INSTALLATION 

Subunits I and II will be installed during FY-79. Subunit III will 

be installed later. Installation of subunits I and II will be carried out 

As rli rt<:~tlid by equipment civdllalJ111ry and a cri.tical path schedule that 

reflects equipment delivery schedules, installation-manpower availability, 

and the optimum SP.Cl,UencinA of instaJ L~r-·f•.•u activit:iec. 
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A.4.4. Shakedown Testing 

Sufficient testing of bench-scale subunits I and II will be done to 

ensure the physical integrity and functional oper.ability of each equipment 

item and the system as a whole. The functional performance of the equip­

ment will not be tested during shakedown . 

. A,~ •. "i. Data Acquisition 

The acquisition of performance data from !:iuLut'dts I and II •.o.d 11 he 

done in accordance with accepted experimental-design techniques as 

described in Activity Plans for these units. These data will be evaluated 

statistically whenever possible and used to verify the chemical concepts 

&nd engineering approaches that constitute the current design of the flow­

sheet for thermochemical water splitting. 

A.5. MILESTONES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Complete and issue FY-79 Work Plan. 

Complete design assessment of subunlL I 
and issue memorandum. 

Compile procurement/fabrication specifica­
tions for subunit II. Initiate procurement 
through PurchASing. 

.Compile prot:uu::meilt/fabrication c;;:pPri fi.ca­
LlufLS ftYr subun:i,t I. Tni tiate procurement 
through Purchasing. 

Start installation of subunit II. 

Start reinctallation of subunit I. 

Complete installation of subunit II. 

Complete installation of subunit I. 

Complete shakedown of subunit II. 
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Sdn::dule.d 

2/9/79 

2/28/79 

2/28/79 

3/30/79 

4/1/79 

5/1/79 

5/15/79 

6/1/79 

6/30/79 

Actual 

2/8/7':J 

2/24/79 

2/28/79 

3/30/79 

3/1/79 

3/1/79 

5/15/79 

5/29/79 

6/18/79 



10. Complete shakedown of subunit I. 

11. Start operation and data acquisition for 
subunit II. 

12. Issue Activity Plans for subunits I and II. 

13. Complete purchase of equipment for 
subunit III. (Deliver all approved 
Purchase Requests to Purchasing.) 

A.6. SCHEDULE 

Ac.tivity 

L Prepare FY-79 Work Plan 

2. Subunit I design assessment 

3; Compile subunit II procure­
ment/fabrication specifica­
tions 

4. Compile subunit I procure­
ment/fabrication specifica­
tions 

5. Install subunit II 

6. Reinstall subunit I 

7. Shakedown of subunit II 

8. Shakedown of subunit I 

9. Prepare subunit I and II 
Activity Plans 

10. Purchase subunit III equip­
uu::!nt 

11. Operate subunits I and II 
(if FY-79 buJgeL allows) 

2 3 

~ 
~ ~ 

--£. !\ 

~ 

A 

A-5 

4 5 

it::. 
/'; 

LIJ. 

Scheduled 

6/30/79 

6/30i79 

6/30/79 

9/30/79 

CY-79 

6 7 

~ 
l..Q 

.f ~ 
/..2._ 

~ 
LI.2 

8 

Actual 

6/18/79 

Delayed 
pending 
design 
changes 

6/29/79 

8/16/79 

9 

i1 
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APPENDIX B 
OBJECTIVE OF BENCH-SCALE EXPERIMENTS 

(PREPARED NOVEMBER 2, 1979) 

,The objectives for experimental work on the bench-scale system have 

been established. At present details are only given for bench-scale 

subunits I and II. Details for subunit III will be provided later. The 

following objectives have been agreed upon: 

Subunit I 

1. Demonstration of Flowsheet Conditions (for June 1979 flowsheet) 

a. Verify 50% sulfuric acid concentration of main reaction 

at 95°C, I
2

/H
2
o = 7/1 (wt), and enough so2 to agitate 

reactants with excess so2 in off-gas. 

b. Verify 4 liters/min of hydrogen equivalent production rate. 

c. Verify lower phase S0
2 

stripping .[flowsheet value (or less) 

of so2 in heavy phase after stripping]. 

d. Verify good liquid phase separation (upper-lower). 

Future Work 

e. Verify so21o2 flowsheet separation in newly designed and 

constructed reactor. (02 purification will be demonst:r.;:~ted 

in the pilot plant.) 
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2. Improvement of Flowsheet Operating Conditions 

a. Tmprnve areas where flowsheet conditions cannot be met. 

b. Increase so
2 

pressure for main reaction (up to 2 atm now, 

higher pressure later when metal vessels are used). 

t,:. Increase 11IA.in n.:uction t<ilmpPr!'ltnr.e (::-95°C). 

d. Verify H
2

So
4 

boost reaction (lat~r. ~ftcr reactor has been· 

installed). 

3. Improvement of Process Yield 

a. Evaluate possibilities for lowering H
2
o requirements. 

b. Same as 2L, 2c, and 2d. 

4. VerificaL.i.on of Materi.!'lls CompaL.i.bility 

a. Evaluate materials compatibility by inserting material 

coupons into process flowstream. 

b. Design and construct process vessels from candidate materials 

and use in bench-scale system. 

5. Generation of Engineering Data for Pi1ot Plant Design 

a. Carry out experiments that provide data required for pilot 

plant (engineering-scale) equipment design. 

B-2 



6. Integration of Subunit I with Other Subunits 

a. Integrate subunit I with subunits II and III and operate 

as a single unit after individual subunits have been 

operated extensively. 

7. Evaluation of Potential Process Control Equipment 

a. Evaluate control equipment and make part of bench-scale 

system if possible. 

8. Demonstration RunH 

a. Carry out three demonstration runs of 6-hours duration each 

at steady-state conditions of 1 above. 

Subunit II 

1. Demonstration of Flowsheet Conditions (for June 1979 flowsheet) 

a. Verify iodine removal. 

b. Verify 4 liters/min of hydrogen equivalent production rate. 

c. Verify H
2

so
4 

decomposition ratio (98% of equilibrium) and 

catalyst performance; catalyst = Pt on Zr, so
3 

residence 

time 1/2 s. 

d. EvAluate catalyst life. 

2. Improve~ent of Flnw~hQet·Operallug Conditions 

a. Improve ~reas where flowshect condiLlons cannot be met. 
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3. Verification of Haterials Compatibility 

a. Evaluate materials compatibility by inserting material 

·coupons into process flowstream. 

b. Design and construct process vessels from candidate materials 

and use in bench-scale syRtem. 

4. Generation of Engineering Data for Pllut Plant Design 

a. Carry out experiments that provide data required for pilot 

plant (engineering-scale) equipment design. 

5. Integration of Subunit II with Other Subunits 

a. Integrate subunit II with subunit I and operate as single 

unit after ex~ensive operation of individual units. 

~. Evaluation of Pot¢ntial ProcesG Control Equipment 

a. Evaluate control equipment and make part of bench-scale 

system if possible. 

7. Demonstration Runs 

a. c.u·ry out ~hree demonstration runs of 6-hours duration 

ea~h at ul~ady-·~tnte conditions of 1 above. 

Subunit III 

Objectives will be established after installation of this subunit. 
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APPENDIX C 
ACTIVITY PLAN FOR BENCH-SCALE MODEL: SUBUNITS I, II, AND III 

C-1 



1 .0 SCOPE 

This document describes the activities and experimental work to be con­

ducted with the bench-scale IIRJtlel of ·the thPrmochemical water-splitting cycle 

from FY-79 through FY-83. 

Initially this work will only encompass individual operation of Subunit 

(11 2so4-HI Proflucth;:m and Separ.:lflon) and Subunit II· (H
2

so4 Concentration and 

Dceompositlon). Later; after construction of Subunit Ill (HI Concentration and 

Decomposition), the work will continue with the separate operation ot this 

subunit. Finally, the work will conclude with the integrated operation of all 

three subunits. 

2.0 OBJECTIVES 

The overall objective of the bench-scale model is to develop engineering 

approacho?.c; to tl1e thermochemir.;tl water-splitting process ~Lcp3 th.Jt h.;:~vP been 

previously carried out in the laboratory v~ith tradli iuiH'il chemicr.l invest:i· 

gat ive methods (Ref. 9.1). 

The following two goals are established to meeL Lhi3 objectivP.: 

1. Demonstrate the technical fea::.ibility of the. thermochemical water­

splitting process concepts in bench-scale equipment. 

2. Obtain the process information required to design and build an 

engineering-scale model (pilot plant) of the thermochemical 

water splitting cycle. 
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In order to meet these goals, information will be gathered on the following 

technical issues. 

Subunit I Technical Issues 

I • so2 Feed Gas Injection 

A. Control 

II. H20 Feed & Injection 

A. Control 

Ill. 12 Fusion & Injection 

A. Cuntrol 

B. Fusion Efficiency 

IV. Main Solution Reaction 

A. H2so4 Yield 

B. Boost-Reaction Yield (l~ter) 

C. Reactor Design 

D. Materials [(1) Zr, (2) elastomer, (3) plastic] (later) 

V. Phase Separation 

A. Gas-Liquid Separator Performance (i.e., Product Quality) 

B. Liquid-Liquid Separator Performance (i.e., Product Quality) 

C. Materials [(1) Zr, (2) elastomer, (3) plastic] 

VI. so2 Recovery (later) 

A. so
2 

Recycle 

B. Heavy-Phase Stripper Performance 

VII. Gener~l 

A. Subunit capacity/! imiting equipment 

B. Operability/Control 
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C. Flow Turndown 

D. Sampling 

E. Flow Me~surerne11L 

Subunit I I Techn i ca 1 Issues 

1. 12 Remova 1 

A. Product PuritY 

0_. Bo i 1 up 

c. Temperature and Temperature Gradient 

D. Operability/Control 

E. Capacity 

F. Fiow Turndown 

G. Sampling 

H. Flow Measurement 

I. Materials [Hastt;>.lloy C Tubing for H2so4+1 2 (trac;:e)] (later) 

I I • H2 504 Concentration 

A. Product P11 r i ty 

B. Temperature and Temperature Gradient 

c. Operability/Control 

D. Capacity 

E. Flow Turndown 

F. Sampl i ng 

G. Flow Measurement 
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I I I • H2 so4 Decomposer 

A. Conversion (S02 Yield) 

B. Catalyst Studies 

c. Operability/Control 

D. Capacity 

E. Materials (a 1 urn in i zed 

Subunit Ill Technical Issues 

( 1 ate r) 

3.0 EXPERIMENTAL DESIGN 

I nco 1 oy 8001-i test coupons) (later) 

Separate documents will be issued detailing the design of experiments for 

Subunits I, II and Ill, and for the integrated bench model. The intent of the 

design will be to obtain the greatest arount of information from the least 

number of tests. This can be accomplished with established statistical methods 

(Ref. 9.2, 9.3, 9.4, 9.5), particularly to determine the effects of several 

variables on a given design parameter. 

4.0 TEST DESCRIPTION 

The test program for each subunit will be implemented in five phases: 

Phase 

II 

Type of Operation 

Equipment shakedown 

Operational shakedown 

C-5 

Feed Principal Objective 

Verify structural integrity & 

functional operability. 

Veri ry total system opera­

bility with actual process 

fluids. 



Phase 

Ill 

IV 

v 

Type of Operation 

Parametric studies of 

isolated subunits. 

Capacity tests of 

i~olated subunits. 

Integrated operation 

Feed 

Makeup 

Makeup 

Principal Objective 

Determine component character­

istics, performance, and 1 imi­

tations. 

Determine subunit capacity, 

nerf<;Jrlnancc, and efficiency. 

Recyr.le Verify subunit interface com-

patibil ity and total cycle 

performance. 

A brief description of the tests within each phase follows: 

Phase I - [quipment Shakedow~ 

The purpose of this.phase is to verify the structural integrity and 

functional operability of ee:H.:h subunit. In gener.:~l, shr1kedoWn will con­

sist of equipmeAt preparation, operator training, leak-testing, cal ibra­

tion of instruments, and functional testing of each component. Details 

of the shakedown procedure for Subunits I and I I are given in References 

9.6 and 9.7 (Subunit I I I shakedown pro~edurc to be issued later). 

Phase II -Operational Shak~down 

The purpose of this phase is to verify the operability of each 

subunit with actual process fluids. Experiments of 1 imited scope will be 

conducted to ensure that process fluids can be adequately condltioned 
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and transported, that required chemical reactions occur, and that pro­

ducts of chemical reactions or process operations can be isolated. 

Phase I I I - Parametric Studies 

The purpose of this phase is to determine the operating character­

istics, performance, and capacity 1 imitations of major components. The 

effects of temperature, flowrate (residence time), pressure, and com­

position on yield and product purity ~re typical of the kind of infor­

mation sought. Specific series of tests will be performed as described 

in Table I. During this Phase, various mater1als wil I be investigated 

for chemical compatibility. 

Phase IV- Capacity Tests 

The purpose of this phase is to determine the ftow capacity of each 

subunit and to find the flow-limiting component(s). In addition, tests 

will be conducted to study general i$sues of operability and control. 

Specific series of tests will be performed as described in Table I I. As 

in Phase I I I, various materials will be investigated for chemical com· 

petiulllty. 

Phase V - Integrated ~p~ration 

The purpose of this phase is to verify the interface compntibil ity 

of Subunits I, II and Ill, and to evaluate overall cycle performance. 

Attention will focus on overall cycle flow capacity, utilization of 

internal recycle streams, operal;>il ity at &ystem interfaces, materials, 
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(') 
I 

00 

Test Series 

2 

Subunit Ccmponent 

Reactor 

Gas-Liquid 

Separator 

Table 

Parametric Studies 

Tes i: Res•JI ts 

I 

' I. H2so4 yield as a function of: 

a. .Temperature 1 

c. S02/H20 I 

d. Flowrate (res'dence time) 

e. Pre-mixing t~~e design 
I . 
I 

2. Boost-reaction {later) yield as a tunction of 

a. Sto i ch iometh 

b.· Control 

3. H2so4 yield as /a function of reactor design 

(later) at optimum p~ocess conditions. 
I 

4. Corrosion resistan:e of Zr. 

1. Purity of gas land I iquid products as functions 

of: 



(') 
I 

\C) 

i 

: 

Te::;t Series 

2 
kant 1 d • .) 

... 

3· 

Subunit Component 

I Gas-liquid 

Separator 

I liquid-Liquid 

Separator 

. 

' 

'· 

Table I (continued) 

Test Results 
.. 

a. Temperature 

b. Flowrate (residence time) 

c. 12/H20 

d • SO/H20 

e. Interface - level control method 

f. Impurities 

2. Separation Efficiency 

1. Purity of gas and 1 iqu id products as functions 

of: 

a • Temperature 

b. Fl Ol.,ra te (residence time) 

c. I/H20 

d. SO/H20 

e. Interface-level control method 

f. Impurities 

2. Separation Efficiency 



(') 
I 

0 

Test Series 

3 
(cent 1 d) 

4. 
(1 ater) 

5 

' 

Subunit 

1 

I 
-

I I 

-

. 

Comp::>nent 

I 

Liquic'-Liquid 
' 

Sepa rater 

I~ 
Heavy-Phase 

Stripper 

' I 
! 
I 

. . 

12-Removal 

Column 

Table I (continued) 

Test Results 

3. Corrosion resistance ~f Ir. 

1. Performance (502 con.centr.: t ion in bottom pro-

duct) as a function of: 

a. Feed rate 

b. Temperature 

c • .Reflux 

1. Vapor and I iqu id product purities as a function 

of: 

a. Boi 1 up 

b. Flow turndown 

c. Temperature and temperature gradient 

d. Feed composition 

2. Corrosion resistance of 'Haste! loy C • 
-



(") 
I _. 

l 
:: 

Test Ser i e; 

6 

7 

Subunit Component 

II H
2

so4 Concent ra-

tor 

II H
2

so4 Decomposer 

Table I (continued) 

Test Results 

1 • Vapor and 1 iquid product purities as a function 

of: 

a. Temperature and temperature gradient. 

b. Flow turndown 

c. Feed composition 

d. Reflux 

e. . Bo i 1 up 

1. Conversion (S02 Yield) as a function of: 

a. Temperature 

b. Flowrate (residence time) 

c. Catalyst 

i. Type 

i i • Amount 

i i i . Activation method 

-
' i v. Regeneration method 



(") 
I ..... 

N 

Test Series 

7 
(cont 'd) 

8, etc. 
(1 ate r) 

Subunit 

II 
I 

It I 

Table I (continued) 

Component Test Results 

H
2
so4 Decomposer 2. Corrosion resistan:·e of a I u r, in i zed lncoloy 800 

H near cr i n ca ta 1 ys t . 

