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. 

Y FOREWORD 

This repor t  is concerned with the construction, operation, and 
evaluation of a forced circulation mercury loop designed to investigate 
corrosion product separation techniques i n  a Croloy 9M system. The 
work was performed between May, 1963, and July, 1964, in support of 
the SNAP 8 program under NASA Contract NAS 3-2538. 

The work was performed by the Materials Research and Develop- 
ment group of the Electromechanical Division of TRW under the super- 
vision of E. J. Vargo and technical direction of D. B. Cooper. Other 
contributors to the program included R. C. Schulze, V. R. Brittain, 
P. D. Metz, and R. D. Shorf. The report  w a s  prepared as TRW Report  
ER-6123, 

The program was  administered by P. L. Stone and J. P. Merutka 
of the SNAP 8 Pro jec t  Office a t  the NASA-Lewis Research Center. 
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' OPERATION O F  A FORCED CIRCULATION, CROLOY 9 My MERCURY LOOP 
Y 

TO STUDY CORROSION PRODUCT SEPARATION TECHNIQUES 

By D. B. Cooper and E. J. Vargo 

THOMPSON RAM0 WOOLDRIDGE INC. 
Cleveland, Ohio 

SUMMARY 

arrb I 
A Croloy 9M, forced circulation, mercury  loop was designed and 

operated for a total of 2918 hours  a t  an average boiling temperature  of 
1074°F. Corrosion product separators  were included in both the vapor 
and liquid sections of the system and were evaluated for their  effective- 
ness  in reducing problems associated with m a s s  t ransfer  in mercu ry  
systems.  Corrosion data for this system were  found to agree favorably 
with previously reported data for Croloy 9M. The greatest  attack was 
found in the low vapor quality regions of the boiling section of the loop 
and in the superheater outlet where condensation is believed to have 
occurred. 
The degree of corrosion which existed in the condenser and subcooler 
could not be detected metallographically because of the extremely rough 
surface of the as-received material .  

The dry portions of the superheater suffered negligible attack. 

The separators  in the vapor portion of the system removed 54. 3 
percent of the corroded metals  found in the system, while the separator  
in the liquid region removed 24.7 percent of the corroded metals.  

Carbon diffusion was noted in the Type 316 SS - Croloy 9M composite 
tubing a t  temperatures  above 1200°F. 
Croloy 9M to the Type 316 SS resulted in grain coarsening of the Croloy 9M 
and a profusion of carbides in  the Type 316 SS. 
exhibited excessive creep after 29 18 hours at 1495 f 10 O F ,  apparently a 
resul t  of metallurgical changes in the Type 316 SS. 

The diffusion of carbon from the 

The composite tubing also 

Deposition and corrosive and/ o r  erosive attack were  ob served, after 
448 hours of loop operation, in a Croloy 9M throttling valve located a t  the 
superheater out1 et. 
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INTRODUCTION 

The mater ia ls  problems associated with the design and operation 
of a mercu ry  Rankine cycle power system a r e  fa i r ly  well defined. 
the exception of refractory metals,  no known material  i s  entirely 
resis tant  to corrosive attack by mercu ry  at high temperatures.  
several  mater ia l s  which ve indicated more corrosion resistance o 
mercu ry  than others is a chromium alloy steel known a s  Croloy 9M* 
which has been chosen as tl the SNAP 8 reference- A apsule t e s t s  
have yielded data that indicate that, for temperatures below 1200"F, the 
corrosion resistance of this mater ia l  may be adequate for a Rankine 
cycle turbo-generator power system (1). However, the generation of 
corrosion products in a Croloy 9M system sti l l  exists,  and this results 
in a number of secondary problems which seriously threaten the long- 
t e r m  reliability of the system. These problems center around the t r ans -  
f e r  of the corrosion products f rom one portion of the sys tem to another, 
with the resultant effect that the efficiency of the system may be 
reduced. 
turbine may become plugged with corrosion products. One solution to 
the problem i s  that of continuous separation of the corrosion products 
f rom the working fluid by such techniques a s  chemical gettering and 
the use of magnetic fields. 
on thermal  convection loop systems with flow ra tes  of 10 to  40 pounds 
per  hour has shown that a s  much a s  85 percent of the corrosion products 
generated can be removed in such a loop(2). The operation of a forced 
circulation Haynes alloy No. 25 loop at T R W  has also demonstrated that 
separat ion of corrosion products in a mercury system is quite feasible 

With 

One of 

More serious than this i s  the fact that regicjns such a s  the 

Corrosion product separation work a t  TRW 

( 3 ) .  

In a system such a s  SNAP 8, continuous separation of the corrosion 
products f r o m  the working fluid appears to be the most  feasible method 
for avoiding m a s s  t ransfer  difficulties. 
ness of corrosion product separation, a forced circulation, Croloy 9M, 
m e r c u r y  loop was designed, constructed, and operated. The loop was 
designed for  long-term (2500 hours) operation a t  conditions simulating 
those found in  the SNAP 8 system and included three corrosion product 
separators .  Evaluation was concerned with corrosion and m a s s  t rans-  
f e r  effects a s  well a s  the effectiveness of the corrosion product separ -  
ation techniques employed. 

In o rder  to evaluate the effective- 

- - - - - - - - - - - - - - -  
*Nominal analysis: Chromium 8.0-10. 0% 

Molybdenum 0. 9-1. 1% 
Carbon 0. 15% 
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SYSTEM DESCRIPTION 

A. LOOP 

The design parameters  for  the Croloy 9M loop were  chosen so 
as to simulate the conditions in the SNAP 8 system, with the exception 
of mercury flow rate .  These conditions included: 

Boiler outlet temperature 1075°F 
Superheater outlet temperature  1250- 1300°F 
Condensing temperature  67 5-700 "F 
Flow rate  95- 100 pounds pe r  hour 

The design flow rate was approximately 1/ 115 of the flow rate  in the 
SNAP 8 system. 

Croloy 9M was the basic mater ia l  of construction. Type 316 SS 
was used in low temperature ( l e s s  than 100°F) regions of the loop for 
instrument sensing units and valving. 
resistance and poor high temperature strength of Croloy 9M at the OD 
surface temperature  of 1405°F encountered in the superheater,  the 
tubing for the high temperature portions of the system was clad with 
Type 316 SS. 
during the following de scription. 

Because of the poor oxidation 

Figure 1 shows a schematic of the loop and is referenced 

1. Boiler and Superheater -- 

The boiler and superheater sections of the loop were fabri-  

Electrical  
cated from 1 .0  inch OD x 0.095 inch wall Type 316 SS-Croloy 9M 
duplex tubing, the Croloy 9M wall being 0 .  030 inch. 
resistance-type heaters were used to supply energy to these 
sections and were designed to supply maximum overall heat 
fluxes of 10, 000 and 5, 000  Btu/hr-ft2 in  the boiler and super- 
heater, respectively. Actual fluxes used during operation were  
in the order  of 5500 Btu/hr-f t2  over ten feet of heated boiler 
tubing and 1900 Btu/hr-f t2  over the 8. 5-foot superheater length, 
including the corrosion product separators .  The heaters  were 
fabricated in place by wrapping Nichrome heater ribbon around 
refractory tubing which surrounded the loop tubing. A solution 
of a refractory cement in  water was spread between the loop 
tubing and the refractory tubing to  provide better heat t ransfer .  

- 2 -  
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The cement was also applied to the outside of the heater assembly 
to hold the Nichrome ribbon in place and to insulate the unit. In 
o rde r  to c rea te  turbulence and facilitate the heat t ransfer ,  swir l  
wire  was used throughout the boiler and superheater .  Croloy 9M 
wire of 0. 062 inch diameter  was coiled into a helix having a n  out- 
side diameter  of 0.. G13 inch and a pitch of 3 .  25 inches. 

2. Condenser and Subcooler 

The condenser and subcooler sections of the loop consisted 

Cooling of these sections was accom- 
of single Croloy 9M tubes having an  outside diameter  of 0.  5 inch 
and a wall of 0. 083 inch, 
plished by both water and air. 
wrapped with four separate  water  cooling coils of equal length, 
and the ent i re  unit was enclosed within a six-inch square manifold 
through which air was forced by a 200 CFM centrifugal blower. 
Cooling of the twelve-inch subcooler was effected by the same 
means,  with the exception that only one water cooling coil was 
used. 

The 25. 5-inch condenser was 

3 .  Throttling Valves and Orifice 

A bellows -sealed, manually-operated, throttling valve was 
located between the superheater  and condenser sections and pro-  
vided the required p res su re  differential in the system, 
pass  line was installed around the main throttling valve and con- 
tained an automatically controlled throttling valve which provided 
the required p res su re  drop should the f i r s t  valve fail. The two 
valves were identical with the exception of control. 
the valves were fabricated f rom Croloy 9M except the bellows, 
which were of Type 321 SS construction. The two valves were 
removed af ter  448 hours of loop operation when leaks developed 
in  the bellows of bothvalves  ( see  "Loop Operation"). 
t ime the inlet side of the by-pass line was also removed f r o m  the 
sys tem,  while the outlet side of the by-pass line was sealed with 
a Croloy 9M cap. 
differential, an  orifice was installed in  the system. The orifice 
plate was fabricated f rom Croloy 9M and was 0. 125 inch thick. 
The orifice was 0.  052 inch in  diameter ,  
Figure 2,  showing the revisions in the sys tem.  