TBD TBD 



Table II 

Capacity Tests 

Test Ser·i es Subunit Test Results 

1. Develop so2 feed gas flow and temperature control. 

2. Develop H20 feed flow and temperature control . 

3. Develop 12 fusion method _and 12 flow and temperature control. 

2 
(") 

1. Investigate materials in the liquid-1 iquid separator (Zr; 
I 

w elastomer; plastic). 

3 
(later) 

1. Develop so 2 recycle operability and control 

4 1. Determine subunit flow capacity. 

2. Determine subunit flow turndown. 

5 1. Develop sampling and analysis methods. 

II 1. )evelop operability and control of: 

a. 12 - Removal System 

b. H2so4 - Concentration System 



Tab1·e II (continued) 

Test Series Subunit Test Results 

' 
6 II c. H

2
so4 - Decomposer System 

(cont 'd.) 

7 II 1 • Determine subunit f1 ow capacity. 

2. 9etermine 5ulbunit flow turndown. 

8. II 1. Develop s:.mp.! i ng and analysis methods. 

9 II 1 . Obtain data on catalyst activity, 1 i fe, anc at~ri t ion. 

10 etc. Ill TBD 
(1 ater) 

.. 
" 



and overall control. Specific series of tests will be performed as 

described in Table I II. 

Test Series 

2 

Table I II 

Integrated Operation 

Test Results 

1. so
2 recycle stream uti l i za t ion 

Subunits I and II 

1. 12 recycle stream utilization 

Subunits . I and Ill 

'\ 

- Operation 

- Operation 

of 

of 

3 1. Integrated operation of Subunits I, II, and Ill: 

a. Flow capacity 

b. Recycle stream utilization 

c. Evaluation of control methods 

5.0 ACCEPTANCE CRITERIA 

The tests performed on the bench-scale model are designed to achieve the 

objectives ll5ted in Section 2.0. The validity of the tests will, therefore, 

be judged against those objectives. In gene·ral, the 11 acceptance11 of this 

thermochemical cycle will be established by the following criteria: 

1. Flow c~pacity of each subunit and of the integrated cycle equivalent 

to 1-4 standard liLers per minute of product hydrogen. 

2. Full utilization of internal rer.yrle strc.Jm3. 

3. Low losses of .1 2 and S02 (or their equivalents). 

4. Low impurity levels in pro~uct hydrogen. 
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6.0 QUALITY ASSURANCE REQUIREMENTS 

Experimental test procedures shall .be documented separately to describe the 

detailed activities planned for SubuniL~ I, II ;.~nd Ill, and for the integrated 

bench model. A controlled marked-up copy of each test procedure shall be main­

tained to show the actual procedure ~sed. 

All test rt::sul t~ and nrher pertineni. L~chnic.Jl infnrm9tion derived from 

operatlo11 of the benc.h model shall be rP.c:orded in a registered GA laboratory 

notebook. This notebook shall be maintained in accordance with the GA Pol icle~ 

& Procedures Manual, 11Maintenance of Notebooks, 11 and with Recycle Development 

Department procedure DP-143-11, 11 EXperimenti:ll Data Recording, Identification, 

and Retrieval . 11 

Instruments used to record i·eportJble rlata shall be calibrated in accor­

d;:~nr:P. with Recycle Developmelll De.partment rrocedure DP-143-3, 11 Test Equipment 

and Instrumentation -Cal ibratio·n and Maintenance. 11 

7.0 SAFETY RE9UIREMENTS 

l'rior Lo <:'lpcration of the bench llll)del, a p•view of the safety of its design 

5hall be cond~Cted with th~ ~A Plant Safety Department and Industrial Hygi~ne. 

The uperAtion of the bench model shall be cunductcd in r~ccordance with 

the GA Accident Prevention Program Manual and in a manner which ensur~::s th.Jt 

the following safety requirements are met: 

1. The laboratory exhaust system shall be operated at all times when 

toxic chemicals are present in the laboratory in order to prevent 
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exceeding safe I imits. NOTE: Safe I imits for so
2 

and 12 in air are 

5 ppm(v) (8-hour average exposure) and I mg/m3 (short-time exposure), 

respectively. 

2. The exhaust system shall be activated, the enclosure louvers opened, 

and the room evacuated and isolated after any accidental release of 

taxi c vapors. 

3. Pressure rei ief valves shal 1 be used to protect personnel and to 

prevent equipment damage from overpressure. 

4. All hot surfaces shal 1 be insulated to protect personnel. 

5. Safety glasses· shal 1 be worn during all tests. Enclosure doors shall 

be closed whenever possible during testing. 

6. High-pressure gas cylinders shall be properly identified and stored 

in a safe area outside the laboratory. 

]. Interim 1 iquid chemical wastes shall be collected and stored in 

corrosion-i"t:!slstant containers. The maximum capacity of these con-

tainers shall be 5 gallons for I ight phase (H 2so4 solutions) and 

3 gallons for heavy phase (HI s6lutions). Hand! ing of these 
X 

materials shal I be done in r~ccordance with safe procedures for 

toxic and corrosive chemicals (Ref. 9.8). 

8. An eye-wash fountain and safety ~hower ~hall ~~available for emer-

gency use. 
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9. Equipment, including.tubing, which contains iodine, iodides, or 

any other hal ides under pressure shall not be constructed of 

austenitic stainless steel. 

8.0 SCHEDULE 

1he activlrle~ Je3eribGd hPr~in slldll be carried out in accor~ance with 

the following approximate schedule: 
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(') 

I .... 
\0 

1. 

2. 

3· 

4. 

s. 

6. 
7. 
8. 

9. 
1 0. 

11. 

1 2. 

Thermochemical Water-Splitting Cycle 
Bench Model 

Work Schedule(l) 

FY 79 FY 80 FY 81 

1 2 3 4 1 2 3 4 1 2 3 

rnstall~tion of Subunits I and I I • -f.-
Equipment shakedo~n of Subunits I -
and I I • 

Operational shakedown of Subunits -
I and IL 

Phase Ill tests - Subunits I and --
I I • 

Incorporate process improvements r-- 1-- - -- -- - -
into Subunits I and I I • 

lnstall~tion of Subunit I II • ---1---1--

Equipmert shakedown of Subunit II I • -
Operational shakedown of Subunit -
I I I • 

Phase Ill tests - Subunit I II. 

lncorpor3te process improvements 1-- -- -- -
into SubJnit II I. 

Phase IV tests. 

Phase v ope rat ion. 

( 1 ) Subject to change after exper -
ment~l designs are completed. 

FY 82 FY 83 

4 1 2 3 4 1 2 3 4 

-- - - 1-- --

--1-- r--- --1--

1--· 
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APPENDIX D 
DETAILED FLOWSHEETS, INCLUDING MASS AND ENERGY BALANCES, 

FOR SECTIONS I THROUGH V 

D-1 
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Section V - power generation 
and heat transfer 
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ENERGY BALANCE 

Process 
Section Section Section Section Sections Section Overall 

kJ/0.993 mole H2 I II III IV Subtotal v *' Total 

Gross Power Load 0.50 31.32 126.53 0.01 158.79 239.27 

Power Recovery 23.53 0 22.90 0 46.43 351.97 

Net External Power Demand -23.03 . 31.32 104.06 0.01 112.36 112.70 

Gross Heat load 191.24 792.47 1087.18 98.26 2169.15 558.29 608.47 

Heat Recovery 186.19 512.74 944.20 77.39 1720.52 33.70 

Heat from Otber Sections 5.05 0 151.43 8.45 164.93 0 

Net External Heat Demand 0 421.29 0 27.34 448.63 495.54 608.47 

Net External Energy 104.06 -23.03 452.61 27.35 560.99 608.47 608.61 
Demand 

Heat to Other Sections 0 141.56 8.45 14.92 164.93 461.05 285.63 

Reject Heat 116.18' 0 140.86 18.18 275.22 81.89 322.98 

Enthalpy fl -134.16 311.05 106.18 2. 70 285.77 608.47 608.47 

* The· redesign of Section V needs to be completed since Section I has recently been modified. 
The given values in this table will change only slightly and the effect on the overall process 
efficiency will be insignificant. 

Thermal efficiency =[~H -(~~) W J /Q = [285. 77 - 1.2 x 0]/608.47 0.47 (47%) 



Bas s: 0 993 Hoi H e '2 

Stream Component ~Jiar Flow Ratios 

Number H2so4 Fl 12 H20 so2 

101 0 0 0 o.a4ao6 0 . 
102 0 0.01000 7-7596, 0.13180 0 
103 0 0 0.994011• 0.00200 0 
104 0 0 0 0.38953 1.00515 
105 0 0 0 4.71137 0 
106 0 0 0 7.69382 0 
107 T 0 0 2.49854 0 
108 0 0 0 0.84806 0 
109 0 0 0 8.99232 0 
110 T 0 0 a.l4426 0 
111 0 0.1!0923 8.1110;: 0.12399 0 
112 0 0 0.39400 0.00200 0 
113 0 0 0 0.3a9S3 I .00515 
114 0 0 0 0. 34496 o.a9139 
115 0 0 o,o2455 0.4oa16 0 
116 0.92899 1.e6924 7.19908 14.89721 0.21605 
117 0.00186 1.e6924 7.11908 9.89430 0.20118 
II a 0.92713 0 0 5.00291 0 .014a.7 
119 0.03773 0.07546 0 7.57446 0 
120 0 0 0 3 .. 40455 0 
121 ·o 0 0 3.40455 0 
122 0.03773 0.07546 0 7.57446 0 
123 0.92713 0 0 5.00291 O.OI4a7 
124 0 0.00073 0.6426~. 0.009a3 0 
125 0 0 0 0.04457 0.11376 
i26 0.99900 0 0 4.09350 0.00375 
127 0 0 O.OI31E- 0.05360 0.03773 
12a 0 0 0 0.02175 0 
12aa 0 0 0 0.50566 0 
128b 0 0 0 0.50566 0 
12ac 0 0 0 •0.4a391 0 
12ad 0 0 0 0.4a391 0 
129 0 0 0 •0.02066 0 
130 0 0 0 0.00103 0 

SECTION 'I 
HAIN SCLUTION REACTION 

MATERIAL BALANCE 

Total Flow Ratios 

o2 .R-Il Hole Weight 

0· 0 o.a4ao6 7.6321 
0 0 7.90146 9a5.75 
0 0 0.99600 126.06 

0.49650 0 1.89118 43.607 
0 0 4. 71137 42.400 
0 0 7.69382 69.241 
0 0 2.49854 22.486 
0 0 0.84806 7.6321 
0 0 8.99232 80.926 
0 0 8.14426 ]3.294 
0 0 8.24424 1030.2 
0 0 0.99600 126.06 

0.49650 0 I .8911a 43.607 
0.44100 0 1.67735 3a.67a 
0.46717 0 o.a99aa 14.254 

0 0 25.11057 1218.a 
0 0 19.16566 1127.9 
0 0 5 .9!1491 90.921 
0 0 7.68765 74.837 
0 0 3.40455 30.639 
0 0 3.40455 30.639 
0 0 7.68765 74.837 
0 0 5.94491 90.921 
0 0 0.65321 a1 .623 

0.05629 0 0.21462 4.9412 
0 0 5.09625 a5.902 

. 0.05629 0 0.16080 4.2607 
0.52267 0 0.54442 a.sso6 
0.52267 0 I.02a33 12.906 
0.52267 0 I .o2a33 12.906 

0 0 0.4a391 4.3550 
0 0 0.4a391 4.3550 

0.49650 
I 0 0.51716 a.l224 

0.02617 
I 

0 0.02726 0.42al3 
.. 

' 
Pres sura Temp 

Phase PaXJo5 OK Convnents 

1 1.01 29a H20 ln~·ut from envl ronme 
1 Las 393 12 fro~ Section I I I 
1 50.66 393 12 from Section IV 
9 2.00 368 S02, o, from Section I I 
1 5.0! 425 

nt 

1 1.8S 370 
1 1.8S 368 
1 1.8S 298 
1 1.8S 361 
1 Las 36a 
1 1.8S 393 
1 1.85 393 
9 1.85 362 
9 1.a5 362 
9 1 .as- 36a 

1 l.a~: 368 
1 I .8~- 36a 
1 I .8~- 368 
1 1.8~+ 379.5 
1 5.0:0 377 .s 
1 s.o:; 400 
1 t.a~ 379.5 
1 l.as+ 36a 
1 1 .as 393 
9 I .85 362 
1 I .a5- 393 
9 I .a5- 393 
9 1 .as- 313 
9 t.a5 370 

g+1 1.a5 313 
1 1.as- 313 
1 1.aS+ 313 02 outprJt-H20 vapor 0.01 g+1 l.OI 290.7- H20 1iqgid ~.01066. 

9 t. as;- 37a 

000 

·-
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I 

Ln 

·stream 
'Number 

130a 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
lit I 
llt2 
llt3 
141t 
llt5 
146a 
llt6b 
11t6c 
llt7a 
llt7b 
llt7c 
llt8a 
148b 
11t8c 
llt9a 
llt9b 
149c 
150 
151 

.. 

H2so,. 

I 0 
0.00186 

0 
O.OOOllt 
O.OOOllt 
0.0(}200 

0 
0.99900 
0.00200 

0 
0 
0 
0 
0 
0 . 

0.00200 I 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Component Molar Flow Ratios 

HI 12 H20 ~02 

0 (t 0.00109 0 
1.86921t 7.19908 9.891t30 0.20118 

0 (1 lt.71137 0 
O.lltlt76 0.5~;746 0.76618 O.C1514 
O.llt476 o.5~;71t6 0.76618 O.C1514 
2.011tOO 7. 7~;654 10.660it8 0.21632 
0.00200 0.00388 0.05217 0. 21592 

0 (o lt.0935 0.00375 
2.01200 7. 7~-266 10.609lt0 o.coolto 

0 (o 1 .30682 ·0 
0 (o 1. 30682 •0 
0 (I lt.71137 •0 
0 (I 4.71137 0 
0 (1 10.61t280 •0 
0 (I 0.02066 •0 

2.01ltC•O 7-75651t 10.660it8 0.21632 
0 0 -0 ·0 
0 0 0 •0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 

SECTION I 
MAIN SOLUTION REACTION 

MATERIAL BALANCE 
(Continued) 

Total Flow Ratios 

02 R-11 Hole Weight 

0.02617 0 0.02726 O.lt2813 
0 0 19.16566 1127.9 
0 0 4.71137 lt2.400 
0 0 I .48368 87.323 
0 0 l.lt8368 87.323 
0 0 20.61t934 1215.2 

0.02617 0 0.30011t 8.4170 
0 0 5.09625 85.902 
0 0 20.3761t6 1207.2 
o. 0 1. 30682 11.761 
0 0 I .30682 11.761 
0 0 it. 71137 lt2.400 
0 0 it. 71137 42.1tOO 
0 0 10.61t280 95.780 

o.lt965o 0 0.51716 8.1221t 
0 0 20.61t934 1215.2 
0 1.361t62 1 .361t62 93.648 
0 1 .28571t 1.28571t 88.231t 
0 1.05860 2.05860 lit I .27 
0 1 .361t62 1 .361t62 93.61t8 
0 1 .28571t 1 .28571t 88.231t 
0 2.05860 2.05860 141 .27 
0 1 .361t62 1 .361t62 93.648 
0 1 .28571t 1. 28574 88.234 
0 2.05860 2.05860 lit I .27 
0 1 .361t62 1. 36462 93.648 
0 1.28571t 1 .28571t 88.231t 
0 2.05860 2.05860 lit I .27 
0 lt.70896 lt.70896 323.15 
0 lt.70896 It. 70896 323.15 

Pressure 
Phase PaX]05 

g 1.85 
g 1.85+ 
i. 5.02 
i. 1 .85-
i. 1.85+ 
i. 1 .85+ 
g 1.85 
i. 1.85+ 
i. 1.85 
i. 5.02 
i. 5.02 
i. 1.85 
i. 5.02 
i. 1 .85 
g 1 .85-
i. 1.85 
i. 7.00 
i. 8.80 
i. 10.60 
i. 7.00 
i. 8.80 
i. 10.60 

g+i. 6.1t2 
g 8.18 

g+i. 10.12 
g 6.39 
g 8.18 
g 10.08 
g 1.13 
i. 1.13 

Temp 
PK 

313 
368 
377.5 
368 
368 
368 
393 
393 
393 
377.5 
!tOO 
377.5 
!tOO 
368 
313 
390.8 
300 
300 
300 
31tO .1 
31t0 .1 
31t0 .1 
363.1 
373.1 
383.1 
363.1 
373.1 
383.1 
300 
300 

Comments 

Upper phase to Section 
Lower phase to Section 

H20 from Section Ill 

R-11 HW=137.38 (c' cl3F 

,R-11 
Power cycle 

r 
i 
\ 
I 

v: 

11 
Ill 



·Hot-Side In Hot-Side Out 

Heat Exch. Energy Stream Stream Stream Stream 
Number Load, kJ Number Temp. ,•K Number Temp. •K 

E-lOlA 29.409 - 379 - 368 
B 31.231 - 389 - 368 
c 49.010 - 398 - 368 

E-102 5.880 121 400 120 377.5 
E-103 116.178 150 300 15' 300 
E-104 36.403 - 398 - 383 
E-105 9.103 105 425 14:! 400 
E-106 22.903 128a 370 12Bb 313 

E-107 2.257 140 400 139 377.5 
E-220b 2.974 - 410 - '368 
E-222b 2.071 - 405 - 393 

SECTION I 
HAIN SCLVTION REACTION 

HAT LOAOS 

Cc.fd-Side In Cold-Side Out 

Stream Stream Stream Stream 
Number Temp.•K Number Temp. •K 

147a 340.1 t48a 363.1 
1L}b 340.1 148b 373.1 
1~7c 340.1 t48c 383.1 

- 368 - 393 
c~w. - - -
1:!5 368 145 390.8 

- 390.8 - 393 
1~6 300 147 340.1 
a,b,c a,b,c 

1:!9a 313 130 378 
t48a 363. I 149a 363. I 
J48c 383.1 149c 383.1 

Comments 

Hot side s In C-101 
Hoi. side 5 In C-101 
Hoi side s In C-101 

Cold side &s In C-102 
~ 

Hot side :s In C-101 

Cold side is In C-104 
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-....J 

Power 
Device 
Number. 

P-101 

P-102 

P-103 
P-101ti 

P-105 
P-106 
P-107' 

1 07'8 
Jon:; 

P-108 

TE-1CMI 

TE-1Qq 

TE-1()3 

TE-1011 
TE-1()5. 

Energy Load Input 
kJ Stream No. 

0.001 101 
negnlglble 122 

negligible 118 
negligible 117 
negligible 126 
negligible 133 

0.108 151 

0.127 151 
0.262 151 

neg I lglble 128c 

0.287 103 

0.497 104 
21.916 149a,b,c 

0.023 132 

0.809 144 

SECTION I 
MAIN SOLUTION REACTION 

POWER LOADS 

Input Stream Output 
Pressure, Pax105 Stream No. 

1.01 108 
1.85- 119 
1.85- 123 
1.85- 131 
1.85- 137 
1.85- 134 
1.13 146a 

1.13 146b 

1.13 146C 
1.85- 128d 

50.66 112 

2.00 113 
6.39,8.18,10.08 150 

5.02 .141 
1.85- 129 

Output Strea:n 
Pressure, Pax 10s Comments 

1.85 
1.85+ 

1.85+ 
1.85+ 

1.85+ 
1.85+ 
7.00 

8.80 

10.60 

1.85+ 

1.85 

1.85 

1.13 

1.85 
1.01 
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00. 

Basis· 0993 mole H Pr d t ,,, 0 uc 

Stream Component Mclar Flow F.at io;· 

No. H2S04 503 so2 H20 0:;: 

201a 0:9~90 0 0.0038 4.0935 0 
201b 0.9990 0 0.0038 4.0935 0 
20.2 0.9990 0 0.0038 4.0935 0 
202a 0.9999 0 0.0038 4.0973 0 
202b 0.9999 0 0.0038 4.0973 0 
203 0.9995 0 0 2.1161 0 
203a I .3688 0 0 2.9024 0 
203b 1. 3688 0 0 2.9024 0 
204 0;0004 0 0.0038 I .9812 0 
205 I .3660 0 I 0 1.8608 0 
205a 1.3983 0 0 I .9048 0 
205b 1.3982 0.0001 0 1.9049 0 
206 0.0028 0 0 1.0416 0 
207 1.3838 0 0 1.2263 0 
207a 1.4704 0 0 1.3031 0 
207b 1.4683 O.C021 0 1 .3052 0 
208 0.0144 0.0001 0 0.6786 0 
209 1.4157 0 0 0.7294 0 
209a 1.6362 0 0 0.8430 0 
209b 1.6019 0.0343 0 0.8773 0 
210 0.0526 0.0021 0 0.5758 0 
211 1.4193 0 0 0.3009 0 
211a 1.6561 0 0 0.3510 0 
211 b 1.5578 0.0983 0 0.4493 0 
2·12 0. 1826 0.0343 0 0.5764 0 
213 1.3610 0 0 0.1547 0 
114 0.1968 O.C983 0 0.2946 0 
Z14a 0.2859 O.C092 0 0.2055 0 
215 0.2368 0 0 0.0501 0 
216 0.0491 O.C092 0 0.1554 0 
216a 0.2317 O.C43S 0 0.7318 0 
216b 0.2731 O.C021 0 0.6904 0 
217 . 0.2205 0 0 0.1136 0 
118 0.0526 O.C•021 0 0.5768 0 
218a 0.1052 0.0042 0 1.1526 0 
2'18b 0.1092 0.0002 0 1.1486 0 

s 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

SECTION II 
H2S04 CONCEIITRATION AND DECOMPOSITION 

MhTERIAL BALANCE 

T•Jtal Flow Rat ic· Pressure 
H2S i'1ole w·e 1 9ht Phase PaXI0 5 

0 5.0963 as. 194 R. 1.85 
0 5.0963 85.194 R. 2.00 
0 5.0963 85. 194 R. 2.00 
0 5.1010 85.992 R. 2.00 
0 5.1010 85.992 R.+9 2.00 
0 3.1156 68.017 R. 2.00 
0 4.2712 93 0189 R. 2.00 
0 4.2712 93. 189 R.+9 2.00 
0 1. 9854 17.975 9 2.00 
0 3.2268 83.676 R. 2.00 
0 3.3031 85.654 R. 2.00 
0 3.3032 85.654 R.+9 2.00 
0 1.0444 9.513 9 2.00 
0 2.6101 78.836 R. 2.00 
0 2. 7735 83.770 R. 2.00 
0 2. 7756 83.770 R.+9 2.00 
0 0.6931 6.818 9 2.00 
0 2.1451 75.926 R. 2.00 
0 2.4792 87.752 R. 2.00 
0 2.4792 86.380 R.+g 2.00 
0 0.~305 7.844 9 2.00 
0 1.7202 72.245 R. 2.00 
0 2.0071 84.298 R. 2.00 
0 2.1054 84.298 R.+g 2.00 
0 0. 7933 15.506 9 2.00 
0 1. 5157 68.073 R. 2.00 
0 0. 5897 16.225 9 2.00 
0 0.5006 16.225 R.+g 2.00 
0 0.2869 12.053 R. 2.00 
0 0.2137 4 0 173 9 2.00 
0 1.0070 19.679 9 2.00 
0 0.9656 19.679 . R.+g 2.00 
0 0.3341 II .826 R. 2.00 
0 0.6315 7.853 9 2.00 
0 1.2620 15.697 9 2.00 
0 1.2580 : 15.697 R.+g 2.00 

' I 

Temp. 
OK Comments 

393 
393 
425 
425 
470 
470 
470 
502 
470 
502 
502 
536 
502 
536 . 
536 
573 
536 
573 
573 
613 
573 
613 
613 
634 
613 
634 
634 
613 
613 
613 
613 
573 
573 
573 
573 
536 



Co11ponent Molar Flow Ratios 
Stream 
No. H2So., so3 S02 H20 Oz s 

219 0.0866 0 0 . 0.0768 0 0 
220 0.0226 0.0002 0 1.0718 0 0 
220a 0.0370 0.0003 0 I. 7504 0 0 
220b 0.0372 0.0001 0 I I. 7502 0 0 
221 0.0323 0 0 0.0440 0 0 
222 0.0049 0.0001 1

' 0 I. 7042 0 0 
222a 0.0077 o.oood 0 2.7478 0 0 
222b 0.0078 0 0 2.7477 0 0 
223 0.0073 0 0 0.0137 0 0 
2Z4 0.0005 ' 0 0 2.7340 0 0 
224a 0.0009 0 0.0038 4.7152 0 0 
224b 0.0009 0 0.0038 4.7152 0 0 
225 0.0009 0 0 0.0038 0 0 
226 0 0 0.0038 4.7114 0 0 
227 0.3620 0 0 0.7726 0 0 
228 1.3610 0 0 0.1547 0 0 
229 I. 3610 0 0 0.1547 0 0 
230 0.8269 .o. 5341 0 0.6888 0 0 
23.1 0.1966 I .1644 0 I. 3191 0 0 
232 0.0005 0.3615 0.9990 I. 5152 0.4995 0 
232a 0.0005 0.3615 I. 0014 I. 5236 0.4965 0 
232b 0 0 0 0.0072 0 O.OCI2 
232c 0 0 0 0.0072 0 O.OCI2 
232d 0 0 0 0 0 0 
233 0.3484 0.0136 I. 0014 1.1757 0.4965 0 
234 0.3620 .0 I. 0014 1.1621 0.4965 0 
235 0.3620 0 0 0.7726 0 0 
236 0 

I 
0 I. 0014 0. 3895 0.4965 0 

236a 0 0 I. 0052 0.3895 0.4965 0 
237 0 0 I. 0052 0.3895 0.4965 0 
238 0 I 0 0.0038 4 0 7114 0 0 
239 0 0 0.0038 4.7114 0 0 
240 0 0 0.0038 4.7114 0 0 
241 0 0 0.0011 I .3163 0 0 
242 0 0 0.0011 I. 3163 0 0 
243 0 0 0.0027 3.3951 0 0 

SECT I ON II 
H2so4 CONCENTRATION AND DECOMPOSITION 

MATERIAL BALANCE 
(CONTINUED) 

Total Flow Ratio 
?res sure 

H2S Mole Weight Phase PaX lOS 

0 0.1634 4.934 i 2.00 
0 1.0946 10.763 9 2.00 
0 I. 7877 17.581 9 2.00 
0 I. 7875 17.581 2.+9 2.00 
0 0.0763 I. 979 i 2.00 
0 I. 7092 15.584 9 2.00 
0 2.7556 25 0 116 9 2.00 
0 2.7555 25 0 116 2.+9 2.00 
0 0.0210 0.481 i 2.00 
0 2.7345 24.635 9 2.00 
0 4.7199 42.610 9 2.00 
0 4.7199 42.610 2.+9 2.00 
0 0.0047 0.078 i 2.00 
0 4.7152 42.531 9 2.00 
0 I. 1346 24.690 i 2.00 
0 I. 5157 68.073 i 8.60 
0 I. 5157 68.073 i 8.60 
0 2.0498 68.073 9 8.60 
0 2.6801 68.073 9 7.80 
0 3.3757 68.073 9 5.20 
0 3.3835 68. 183 9 5. 20 
0 0.0084 0.084 2.+s 1.013 
0 0.0084 i 0.084 Hs 5.2 

0.0012 o.oo12 I 0.020 9 5.2 
0 3.03561 68. 183 9 2.40 
0 3.0220 68.183 2.+9 2.00 
0 I. 13461 24.690 2. 2.00 
0 I .8874 43.492 9 2.00 
0 I. 8912 43.614 i 9 2.00 

·o I, 8912 43.614. 9 2.00 
0 4.7152 42. 531 9 2.00 
0 4.7152 42 :531 9 5.02 
0 4.7152 42.531 9 5.02 
0 I. 3174 . II .884 9 5.02 
0 I. 3174 i II. 884 2. 5.02 
0 3.3978 30.648 9 5.02 

Temp. 
".K Comments 

536 
536 
536 
502 
502 
502 
502 
470 
.470 
470 
470 
425 
425 
425 
470 
635 
686 
686 
800 

1144 
1144 
303 Slurry pump. 
303 
400 
579 
418 
418 .. 
418 
418 
368 
425 
499 
425 
425 
425 
425 



t:l 
I 

N 
0 

Stream 
No. 

244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
255 
256 
257 
258 

H2so .. so 3 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 . 0 
0 0 
0 0 
0· 0 
0 0 
0 0 
0 0 
0 0 

Component Molar Flow Ratios 

so2 ~20 Oz 

0.0027 3.::951 0 
0.0027 3.::951 0 
0.0012 J.£459 0 
0.0012 1.~459 0 
0.0012 J.£459 0 
0.0012 T.£459 0 
0.0015 1.~492: 0 
0.0015 I .~492: 0 
0.0015 1.~492: 0 
0.0015 1.~492: 0 
0.0015 1.~492: 0 
0.0015 1.~492: 0 
0.0038 4.~ 11/jj 0 
0.0038 . 0 0 

T 4.~1141 0 

SECTION II 
H2so4 CONCENTRATION AND DECOMP:>S IT I ON 

MATERIAL BALANCE 
(Continued) 

Total Flow ·Rat lc 

s2 H2S Hole Weisht Phase 

0 0 3.3978 30.648 g 
0 0 3.3978 30•648 g 
0 0 1.4471 13.054 g 
0 0 1.4471 13 .. 054 R. 
0 0 1.4471 13 ~o54 R. 
0 0 1.4471 13.054 R. 
0 0 1.9507 17 . .:594 ·g 
0 0 1.9507 17.594 9 
0 0 1.9507 i7.594 g 
0 0 1.9507 17-594 ' R. 
0 0 1.9507 17-594 R. 
0 0 1.9507 17-:594 R. 
0 0 4.7152 42 -531 R. 
0 0 0.0038 . 0 .. 121 g 
0 0 4.7114 42.409 R. 

Pressure · Temp. 
PaXJ0 5 OK Comment~ 

9.35 496 
9.35 450 
9.35 450 
9.35 450 
9.35 425 
5.02 425 
9.35 450 

17.95 533 
17.95 480 
17.95 480 
17.95 425 
5.02 425 
5.02 425 
5.02 425 
4.90 425 
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N 

Heat Ex·:h. 
Number 

E-201 
E-202 
E-203 
E-204 
E-205 
E-206 
E-207 
E-208 
E-209 
E-210 
E-211 
E-21, 
E-213 
E-214 
E-215-
E-216 
E-211 
E-218 
E-219 
E-220 
E-221 
E-222 
E-223 
E-224 
E-225 
E-226 
E-227 
E-228 
E-229 
E-230 

Hot-Side Input 
Energy Stream Stream 
L::lad, kJ Number Temp, "K 

15.113 (a) (a) 
3.854 224a 470 

10.8.·162 (a) (a) 
~.632 222a 502 

63.546 (a) (a) 
5.979 220a 536 

4~. 390 (a) (a) 
H.303 218a 573 
4~.984 (a) (a) 
25.195 216a 613 
6L.l30 (a) (a) 
2·5.113 214a 634 
44.058 (a) (a) 

1H.119 (a) Ca>. 
•5.120 (a) (a) 

12.!.561 232 1144 
1.5.531 (a) (a) 

. 9J.326 233 579 
13!.401 (a) (a) 

1.591 236 418 
8:...540 (a) (a) 
S.518 226 425 

ll.805 239 499 
50.001 241 425 

li.653 244 496 
5!.175 246 450 
!.843 247 450 
... 849 251 533 

6:'.193 252 480 
1.544 253 480 

SECT I ON II 
H2so4 CONCENTRATION AND DECOMPOSITION 

HEAT AND POWER LOADS 

Hot-Side Output Cold-Side Input Cold-Side Output 
Stream Stream Stream Stream Stream Stream 
Numl)er Temp, "K Number Temp, "K Number Temp, 

' 

(a) (a) 20lb 393 202 425 
224b 425 Ca) (a) (a) (a) 
(a) (a) 202a 425 202b 470 
222b 470 (a) (a) (a) (a) 
(a) (a) 203a 470 203b 502 
220t. 502 (a) (a) (a) (a) 
(a) . (a) 205a 502 205b 536 
21St 536 (a) (a) (a) (a) 
(a) (a) 207a 536 207b 573 
2161: 573 (a) (a) (a) (a) 
(a) (a) 209a 573 209b 613 
2141: 613 (a) (a) (a) (a) 
(a) (a) 211a 613 211b 614 
(a) (a} 231 800 232 1144 
(a) (a) 235 418 227 470 
233 579 (a) (a) (a) (a) 
(a) (a) 228 635 229 686 
234 418 (a) (a} (a) (a) 
(a) (a) 229 686 230 686 
237 368 (a) (a) (a) (a) 
(a) (a) 230 686 231 800 
238 393 (b) (b) (b) (b) 
240 425 (b) (b) (b) (b} 
242 425 (b) (b) (b) (b) 
245 450 (b) (b) (b) (b) 
247 450 (b) (b) (b) (b) 
248 425 (b) (b) (b) (b) 
252 480 (b) (b) (b) (b) 
253 480 (b) (b) (b) (b) 
254 425 (b) (b) (b) (b) 

(a): See Table- 4 for first heat load match up 

"K 

t 

l 
I 

<•>: See Table- 5 for heat load match up (utilization of heat generated by compression of steam) 

/ 

Connnents 

Heat generated by compression of steam. 
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N 
N 

Power 
Device 

p...;201 

P-202 

P-203 

C-201 

C-202 

C-203 

Energy 
Load k.J 

0.003 

0.067 

Negligible 

17;362 

8.280 

5.608 

I Input 
Stream Numb:r 

20la 

213 

232b 

238 

243 

250 

Input Stream 
105 Pressure, Pax 

.1.85 

2.00 

1.013 

2.00 

5.02 

9.35 

SECT 10'-1 II 
H2so4 CONC:NTRATION ANO DECOMPOSITION 

HE'-T .liND POolER LOADS 
(Cent hued) 

Outp~:et Output Stream 5 StreE..III Humber Pressure, Pax 10 

:t<O:.b 2.00 

<21 8.60 

<J:!c 5.20 

~39 5.02 

~.44 9.35 

::51 ' 17.95 

Comml!nts 

Slurr; pump. 
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Heat ncl\. 
Number 

(a) 
E-216a 
(a) 
E-216b 
(a) 
(a) 
E-216C 
E-216d 
(a) 
E-216e 
E-212 
(a) 
E-210 
E-218a 
(a) 
E-208 
E-ll8b 
(a) 
(a) 
IE-206 
IE-218C 
IE-218d 
(a) 
(b) 
E-204a 
E-218e 
•(b) 

. {a) 
E-218£' 
E-220a 
•(b) 
E-204b 
E-202 
E-220b 

BASIS: 0.993 mole H2 Product 

Hot"- Side 
l.npat ·remp. uutput l:emp. Heat Exch. 