A by- 

All par t s  of 

At this 

In o rde r  to  provide the required p res su re  

A schematic i s  given in 

-4- 



- 5 -  



4. Corrosion Product  Separators  

Three corrosion product separa tors  were included in  the 
system. The f i r s t  of these,  the vapor t r ap ,  was located a t  the 
exit of the boiler and is shown in Figure 3. 
separated from the vapor by gravity and was returned to  the 
boiler through a drain line (0 .  5 inch OD x 0. 083 inch wall 
Croloy 9M tubing), while the vapor passed through a tantalum 
wool getter before exiting f rom the separa tor ,  
pounds of tantalum were used to separate  corrosion products 
present  in the vapor s t ream.  

The liquid was 

A total of 3. 75 

The vapor f rom the vapor t r ap  then passed through a second 
corrosion product separator  which was located in  the super -  
heater section of the loop. This separa tor  is shown in F igures  4 
and 5. In this vapor corrosion product s epa ra to r ,  the vapor 
passed f i r s t  through a magnetic field and then through a tantalum 
getter before exiting into the superheater  proper .  
magnets were machined c i rcu lar  segments and were enclosed 
with 0.015 inch thick Croloy 9M sheet so that the mercury  vapor 
did not contact the Alnico 5. 
were used in  the separator .  
this separator  so that any l iqu id  separating from the vapor would 
be returned to the boiler,  

The Alnico 5 

A total of 1. 16 pounds of tantalum 
A drain line was also included in  

The third separator ,  shown in F igures  6 and 7, was located 
at the condenser exit and utilized both magnetic and chemical 
gettering principles. 
passed f i r s t  through 1.88 pounds of columbium wool and then 
through 0.31 pound of low carbon s tee l  wool. 
the mercury  passed upwards towards the separator  entrance 
between the poles of a 3200-Gauss "C"-shaped Alnico 5 magnet 
which was enclosed with Croloy 9M sheet. After passing through 
the magnet, the mercu ry  passed through 0. 25 pound of low c a r -  
bon s teel  wool and then into the outlet tube to the subcooler. 

The mercu ry  exiting f rom the condenser 

F r o m  this point 

All pa r t s  of the three separa tors  that were contacted by 
mercury  were fabricated f rom Croloy 9M, with the exception 
of the tantalum, columbium, and low carbon s tee l  getters.  

-6 - 
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Figure  5. Photograph of Vapor Corrosion Product Separator.  
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Figure 7 .  Photograph of Liquid Corrosion Product Separator. 
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B, CONTROLS 

1.. Heater Controls 

Power to the heaters on the boiler,  superheater ,  vapor t r ap ,  
and vapor corrosion product separator  sections of the loop was 
varied by the use of General Radio "Variac" autotransformers .  
Each heater circuit also contained a Weston ammeter .  Alnor 
Type N-14 millivoltmeter-type temperature  controllers were used 
to control the temperature  of each heated section of the loop. 
Temperature indication was made by chromel-alumel thermocouples 
secured to  the surface of the loop tubing near the exit of each heated 
section. 

2. . Condenser and Subcooler Control 

The flow of cooling air fo r  the condenser was varied by means 
of a Minneapolis -Honeywell motor-operated butterfly valve. 
input signal to the motor was  received f rom a Weston high-low, 
millivoltmeter-type temperature  controller. This instrument 
sensed the condenser temperature  as indicated by an  iron-constan- 
tan thermocouple secured to the condenser wall, 

The 

The flow of cooling air for  the subcooler was manually con- 
trolled by means of a butterfly valve. 

The cooling water for  both the condenser and subcooler s e c -  
tions was manually controlled. 

3 .  P r e s s u r e  Measurement 

A Minneapolis -Honeywell p ressure  recorder  with an  overpres  - 
su re  control circuit provided a record of the boiler outlet p re s su re  
and also served as a safety device in  the event of an overpressure  
situation, 
measure  the pressure  a t  various locations in the system: 

A total of five Ashcroft p ressure  gauges were used to 

a )  Superheater outlet p re s su re ,  

b) Throttling valve ( o r  orifice) outlet p re s su re ,  

c) Condenser p re s su re ,  

-12- 
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I d)  Pump inlet p ressure ,  

e )  Pump outlet pressure.  

All instruments were actuated by Type 316 SS diaphragm seals  
connected to the loop by Croloy 9M tubing. A constant head of 
liquid mercu ry  was maintained in  the sensing units, and a l l  p re s -  
s u r e  readings have been corrected for  this p re s su re  head. 

4. Temperature Measurement 

In addition to the control thermocouples, forty-eight others  
were placed at various locations around the loop. Nine of these 
were immersion thermocouples and were located at  the boiler 
exit ,  a t  the inlet and outlet of the vapor t rap ,  at the outlet of the 
vapor corrosion product Separator, at the inlet and outlet of the 
throttling valve (or  orifice),  in the center of the columbium wool 
in the liquid corrosion product separator,  and one each in the low 
carbon steel  wool in the top and bottom of the liquid corrosion 
product separator. 
the surface of the tubing. All thermocouples were chromel- 
alumel and were recorded on a 48-point Weston temperature 
recorder  which was equipped with a limit switch for  protection 
of the loop against excessive temperature. 

The remaining thirty-nine were secured to 

5. Pump and Liquid Level Control 

The pump used in the loop was a Milton Roy positive displace- 
ment pump -;lith a pneumatic operated U. s. "Varidrive" variable 
speed rnstor. Materials of construction in contact with the mer-  
cury included: 

Liquid end Carbon steel  
Diaphragm Teflon 
Ball seats Type 430 SS 
Ball valves Type 416 SS 
Check valve housing Type 430 SS 

The pump had a capacity of 158 pounds p e r  hour of mercury  
(specific gravity of 13. 6) and a maximum discharge pressure  of 
500 psig. 

-13- 



A Minneapolis -Honeywell level controller was employed to 
maintain the proper quantity of mercu ry  in the boiler. 
of the level was given by a Type 316 SS bellows assembly which 
sensed the difference in pressure  a t  two points in the boiler section 
24 inches apart .  
controller to the variable speed motor on the positive displacement 
Pump. 

Indication 

A pneumatic signal was transmitted by the level 

6.  Flow Measurement 

A Croloy 9M Venturi having a 0. 040 inch diameter orifice was 
The used to measure  the mercury  flow at the preheater entrance. 

pressure drop ac ross  the Venturi was indicated by a n  inverted 
U-tube manometer of Type 316 SS construction. 

7. Throttling Valve By-Pass 

Control of the throttling valve by-pass valve was achieved by 
means of an Ashcroft pneumatic t ransmit ter  containing a Type 316 SS 
Bourdon tube. The t ransmit ter  was calibrated such that a decrease  
in the condenser p re s su re  to less  than 15 psia would result  in the 
sending of a pneumatic signal to the by-pass valve, allowing the 
valve to open. The t ransmit ter  would then control the condenser 
pressure between 11 and 14 psia by varying the setting of the by- 
pass valve, 

C. ENCLOSURE - 
The entire system, with the exception of the pump and instrument sensing 

units, was installed in an enclosure of two-foot square c ross  section fabri-  
cated from sheet metal  and Unistrut framing supports. 
the loop, the enclosure was filled with vermiculite which served as the 
insulation. 
in F i g u r e s  8, 9 ,  and 10. The control console is pictured in Figure 11. 

After installation of 

Photographs of the loop installed in the enclosure a r e  shown 
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Figure  11. Control Console. 
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FABRICATION AND ASSEMBLY 

The various components of the loop were machined and/or  formed 
using standard shop practices.  
0.083 inch thickness which were required fo r  the components of the 
corrosion product separators  were not readily available. 
forging blanks approximately 7 inches in diameter  and 2. 25 inches thick 
were obtained and rolled by the TRW Materials Technology Department. 
These blanks were f i r s t  soaked at 2100°F for  0 .5  hour and then side- 
forged into ba r s  approximately 5 inches wide. These were again soaked 
at 2100°F for 0. 5 hour, hot-forged to 0.5 inch thickness, and sand 
blasted when cold. The resulting pieces were t r immed,  hot-rolled a t  
1600"F, followed by a final cold pass. 
required to reduce the thickness. 
pieces,  ranging to approximately 0. 0 10 inch over the nominal thickness, 

Croloy 9M sheets of 0. 125 inch- and 

Therefore,  

Six to eight hot passes  were 
The final thickness varied among 

All pieces that were to be formed by bending were then s t r e s s -  
relieved and sand blasted. Some of the components of the corrosion 
product separators  required sheets of widths greater  than those available. 
F o r  these pieces,  sheets were butt-welded together by the tungsten 
inert-gas process  using Type 505 SS (Croloy 9M) fi l ler  rod. These 
pieces were  then s t r e s s  relieved a t  1450°F for two hours. Hardness 
readings taken on the sheets that had been s t r e s s  relieved showed that 
the final hardness ranged between RB85 and R 
thus sufficiently ductile that cracking would not occur  during the fo rm-  
ing operations. 