OK OK Number 

($) (a) E214a 
1U4 810 E214bl 
(~ (a) E214b2 
81.0 706.9 E221A 

(BJ (a) E221B 
(a) (a) E219 
7J6,9 645 E217 
6~5 628 E213A 

(at (a) E213B 
6~8 579 E211A 
654 613 E211B 

(a.• (a) E211C 
613 573 E209A 
5"9 546 E209B 

(a:• (a) E209C 
5:"3 536 E207A 
5•6 512 E207B 

(a:• . (a) E207C 
(a:• (a) E205a 
516 502 E205b 
5:2 495 E205C 
4!'5 480 E205dl 

(a: (a) E205d2 
(b: (b) E205e 
502 485.1 E203A 
4SO 435 E203B 

(b: (b) E203C 
(a: (a) E203D 

4"·5 418 E.20la 
41.8 410 E20lb 

(b: (b) E20lc 
4E;5. 7 470 E215a 
4~0 425 E215b 
410 368 -

SECTION II 
H2S04 CONCENTRAT.I ON AND DECOMPOSITION 

HEAT LOAD HATCHUP 

Cold - Side Heat L:>ad 
Input Temp. Output Temp. 

OK OK kJ 

1130 1144 7.005 
800 1130 73.043 
800 1130 92.071 
686 800 22.553 
686 800 58.987 
686 686 132.401 
635 686 13.531 
613 634 3. 718 
613 634 40.340 
573 613 10.716 
573 613 26.113 
573 613 24.301 
536 573 26.195 
536 573 19.129 
536 573 3.660 
502 536 12.303 
502 536 19.709 
502 536 17.378 
497 502 9.929 
493.49 497 6.979 
488.5 493.49 9.854 
470 488.5 

I 
8.695 

473.6 488.5 22.584 
470 473.6 l 5.505 
425· 470 2.366 
425 470 26.085 
425 470 63.455 
425 470 I 11.256 
'404.1 425 9.854 

I 402.8 I 404.1 0.617 

I 
393 

I 
402.8 4.642 

450.7 470 2.266 

I 418 450.7 3.854 
- I - 2.Q7. 

(a): Heat supplied from Section V tHelium Section) 
(:,): See Table - 5 for heat load mac.ch up ( Heat generated by steam compression) 

Comments 

] E214 load total 172.119 

] E221 load total 81.540 

J E213 load total 44.058 

} E211 load total 61.130 

} E209 load total 48.984 

] E207 load total 49.390 

} E205 load total 63.546 

l E203 load total 103.162 

i} E201 load total 15.113 

E215 load total 6.120 

r~' J.e of Secticnl 
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Heat Qch. 
.Number 

.E-228 
E-225a 
E-223a 
E-225b 
E-229A 
E-225C 
E-223b 
E-230a 
E-226A 
E-229B 
E-229C 
E-229D 
E-226B 
E-226C 
E-223C 
E-230b 
E-230C 
E-227A 
E-227B 
E-230Cl 
E-230C2 
E-223dl 
E-223d2 
E~224A 

E-224B 
E-224C 
E-222a 
E-222b 

Hot - Side 
.Lnput Te111p. 

"K 

533 
496-
499· 
491..5 
480 
480 
480 
480 
450• 
480• 
480· 
480 
450· 
450• 
450• 
450· 
445.23 
450 
450 
441.92 
441.92 
432.5!i 
432.55 
425 
425 
425 
4.25 
'OS 

Output Temp. Heat Exch • 
"K Number 

480 E205e1 
491.5 E205e2 
480 E203Cl 
480 E203C2 
480 E203C3 
450 E203C41 
450 E203C42 
450 E203C4J 
450 E203C5 
480 E320 
480 E312 
480 E309B 
·450 E307 
450 E311All 
-432.5i E311Al2 
·445.23 E309Bl 
-441.92 E309Cl2 
·1+25 E322Al21 
-425 E311B21 
-425 E322Al22 
-425 E311B22 
-425 E322Al23 
-425 E311B23 
-425 E322Al24 
-1+25 E311B24 
-1+25 E201Cl 
-1+05 E201C2 
.393 -

SECTION li 
CON•:ENTRAT I ON ANO DECOHPOS IT I ON 

HE~T LOAD HATCHUP 
(Cant i nued) 

·Cold - Side 

I 

Input ':emp. Output Temp. 
"K "K 

470.4 ~73.6 

470 470.4 
467.5 470 
466.3 467.5 
449.3 466.3 
438.98 449.3 
438.98 449.3 
438.~8 449.3 
425 438.98 
461.38 465 
457.5 457.5 
430.85 457.5 
430.85 430.85 
423.17 430.85 
422.28 423.17 
422.28 430.85 
407.16 413.09 
412.79 413.09 
412.79 413.09 
412.51 412.79 
412.51 412.79 
412.36 412.51 
412.36 412.51 
407.16 412.36 
407.16 412.36 
399.7 402.8 
393 399,7 

- -

Heat Load CODDDents 
k 

J 

4.849 
0.656 
3.545 
1.658 

23.946 
4.339 
5.596 
4.660 

19.711 
38.567 
2.375 
2.305 
5.061 

28.003 
3.225 
0.742 
0.513 
1.306 
1.537 
1.207 
1.422 
0.647 
0.762 

22.415 
26.391 
1.195 
3.447 
2.071 teE side is in 2over cycle !D S~ttiCD : l 
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Basis: 0.99300 g-mole H2 Product 
.T • "Trace" 

Stream Component Molar Flow Ratios 

Number H2so., HI 12 H20 so2 s 

300 0 0 0 0.08440 0 0 

301 IL00200 2.01200 7.75266 10.60940 0.00040 T 

302 0 o .. oa120 T 0.08120 0 0 

303 T 0 0 T 0 T 
304. 0 0 0 0.07000 0 0 
305 0 0 0 0.07000 0 0 
306 0 0 0 0.07000 0 0 
307 T 0..01240 0.01240 0.03100 0 0 
3o8 T 0..01240 •J.Ol240 0.03100 0 0 
309 T 0..01240 7.56836 0.02480 0 0 
310 0..00200 2.02450 0.53970 14.72583 0.00040 T 
311 T 0.01240 0.01240 0.02480 0 0 
312 0..00200 2.02450 0.53970 14.72583 0.00040 T 
313 0 2.08535 0.54770 0.09500 T T 

. 314 0 2.o8535 o. 54770 0.09500 T T 

315 0 0.01250 0.34300 0.02500 T T 
316 0 0 0 7. 74113 0 0 
317 0 0 0 10.33761 0 0 
318 0 2.!!7720 0.20470 0.07000 T 0 
319 0 0.01000 0.20370 0.06800 0 0 
320 0 O.J1000 0.20370 0.06800 0 0 
321 0 0 0 0.30519 0 0 
322 0 T 7.55596 0.06380 0 0 
323 T 0 0 T 0 0 
324 0 2.l1820 0.05140 0.26900 0 0 
325 0 2.l1820 0.05140 0.26900 0 0 

326 0 0.15100 0.05040 0.26700 0 0 

H2S 

0 

T 

T 

0 
0 
0 
0 
0 
0 
0 
T 
0 
T 

0.00120 
0.00120 

T 
0 
0 

0.00120 
0 
0 
0 
0 
0 

0.00120 
0.00120 

T 

SECTION Ill 
HI Separation 

Haterlal Balance 

- Total Flow Ratio 

H3P04 Holes Weight 

0 0.08440 0.076 

0 20.46646 1207.204 

0 0.16240 5.920 

1.06604 1.06604 52.186 
0 0.07000 0.630 
0 0.07000 0.630. 
0 0.07000 0.630 

0.06200 0.11780 5.679 
0.06200 0.11780 5.679 
0.06200 7.66756 963.721 

14.26942 31.65185 1028.978 
.0.06200 7.66756 963.721 

14.26942 31.65185 1028.978 
0 2.72925 203.585 
0 2.72925 203.586 

0 0. 38050 44.516 
0 7. 74113 69.666 
0 10.33761 93.033 
0 2.35310 159.347 
0 0.28170 2.708 
0 0.28170 2.708 
0 0.30519 2". 747 
0 7.61976 958.672 

1.06604 1.06604 52.186 
0 2.53980 150.710 
0 2.53980 150.710 

0 0.46840 18.443 

Pressure Temp. 
Phase k Paxl o-2 "K Comments 

R. 1.013 298.15 Net Input from the 
environment 

R. 1.850 393.15 Input from Sec. I, H2S04 - HI 
Synthesis 

R. 50.663 303.00 Input from Section IV, HI 
Oecompos it I on 

R. 1.013 457.75 
R. 1.013 298.15 
R. 2.026 298.15 
R. 2.026 381.57 
R. 2.026 393.15 
R. 1.850 393.15 
R. 1.850 393.15 
R. 1.850 393.15 
R. 2.026 393.15 
R. 1.013 418.00 
g 1.013 401.00 

g&R. 1.013 387.00 [0.01250 Hl·0.34300 l2· 
• 0.02500 H20l (R.) plus a 

trace of S(s). 
R. 1.013 387.00 

g&R. 6.786 436.85 1 .14003 H20 (g) 
g&R. 6.786 436.85 1.39315 H20 (g) 
g 1.013 387.00 
R. 1.013 457.50 
R. 1.850 457.51 
g 1.013 534.15 
R. 2.026 393.15 
R. 1 .013 534.15 
g I .013 377.60 

g&R. I .013 368.15 [2.06720 HI+O.OOlOO l2+ 
0.00200 H20+0.00120 
H2SJ (g) 

R. 1.013 368.15 
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Stream 
Number 

327 
328 
329 
330 
331 
332 
333 
334 
335 
336 
337 
:us 
339 
340 
341 

342 
343 
344 
345 
346 
347 
348 
349 
350 
351 

. 352 
353 
354 
35S 
356 
357 
358 
359 
360 

H2SOtt HI 

0 0 
T 0 
0 2.06720 
0 2.o6n.o 
0 2.06740 
0 2.06]0:0 
0 2.o6no 
T 0 
T 0 
T 0 
0 0.01250 
T 0 
0 0 
0 0 
0 0 

T 0 
0 T 
T 0 
T 0 
T 0 
0 0 
0 0.01000 
0 O.OIQoJO 
0 0 
T 0 
0 0 
T 0 
0 o· 
0 0 
0 0 
T 0 
T 0 
0 0 
T 0 

.component Holar Flc·w F.atlos 

I z H20 S02 s 

0 0 0 0 
0 11·.30519 0 T 

0.00100 0.00200 0 0 
0.00100 0.00200 0 0 
0.00100 0.00200 0 0 
0.00100 0.00200 0 ·o 
0.00100 0.00200 0 0 

0 it.08523 0 T 
0 h1.72083 0 0.00120 
0 1'111.72803 0 T 

0.34300 0.02500 T T 
0 !t.08523 0 T 
0 Z.59648 0 0 
0 1•].64280 0 0 
0 •].00720 0 0.00120 

0 ~.08523 0 T 
7.55596 :.~638q 0 0 

0 0 0 
0 T 0 0 
0 ~.08523 0 T 
0 1Ll4230 0 0 

0. 20370· (•.06800 0 0 
7.75966 0.13180 0 0 

0 0.0141tO 0 0 
0 111;.72803 0 T 
0 4.33285 0 0 
0 10.39518 0 T 
0 4.33285 ' 0 0 
0 4.33285 0 0 
0 4.33285 0 0 
0 T 0 T 
0 10.39518 0 T 
0 ).40828 0 0 
0 6.98690 0 T 

I 
I 

SECTION Ill 
HI Separation 

Ha.terlal !!alance 
(Cont h1ued) 

Total Flow Ratio 

HzS H3P01t Holes Weight 

0 3.05102 3.05102 4!;1: 1~6 0 1.066()4 1.37123 
0.00120 0 2.07140 132.267 
0.00t2.0 0 2.07140 132.267 
0.(()12.0 0 2.07140 132.267 
0.00120 0 2.07llt0 132.267 
0.(•0120 0 2.07llt0 132.267 

•0 14.2694-2 18.35465 735.}00 
0 15.33546 30.05749 883.221 
0 15.33546 30.06349 883.266 

.T 0 0.38050 44.516 
0 14.2691c2 18.35465 735.300 
0 0 2.59648 23.367 
0 0 10.64280 95.780 
0 0 0.00840 o.osr. 
0 14.269/Q 18.35465 735.300 
0 0 7.61976 958.672 
0 l.066C4 1.06604 52.186 
0 1.066C4 1.06604 52.186 
0 14 • .2691t2 18.35lt65 735.00 
0 0 ll.llt230 100.275 
0 0 0.28170 2. 708 
0 0 7.901~6 985.752 
0 I 0 0.014~0 0.130 
0 15.335~6 30.063~9 883.266 
0 0 4.33285 38.994 
0 15.335f6 25.73064 .844.272 
0 0 4.33285 38.99~ 
0 0 4.33285 38.994 
0 0 4.33285 38.994 
0 1.06604 1.06604 52.186 
0 15.335~6 25.73064 844.272 
0 0 3.40828 30.673 
0 15.3351t6 22.32236 813.600 

I 

I 

?res sure Temp. 
Phase k PaXJo-~ "K Conments 

9 9.48o 380.00 
i. 1.01} 476.65 
g 1.01} 368.15 
9 1.01} 300.00 
g 8.268 373.24 
i. 8.268 300.00 
i. 50.66) 300.41 HI output to Section IV. 
i. 1.01) 457.75 
i. 1.013 430.85 
i. 1.013 430.85 
i. 1.850 387.01 
i. 1.850 393.15 

g&i. 6.786 436.85 0.25312 H20(g) 
g&i. 6.786 436.85 1.45639 H20(9) 
i.&s 1.013 300.00 0.00120 S(s) Output to 

Sectlo• II. 
i. 1.013 438.85 
i. l.B5·J 393.15 
i. 1.013 438.85 
1 1.013 401.00 
1 1.013 393.15 

g&i. 1.850 391.01 0.49950 HzO(g) 
i. 1.850 389.80 
i. 1.850 393.15 Iodine Output to Section I 
i. 1.013 298.15 

g&i. 1.013 4~6.11 4.33285 H20(9) 
9 1.013 4~6.11 
1 1.013 4~6.11 
g ~ 0.252 454.11 

9&2. ~ 0.252 454.11 0.31583 HzO(g) 
gU 6.786 436.85 0.45110 .11 20(9) 

i. 1.013 488.65 
9&2. 1.013 461.38 3.40828 HzO(g) 
9 1.013 461 .38 
i. 1.013 461.38 

i 
I 
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Stream 
Number ~2so4 

361 0 
362 T 
363 0 
364 0 
365 0 
366 0 
367 T 
368 T 
369 0 
370 0 
371 0 
372. 0 
373 0 
374 T 
375 0 
376 0 
377 0 
378 T 
379 0 
380 0 
38.1 0 
382 0 
383 0 
384 0 
385 0 

386 0 
387 0 
388 0 
389 0 
390 0 
391 0 
392 0 

* FRE0~-11 

HI 

0 
0 
0 
0 

0.08120 
0 
0 
0 
0 
0 

2.:>2450 
2.:>7285 
0.:>0435 

0 
0 
0 
0 
0 
0 

0.)7685 
0 
0 
0 

·o 
0 

0 
0 
0 
0 
0 
0 
0 

Component Flow Molar Rctlos 

lz H20 S02 s H2S 

0 3.40828 0 0 0 
0 4. 08523 0 T 0 
0 3.40828 0 0 0 
0 3.40828 0 0 0 
T 0.08120 0 0 T 
0 2.59648 0 0 0 
0 T 0 0 0 
0 6.98690 0 T 0 
0 2.59648 0 0 0 
0 2.59648 0 0 0 

0.53970 14.72583 0.60040 T T 
0.20470 0.07000 T T 0.00120 

0 T 0 0 T 
0 4.39042 0 T 0 
0 0.30519 0 0 0 
0 0.30519 0 0 0 
0 0.30519 0 0 0 
0 0.30519 0 T 0 
0 10.64280 0 0 0 
T 0.08120 0 o· T 
0 10.64280 0 0 0 
0 10.64280 0 0 0 
0 0.49950 0 0 0 
0 0 .. 49950 0 0 0 
0 0.49950 0 0 0 

0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 

SECTION Ill 
HI Separation 

Material Balance 
(continued) 

Total 

H3P04 Holes 

0 3.40828 
14.26942 18.35465 

0 3.40828 

Flow Ratio 

Weight 

30.673 
735.300 
30.673 

0 3.40828. 30.673 
0 0.16240 5.920 
0 2.59648 23.367 

1.06604 1.06604 52.186 
15.33546 22.32236 813.600 

0 2. 59648 23.367 
0 2.59648 23.367 

14.26942 31.65185 1028.978 
0 2.34875 15.907 
0 0.00435 0.278 

15.33546 19.72588 790.233 
0 0.30519 2.747 
0 0.30519 2.747 
0 0.30519 2.747 

1.06604 1.37123 54.933 
0 10.64280 95.780 
0 0 . .15805 5.642 
0 10.64280 95.780 
0 10.64280 95.780 
0 0.49950 4.495 
0 0.49950 4.495 
0 0.49950 4.495 
R-11* 

3.96034 3.96034 544.07 
3.96034 3.96034 544.07 
3.05102 3.05102 419.15 
0.90932 0.90923 124.92 
0.90932 0.90932 124.92 
0.90932 0.90932 124.92 
3.05102 3.05102 419. 15 

Pressure Temp. 
Phase k Paxlo- 2 "K Comments 

9 14.348 469.38 
1 1.013 476.65 

g&i 14.348 469.38 0.52105 H20(g) 
g&i 6.786 436.85 0.68893 H20(g) 
g&i 1.013 288.94 [0.00435 Hl+trace H20](g) 

t 19.666 484.65 
1 1.013 469.38 

g&t 1.013 476.65 2.59648 H20(g) 
9 1.013 476.65 
9 19.666 484.65 
1 1.013 393.15 
9 1.013 387.00 
9 1.013 288.94 
1 1.013 476.65 
1 52.519 540.15 

9&1 6.786 436.85 0.06324 H20(9) 
9 52.519 540.15 
1 1.013 534.15 0.30519 H20(9) 
1 1.850 415.00 
1 1.013 288.94 
1 L850 368.15 HzO Output to Section I 
1 1.850 391.01 
9 1.850 391.01 
9 3.396 463.92 
t 3.396 413.00 

9 1.130 300 
l'. 1. 130 300 
l'. 1.130 300 
l'. l. 130 300 
l'. 7.000 300 
9 6.390 363. 1 
l'. 10.000 300 
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Section III 
HI .Separation 

Basis: 0.993 g-mole H2 
Heat Exchanger Loads and Operating Temperatures 

Hot-Side Ir. Hot-Side Out Cold-Side In Cold-Side Out 
Heat Exch. Energy Stream Stream Stream Stream Stream Stream Stream Stream 

Number Loact, kJ Number T~ K Number Temp, K Number Temp K Number Tellli'_t_ K 

E-301 0.4400 [Heat R~covered ·Jith Section Ill] lOS 298.15 306 381.57 
E-302 72.2842 340 436.85 379 415.00 (C-303) 401.00 (C-303) 430.85 
E-303 21.5858 324 377.60 325 368.15 [See Section III Heat Recovery Table] 
E-304 41.2642 (C-302) 393.15 (C-302) 393.15 [See Section III Heat Recovery Table] 
E-305 4.5295 313 401.00 314 387 .oo [See Section III Heat Recovery Table] 
E-306 8.0996 344 438.85 345 401.00 [See Section III Heat Recovery Table] 
E-307 5.06ll [Heat fron Section II] - 1 43o.S:Sc-> I - I 430.85(+) 
E-308 136.2974 342 I 438.85 I 346 I 393.15 [se.e section III Hlat Recovery Table] 
E-309 6.9204 [See Comments] (C-304) I 377.50 (C-304) I 457.50 

I I I E-310 18.4793 382 391.00 381 368.15 [See ~ection III Heat Recovery Table] 
E-3ll 108.8309 [See Comments] (C-.303) I 40S. 78 I (C-303) I 430.85 

I I I 
E-312 2.3750 [Heat from Section 1:] ·- 457 • .5-0(-) - 457.50(+) 
E-313 1. 5130 320 457.51 348 389.80 [See ~ection III Heat Recovery Table] 
E-314 4.1025 329 368.15 330 300.00 [See ~ection III Heat Recovery Table] 
E-315 4.1975 (TC-301) 3'73.23 (TC-301) 300.00 [See ~ection III Heat Recovery Table) 

.E-316 . 4.1975 (TC-301) 373.23 (TC-301) 300.00 [See ~ection III Heat Recovery Table) 
E-317 41.1935 331 373.23 332 300.00 [See.~ection III Heat Recovery Table] 
E-318A 145.2961 354 454.ll 355 454.ll Shell Sfde 430.85 Shell Side 446.ll 
E-318B 60.2526 334 457.75 342 438.85 Shell S:lide 430.85 Shell Side 446.ll 
E-318C 42.8573 (TC-302) 454.ll (TC-302) 454.ll Shell S:lde 430.85 Shell Side 446.ll 
E-318D 4.0444 303 457.75 344 438.85 Shell S:ide 430.85 Shell Side 446.ll 
E-319A 101.5068 361 469.38 363 469.38 Shell S:lide 446.ll Shell Side 461.38 
E-319B 60.3627 362 476.65 334 457.75 Shep S:l!de 446.ll Shell Side 461.38 
E-319C 41.1041 (TC-303) 469.38 (TC-303) 469.38 Shell Side 446.ll Shell Side 461.38 
E-319D 0.5706 367 469.38 303 457.75 Shell S:lide 446.ll Shell Side 461.38 
E-320A ·88.4231 370 484.65 366 484.65 Shell S:lde 465.01 Shell Side 476.65 
E-320B 38.5672 [Heat from Section II) Shell S:lde 465.01 Shell Side 461.38 
E-320C 35.4359 (TC-304) 484.65 (TC-304) 484.65 Shell S:llde 465.01 Shell Side 476.65 
E-320D 4.1236 357 48S:. 65 367 469.38 Shell Side 461.38 Shell Side 476.65 
E-321A 8.9001 377 540.15 375 540.15 Shell S:llde 499.17 Shell Side 519.76 
E-321B 6.2228 (TC-305) 540.15 (TC-305) 540.15 Shell Stde 519.76 Shell Side 534.15 
E-321C 9.7365 323 534.15 357 488.65 Shell Stde 476.65 Shell Side 499.17 

! 

Coo:ments 

54.23<; kJ is isothermal at 436.85K on wa rm side 

See s~u:tio:n ·rr for heat supply temperature 

1.5605 kJ demand is suppliecl from Section 
~he renainder is recovered within Section 

61.37)2 demand is supplied :rom Section II 
~he r·~Ds:inder is recovered vithin Section 
See S~u:ti·:·n II for heat supply temperature 

II; 
III. 

III. 

16.99·50 ikJ is isothermal at 300.00K on w arm side 

See Se¢tio:n II for heat suptly temperature 



eat Exdl. H Enerll)' 
Humber Load lkJ 

E-322 107.(!.491 
E-323 20.7363 
E-324 90.0754 
E-325 26.0012 
E-326 97. 739'7 

Section III 
HI Separation 

Heat Exchanger Loads and Operating Temperatures 
(Continued) 

HDt-Sid~ In Hot-Side Out Cold-Side In Cold-Side Out 
Stream 5tream Stream Stream Stream Stream Stream Stream 
Number Teii!D K Number TeDD K Number Temp K Number Temp K 

[Heat Rec·~vered within Section III] 371 393.15 312 418.00 
384 I ~63.92 I 385 I 4~3.00 (C-303) 401.00 (C-303) 405.78 

[Heat Recovered within Sectioniii&IV 392 300.00 327 380.00 
[Heat Rec·~vered within Sec~ion III] 390 300.00 391 363.10 
3~6 300.00 387 300.00 cw 

Comments 

See Section III Heat Recovery Table 

See Section III Heat Recovery Table 
See Section III Heat Recovery Table 



t;j 
I 

w 
0 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
1Z 
13' 
14 
15· 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35• 

Heat 
Exch. 

No. 

E-301 A1 E-301 A2 E-301 A3 E-301 B1 E-301 B2 E-301 s3 E-303 A 
E-303 B 
E-303 s_ 

. E 303 C - 2 
l-304 
~305 A 
E-305 B 
E-305 C 
E-305 0 
E-305 E 
E-305 F 
E-305 G 
E-305 H 
E-306 A 
E-306 B 
E-306 C 
E-306 0 
E-306 E 
E-306 F 
E-306 G 
E-306 H 
E-306 I 
E-306 J 
E-306 K 
E-306 L 
E-307 
E-308 A 
E-308 B 
E-308 C 

Max. Min. 
Temp. Temp. 

K K 

381.57 377.50 
381.57 377.50 
381.57 377.50 
377.50 298.1.5 
377.50 298.15 
377.50 298.15 
377.60 376.94 
376.94 373.23 
37),. 23 371.15 
371.15 368.15 
.39J .• 15 393.15 
401.00 393.39 
401.00 398.39 
39E.39 398.09 
39E.09 .397. 98 
39E .. 09 397.98 
391.98 397.85 
39'i.85 393.15 
391.15 387.00 
4JE .. 85 419.59 
438.85 419.59 
43E;.a5 419.59 
438.85 419.59 
438.85 419.59 
419.59 415.54 
419.59 415.54 
419.59 415.54 
415.54 409.02 
415.54 409.02 
409.02 401.00 

I 409.02 401.00 
430.85 430.85 
438.85 419.59 
438.85 419.59 
438.85 419.59 

Heat Max. 
Exch. Temp 
No. K 

E-313S 398.0~ 
E-308Q 398.03 
E-305E 398.0;1 
E-313T 397.9!! 
E-308R 397.9!! 
E-305F 397.98 
E-32311 363.1.5 
E-414 -
E325B2 363.1.5 
B-324E2 363.07 
E-324G4 380 
E-309J3 395.13 
E-322F) 395.]3 
E-309K3 393.]5 
E-309L3 381.57 
E-30~ 381.57 
E-3018 377. ;o 
E-324c3 380.00 
E-325B 365. C•O 
E-30903 426. <8 
E-3118 426.:<8 
E-309E~ 418.(0 
E-3225 418.00 
E-31103 418.00 
E-309G3 407.47 
E-322c3 407.47 
E-3UF3 407.4.7 
E-309H 405.; 8 
E-3220~ 405.18 
E-309I3 401.00 
E-323E3 401.00 

-
E-30902 426.~8 

E-311B2 426.~8 
E-309E2 418.00 

Min. 
Temp. 

K 

397.98 
397.98 
397.98 
397.85 
397.85 
397.85 
363.15 

-
363.15 
338.00 
380 
393.13 
393.15 
381.57 
377.50 
377.50 
298.15 
380.00-
365.00 
418.00 
418.00 
413.71 
413.71 
413.71 
405.78 
405.78 
405.78 
401.00 
401.00 
395.13 
395.13 

-
418.00 
418.00 
413.71 

Section III 
Detailed Heat Matchup 

Heat 
Load 
kJ 

0.0001 
0.0198 
0.0016 
o. )029 
o. 3857 
o. 0297 
.1. 5112 
.a. ~480 
4.7605 
6.8661 

41.2642 
0.0121 
0.6056 
o. 0712 
0.0251 
0.0016 
0.0297 

41.2642 
1.9897 
0.4432 

:2.2371 
0.3441 

:7.1376 
:7.2699 
0.0092 
0.457C 
0.4606 
0.0293 
1. 4633 
0. 036] 
1.7975 
5.0611 Heat Supplied from Section II. See 
0.031E 
1. 5955 
0.0247 

Collllllents 

' 

-

Section 11 Heat Exchanger Tsb1es for Matchup 



Eeat· Max. Min. Heat 
~ch. Temp. Temp. Exch. 
No. K K No. 

36 E-::.os n 4::.8.85 419.59 E-322A2 37 E-::.os E 4::.8.85 419.59 E-311D2 38 E-::.os ·F 419.59 415.54 E-309G2 39 E-::.os G 41.9.59 415.54 E-322C2 40· E-::.os H 419.59 415.54 E-311F2 41• E-::os I 415.54 409.02 E-309H2 42 E-::.os J 415.54 409.02 E-322D2 43 E-::os K 4~9.02 401.00 E-309I2 44 E-::os L 4(9.02 401.00 E-322E2 45 E-~08 M 4(1.00 398.39 E-309~ 
46 E-::os N 4(1.00 398.39 E-322 2 47 E-~08 0 3S8.39 398.09 E-309K 
48 E-~08 P 3S8.09 397.98 E-309L~ 
49 E-308 Q 3S8.09 397.98 E-301~ 
50 E-308 R 3S7.98 397.85 E-301B2 51 E-308 S 3S7. 85 393.15 E-324G3 52 E-309 A 4.:7. 50 430.85 -
53' E-309 B 4J0.85 426.62 -
54 E-309 C 4216.62 426.28 E-313A 
55 E-309D 4216.28 41.8. 00 E-313C 
56 E-309D~ 4216.28 41.8. oo 1 E-308A 
57 E-30~ 4216.28 41B.OO E-306A 
58 E-~0 4~.00 413.71 E-313E 
59 E-309E~ 41.8. 00 413.71 E-308C 
60 E-309? 41.8.00 413.71 E-306C 
61 E-309 410;71 407.27 -
62 E-309G1 40 .27. 405.78 E-313H 
6.3 E-J09G 4Cf1.27 405.78 E-308F 
64 E-J09G~ 40.27 405.78 E-306F 
65 E-J09H1 4<l5. 78 401.00 E-313K 
66 E-J09H 4<15. 78 40:1..00 E-308I 
67 E-l09H2 4(5. 78 401.00 E-306I 
68 .E-~09I~ 4Cl.OO 395;13 E-313M 

Max. Min. 
Temp. Temp. 

K K 

418.00 413.71 
418.00 413.71 
407.27 405.78 
407.27 405.78 
407.27 405.78 
405.78 401.00 
405.78 ~01. 00 
401.00 395.13 
401.00 395.13 
395.13 393.15 
395.13 393.15 
393.15 381.57 
381.57 377.50 
381.57 377.50 
377.50 298.15 
380.00 380.00 .. - -

- -
457.51 .:.38.85 
438.85 .:.19.59 
438.85 .:.19.59 
438.85 .019.59 
438.85 .:.19.59 
438.85 .019. 59 
438.85 .:.19.59 

- -
419.59 415.54 
419.59 .015.54 
419.59 415.54 
415.54 oi09.02 
415.54 409.02 
415.54 409.02 
409.02 401.00 

Section III 
Detailed Heat Matchup 

(Continued) 

Heat · 
Load 

k.J 

1. 2296 
1. 2392 
0.1190 
5. 9297 
5.9755 
0.3813 

18.9857 
0.4684 

23.3216 
0.1578 
7. 8580 
o. 9236 
0.3246 
0.0198 
0. 3859 

14.0U6 
2.3053 Heat Supplied 
0.6252 Heat Supplied 
0.0081 
0.0033 
0.0318 
0.4432 
0.0026 
0.0247 
0.3441 

Comments 

from Section II. See Section II Heat Exchanger Tables for Matchup • 
from Section II. See Section II Heat Exchanger Tables for Matchup. 

0.5566 Heat Supplied from Section Il. See Section II Heat Exchanger Tables for Matchup. 
0.0009 
0.1190 
o. 0092 
0.0029 
0.3813 
0.0293 
0.0035 



el 
I 

w 
N 

69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 

Heat 
Exch. 

No. 

E-309I2 E-3091 3 E-309J 1 
E-309J 2 E-309J3 E-309K1 E-309K2 
E-309K3 
E-309L1 
E-309L2 
E-309L3 E-310A 
E-3108 
E-310C 
E-3100 
E-311A 
E-3118 
E-311C 1 E-311C2 
E-311C3 E-311D1 E-31102 
E-31103 E-311E 
E-311F1 
E-311F2 
E-311F3 E-312 
E-313A 
E-3138 
E-313C 
E-3130 
E-313E 
E-313F 
E-313G 
E-313H 

Max. Min.[ 
Temp. Temp. 