94. These pieces were B 

The components of the corrosion product separators  were then 
fabricated and cleaned. 
s c r a p  pieces ,  including oxidizing salt  baths, hydrogen annealing, and 
acid baths. 
oxidized rapidly upon exposure to air. 
oxide film is formed on all straight chromium alloys when exposed to 
air. 
product separators  consisted of the following steps: 

Several cleaning techniques we r e  evaluated on 

All methods evaluated resulted in a "bright" surface which 
This was a s  expected, since a thin 

The cleaning technique chosen for  the components of the corrosion 

1) A 10-minute dip in a 30% nitric acid,  3% hydrofluoric acid 
solution ; 

2) Thorough water r inse;  

3)  A 2-minute dip in a caustic permanganate solution; 
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4) Thorough water rinse;  

5) A 20-second dip in a 10% sulfuric acid solution; 

6) Thorough water r inse (180°F); 

7 )  Rinse with analytical reagent-grade acetone. 

Following the cleaning operation, the corrosion product separators  
were assembled by the tungsten inert-gas welding process  using Type 
505 SS filler rod. 
heated to 4 0 0 ° F  during the welding operation. 

All par t s  were preheated to 400°F and interpass 

The various sections of the loop were formed and machined as  
required. 
ing the procedure outlined above for  the corrosion product separators .  
Since the 1 . 0  inch Croloy 9M-Type 316 SS tubing had been bright hydrogen 
annealed and protected with an oil film by the vendor, this tubing was 
only degreased with analytical reagent-grade acetone. 

The 0 .  25 and 0 .  5-inch Croloy 9M tubing was cleaned, follow- 

The components of the system were  installed in  the loop enclosure 
and were welded in place using the tungsten inert-gas process .  
the welding, the sections of the system were  preheated and interpass 
heated to 400°F. There were  several  types of weld configurations in 
the system, and these a r e  shown schematically in Figures  12 and 13. 
In general, Type 505 SS (Croloy 9M) fi l ler  rod was used  for a l l  Croloy 
9M-to-Croloy 9M joints, while Type 310 SS fi l ler  rod was used for  
Type 316 SS-to-Type 316 SS and Type 316 SS-to-Croloy 9M joints. 
Thus, the weld mater ia l  i n  contact with the mercury  throughout the 
system was Type 505 SS(Cro1oy 9M). 

During 

Following the welding of the system, radiographs were taken of all 

Because 
the final seal  welds in the loop, with the exception of the tube-to-plate 
welds in the vapor t rap  and vapor corrosion product separator.  
of the complex configuration involved in these a reas ,  fully satisfactory 
radiographs could not always be obtained. Nevertheless, this exami- 
nation revealed porosity and lack of complete penetration in some of 
the welds. 
of the welds were  accepted. 

None of these defects were  considered objectionable, and all 

- 20 - 
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TYPE 310 SS 

TYPE 316 S 

a) DUPLEX TUBING - TO - DUPLEX TUBING (BUTT) 

TYPE 505 SS 

TYPE 31655 

b) CROLOY 9M TUBING (0.25 OR 3.5 - INCH) - TO - DUPLEX TUBING (900) 

c )  DUPLEX TUBING - TO - DUPLEX TUBING (90°) 

FIGURE 12. SCHEMATIC OF VARIOUS TYPES OF 
WELD JOINTS 
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CROLOY 9M 

TYPE 

- 

310 E 
TYPE 316 SS - 

CROLOY 9 M q  

ss 

a )  DUPLEX TUBING-TO-CROLOY 9 M  PLATE (90”) 

TYPE 3IOSS- TYPE 505SS 

TYPE 31655 CROLOY 9M 
CROLOY 9 

b) DUPLEX TUBING - TO - CROLOY 9 M  REDUCER (BUTT) 

-TYPE 505SS 

CROLOY 9M- ROLOY OM 

C )  CROLOY 9 M  TUBING -TO - CROLOY OM TUBING (BUTT) 
(0.25 OR 3.5 - INCH) 

FIGURE 13. SCHEMATIC OF VARIOUS TYPES OF WELD JOINTS 
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A dye-penetrant inspection was a l s o  conducted on all final seal  welds 
in the system. No defects were revealed by this technique. 

The system was then pressur ized  with argon to  350 psig (except 
for  low p res su re  instrumentation) and was tested for leaks with "SNOOP" 
leak detector. 
inch reducer  at the entrance of the condenser. 
as cracks  which apparently followed s t r ingers  in the bar  stock from 
which the reducer  was machined. 
system was again tested under p re s su re ,  and no leaks were detected. 

Several  small leaks were found in the 1. 0 inch-to-0. 5 
These leaks appeared 

These cracks were  seal welded, the 

The loop was then evacuated for three days to a p r e s s u r e  of 0 .4  
micron. 
was established. 
exception of the sump. 
leak tes t  since it was to  be valved out of the system during actual opera- 
tion. 

Over a period of 2. 5 hours,  a leak ra te  of 18 microns per  hour 
This leak ra te  included the ent i re  system, with the 

This component was not included in the vacuum 

The sump was tested separately and was found to be leak tight. 

Thermocouples and hea ters  were installed, and the preheater ,  
boiler,  and superheater sections of the  system were s t r e s s  relieved 
at  1350 f 25°F for two hours under vacuum. During the stress relief, 
the p r e s s u r e  rose  to  a maximum of 23 microns and then decreased to 
a final p r e s s u r e  of 3 microns when the power to the hea ters  was 
turned off. 

The system was evacuated continuously during the cooling down 
period to  a p r e s s u r e  of 0. 3 micron.  
over a period of one hour and was established at 3 microns p e r  hour. 
This leak r a t e  included a l l  p a r t s  of the system, with the exception of 
the sump. 

A final leak ra te  was determined 

The loop enclosure w a s  then filled with insulation in preparation 
for  pretreatment  and tes t  operation. 
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QUALITY ASSURANCE -_--- 
The quality assurance  phases of the program were  involved pr imar i ly  

with: 

1) Inspection and verification of incoming mater ia l s  and equipment; 

2) Testing of mater ia l s  as required; 

3 )  Calibration of instrumentation; 

4) Weld quality. 

Certified analyses were received fo r  all of the mater ia l s  of construc- 
tion except the forging blanks from which the sheet stock was rolled,  
certifications were reviewed as the mater ia l s  were received, and all mate-  
rials were found to be within specifications, Samples of the Croloy 9M 
sheet rolled from the forging blanks were submitted for  metallographic 
evaluation, 
of the samples.  Typical photomicrographs a r e  presented in Figures  14 
and 15. 

The 

The resul ts  of the analysis indicated no i r regular i t ies  in any 

Samples of the Croloy 9M sheets were also submitted for  chemical 
analysis. Results showed that the mater ia l  was within specifications, as 
shownin Table I. 
sheet, 
tested a t  room temperature .  

Tensile t e s t  specimens were also prepared from the 
Two samples were machined f rom each of two sheets  and were 

The resu l t s  a r e  presented in Table 2. 

The Type 316 SS-Croloy 9M duplex tubing, a s  well a s  the 0. 5 inch 
OD x 0. 083 inch wall Croloy 9M tubing, was sampled in the as-received 
condition and was submitted for metallographic examination, 
photomicrographs a r e  presented in Figure 16. 

Typical 

A l l  temperature  measuring instruments  we re  calibrated using a 
Leeds and Northrup millivolt potentiometer. 
brated using a dead-weight hydraulic t e s t e r ,  
was calibrated using a known Heise gauge as reference.  
procedure was employed fo r  r e  -calibration of all p re s su re  instrumen- 
tation before s tar tup following the installation of the orifice. 
Venturi flow me te r  was a l so  calibrated using a known Venturi  as 
reference.  

P r e s s u r e  gauges were C a l i  - 
The p res su re  r eco rde r  

This same 

The 
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- 25 - 

Ro 11 e d. 