K K 

401.00 395.13 
401.00 395.13 
395.13 393.15 
395.13 393.15 
395.13 393.15 
393.15 381.57 
393.15 381.57 
393.15 381.57 
381.57 377.50 
381.57 377.50 
38·1. 57 377.50 
39·1. 00 389.21 
3S.9.21 386.08 
38.6.08 370.30 
370.30 368.15 
430.85 426.26 
426.62 426.28 
426.28 418.00 
426.28 418.00 
426.28 418.00 
418.00 413.71 
418.00 413.71 ' 

I 418.00 413.71 
413.71 407.27 
407.27 405.78 
407.27 405.78 
407.27 405.78 
45·7. 50 457.50 
45·7 .51 438.85 
4.5-7.51 438.85 
438.85 419 .• 59 
438.85 419.59 
438.85 419.59 
438.85 419.59 
438.85 419.59 
419.59 415.54 

Heat Max. Min. 
.Exch. Temp. Temp. 

No. !( K 

E-308K 409.02 I 401.00 
E-306K 409.02 I 401.00 
E- 3130 401.00 398.39 
E-308M 401.00 398.39 
E-305A 401.00 398.39 
E-313Q 398.39 398.09 
E-3080 398.39 398.09 
E-305C 398.39 398.09 
E-313R 398.09 397.98 
E-308P 398.09 397.98 
E-3050 398.09 397.98 
E-324G 1 380.00 380.00 
E-324F 380•.00 363.07 
E-3258~ 363.15 363.15 
E-324E 1 363.07 338.00 

- - -
E-3138 457.51 438.85 
E-3130 438:.. 85 419.59 
E-3088 438:..85 419.59 
E-3068 43S.. 85 419.59 
E-313G 438:..85 419.59 
E-308E 43;3;.85 419.59 
E-306E 43::1.85 419.59 

- - -
E-313J 419 • .59 415.54 
E-308H 419 • .59 415.54 
E-306H 419.59 415.54 

- - -
E-309C 426.62 426.28 
E-3118 426. ·52 426.28 
E-30901 426.28 418.00 
E-31181 426.28 418.00 
E-309E1 418.{)0 413.71 
E-322A1 418.00 413.71 
E-3110 1 418.00 413.71 
E-309G1 407.27 405.78 

Section Ill 
[·etailed Heat Ma~chup 

(Continued) 

Heat 
Load 

kJ 

0.4684 
0.0361 
o) 0012 
0. 1578 
0.0121 
0.0069 
0.9236 
0.0712 
0.0024 
0.3246 
0. 0251 
I. 4455 
2.5275 

11.7565 
1. 7498 

CoDDDents 

31.. 3748 Heat Supplied from Section II. 
i ).4089 
I •).1666 

1. 5955 
22.2371 

o. 1294 
1.2392 

17.2699 
27.9286 Heat Supplied fro~ Section II. 

0.0448 
5.9755 
0.4606 
2.3750 Heat Supplied from Section II. 

II 

0.0081 
0·. 4089 
0·. 0033 
0·.1666 
0.0026 
0.1284 
0.1294 
0.0009 

S~ Secti~n II Heat Exchanger Tables for Matchup. 

S:.e Sec.ti·Jr. II Heat Exchanger Tables for Matchup. 

See SectiJr. II Heat Exchar;ger Tables for Matchup. 



Heat Max. Min. Heat 
Exch. Temp. ~emp. Exch. 
No. K K No. 

105 E-313I 419.59 4"5.54 E-322C1 
106 E-313J 419.59 4"5.54 E-311F 1 107 E-313K 415.54 409.02 E-309H1 108 E-313L 4'15. 54 409.02 ·E-3220 
109 E-313M 409.02 401.00 E-309I~ 
110 E-313N 409.02 401.00 E-322E1 111 E-1130 41l1.00 398.39 E-309J 1 112 E-l13P 411.00 398.39 E-322F1 113 E-l13Q 3!18.39 398.09 E-309K1 114 E-l13R 3!18.09 397.98 E-309L1 115 E-l13S 3!18.09 397.98 E-301A 1 116 E-l13T 3!17.98 397.85 E-3018 1 117 E-l13U 3'!17.85 389.80 E-324G6 118 E-l14A 3e.8.23 3:;;5. oo E-32401 119 E-3148 3::5.00 313.00 E-324C2 120 E-314C 3"3.00 3(•0 c.w. 
121 E-315A 3~3.23 335.00 E-32403 122 E-:>158 3:;.5.00 313.00 E-324C3 123 E-::.15C 3i3.00 300,00 c.w. 
124 E-::.16A 3'i3.23 312.4 E-325A1 125 E-~·168 312.4 3CO.OO c.w. 
126 E-317A 3'i3.23 3T2.4 E-325A2 
127 E-3178 312.4 3GO.OO c.w. 
128 E-3208 4E5.01 461.38 -
129 E-322A1 418.00 413.71 E-313F 
130 E-322A2 418.00 413.71 E-3080 
131 E-322A3 418.00 413.71 E-3060 
132 E-3228 413.71 4fJ7.27 -
133 E-322C1 4C7. 27 405.78 E-313I 
134 E-322C2 4C7. 27 405.78 E-308G 
135 E-322C3 4G7.27 405.78 E-306G 
136 E-32201 4C5. 78 401.00 E-313L 
137 .E-32202 4G5. 78 . -+01.00 E-308J 
138 E-3220

3 
405.78 401.00 E-306J 

Max. Min. 
Temp. Temp. 

K K 

407.27 405.78 
407.27 405.78 
405.78. 401.00 
405.78 401.00 
401.00 395.13 
401.00 395:13 
395.13 393.15 
395.13 393. 15 
393.15 381.57 
381.57 377.50 
381.57 377.50 
377.50 :298.15 
380.00 380.00 
338.00 325.82 
325.82 300.00 

- -
338.00 325.82 
325.82 300 

- -
363.15 300.00 

- -
363.15 300.00 

- -
- -

438.85 ~19.59 

438.85 ~19.59 

438.85 ~19.59 

- -
419.59 ~15.54 

419.59 ~15.54 

419.59 ~15.54 

415.54 .:009.02 
415.54 .:009.02 
415.54 .:009.02 

Section III 
Detailed Heat Matchup 

(Continued) 

Heat 
Load 
kJ 

0.0444 
0.0448 
0.0029 
0.1423 
0.0035 
0.1747 
0.0012 
0.0589 
0.0069 
0.0024 
0.0001 
0.0029 
0.1798 
1.9975 
1. 3224 
0.7826 
2.1913 
1. 261 0 
0.7452 
3.4865 
0.7110 
3.4865 

37.7070 
38.5672 Heat Supplied from Section II. 
0. 12E.4 
1. 2296 

17.1376 
27.7148 Heat Supplied from Section II. 
0.0444 
5.9297 
0.4570 
0.1423 

18.9857 
1.4633 

COIIIIDents 

See Section II Heat Exchanger Tables for Hatchup. 

See Section II Heat Exchanger Tables for Matchup. 



Heat Max, Min. 
Exch. Temp. Temp. 
No. K K 

139 E-322E1 401.00 395.13 
140 E-322E2 401.00 395.13 
141 E-322~ 401.00 395.13 
142 E-322 395.13 393.15 
143 E-322Fi 395.13 393.15 
144 E-322F3 395.13 393.15 
145 E-324A 373.00 300.00 
146 E-324B 380.00 373.00 
147 E-324C1 325.82 300.00 
148 E-324C2 325.82 300.00 
149 E-324C3 325.82 300.00 
150 E-:324DJ. 338.00 325.82 
151 E-324D2 338.00 325.82 
152 E-324E1 363.07 338.00 
153 E,...324E2 363.07 338.00 
154 E-324F1 380.00 363.M 
155 · E-324F2 380.00 363.07 
156 E-324Gl 380.00 380.00 
157 E-324G2 380.00 380.00 

. 158 E~324G3 380.00 380.00 
159 E-324G4 380.00 380.00 
160 E-324G5 380.00 380.00 
161 E-324G6 380.00 380.00 
162 E-325Al 363.15 300.00 
163 E-325A2 363.15 300.00 
164 E-32581 363.15 363.15 
165 E-32582 363.15 363.15 
166 E-32583 363.15 363.15 
167 E-406C 393.9 393.00 
168 E-407C 403.00 393.00 
169 E-409A 335.70 313.00 
170 E-4098 313.00 300.00 
171 E-411A 383.00 315.00 
172 'E-4118 315.00 300.00 
173 ·E-414 - -
174 E-326 300.00 300.00 

Heat Max. 
Exch. Temp. 
No. K 

E-313N 409.02 
E-308L 409.02 
E-306L 409.02 
E-313P 401.00 
E-308N 401.00 
E-305B 401.00 
E-411A 383.00 
E-305G 397.85 
E-409A 335.70 
E314B 335.00 
E-315B 335.00 
E.U4A 368.23 
E-315A 373.33 
E-310D 370.30 
E-303C2 371.15 
E-3108 389.21 
E-305H 397.85 
E-310A 391.00 
E-407A 403.00 
E-3085 397 85 
E-304 393.15 
E-406C 393.90 
E-313U 397 85 
E-316A 373.23 
E-317A 373.23 
E-303A 377.60 
E-303C1 373.23 
E-310C 386.08 
E-324G5 380.00 
E-324G2 380.00 
E-324Cl 325.82 
c:w. 
E-324A 373.00 
c:w. 
E-303B 376.94 
c .w. 

Min. 
Temp. 

K 

401.00 
401.00 
401.00 
398.'39 
398.39 
398.39 
315.60 
387.00 
313.00 
313.00 
',lJ,OO 
335.00 
335.00 
368.15 
368.15 
386,08 
387.00 
389.21 
393.00 
393.15 
393.15 
393.00 
389.80 
312.40 
312.40 
376.94 
371.15 
370.30 
380.00 
380.00 
300.00 

300.00 

373.23 

Section lll 
Detailed Heat Matchup 

(Continued) 

Heat 
Load 
kJ 

0.1747 
23.3216 

1. 7975 
0.0589 
7. 8580 
0.6056 
2.2577 
0.2165 
6.2920 
1.3224 
1.2610 
1.9975 
2.1913 
1.7498 
6.8661 
2.5275 
3.2935 
1.4455 
0.8120 

14.0146 
41.2642 

2.3840 
0.1798 
3.4865 
3.4865 
1.5112 
4.7605 

12.7565 
2.3840 
0.8120 
6.2920 
2. 7720 
2.2577 
0.4003 
8.4480 

97.7397 

Co=ents 

. 



SECTION Ill 
Power Machinery 

Basis: 0.993 g-moles H2 Product 

Power Input 
Equipment fiork Load Stream Pressure 

Number k J Number k Pax1o·2 

P-301 0.0001 304 1.013 
P-302 0.0093 309 1.850 
P-303 0.5464 332 8.268 
P-304 0.0014 319 1.013 
P-305 0.0021 315 1.013 
P-306 0.0844 346 1.013 

P-307 0.3633 388 1.13 
P-308 0.071!! 389 1.13 

TC-301 12.5925 330 1.013 

TC-302 .39.4051 352 1.013 
TC-303 35.8200 359 1.013 

TC-304 31.3214 369 1.013 
TC-305 5.0616 321 . 1.013 

TC-306 1.6831 383 1.850 

TE-301 -0.5630 355 10.252 

TE-302 -1.4768 363 14.348 
TE-303 -0.5435. 366 19.666-

TE-304 -0.2746 375 52.519 
TE-305 -1.1723 { 379 6.786 

385 3.396 
TE-306 -0.0945 310 1.850 

TE-307 -0.0074 322 2.026 

TE-308 -18.7719 
1327 

9.48o 
391 6.390 

Output 
Stream Pressure 
Number k Paxlo-2 

305 2.026 
311 2.026 

333 50.663 
320 1.850 

337 1.850 
338 1.850 

392 10.00 
390 7 .. 00 

331 8.268 

354 10.252 
361 14.348 

370 19.666 
377 52.519 

384 3.396 

356 6.786 
364 6.786 

339 6.786 
'376 6.786 
347 1.850 

371 1.013 
343 1.850 

386 1.13 



Basis: 0.993 g mole Hz product 
T = "Trace" 

Component Holar Flow Ratlios 
Stream 
Number HI lz H20 H ,. _, 

401 2.0672 0.0010 0.0020 0.(•1)12 
402 3-1776 0.0045 0.0021 0.(•012 
403 3.1776 0.0045 0.0021 O.C•t)12 
404 3-9914 0.0051 0.0021 0.(•012 
405 2.0054 0.9981 0.0021 O.C012 
406 0.8138 0.9946 0.0020 0 
407 .0.8138 0.9946 0.0020 0 
408 1.9531 0.0014 0 0 
409 1.9531 0.0014 0 0 
410 1.9531 0.0014 0 0 
411 I. 9531 0.0014 0 0 
412 I. 1393 0.0008 0 0 
413 0.8138 0.0006 0 0 
414 T 0.9940 0.0020 0 
415 T 0.9940 0.0020 0 
416 1.1916 0.0035 0.0001 O.Cu)J2 
417 1.1916 0.0035 0.0001 0.(1•)12 
418 1.1916 0.0035 0.0001 O.C••)J2 
419 1.1916 0.0035 0.0001 O.C•·JI2 
420 I. 1104 0.0035 0.0001 0 
421 1.1104 0.0035 0.0001 0 
422 0.0812 0 0 0.0•)12 
423 o.ostz 0 0 0.0•)12 
424 0.0812 0 0 0.0)12 
425 0 0 0.0008 0.0)12 
426 0.0812 0 0.0812 0 
427 0 0 0 0.0)12 
428 0 0 0.0008 0 
429 0 0 0.0812 0 
430 0 0 0.0812 0 
431 0.0812 0 0.0812 0 
,32 0 -- -- --
433 0 -- -- --
434 0· -- -- --
435 0 -- -- --

. 436 0 -- -- --

Hz 

0 
0.0252 
0.0252 
0.0281 
1.0211 
0.0029 
0.0029 
0.0069 
0.0069 
0.0069 
0.0069 
0.0040 
0.0029 
0 
0 
1.0182 
I. 0182 
1.0182 
1.0182 
0.0252 
0.0252 
0.9930 
0.9930 
0.9930 
0.9930 
0 
0 
0.9930 
0 
0 
0 ----------

(ba) Pressure Is 50.663 x 105 Pe. ISO atm) 
( ) These are mean temperatures. 

Total Flow Ratios 

Hole Weight 

2.0714 132.24 
3.2106 203.65 
3.2106 203.65 ' 
4.0279 255.73 
4.0279 255.73 
1.8133 178. II 
1.8133 178.11 
1.9614 124.97 
I. 9614 124.97 
1.9614 124.97 
1.9614 124.97 
1.1441 ]2.895 
0.8173 52.075 
0.9960 126.04 
0.9960 126.04 
2.0527 77.621 
2.0527 77.621 
2.0527 77.621 
2.0527 77.621 
1.1392 71 .413 
1.1392. 71.413 
1.0754 6.2081 
1.0754 6.2081 
1.0754 6.2081 
0.9950 l .0276 
0.1624 5.9189 
0.0012 0.0205 
0.9938 l .0070 
0.0812 0.7308 
0.0812 o. 7308 
0.1624 5. 9189 
-- ---- ---- ---- ---- --

SECTION IV 
HI DECOMPOSITION 
Material Balance 

Pressure 
?hase Pa x to5 

2. (a) 
2. (a) 
2. (a) 
2. (a) 
2. (a) 
2. (a) 
2. (a) 
9 (a) 
2. (a) 
2. (a) 
2. 51.663 
2. (a) 
2. (a) 
2. (a) 
2. (a) 
9 (a) 

gU (a) 
g&~ (a) 
g&~ (a) 

2. (a) 
2. (a) 
9 ·(a) 
9 (a) 

g&R. (a) 
9 (a) 
2. (a) 
9 (a) 
9 (a) 
2. (a) 
2. 1.01325 
2. 1.01325 
2. --

g&~ --
g&R. --
g&£ --
g&£ --

Temp. 
"K Comments 

300.41 
342.2 
393 
393 
393 
393 
420 
403 
393 
393 
393 
393 
393 
713 
393 
393 
335.7 
303 
273 
273 
383 
273 
383 
303 
303 
303 
400 
303 
298.15 
298.15 
303 
275.74(b) Brine loop ::utput f;cm chiller. 
275-74(b) Brine loop Input to chiller. 
263 b4 (b) 
303 t ) 
36l.Js(b) 



Basis: 0.993 g mole H2 Product 

Hot Side In 
Heat Excb. Energ·t Stream 

Number Load kJ Number Temp.°K 

E-401 16.; 51 (a) (a) 
E-402 8.075 (a) (a) 

E-403 4.1il9 (a) (a) 
E-4011 4.;'86 (a) (a) 

E-405 43.•79 (a) (a) 

E-406 26.610 408 403 
E-407 25.~60 414 713 
E-408 13.103 416 393 
E-409 9.C•64 417 335.7 
E-41 D 6. ;sa 418 303 

E-411 2.E.58 423 383 
E-412 6.;58 433 -275.74 

E-413 15.2106 435 -303 
E-414 8.1t48. -- 377 

E-415 2.9]9 -- 303 

(a) See Table 3 for heat match up. 