Rolled. 



rl 

0 
p'; 

cv 
0 

I4 
e 

0 

0 
v! 

m 
43 
Ls 

rl 
d 

0 
e 

n 

.I4 n 
4 
t m cu 
d 

% 

d 
v 

a 
4J 
a, 

A 

- 26 - 



8 8  
'0, ", 
chi2 0 

8 8  
'O, 0, 

0 0  
0 0  

- 27 - 



Croloy 9M 

4 

Type 316 SS 
4 

lOOX 
a) Duplex Croloy 9M/ 31bSS 

Etc hant - Car ape lla 

250X 

Etchant- Carapella 
b) 0 . 5  Inch 0. D. Croloy YM 

Figure 16. Microstructure of Duplex Type 31b SS-Croloy 9M and 
0 . 5  Inch Croloy 9M Tubing As Received. 
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* As mentioned in  the "Fabrication and Assembly' '  section, a l l  
During the welding joining was  done by tungsten inert  gas welding. 

operations,  all par t s  were preheated to 400 O F  and interpass heated to 
the same temperature.  Subassemblies were s t r e s s  relieved a t  1350 f 
2 5 ° F  fo r  two hours a s  were the preheater,  boiler,  and superheater 
sections of the loop after final assembly. 

All final sea l  welds in the sys tem were inspected using radio- 
graphic and penetrant techniques. 
plate welds in the vapor t r ap  and vapor corrosion product separator  
where satisfactory radiographs could not be obtained because of the 
configuration. 
pressure  of 350 psig using "SNOOP" leak detector and also under a 
vacuum of 0 .3  micron. 
hour was established. 

An exception here was the tube-to- 

The system was tes ted f o r  leak tightness under an a rgon  

Before startup, a leak rate  of 3 microns per 

During the filling and draining operations which occurred af ter  
the initial startup, both the mercury  and the loop were protected with 
either a vacuum o r  a n  argon cover. The only t imes when this was not 
feasible were during welding operations. 
loop during welding, but complete protection could not be guaranteed. 

Argon was flushed through the 



LOOP OPERATION 

A. PRETREATMENT 

Pr ior  to tes t  operation, the loop was flushed with liquid mercu ry  
at 500-650 OF as a final cleaning treatment.  
mercury was used. During the init ial  filling operation, leaks developed 
in two of the Croloy 9M valves. Examination of the valves indicated that 
the leaks resulted from poor welds in the valves themselves. 
was drained from the loop, and the defective valves were replaced with 
new Croloy 9M valves. The system was leak tested, filled with the same 
mercury, and the flushing operation was started. After only seven hours 
of operation at  500 to 600"F, a third Croloy 9M valve developed a leak at 
the same point a s  the other defective valves. Because of the uncertainty 
which now existed about the integrity of the Croloy 9M valves, it was felt 
that the third defective Croloy 9M valve should be replaced with a 
Type 316 SS valve. It was also observed that the Croloy 9M valve located 
in the line between the loop and the sump was not sealing properly.  Since 
both this valve and the leaky one were  located in very low temperature 
regions of the system, it was decided to replace these valves with ones 
of Type 316 SS construction. The two valves were  installed, the loop was 
refilled with the same mercury,  and the flushing operation was continued 
for  a n  additional 69 hours , 

Triple distilled, A. C. S. -grade 

The mercury  

The loop was flushed with liquid mercu ry  for  a total of 76 hours at 
500-650°F. Flow ra te  during this treatment was 56 pounds p e r  *hour. 
mercury was then drained from the loop, the system was evacuated and 
refilled with clean mercu ry  (tr iple distilled, A. C. S. -grade), and tes t  
operation was begun. 

The 

B. TEST OPERATION 

During the course of the tes t  operation, several  fa i lures  occurred in 
the system and changes were made to cor rec t  these failures. 
the nature of some of the modifications, loop conditions varied during 
different periods of operation. 
divided into two runs which a r e  discussed separately.  
conditions for each run a r e  given in  Table 3. 

Because of 

F o r  this reason, the tes t  operation has  been 
Average operating 

1. Run No. 1 

Throughout this run control difficulties were e e e r i e n c e d  with 
the throttling valve in that fine adjustment of the valve could not be 
obtained. This valve was la te r  sectioned and examined, and the 
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c 

resul ts  of the examination may be found in the section "Loop 
Disassembly, Results, and Discussion". 

With the exception of the throttling valve control problem, the 
loop operated satisfactorily for 115 hours when a fourth Croloy 9M 
valve developed a leak, At this  time, it was decided to replace this 
valve and several  other low-temperature valves with Type 316 SS 
valves. A total of six Croloy 9M valves were replaced, in addition 
to the two replaced during pretreatment. 
were located in  lines where the temperature did not exceed 100 O F  

and included: 

All of the eight valves 

Line connecting the loop and the sump, 

Superheater p re s su re  gauge line, 

Throttling valve outlet pressure gauge line, 

Condenser pressure  gauge line, 

Pump inlet p ressure  gauge line, 

Pump outlet p ressure  gauge line, 

Line connecting the loop and the pressure  t ransmit ter  
used for control of the valve in the bypass around the 
throttling valve, 

Liquid corrosion product separator drain line. 

Following replacement of the valves, the system was evacuated, 
refilled with the same mercury ,  and t e s t  operation was continued, 
Adjustments were made during operation to es tabl ish the desired 
operating conditions. 
cisely with desired conditions. 
the vapor t rap  where a temperature drop as great a s  40°F existed 
between the inlet and outlet. It was felt that this problem could be 
solved by using two separate heaters on the vapor t r a p  so that the 
power inputs to the top and bottom of the vapor t r ap  could be control- 
led independently. 

Not all of the operating conditions agreed p re -  
The greatest  discrepancy existed in 
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After a total of 434 hours of operation, the loop was shut down 
when a leak was discovered in the region of the superheater outlet. 
The mercu ry  was drained from the loop, and the system was leak 
tested under pressure .  
in the bypass line around the throttling valve. It was decided to 
remove this valve and seal  the bypass line with Croloy 9M caps.  
It was also decided to change the hea ters  on the vapor trap,  as 
described above, while the loop was shut down. 

A leak was found in the bellows of the valve 

These changes were made, the system was evacuated, refilled 
with the same  mercury ,  and tes t  operation was continued. After 
only one day of operation, a very severe  leak developed in the Croloy 
9M throttling valve and the loop was again shut down. The valve 
was removed from the system, and a fixed orifice, fabricated f rom 
Croloy 9M, was installed. During this shutdown, the bypass inlet 
line was removed and a straight section of tubing was installed at 
the orifice outlet. 
loop and was extended three  inches past  the orifice outlet in order  to 
minimize cooling effects that had been observed at  the throttling 
valve inlet. 
clean mercury  (tr iple distilled, A. C. S. -grade) was used to refi l l  
the loop in  preparation for startup. 

A new heater was installed on this section of the 

All of the mercu ry  was removed f rom the system, and 

2. Run No. 2 

The loop was restar ted and operated very satisfactorily until 
a total of 960 hours of operation had been accumulated (448 of these 
hours were accumulated before installation of the orifice).  At this 
time the flow increased from 65 pounds p e r  hour to 75 pounds pe r  
hour ra ther  abruptly. As  a resu l t  of the increased flow, the boiler 
temperature decreased, and the temperatures  on the condenser side 
of the loop increased. After another five hours of operation, the 
flow again increased abruptly, stabilizing at  105 pounds p e r  hour, 
with a second decrease in boiler temperature and increase  in con- 
denser-side temperatures.  At this t ime i t  was a l so  observed that 
the level on the condenser side had decreased. Approximately 25 
pounds of mercury were added to the loop to increase the condenser 
level. In order  to cor rec t  the temperature  profile, the power to the 
boiler w a s  increased and the condenser cooling was increased to 
its maximum. These changes seemed to cor rec t  the situation for a 
short time, but the level in the condenser decreased again over  a 
period of several  hours. Approximately another 25 pounds of mercury  
were added to the loop, and this resulted in stable operating conditions 
at a flow ra t e  of approximately 100 pounds pe r  hour. All conditions 

- 34 - 



. 
b 

were  satisfactory with the exception of the vapor t r a p  outlet t empera-  
t u re  which indicated that this a r ea  contained some liquid mercury.  
It was decided to allow the loop to operate with this condition for  
severa l  days before making any further changes. 

One explanation for  the abrupt changes in flow seemed to be 
that some restr ic t ion in the system, perhaps in the orifice, was 
removed with t ime , thus permitting a greater flow of mercury  through 
the loop. It is also possible that the loop became "conditioned", 
resulting in more  efficient heat t ransfer ,  and thus a greater  flow rate.  
Since the system instrumentation was not designed for  heat t ransfer  measu re -  
ments ,  any possible changes in the heat transfer could not be determined. 

Since no mercury  was lost  to the atmosphere with decreases  in 
the condenser level, and since this level eventually became stable, 
it was proposed that some cavity in  the system had filled with m e r -  
cury. 
inner shell of the liquid corrosion product separator ,  allowing the 
magnet cavity to f i l l  with mercury.  In order to verify this and also 
to verify that the vapor t r ap  outlet was wet, it was decided to take 
radiographs of the ent i re  system while in operation. 
source was employed, and the resul ts  indicated the following: 

It was fur ther  proposed that a crack had developed in the 

An iridium-192 

a) 
liquid mercury ;  

The vapor in  the vapor t r a p  contained some entrained 

b)  
product separator did not contain liquid mercury;  

The exit tube f rom the vapor trap and the vapor corrosion 

c )  A crack had developed in  the inner shell  of the liquid 
corrosion product separator,  since the magnet cavity was 
found to contain mercury;  

d) 
level i n  the condenser contained no liquid mercury.  

The a r e a  between the exit of the vapor t r ap  and the liquid 

The boiler power was again increased, and the liquid level i n  
the boiler was decreased in order  to provide vapor of higher quality 
a t  the inlet of the vapor t rap.  
the vapor in  the vapor t r ap ,  as indicated by immersion thermo- 
couples in the unit. 

These changes resulted in drying of 
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Following these changes, the loop operated without incident 

At this t ime the heater on the super-  
f o r  an  additional 762 hours until a total of 1722 hours of opera-  
tion had been accumulated, 
heater outlet failed and the loop was shut down. 
replaced, and the loop was restar ted without difficulty, 

The heater was 

The loop operated satisfactorily for an additional 1196 
hours until a total of 2918 hours had been accumulated. At this  
time, the heater on the outlet of the superheater failed for  the 
second time and the tes t  was terminated thirty hours shy of the 
planned t e s t dura tion. 



t 

L 

LOOP DISASSEMBLY, RESULTS, AND DISCUSSION 

A. PROCEDURE 

Following shutdown of the loop, the mercury  was drained from the 
various loop sections and was collected in clean plastic containers. 
Because of the large quantity of mercury  in the system, the mercu ry  
was removed in steps and the mercu ry  from various regions of the sys-  
t e m  was isolated, processed, and analyzed separately. The regions 
f rom which the mercu ry  was isolated and drained included: 

1) Boiler, 

2) Condenser, 

3 )  Liquid corrosion product separator , 

4) Pump head, 

5) Fill line, 

6 )  Vapor t rap,  

7) P r e s s u r e  recorder  sensing head line. 

All of the m e r c u r y  removed f rom the sys tem was oxidized in a 
Bethlehem mercury  oxifier and then filtered through a Bethlehem m e r c u r y  
f i l t e r  (gold adhesion principle). 
rosion products collected on the fi l ter  were submitted for chemical analy- 
sis. 

Both the fi l tered mercu ry  and the cor-  

After removal of the mercu ry  from the system, the vapor t rap ,  

The chemical get- 
vapor corrosion product separator  , and the Iiquid corrosion product 
separator  were cut f rom the system and sectioned. 
t e r s  and the deposits found in the separators  were submitted f o r  chemi- 
cal analysis. 

The loop was then cut into sections and each section was cut longi- 
tudinally for  evaluation. 
tions for  metallographic, x-ray fluorescence, and electron microprobe 
analyses. 
mounting to preserve  the condition of the surface. 

Specimens were removed f rom the various sec-  

The metallographic specimens we re  nickel plated pr ior  to 
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After the specimens were selected for  analysis,  all deposits in the 
system were collected and submitted for  analysis,  

B. VISUAL OBSERVATIONS 

As shown in Figures 17 and 18, the Venturi was found to be relatively 

A photograph 
clean, 
deposit which appeared as a black "smudge" ( see  Figure 19). 
of the boiler midsection is shown in Figure 20. 
be relatively f r ee  of deposits. 
found to be slightly wetted by mercury ,  Figure 21. 
dried and superheated, the tube wall became l e s s  discolored until it  
actually took on a high luster  a t  the vapor t rap  inlet ,  Figure 22. 
was again observed in the inlet region of the vapor t rap,  Figure 23. 
the vapor passed through the vapor t rap  and into the vapor corrosion pro-  
duct separator,  the tubing again became discolored, as was the vapor 
corrosion product separator.  
found to have the same discoloration and contained no corrosion products,  
a s  shown in Figure 24. 
section) was a l so  discolored, Figure 25. This discoloration gradually 
decreased until the tubing was again relatively clean a t  the superheater 
outlet, Figure 26. 
in Figure 27. 
the heaters on this section of the system and is discussed in  detail la ter  
in this report. 

The boiler inlet section contained some amalgam and also some 

This region was found to 
The liquid level region of the boiler was 

As the mercu ry  was 

Wetting 
As 

The magnet poles in this separator  were 

The outlet from the separator (superheater mid-  

This a r e a  of the loop was bulged considerably, as shown 
The growth in the tubing undoubtedly caused the failures in  

The Croloy 9M orifice was found to be relatively clean and contained 
only a small  quantity of amalgam on the outlet side,  Figure 28, 

The condenser and subcooler tubing is shown in Figure 29. 
here ,  these sections of the loop contained small quantities of amalgam 
and deposit, 

As seen  

C. METALLOGRAPHY 

Metallographic samples were prepared f rom all sections of the loop, 
i, e .  , the boiler, superheater,  condenser, subcooler and corrosion product 
separators.  Included with the corrosion specimens were sections cut 
f r o m  welded joints representing butt welds of the duplex tubing and also 
welds between the one-inch diameter duplex Croloy 9M/316 SS and the 
1/ 2-inch diameter Croloy 9M tubing. The specimens were prepared fo r  
study by conventional metallographic techniques. The polished speci-  
mens were examined in both the unetched and etched condition a t  magni- 
fications varying between 3 and 500 X. 
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Approximately 30X 

Figure 18. Appearance of the Orifice in the Venturi Flow Meter. 

- 40 - 



c 

- 4 1  - 

X In 
0 

x 

w 
0 
Q 
V 

9 
k 



w 
0 
0) 

0 
N 

- 4 2 -  



i i  
0 

3 
0 

L: 

e, 
v) 

k 
9) 
4 

X 
.r( 

m e 
p9 

d 
r rr 

0 d 
e, 

e 
m d 
. .  

r rr 
0 d 

e, 

w 
0 
9) 
U 

4 
k 

- 43 - 



0 
k 
al 

0 
4 .-I 

F4 

- 44 - 

x l a  
d 

x 
E 9 .-I 0 

L: c 
a 
SI 



Approximately 0.5X 

Figure 23. Appearance of Vapor Trap Inlet Section. 
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a) Inlet Approximately 1OX 

b) Oatlet Approximately 1OX 

Figure 28. Appearance of Croloy 9M Orifice. 
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A summary of the corrosion observations made by metallographic 
examination is  listed in Tables 4 and 5. Corrosive attack was classi-  
fied according to the chart  presented in Figure 30 on the basis of 
microstructural  examination. Representative photomicrographs 
illustrating the typical appearance of the loop sections a r e  presented 
and will be specifically re fer red  to in the following portions of this 
report .  For comparison, reference is made to the microstructure  of 
the as-received mater ia l  i l lustrated in Figure 16. 

Corrosion of the boiler inlet section of the loop was not severe  
and appeared to be limited to a pitting type of attack of 0 .  3 mil  pene- 
tration. 
but was intergranular.  
section was 834 O F .  

The attack of the swirl  wire was of the same level of intensity 
The average wall  temperature measured in this 

An aggressive corrosion attack, significantly limited to the mid-  
section of the boiler, where liquid mercu ry  was at  i t s  highest tempera- 
ture, was observed. Intergranular penetrations ranging up to 3. 3 mils 
(Table 4) were measured in the Croloy 9M tube wall. 
of this corrosive attack a r e  i l lustrated in the photomicrographs of 
Figures  31 and 32. The observed attack of the swirl  wi re  in these 
sections corroborated the observed deterioration of the tube wall. An 
intergranular and layer attack of 2. 0 mils depth was observed and 
measured on the swirl  wire.  This attack i s  illustrated in  Figure 33b. 
The wall temperatures in this a r e a  of the loop varied f rom 1060 to 1142°F. 

Typical views 

The intensity of the corrosive attack diminished n e a r  the boiler 
outlet. 
Metallographic examination oi the swir l  wire taken from the liquid/ vapor 
interface revealed an intergranular type of corrosion of 0. 6 mil  pene- 
tration (Figure 33c). A similar  intensity of attack was revealed in  the 
inlet and midsection portions of the superheater.  Intergranular cor ro-  
sion (Figure 35 and Table 4)  up to 1. 7 m i l s  penetration was measured. 
The swir l  wire f rom these sections revealed 0. 5 mil depth layer-type 
and 1. 0 mil intergranular-type of corrosion at the superheater inlet 
and midsection, respectively, as shown in Figures  33d and 33e. 

The tube wall exhibited a penetration of 1.1 mils (Figure 34). 

An increase in mercu ry  corrosion of the Croloy 9 M  was noted in 
the outlet portion of the superheater.  
varying between 1. 2 and 2. 5 mils (Figures  36 and 37) was observed. 
The swir l  wire in this region exhibited 0. 5 mil crevice attack, Figure 33f. 