Stream 
N1.>111ber 

(a) 
(a) 

{a) 
(a) 

(a) 

~D9 

lj15 

lj17 
lj18 

'+19 

'+24 

.i!32 

"35 

--
--

SECTION IV 
HI DECOMPOSITION 

HEAT AND POWER LOADS 

Hot Side Out Cold 
Stream 

Temp. OK Number 

(a) 402 
(a) --
(a) 406 

(a) --
(a) --
393 . (a) 

393 (a) 

335.7 1420 6 422 

303 --
273 432 

303 --
-275.74 434(b) 

-303 --
373 436(b) 

303 --

(b) Flow direction, amount and composition are not defined. 

Side In Cold Side Out 
Stream Comments 

Temp. OK Number Temp. OK 

342.2 403 393 
393 -- 393 

393 407. 420 

713 -- 713 
403 -- 713 
(a) (a) (a) 
(a) (a) (a) 

273 6 273 421 & 423 383 & 383 
-- -- -- Cold side is in power cycl 

in Sect 1 on I I I 
e 

-275.74 433 -275.74 Cold side temperature is 
a log mean average for 
heat transfer. 

-- ·Cold side is in power cycle -- --
434 (b) 

Section Ill 
-263.74 -263.74 Temperatures are log 

mean average. 

c.w. -- c.w. 
361.5 436(b) 361 .s Heat source Is Sec. I I I. 

c.w. -- c.w. 



Power Device Ene-gy 
Number Load 

P-~01 Negll·~lble 

P-~0! o.:oa 

Special 
Heat E.ffect Equlpnient 

Number '<J 

A-401 C .OOCI4 In 

Input Stue<.m 

SECTION IV 
HI. DECOMPOSITION 

HEAT. AND POWER LOADS 

ln~ut Output Stream 
Numloe1 Pressure Pa x 1 o5 Number 

41D 50.E·63 411 

430 1.013:!5 429 

•o..,er Demand Comment 

kJ 

0 lsoUerll!'ll at 393"F 

·.' 

.• 

Output 
Pressure Pc : !05 Comments 

51.66;; 

50.66:; 



'· 

SECTION IV 
HI OECOHPOS IT I ON 

HEAT RECUPERATION HATCH UP 

Basis: 0.993 g mole H2 Product 

Hot Side Cold Side 
~eat Load 

Heat Exch. Input Temp. Output Te11p. Heat Exch. Input Temp. Output Temp. kJ Comments 
Number OK OK Number OK OK 

Sec. v - - E-404 713 713 4.786 

Sec. v - - E-405A 705 713 1.112 Total 27.336 kjoul 
should be applied· 
from Sec. V 

S!!C. V - - E-4058 403 705 21 .438 

E-407A 713 459.95 E-405C 403 705 20.529 

E-4078 459.95 403 E-403 393 420 4.619 

E-406A 403 400 E-402 393 393 8.075 

E-4068 400 393.9 E-401 342.2 393 16.151 

E-406C 393.9 393 - - - 2.384 }~old side is in power 
power cycle in Sec. I I 

E-407C 403 393 - - - 0.812 



Basis: 0.993 g-mol 'Hz Product 

Ho:.9r fl01o htlo 

Stream :H2 l Nul'lber He! i Jm 

500 - -

501 60.;'102) -
502 21. i 8"7~ -
503 23.51088 ~ 

SO" J6.oa,.6s -
505 J6.oa,.6s -
506 23.51088 -
507 21.11,.71l -
508 60.il02) -
509 16.03,.65 -
510 16.0·3"65 .• 
Sit 16.0·3"65 .. 
512 16:0·3"65 .. 
513 - .. 

51" 23.5108! -
515 23.5108! -
516 7.1tl62) -
517 7 .ltl6Z) -

i 

518 7.1tZ62) -
519 7.'+Z6Z) -
520 7.1tl62:! -
521 7.1tl62:! -
522 7.1tl62:! -
523 - -

SECTIO~ V 

Power Genera.tlcn and Hallum Heat Transfer 
Material Balance 

Mass FIO"t Te11p •. Pressure 
Ratio IC Pa I( 105 Phase Co11111erts 

- 686.00 - - Intermediate tel'l~·eran·r: process 
heat lowest temperaure !.tream 
Input; see detailed nst=hup table 
of Section V. 

121.3969 1255 .• "0 "9.0"1 9 
lt2.2212 1226.86 "6.000 9 I 

lt7.0126 93,..29 21.2"5 g. 
32.1631 121,..56 ""·726 9 
32.1631 7"2.27 ""-726 9 
"7.0126 536.51 21.2"5 9 , 
"2.2212 751.56 "6.000 9 

IZJ. 3969 773.20 "9·0"1 9 
32.1631 1159.00 51.676 9 
32.1631 728.00 51.676 9 
32.1631 696.00 51.676 9 
32.1631 686.71 51.675 9 - 368.15 - - Waste heat from Section Ill 

Input; see detc:Hed l'lat·:bJp 
table of Sectlc·r. II. 

lt7.0126 878.73 51.675 9 
"7-0126 728.00 30·""5 9 
,,.,8,.96 696.00 30·""5 9 
,,.,8,.96 lt80.95 30.""5 9 
,,.,8,.96 606.791 51.675 9 I ,,.,8,.96 "80.95 51.675 9 
,,.,8,.96 696.00 30·""5 9 
,,.,8,.96. 606.79· 30.,.,.5 9 ' ,,.,8,.96 S""-30 30.""5 9 - . 368.15 - - Waste heat f ron• Sect uon 1: II Input; 

see detafled mctchup tabl'e of 
Section II. 

I 



Molar Flow Ratio 
Stream H20 Number Helium 
524 7.42622 -
525 7.42622 -
526 7.42622 -
527 - -
528 8.65483 -
529 8.65483 -
530 8.04233 -
531 8.04233 -
532 8.04233 -
533 o.616io -
534 0.61610 -
535 0.61610 -
536 23.51088 -
537 0.61610 -
538 8.04232' -
539 8.04233 -
540 23-51088 -
541 21.11470 -
542 21.11470 -
543 21.11470 -
544 21.11470 -
545 21.11470 -
546 21.11470 -
547 - 7.05705 
548 - 7.05705. 
549 - 7-05705 
550 - 7-05705 
551 - 1.01643 
552 - 1.01643 
553 - 1.01643 

SECTION V 
Power Generation and Helium Heat Transfer 

Material Balance 
(Continued) 

Mass Flow Temp. Pressure 
Ratio K Pa x 105 Phase Comments 

'4.8496 686.71 51.675 g 
'4.8496 616.73 51.675 g 
; 4.8496 480.95 51.675 g 

- 311.00 - - Waste heat from Section I II output; 
see detailed matchup table of Sec. V. 

29.6992 696.00 30.455 g 
29.6992 686.71 29.328 g 
16.0815 686.71 29.328 g 
16.0815 480.95 29.328 g 
16.0815 616.73 51.675 g 
1.2320 686.71 29.328 g 
1.2320 616.73 29.328 g 
1.2320 375.07 29.328 g 

1;7.0726 696.00 30.445 g 
1.2328 480.95 51.675 g 

16.0815 480.95 51.675 g 
16.0815 480.95 51.675 g 
1;7.0126 480.95 51.675 g 
L2.2212 1171.30 51.675 g 
L2.2212 755.00 51.675 g 
L2.2212 728.00 46.691 g 
t.2.2212 696.00 46.691 g 
L2.2212 728.00 51.675 g 
L2.2212 696.00 51.675 g 
E-3.5099 1159-30 379.210 g 
E-3.5099 976.94 156.945 g 
E-3-5099 696.00 156.945 g 
f.). 5099 728.00 189.510 g 
2.0325 696.00 189.510 g 
2.0325 300.00 0.035 g+t 0.28664 H20(1) 
2.0325 300.00 0.035 J!. 

• 



Holar Flow Ratio 
Stream 
ltimber Helium• H20 

554 - 1.01643 
555 - 1.01643 
556 - 7.05;A05 
557 - 6.04062 
558 - 7.05~05 
559 - 7.05i05 
560 - 0.795:90 
561 - - 0. 07007 
562 - O.O]C(J7 
563 - 0.07C(J7 
564 14.85~'15 -
565 - 0.07C(J7 
566 - 0.07C(J7 
567 - 0.72~83 
568 - 0.17i72 
~69 - 0.17;72. 
~70 - 0.17;72 
~·71 15.468)5 -
572 - 0.17;72 
573 - 0.17;72 
574 - 0.24}79 
575 - o.5"e;" 
576 - 0.27;;43 
577 - 0.27;;43 
578 -· 0.27;:43 
579 - -
580 - 0.27::43 
581 - 0.27J43 
582 - 0.52'22 
583 - 0.27'168 

SECTION \" 
l'ower Generatic·n and Helium Heat Transfer 

11cterlal Be,lance 
(Continued) 

~ss Flow Temp. Pressure 
Rat To K Pa X i 05 Phase 

2.0325 300.85 189.5'0 .1. 
2.0325 391.00 189.5'Q .1. 

63.5.J99 696.00 189.5'0 9 
12.()789 696.00 189.5'0 9 
63.5.J99 644.02 189.5'0 9 
63.5U99 743 .0•) 379.2~0 9 
7.1527 300.0t) O.OJ5 1 
0.6306 300.0ol O.OJ5 .1. 
0.6306 300.1•) 24.9:'8 .1. 
0.6306 368.0>) . 24.9"8 .1. 

29.6992 696.0) 30.4S5 9 
0.6306 524.8Z 24.9"8 9 
0.6.306 300.0) 0.0)5 9+.1. 0.01536 H20(.1.) 
6.5321 300.0) O.OJ5 .1. 
1.5994 300.0) o.o:s5 .1. 
1.5994 300.15 40. 9•)6 .1. 
1.5994 368.01) 24.978 .1. 

30.9311 480.95 51.6'15 9 
1.5994 552.59 40. 9·)6 9 
1 .5994 300.00 0.035 9+9. 0.04242 H20(1) 
2. 2.300 300.00· 0.035 9+i. 0.05778 H20(1) 
4.S327 300.00• 0.035 1 
2.11607 300.00• 0.035 .1. 
2.lt607 300. 26· 63.6)2 1 
2.4607 368.0) 63.6)2 .1. 

Co11111ents 

- 383.0ol - - Waste heat from Sectioa IY Input; see 
detailed matchup table cf Section V. 

·2.4607 58o.n. 63.6·52 9 
2.4607 300.00 0.0>35 9+i. 0.07053 H20(.!.) 
4.€907 300.00 0.0>35 9+i. 0.12831 H20(.1.) 
2.~720 300.00 0. 0>35 .1. 

.. 



Molar Flow Ratio 
Stream 
Nu .. ber llellum H20 

5002 - -

5003 - -
5004 - -
5005 - -
5006 -·' -
5007 - -
5008 - -

SECTION V 
Power Generation and Helium Heat Transfer 

Material Balance 
(Continued) 

Hass Flow Temp. Pressure 
Ratio K Pa x 105 Phase Comments 

- 403 - - Low temperature process heat lowest 
temperature Input; see deta i 1 ed 
matchup table of Section V. 

- 311.00 - - Waste heat recovery from Sec. II & 

- 410.00 - - Waste heat recovery from Sec. II & 

- 378.00 - - Waste heat from ~ect ion 

- 368.00 - - Waste heat from Sect ion 

- 394.90 - - Waste heat from Section 

- 393.00 - - Waste heat from Sect ion 

(_ -. 

Ill 

Ill 



Molar flow Ratio 

Stream 
Nu:nber He! fum H20 

584 - 0.274€8 
535 - 0.274€8 
586 - -

587 - 0.274€.8 
588 - 0.274€8 ·. 
589 - 0.795~0 
550 - 0.250~6 
551 - 0.250~6 
5~·2 - 0.250~6 

5$'3 - 0.250~6 
594 - 0.250~6 

595 - -

596 - -

5!H - -
598 - -
599 - -

50·JO - -· 

5001 - -

SECTION V 
Power Generatlor and Helf.um Heat Transfer 

Hater 1 a 1 Balance 
ICont I nuec) 

l!lass =low Temp. Pressun·e 
Ratio K Pa x 105 Phase Corne1ts 

2.47l0 300.28 94.989 i. 
2.4]l0 360.00 94.989 i. 

- 358.00 - - Waste heat from Sec.t,1on I"~ output; 
see detailed matc~up tatle of 

I Section ~. 
2.1tno 6·o8.15 

I 94.9851 g 
2.4no 300.00 0.035 gH 0.07630 H20(g) I 

7.16.27 300.00 0.035 gH 0.20461 H20(i.) 
2.2535 350.00 0.411 g 
2.2535 300.00 0.03:) gH 0.02311 H20(i.) 
2.2585 300.00 0.03) i. 
2.2585 300.00· 0.41 I i. 
2.2585 350.00 0.411 i. 

- 713 - - High temperature proces~ h-eat lowest 
temperature Input; see dH3fled 
matchup table of Sectio• v_ 

- 1144 - - High temperature precess 'teat 
h f ghest temperature OUtpL•::; see 
detailed matchup table of Sec . . , . 

- 311.00· - - Waste heat recover':' from ·;ec, I I & Ill. 
- 410.00 - - Waste heat recover':' from iec:. I & Ill. 

- 713 - - I ntermeci I ate temper;;,ture ::rocess 
heat highest temperc.ture •::u::pu::; 
see detailed matchmp tali~ of 
Sect ion V. 

- 358.00 - - Waste heat from Sec: ion I 0 output; 
see detailed tabl'e af S~ction •r. 

- 686 - - low temperature ~rocess heat 
highest temperature output; see 
deta I 1 ed matchup tab i e ::>~· S-ec. V. 



Basis: 0.993 g-mol Hz Product 

Heat Heat .oad, Inlet I Inlet Stream 
Exchanger· kJ Stream Temp., K 

No. llo. I 

E-500 157 ··~96 S04 1214.56 
E-501 194 •. 185 S03 934.29 
E;...502 208.)95 502 1226.86 
E-503 144.192 509 1159.00 

E-504 182.:'01 s:41 1171.30 
E-505 6.!:44 598 410.00 

E-506 32.C52 552 300.00 
E-507 25.~8 589 300.00 
E-508 169.612 - 728.00 

E-509 138.21!1 - 696.00 
to 

33.63.7 
606.79 

E-510 - 696.00 

E-511 5.952 5003 410.00 

E-512 10.4·)4 - 410 to 
378 

IE-513 9.9:~9 591 300.00 
IE-514 0.994 523 311.00 

SECTION V 

Power Generation and Helium Heat Transfer 
Energy Transfer, Overall Table 

Warm Side 

Outlet Outlet Stream Inlet Inlet Stream 
Stream Temp., K Stream Temp., K 

Nc•. No. 

505 742.27 512 686.71 
506 536.51 540 480.95 
507 751.56 546 696.00 
510 728.00 - 713.00 

542: 755.00 559 743 :oo 
597 311.00 554 368.15 

553 300.00 cw -
560 300.00 cw -
- 696.00 - 686.00 

480.95 - 403.00 

- 686.71 - 686.71 
to to 

480.95 606.79 
5004 311.00 - .. 300.00 

- 394.9 to 594 
368.00 

592 300.00 cw -
527 350.00. 593 300.00 

Cool Side 

Outlet Outlet Stream 
Stream Temp., K Comments 

No. 

509 1159.00 
514 878.73 
541 1171.30 
- 1144.00 High temperature process heat 

loads; see detailed matchup 
table of Section V. 

547 1159.30 
555 311.00 Waste heat from Sec. II and Ill 

see detailed matchup table 
for Section V. 

- -
- -
- 713.00 Intermediate temperature proces 

heat loads; see heat exchanges 
matchup summary table. 

- 686.00 Low temperature process head 
heat loads, see heat exchanger 
matchup summary table. 

- 616.73 
to See heat exchanger matcnup 

480.95 summary table. 
- 368.00 See heat exchangers matchup 

table for warm side and see 
detailed matchup table for 
cool side. 

590 

- -
554 350.00 Waste heat from Section I I I, 

see detailed matchup table 
for Section V. 



Power Inlet 
Equipment Worlt Load Stream 

No. r<J No. 