Intergranular corrosion to a depth 

This corrosive attack at  the superheater outlet indicates that high 
temperature condensation of the mercury  vapor probably took place 
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Nickel Electrodeposit 

2. 2 mil 

T 

Croloy 9M 

250X 

Figare 31. Intergranular Corrosion of B,2iler Midsection. 
Unetched 

Nickel Electrodeposit 

T 
3. 3 mrls 
-L 

Ci-oloy 9M./316 SS Interface 

Type 316 SS 

100 x 

Figure 32. Intergranular Corrosion of Boiler Midsection. 
Etchant - Carapella 
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a) Intergranular  Corrosion of Swirl Wire a t  Boiler Inlet 

I_ 

1 
2. 0 m i l s  

1 

b) Intergranular  Corrosion of Swirl W k e  at Boiler Mid-Section 

I-- 0.  6 1, m i l  

. 1- 
8. 
t 

J 

c)  Intergranular  Corros ion  of Swirl Wire at Boiler Liquid/ Vapor 
Tnt e r fa c e 

F igu re  33.  Corrosion of Croloy 9M Swirl Wire.  Unetched 250X 
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250X 

d) Layer Corrosion of Swirl Wire at  Superheater Inlet 

250X 

e) Intergranular Corrosion of Swirl Wire at Superheater 
Mi d - Sect ion 

250X 

f )  Crevice Corrosion of Swirl Wire a t  Superheater Outlet 

Figure 33 .  (Continued). 
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Figure 34. h t e r g r a n u l a r  Corrosive Attack of Boiler Wall 
Near Oit le t .  
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Figure 3 5 .  Typical Intergranular  Corrosion of Croloy 9M at  
Inlet t o  Superheater.  
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Figure 3 6 .  Intergranular  Corros ion  of Croloy 9M 2.t Superheater  
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Figure 37. Intergranular  Corrosion of Superheater Wall. 
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during operation. 
may have occurred during the initial run of 448 hours.  Geometrical 
problems caused by the throttling valve used during this initial opera- 
tion of the loop prevented direct  heating of t k  las t  several  inches of 
the superheat section. The resultant drop in temperature  caused the 
par t ia l  condensation of mercury.  Typical before and af ter  tempera- 
tu re  readings for  this a r e a  a r e  as  follows: 

A review of the loop operation data indicated that this 

W i t h  Throttling Valve With Orifice Plate 

1082°F 1313°F 

Corrosion by mercury  under s imi la r  conditions h s been previously 
noted a s  in the Sunflower CSUI-3 turb0al te rna tor .7~)  However, i f  this 
high temperature condensation condition did cause the attack noted in 
this a r ea ,  it is interesting to note the relatively short  t ime of exposure, 
448 hours, to  induce this depth of penetration. 

The degree of corrosion which existed in the  condenser and sub- 
cooler portion of the loop could not be detected by metallography. 
These sections of the loop were constructed of 1/2-inch diameter 
Croloy 9M which unfortunately had a n  extremely rough surface in the 
a s -  received condition as illustrated in the photomicrograph of 
Figure 16b. Thus, any corrosion which may have occurred during 
operation of the loop could not be detected and measured with confi- 
dence. 
colder portion of the condenser and the entire subcooler. 
diffraction has  identified the deposit as principally o( iron, with 
no indication of carbides.  
machined from the first 0. 005 inch layer  of the I. D. surface of the 
Croloy 9M condenser revealed a high carbon content ( s e e  Figure 53 and 
Table 10, to be discussed l a t e r  in grea te r  detail) .  Since metallographic 
examination (including microhardness) and x- ray  diffraction did not 
disclose any carburization of the Croloy 9M tube wall in this  section, 
it i s  indicated that the deposit contained a substantial quantity of carbon, 
in addition to  o< i ron,  The implication is that corrosion of the dis-  
solution type probably took place in the high-temperature regions of 
the condenser. The corrosion products thus generated were  subse- 
quently either separated in the liquid corrosion product separator  and /o r  
deposited in the lower temperature  regions of the condenser and sub- 
cooler. However, there  is l i t t le reason to  expect that catastrophic 
corrosion wi l l  occur in this section at  the relatively low temperatures,  
698 and 2 2 7 ° F  in the condenser and subcooler, respectively. 
reported less  than 1. 0 mil penetration in the condenser and subcooler sections 

However, a deposit was present  on the walls of both the 
X-ray 

A chemical analysis for  carbon of a specimen 

Cooper(3) 
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of a Haynes alloy No. 25 forced circulation loop operated under very 
similar conditions for  5200 hours.  

An electron beam microanalysis  of samples of tubing from the 
boiler midsection, where the greatest  attack was found, the superheater 
outlet, and the condenser midsection showed that slight depletion gra-  
dients were present  a t  the I.D. Croloy 9M surface in all of the samples.  
No selective leaching of elements was apparent. 
indicate that the attack experienced in the loop was of the general  dis-  
solution type. 

This would seem to 

Fabrication of the loop necessitated the joining by welding of duplex 
tubing (Croloy 9M/ 316 SS) to other  duplex o r  to Croloy 9M tubing. 
order  to p re se rve  the integrity of the Croloy 9M interface with mercury ,  
the welds were performed in two steps. F i r s t  the Croloy 9M was welded 
(TIG) using Type 505 SS (Croloy 9M) filler rod. 
an overlay of Type 310 SS weld. 

In 

This was followed by 

Metallographic study of the welds revealed that in some cases  
the Type 310 SS weld filler was exposed to mercury  during loop opera- 
tion. 
weld. 
"burn through" of the backup 310 SS through the initial Croloy 9M weld 
o r  failure to completely join the Croloy 9M sections p r i o r  to  welding 
the backup 310 SS. An example of the la t ter  ca se  is i l lustrated in the 
photomicrograph of Figure 38. 
Croloy 9M components permit ted mercury exposure to  the Type 310 SS 
weld a t  a temperature  of 1070°F. A leached layer  attack of the Type 
310 SS of 16. 0 mi l s  depth resulted.  
f i s sure  was also noted which may appear excessively severe  because 
of a bimetallic effect. 

Such exposure resulted in isolated severe attack of the Type 310 SS 
The cause of the exposure was due to either the inadvertent 

The slight f i s sure  between the two 

Corrosion of the Croloy 9M a t  the 

The corrosion capsule test  resu l t s  of other investigators(')indicate 
that the corrosive attack by mercury  of Croloy 9M is of the order  of 
0. 8 mi l  penetration a f te r  1000 hours a t  1100°F. Thermal convection 
loops operated for 1000 hours at a boiling and condensing tempera ture  
of 1075°F (7.  2 l b s / h r  flow rate) 
Croloy 9M to  a depth of 1. 2 mi l s fg .  A comparison of the corrosion 
data obtained from the operation of this loop with the above referenced 
resu l t s  was made. The data compare favorably, as sh,, in Figure 39, 
which is a plot of these data assuming diffusion control 

vealed corrosive penetration of 

D. CORROSION PRODUCTS 
1 

The mater ia l  corroded f rom the loop components is te rmed corrosion I 

products. 
suspensoids in the mercury.  
products generated and their  compositions a r e  presented only a s  elemental 
metal  and not a s  compounds. 

These may be present  as deposits in the loop o r  a s  solute or  
In this report the weights of the corrosion 
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A summary  of the corroded metal  determination and composition 
i s  presented in Table 6. 
(reported a s  elemental  metal)  was accounted for, of which 1.9543 gms  
were removed f r o m  the mercu ry  by the separa tors .  This figure indi- 
cates a separation efficiency of 7 9  percent ,  i .  e . ,  54. 3 percent  for  
the vapor corrosion product separa tors  and 24. 7 percent  for the liquid 
separator .  
percent separation reported for  the thermal  convection and forced c i r -  
culat'on 1 ops employing the u s e  of similar cor ros ion  product separa-  
tors .  t 2 ,  3 The vapor t r ap ,  vapor separa tor ,  and their  common 
return line a r e  considered a s  one cor ros ion  product separation unit 
in this analysis ( s e e  Figure 1). 
demagnetized a t  the end of the t e s t  and, thus, were  not effective. Con- 
sequently, of the th ree  types of s epa ra to r s  used in this loop, it i s  
indicated that only chemical ge t te rs  and centrifugal-type separa tors  
should be considered for cor ros ion  product separation in the vapor 
region of mercu ry  sys tems.  

A total of 2.4677 gms  of corroded metal  

This efficiency compares  favorably with the 85 and 51 

The magnets were  found to be 

The corrosion product separation accompli shed by the "C" 
magnet in the liquid separa tor  was ve ry  low, 0. 3%. 
level of separation by the liquid cor ros ion  product separa tor  magnets  
was a l so  r e  orted for the Sunflower Haynes alloy No. 25 forced circu-  

A s imi l a r  low 

lation loop. P3) 

Despite the poor performance of the magnets,  the overal l  
efficiency (79 percent)  of the sepa ra to r s  demonstrates  the feasibility 
of incorporating corrosion product s epa ra to r s  in forced circulation, 
two phase, mercu ry  systems.  The balance of the corroded, untrapped 
metal was accounted for as deposits on the walls of the boiler and 
condenser and a s  elemental meta l  in solution o r  a s  suspensoids in 
the mercury,  10. 1 and 10. 7 percent ,  respectively.  

The resu l t s  of the chemical analyses made of all of the 
corrosion products and mercu ry  show that i ron  was the principal 
element removed by the mercu ry  f rom the container metal .  
specimens except one, the i ron content of the corroded meta l  was 
greater  than 74 percent.  The chromium content var ied  between 
zero  and 31. 2 percent .  The molybdenum content of each specimen 
was low and never exceeded 6 . 4  percent.  Nickel, manganese, and 
silicon were  found in very small  quantities in two of the deposits 
and in two of the m e r c u r y  samples .  

In all 
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A comparison between the overal l  composition of the 
corroded metals  with that of the loop tubing i s  shown below: 

Compo sition, Weight P e r  cent 

Element Corroded Metals 1" Duplex Tubing 1/ 2" Tubing 

Fe 88. 8 
C r  6 .  7 
Mo 1. 3 
Mn 0 .  8 
Ni 0 .  3 
Si 0. 1 

88. 5 89. 2 
9.  0 2  8 .  78 
1. 01 0. 97 
0. 5 0 .  49 
0 .  10 - 
0.  56 0. 46 

The composition of corroded meta ls  removed f rom the loop i s  
essentially the same as that of the container mater ia l s ,  indicating 
that attack was of the general  dissolution type. 

E. X-RAY FLUORESCENT ANALYSIS 

The ID surface of the loop was analyzed by x - ray  fluorescent 
techniques, the resu l t s  of which a r e  semiquantitative. The values 
obtained for i ron and chromium w e r e  plotted in an effort to deter-  
mine any t rends  (F igu res  40 and 41). The interpretation of these 
resul ts  i s  somewhat conjectural. Nevertheless,  the plotted sca t te r -  
band indicates that the mean values for these elements  a r e  lower 
than the reported values of the Croloy 9M tube mater ia l  given 
below: 

1" Duplex 1/ 2" 

F e  8 8 . 5  89. 2 
Cr  9 . 0 2  8 . 7 8  

This trend would indicate that corrosion of the general  dissolu- 
tion type does take place r a the r  than selective leaching. 
high i ron o r  chromium content of the deposits and severa l  o i  the 
mercury  samples a l so  reflect  this indication. 

The random 

Two sections of the loop a r e  indicated by this plot to have a 
depletion of chromium, the l a s t  half of the boiler,  and the condenser 
and subcooler. 
the severest  cor ros ive  attack by mercu ry  and thus may substantiate 
this low chromium content. However, the low chromium content of 

The metallographic examination of the boiler revealed 
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the condenser and subcooler ID surface cannot be explained by the 
me tallogr ap hic r e  sul t s . 
F. CROLOY 9M THROTTLING V A L V E  

It will be recalled that a very severe  leak developed in the 
Croloy 9M throttling valve after 448 hours of operation and that the 
valve was removed and replaced with a Croloy 9M orifice. During 
this period of operation, the average temperature  on the inlet side 
of the valve was 1090 " F  (39 O F  superheat), while the average outlet 
temperature was 758°F ( 9 ° F  superheat). 

Disassembly of the valve revealed that failure was brought about 

This resulted in twisting of the bellows and eventual failure.  
by "freezing" of the handle to a threaded extension welded to the 
bellows. 
Figure 42 shows the disassembled valve, and Figure 43 shows the 
deformed bellows. 

The valve was sectioned and mounted for metallographic evalua- 
tion. Ekamination showed that a deposit had formed on the outlet side 
of the orifice in the valve. Two foreign metall ic chips were  also found 
in this a r e a  of the valve. The combination of the deposit and metall ic 
chips caused a considerable reduction in the flow passage in the valve. 
This explains the control difficulties experienced during initial loop 
operation when fine adjustment of the valve could not be obtained. 
photomicrograph of this a rea  of the valve is shown in Figure 44. 

A 

An electron beam microanalysis was performed on the la rger  of 
the two metall ic chips and on the deposit by Advanced Metals Research  
Corporation. A careful comparison of the iron, chromium, and molyb- 
denum x-ray  line intensities fo r the  base alloy and the metallic chip 
revealed no significant differences, a s  seen in F igures  45 and 46. 
addition, the manganese and silicon content of these two zones appeared 
to be identical. It is thus apparent that the metall ic chip is Croloy 9M, 
probably a residual par t ic le  remaining in the valve af ter  fabrication of 
this component. 

In 

The iron, chromium, and molybdenum distributions in the deposit 
are shown in Figures  47, 48, and 49, respectively. It is seen here  that 
the deposit i s  i ron-r ich and chromium- and molybdenum-poor. The 
chromium shows a small gradient in the vicinity of the deposit-base 
metal  interface but rapidly falls to less  than one percent.  
denum content drops abruptly to approximately zero percent  a t  the 
deposit-base meta l  interface. 
90 to 95 percent.  

The molyb- 

The iron concentration r i s e s  to roughly 
Chromium-rich phases are present  in both the deposit 
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Threaded Extension 

Figure  42. Disas  sem5led Croloy 9M Throttling Valve. 
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Failure 

Figure 43. Type 321 SS Bellows from Croloy 9M Throttling Valve. 
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Figure 44. Composite Photomicrograph of the Otltlet Side of the 
Orif ice  in  the Croloy 9M Throttling Valve. 
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Figure 45.  Spectral Pattern of Croloy 9M Base Metal. 
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Figure 46. Spectral  Pa t t e rn  of t h e  Mctallic Chip Found in the 
Croloy 9 M  Throttling V a l v e .  
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Figure 47. Distribution of Iron in the Deposit Found in the 
Croloy 9M Throttling Valve. 
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Figure 48. Distribution of Chromium in  the Deposit Found in 
the Croloy 9M Throttling Valve. 
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and the base metal  a s  evidenced by the sharp intensity spikes. These 
phases a r e  ve ry  likely carbides .  
rial not seen in the analysis  (90 to  95 percent  iron, approximately one 
percent chromium and molybdenum) is probably a resu l t  of the porosity 
in the deposit r a the r  than the presence of an additional element.  The 
sharp decrease  in both the chromium and molybdenum a t  the deposit- 
base metal interface suggests that i ron  has  been removed f r o m  another 
p a r t  of the sys tem and has  been t ranspor ted  to the throttling valve. 
This is  in agreement  with the chemical and x - ray  fluorescent evalua- 
tions of the remainder  of the sys tem.  

The balance of 5 to 10 percent mate-  

The s t em (Croloy 9M) and the bellows (Type 321 SS) f rom the valve 
were  also examined metallographically. As seen in  F igure  50, some 
slight deposition was observed on the valve s tem.  The s t em a lso  suffered 
some corrosion and/or  erosion damage a s  shown in F igure  51. The 
maximum depth of attack was approximately four  mils. Some slight 
attack (<  one mil)  was a l so  observed on the Type 321 SS bellows, as 
shown in Figure 52. 

G. CARBON DIFFUSION O F  CROLOY 9M/ TYPE 316 SS TUBING 

A measure  of the metallurgical stability of Croloy 9M was  
made by microhardne ss t es t s  upon metallographic sections taken 
f rom various portions of the loop. 
obtained on a Kentron hardness  t e s t e r  using a 100 gm load. The 
hardness values obtained a r e  presented in Table 7 a s  Knoop and a l so  
the equivalent Rockwell hardness .  

The hardness  values were  

Two hardness  t r a v e r s e s  were  made  of the loop tube wall: 
(1) f rom the boiler section (wall t empera ture  - 1128°F) and ( 2 )  the 
superheater outlet ( immers ion  thermocouple - 1264°F).  
a r e  listed in Tables 8 and 9 .  

The resu l t s  

The carbon diffusion of the Croloy 9M/ Type 316 S S  tubing as 
indicated by the initial metallographic observations of loop specimens 
prompted a se r i e s  of carbon analyses  to  be  run on var ious loop sections.  
Samples of the tube w e r e  taken a t  0. 005" l aye r s  s tar t ing f rom the ID 
surface. Three sections of the loop wall, boiler,  superheater,  and con- 
denser ,  were  sampled in  this  manner  and their  carbon contents were  
determined. 
taken from each section except the condenser for  which only s ix  samples  
were  obtained ( total  depth 0 .  030 inches). 
a r e  presented in Table 10 and plotted in  F igure  53. 