P-500 0.385 553 
P-501 0•.051 583 
P-502 0.03.5 576 
li'-503 0.015 568 
P-504 o.oo!t 561 
P-505 ne·~ll glble 592 

TC-500 135.503 * 

TC-501 e.830 549 
TC-502 1L9JB 558 
TC-503 flt.044 544 
TC-504 ~.696 531 
TC-505 19.423. 517 
TC-506 21 .9E2 522 
TC-507 · •• 3~6 535 

TE-500 lEJ.lCoO 501 

TE-50' ;'5.6eiO 514 
TE-502 11.850 542 
TE-503 45.964 i 

547 
TE-5011 2J.494 551 
TE-505 1.094 565 
TE-506 2.9r35 572 
TE-507 lf.738 580 
TE-508 4.970 587 
TE-509 1.672 528 

I TE-510 1.3-13 590 

( 

SF.CTION \' 

P·JWer Generation .and He I ium Heat Transfer 
Energy Transfer, Overall Table 

:c·:mt I nued) 

Inlet Str~m I Cklt 1 et Outlet Stream 
Pressure Stream Pressure 
Pa x los No. Pa x lOS 

0.035 ~554 189.510 
0.035 584 94.989 
0.035 577 63.652 
0.035 569 40.906 
0.035 

I 
562 24.978 

0.035 593 0.6212 

* 508 49.041 

156.945 550 I 89.510 
189.510 559 379.210 
46.619 545' 51.675 
29.328 532 51.675 
30.445 518 51.675 
30.445 524 51.675 
29.328 537 51.675 

Canents 

*Streams 505 '"'"'· 72·5xroSPa), 
506(21.245xlcsra) ~m~ 507(~6.000x105Pa) 

49.041 + + +streams 502 ( 116~ OOQx 1 0 Spa) , 
503(21.245xf•)S·?a) anll 504(44. ]26xJOSPa) 

51.675 515 ! 30.41!5 
51.679 543 46.691 

379.2t0 548 156.945 
189.510 552 0.035 
24.978 566 0.035. 
40.906 573 0.035 
63.652 581 0.035 
94.989 588 0.035 
30.455 529 29.328 
0.621 591 0.035 



Basis: 0.993 g-rnole H2 Product 

Heat ~aad, Inlet Inlet Stream 
kJ Stream Temp., K 

No. 

E-508 ~- 10.~8 510 728.00 
II 15.EJ8 5"15 728.00 
c 14.()44 5113 728.00 
D 99.574 5li8 976.94 
E 15.614 550 728.00 

!li.Oft4 545 728.00 .. 169.6!12 - -
E-509 A ).ll6 511 696.00 

8 33.1:33 516 696.00 
c 13. 7'0 520 696.00 

• 34.3:115 530 686.71 ' 
£ 0.8,6 533 686.71 
F' 19.4:3 518 ~06.79 
G 10.802 524 686.71 
H 22.696 532 616.73 
I 138.2&1 - -

E-510 /1. 3.0~5 534 616.73 
e 20.9~7 525 616.73 
c 9.6~5 52:1 606.97 
D 11.9E.5 - -
E 11. 3G8 - -
F 7.355 - -
Gi 2. 91t9 - -

E-511 A 0. 51t3 562 300.10 
s: T. 4!J3 569 . 300.15 
c 2.2~ 571 300.26 

.o 1.633 ·5811 300.28 
E 5.96' 5003 410.00 

SECTION V 

Power Generation and Heat Transfer 
Heat Exchangers Hatchup Summary Table 

Warm SJ de 

Out fat Outlet Stream 
Stre;un Temp., K 

No. 

511 696.00 
536 696.00 

. 544 696.00 
549 696.00 
556 696.00 
546 696.00 
- -

512 686.71 
517 480.95 
521 606.97 
531 480.95 
534 616.73 
519 480.95 
525 616.73 
539 480.95 
- -

535 375.07 
526 480.95 
522 544.30 
- -- -- -- -

563 410.00 
570 410.00 
578 410.00 
585 360.00 

5004 311 .00 

Inlet 
Stream 

No. 

-
-----

500 

---
--
---

5002 

---
585 
578 
570 
563 

.. ,. 

--
---

Inlet Stream 
Temp., K 

----
-
-
686 

---
-----
403 

---
360.00 
410.00 
410.00 
410.00 

-
---

... 300 

Cool Side 

Ovtlet Outlet Stream 
Stream Temp·., K Comments 

No. 

- -
- -- - See detailed matchup table for 
- - coo I s.l de heat exchangers. 
- - .. - -

599 713 Intermediate temperature pr o-
cess heat demand. 

- -- -
- -
- - See detailed matchup table for 
- - cool side heat exchangers. 
- -- -
- -

5001 686 Low temperature power heat 
demand. 

- -- -
- -

587 608.15 
580 580.73 
572 552.59 
565 524.82 

- -- - See detailed matchup.table for 
- - cool side exchangers. 
- -
- 360.00 Waste heat recovery for 

second steam cycle . 



Warm Side 

Heat Load, Inlet lib let Strearr. Ol.•t let 
kJ Stream Temp., K Stre.am 

No. 1"o. 

E-512 A 3-566 5005 378:.oo 50C•6 

8 4.982 5007 394.90 ;oc8 
c 0.831 578 38].00 5:36 
D 1.085 513 36e.1s 5MO 
E 10.464 - -

~ECTION V 

Power Generat.lon and Heat Transfer 
Heat Exchange·~ Hatchup Sumrrary Table 

(tont I nued:• 

Outlet Stre!lrr Inlet Inlet Stream 
Temp., K Stream Temp., K 

No. 

368.00 - -

393.00 •. -
358.00 - -
358.00 - -

- 59~ 350.00 

Cool Side 

Outlet DL:tlet Stream 
Stream lemp., K Conments 

No. 

- - Higher temperature waste 
heat recovery for auxl I I ary 
power cycle. 

- -
- -
- -

590 350.W Auxl I lary power cycle 
heat demand 

' 



.. 

Detailed Hatchup of Processing Sections 
lligh Temperature Heat Demand 

from Section V 
Easis: 0.993 g-mol H2 Pro~ct 

Cool Side 

Heat I Input Output Heat 
Exchacger Heat Load Temperature, Temperature, Exchanger 

No·. kJ K K No. 

E-205 a1 2.379 499.0D 502.00 E-509821232 
E-205 .a2 2.573 499.00 502.00 E-509D2232 IE-205 a3 2.377 499.00 502.00 E-509F232 E-205 a4 2.563 499.00 502.00 E-509G232 

:-205 .j21 5. 411 473.60 488.50 E-509821252 
<.-2q5 d22 5.853 473.60 488.50 E-50902252 E-205 d23 5.406 473.60 488.50 E-509F 252 E-205 d24 5 .. 853 473.60 488.50 E-509H252 
E-207 c1 4.207 502.00 530.00 E-509821221 
E-207 c2 4.550 502.00 530.00 E-~0902222 
E-207 c3 4.203 502.00 530.00 E-~09F222 E-207 c4 4.550 502.0D 530.00 E-509H222 

E-209 c1 0.877 530.00 573.00 E-509821212 
E-209 c2 0.949 530.00 573.00 E-50902212 
E-209 c3 0.876 530.00 573.00 E-509G212 E-209 C.:. 0.949 530.00 573.00 E-509H 212 
E-211 c. 5. 389 573.00 613.00 E-509B2111 E-211 c:. 2.519 573.00 613.00 E-509C21 E-·211 c~ 6.324 573.00 613.00 E-5090211 E· 211 c~ o. 107 573.00 613.00 E-509E 21 .f-211 (5 1. 171 573.00 613.00 E-509G21 E-211 Cc, 3..288 573.00 613.00 E-509F 11 E-'211 c7 5.053 573.00 613.00 E-509H ll 

Warm Side 

Input . Output 
Temperature, Temperature 

K K 

542.28 526.33 
542.28 526.33 
542.28 526.33 
542.28 526.33 

525.39 488.73 
525.39 488.73 
525.39 488.73 
525.39 488.73 

573.25 542.28 
573.25 542.28 
573.25 542.2& 
573.25 542.28 

582.90 573.25 
582.90 573.25 
582.90 573.25 
582.90 573.25 

625.21 582.90 
625.21 606.97 
625.21 582.90 
625.21 616.73 
625.21 616.73 
606.77 582.90 
616.73 582.90 



t:J 
I 

V1 
0 

Heat · 
Exchanger 

No. 

E-213 B1 E-213 B2 E-213 B3 E-213 B4 E-213 B5 E-213 B6 

E-214 a 
E-214 b2 

E-219 A 
E-219 B1 E-219 B2 E-219 B3 E-219 B4 E-219 B5 
E-221 s, 
E-221 B. 

~ E-221 B) 

E-404 

E-405 A 
E-405 B~ 
E-405 B2 E-405 S.: 
E-,.05 ~I 
E-405 s112 

Cool 

Heat Load I 
kJ 

3.106 
5.742 

10.952 
10.275 
0.]76 
9.489 

7.005 
92.071 

78.356 
10.698 
15.€·38 
14.044 
15.614 
14.044 

45.017 
4.139 
9.831 

4.786 

1.112 
1.349 
3.691 
1.491 
0.682 
0.294 

Detailed Hatchup of Processing Sections 
High Temperature Heat Demand 

fran Section V 
('Conti nuec) 

ii:le 

Input ' Output Heat 
Temperature, rempera·:ure. Exchanger 

K K No. 

613.00 636.00 E-509A 
613.00 636.00 E-509B 11 613.00 636.00 E-509C 11 613.00 636.00 E-5090 1 613.00 636.00 E-509E 1 613.00 636.00 E-509G 1 

1300.00 1144 00 E-503 I 
800.00 1130.00 E-503 II 

686.00 686.00 E-508 DV I 
686.00 686.00 E-508 A 
686.00 686..00 E-508 B 
686.00 686.00 E-508 C 
686.00 68&.00 E-508 E 
686.00 68€.00 E-508 F2 

713.00 SOC•.OC E-503 Ill 
705.00 71;;.00 E~508 011 
686.00 . 705.00 E-508 DIV 

713.00 I 71 ~.00 E-508 01 

705.00 713.00 E-508 DIll 
686.00 705.00 E-508 DV 
634.00 611i.OD E-509 B I 
613.00 6)4.00 ·E-509 B ~II 
573.00 613.00 E-509 B2112 573.00 613.00 E-509 c22 

Warm Side 

Input Output 
Temperature, Temperature 

K K 

696.00 625.21 
662.43 625.21 
696.00 625.21 
686.71 625.21 
686.71 625.21 
686.71 625.21 

1159.00 1138.05 
. 1138.05 862.49 

917.08 696.00 
728.00 696.00 
728.00 696.00 
728.00 696.00 
728.00 696.00 
728.00 696.00 

862.49 ]28.00 
963.37 95f. 76 
948.62 920.88 

976.54 963.37 

951.76 948.62 
920.88 917.08 
696.00 6]2.08 
672.08 662.43 
625.21 582.90 
625.21 606.97 

.., 



Heat 
Exchanger 

No. 

E-405 s43 E-405 B44 E-405 s45 E-405 s46 E-405 s47 E-405 s51 E-405 s52 E-405 s53 E-405 B54 
E-405 B61 E-405 s62 E-405 s63 E-405 B64 E-405B 71 .E-405 s72 E-405 B

73 E-405 B74 
E-405 s81 e-4o5 s82 E-405 s83 E-405 B84 E-405 B91 E-405 B92 E-405 s

93 E-405 B94 
~-405 BIOI 
:-405 8102 
:-405 8103 
E-1405 B104 

Detailed Hatchup of Processing Sections 
High Temperature Heat Demand 

from Sect ion V 
(Continued) 

Cool Side 

Input Output Heat 
Heat Load Temperature, Temperature, Exchanger 

kJ K K No. 

0.739 573.00 613.00 E-50902112 0.119 573.00 613.00 E-509E2 0.137 573.00 613.00 E-5090212 .. 
0.384 573.00 613.00 E-509F 12 0.590 573.00 613.00 E-509H 12 0.629 530.00 573.00 E-509821211 
0.680 530.00 573.00 E-50902211 
0.628 530.00 573.00 E-509F211 0.680 530.00 573.00 E-509H211 0.578 502.00 530.00 E-509821221 
0.625 502.00 530.00 E-50902221 o·. 578 502.00 530.00 E-509F221 0.626 502.00 530.00 E-509H221 0.085 499.00 502.00 E-509821231 
0.092 499.00 502.00 E-50902231 
0.085 499.00 502.00 E-509F 
0.092 499.00 502.00 E-509H231 
0. 144 488.50 I 499.00 231 E-509B2124 0.156 488.50 499.00 E-5(l9D224 0.145 488.50 499.00 E-509F24 o. 156 488.50 499.00 E-509H24 
0.253 473.60 488.50 E-509821251 
0.274 473.60 488.50 E-50902251 0.253 473.60 488.50 E-509F251 0.274 473.60 488.50 E-509H251 1.201 403.00 473.60 E-50982126 
1.299 403.00 473.60 E-5090226 
1.201 403.00 47).60 E-509F26 1.299 403.00 473.60 E-509H26 

Warm Side 
Input Output 

Temperature, Temperature 
K K 

625.21 582.90 
625.21 616.73 
625.21 616.73 
606.77 582.90 
616.73 582.90 
582.90 573.25 
582.90 573.25 
582.90 573.25 
582.90 573.25 
573.25 542.28 
573.25 542.28 
573 .. 25 542.28 
573.25 542.28 
542.28 526.33 
542.28 526.33 
542.28 526.33 
542.28 526.33 
526.33 . 525.39 
526.33 525.39 
526.33 525.39 
526.33 525.39 
525.39 488.73 
525.39 488.73 
525.39 488.73 
525.39 488.73 
488.73 480.95 
488.73 480.95 
488.73 480.95 
488.73 480.95 



t::l 
I 

Ln 
N 

Basis· 0 993 ~-mol H Prod~t '2 

Det3i led Hatchup of Processing Sections Waste Heat 
in Section V 

Warm Sioe 

Heat I~Wut I npu1 Output Output Heat Input 
Exchanger Heat Load St -ean Tef'lperatune Stream T:oruperature Exchanger Stream 

No. kJ llo. K No. K No. No. 

E-106 3.566 50:5 3]8. 00 . 5006 ;;68.00 E-512 A 594 
E-220 b1 2.000 50l:4(A) ~10.00 5003(A) 368.00 E-511-1 -
E-220 b2 0.974 ~8(11) 410.00 597(A) 368.00 E-505-1 554 
E-222 bt 1.909 598(8) 405.01) 597(8) )I: 1.00 E-505-11 554 
E-222 b2 0.162 -· 311.0•) - }00.00 cw -
E-314 A 3-365 5004(e) 368.15 5003(8) 311 .00 E-511-11 -
E-314 B 0.738 - 311.0·:> - .300.00 cw -
E-315 s1 0.598 5C04(C:) )68.15 5003(C) 311.00 E-511-11 I -
E-315 82 2.677 ~98(C) 368.15 597(C) 3! 1.00 E-505-lll 554 
E-315 83 0.630 - 311.00 - 300.00 cw -
E-316 s1 0.406 598(11) 368. 1.5 597 (D) 311.00 E-505-IV 554 
E-316 B2 0.503 513(A) 368. 15 5000(A) 358.00 E-5120-1 594 
E-316 B3 0.944 - 368. 15 - 311.00 E-514 593 
E-316 84 I. 422 - 368.15 - 311.00 cw -
E-316 B 0.630 - 311. (il) - 300.00 cw -
E-317 B5 0.582 513(3) 368.15 5000(8) 358.00 E-5120-11 594 
E-317 B~ 3-324 - 358.00 - 3'03.00 cw -
E-406 c1 0.066 ~8(~) 394.~0 597(E) 393-00 E-505-V 554 
E-406 c2 0.498 5:07 394.~0 5008 393.00 E-512 B 594 
E-407 C 0.812 ~98(F) 403.00 597- (F) 393.00 E-505-VI 554 
E-411 A 0.831 ~-97 383.00 586 358.00 E-512 C 594 
E-411 B 1.827 - 358.00 - 303.00 cw -

Cc·cl Side 

I r put Output Oulput 
Tellp~rat•Jre Stream Tempe1·ature 

K No. ~-

351.00 590 350 00 
3•)0.00· - 360.00 
3J•J. 00: 555.00 391.00 
3J). 00 555.00 391.00 

- -
3:lJ.OO - 360·. 00 

- - -
JOoJ.oJO - 36(). 00 
JOO.OC 555.00 391.00 

- -
]OO.OC 555.00 3911.00 
350 .oc 590.00 35C.OO 
~00.0(• 594 35C.OO 

- - -
- - -

;.90.00 590.00 35C .00 
- - -

;;co.oo 555 39i .00 
3~0.00 590 35C.OO 
JC•O .00 555 39" .00 
}!>0.00 590 35C•. 00 

- - -
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