A total of nine samples  ( total  depth 0. 045 inches) were  

The resu l t s  of these analyses 
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Figure 50. Deposition on the Stem of the Croloy 3M Throttling 
Valve. 
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Figure 51. Attack on the Stem of the Croloy 9M Throttling Valve. 
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Figure 52. Section of the  Type 321 SS Bellows f r o m  the Croloy 9M 
Throttling Valve . 
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TABLE 8 

HARDNESS TRAVERSE OF BOITER WALL SECTION AFTER 2900 HOURS OF UlOP OIJERATION 

Awrags Wall Temperature 1128”~. SpeciIlnen Location TC11. 

Depth from 
I.D, Surface 

Inches 
Hardness 

m O O D  Rockwell Ea uivalent* 

0,003 

0 e 0055 

0.0085 

0.0115 

0.0LLS 

0.019 

0.022 

0.023 

0.0245 

0.0265 

0.0285 

0.031 

0 0 3 5  

0.0365 

0,048 

0 e 0565 

0.070 

230 96 

255 

255 

220 

230 

2 12 

222 

97 

P7 

95.5 

96.5 

94 
96 

222 96 

217 95 

173 87 

335 RC31 

246 98 

253 

253 

225 

246 

249 

96 

98 

98 

Remarks 

Croloy 

Croloy 

cro loy 
cro loy 

cro loy 

cro loy 

cro lay 

croloy 

Croloy 

Large Grain 

Croloy 9m/316 SS Interface 

Type  316 SS 

Type 316 SS 

Type 316 SS 

Type 316 SS 

Type 316 SS 

Type 316 SS 

*% unless otherwise noted, 

- 85 - 



TABLE 9 

HARDNESS TRAVERSE OF SUPERHEATER WALL SECTION AFTER 2900 HOURS OF v)OP OPERATION 

Average Immersion Thermocouple Temperature 1264OF. Spe cimen Location TC33 

Depth f rom 
I.D. Surface 

Inches 

Edge 

0.00s 

0.010 

0.016 

0.021 

0.029 

0.035 

0,040 

0, c45 

0,051 

0.056 

0,062 

0.067 

0.073 

0.078 

0,084 

Hardne s s 
Knoop 

186 

196 

186 

186 

186 

275 

2 94 

2 89 

2 86 

2 79 

2 86 

2 94 

279 

279 

279 

2 82 

Rockwell Ea uivalent 

%90 

9392 
R 8 9 O  
RB9 0 

RB90 

RBIOO 

RC24 

RC2 2 

RC2 2 

RC2 0 

RC22 

RC24 

RC2 0 

RC2 0 

RC2 0 

RC2 1 

Remarks 

Croloy 

croloy 

croloy 

croloy 

C r  oloy 

Croloy 9M/316 SS Interface 

Type 316 SS 

Type 316 SS 

Type 316 SS 

T , p  316 SS 

Type 316 SS 

Type 316 SS 

Type 316 SS 

Type 316 SS 

Type 316 SS 

Type 316 SS 
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CARBON CONTENT OF IIx)P WAIL AT VARIOUS DISTANCEX FROM 1.D. SIEiFACE 

Distance from 
1.D. Surface 

lSt 0 ,005w 

Carbon - Rircsnt 
Bailer Sumheater condenser 

0.131 

oollro 

0.131 

0,126 

0,110 

0,108 

0.100 

0,084 

0.080 

0.122 

0.125 

0.150 
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It is  apparent f rom these carbon analyses that the Type 316 SS- 
Croloy 9M composite tubing is subject to metallurgical changes because 
of carbon diffusion at temperatures  above 1200°F. Furthermore,  it is 
indicated from these resul ts  that carbon is lost  by the Croloy 9M by 
diffusion to the Type 316 SS cladding. 

H. SUPERHEATER CREEP FAILURE 

As stated in a previous section of this report ,  operation of 
the loop was suspended 30 hours before scheduled shutdown. 
of this premature  shutdown was the bulging of the superheater outlet 
tubing by creep  resulting in breakage of the heater ribbon. 

The cause 

The microstructural  change of the Croloy 9M in the superheater 
outlet section of this loop is clearly displayed in the photomicrograph 
of Figure 37. 
replaced by an extremely low carSon, coar se grain fer  r i te.  
long time elevated temperature  exposure with intimate contact to  Type 
316 SS promoted the migration of carbon f rom the Croloy 9M to the 
austenitic stainless steel, accompanied by grain coarsening of the fe r r i t i c  
steel. 
hardness  (Rg85-96) significantly. 
316 SS cladding mater ia l  was manifested by a profusion of carbides 
(Figure 37) and an  appreciable change in hardness,  R ~ 9 6  to Rc29. The 
electron beam microanalysis of this section of tubing revealed extensive 
molybdenum and chromium- r ich precipitates in  the Type 3 16 SS, which 
a r e  probably carbides. The electron beam microanalysis a l so  revealed 
a diffusion zone at the Type 316 SS-Croloy 9M interface of 1. 7 to 2. 2 mils 
in thickness ( see  Figures  54 and 55). This diffusion zone is a l so  displayed 
in the photomicrograph of Figure 37. This extensive diffusion zone in the 
superheater outlet section (operated at  1405 f 10°F) is compared with that 
observed in  the boiler mid-section (operated at 1142°F and displayed in 
the photomicrograph of Figure 3 2 ) .  The diffusion zone in this lower-tem- 
pera ture  region of the loop was found to be less than 0. 3 mil in thickness, 
as revealed by the electron beam microanalysis ( s e e  Figures  56 and 57). 
The observed gross  carbon diffusion and metallurgical s t ructural  changes 
of the Type 316 S S 4 r o l o y  9M tubing in the 1495 f 10°F temperature  region 
is, of course,  attributed to the excessive temperature.  

The normal  grain structure of this ferr i t ic  steel  has been 
Apparently, 

The loss  of carbon by the Croloy 9M did not change its original 
The acquisition of carbon by the Type 
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Figure 54. Distribution of Iron at  the Type 316 SS-Croloy 9M 
h t e r f a c e  in the Superheater  Outlet. 
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Figure 55. Distribution of Chromium at the Type 316 SS-Croloy 9M 
Interface in the Superheater Outlet. 
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Figure 56. Distribution of Iron at the  Type 316 SS-Croloy 9 M  
Interface in the Boiler Mid-Section. 
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Figure  57. Distribution of Chromium at the Type 316 SS-Croloy 9M 
Interface in the Boiler Mid-Section. 
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The wall temperature  of this failed portion of the superheater ,  
by excessive creep, was 1405 f 10°F  a s  indicated and recorded by 
several  thermocouples. At this elevated temperature ,  the c reep  s t rength 
of Croloy 9M is practically nil ;  s t r e s s  to cause 0 .  001% p e r  hour c reep  
i s  less  than 1500 psi .  Since the available s t rength of the Croloy 9M was  
thus practically zero, the hoop s t r e s s  for  the superheater  outlet section 
was calculated based only on the Type 316 SS clad portion of the tube and 
mercu ry  vapor p r e s s u r e  of 269 psia.  
was obtained which is substantially lower than the reported 0 .  0001% p e r  
hour c reep  strength of 4000-5000 psi. (6 ,  7, Since the hoop s t r e s s  was 
not excessive for this austenitic s teel ,  the reported tempera tures  w e r e  
reviewed for  possible e r r o r .  Since th ree  thermocouples repor ted  1405 
f 10°F and since the Type 316 SS did not have oxide scale,  there  was no 
reason to doubt the reported temperature .  However, the observed metal-  
lurgical changes in the Type 316 SS mentioned above may be the cause of 
the accelerated c reep  and thus could be the p r imary  cause of fa i lure  of 
the tubing. Obviously, the cause of the c reep  failure of the duplex tubing 
in the superheater  outlet section cannot be determined without fur ther  
mechanical testing. 

A value of 1965 ps i  hoop s t r e s s  
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CONCLUSIONS 

On the basis  of the specific tes t  co2ditions reported, the following 
conclusions a r e  made: 

1. 
of other  investigators. 

Corrosion data for  this system agree  favorably with data 

2. 
regions of the boiling section of the loop and in the superheater 
outlet where condensation i s  believed to have occurred. 

The greatest  penetrations occurred in the low vapor quality 

3. 
attack. 

The dry portions of the superheater suffered negligible 

4. The degree of corrosion which existed in the condenser 
and subcooler could not be detected by metallography because 
of the extremely rough surface of the as-received material .  

5. 
removed 54. 3 percent  of the corroded metals found in the system, 
while the liquid corrosion product separator  removed 24.7 
percent of the corroded metals.  The total efficiency of 79 percent  
agrees  favorably with data from other systems employing cor -  
ro s ion product separators .  

The vapor t rap  and vapor corrosion product separa tors  

6. 
circulation, two phase, mercury system has been demonstrated. 

The feasibility of corrosion product separation in a forced 

7. 
di s solution type. 

The observed attack in the loop appeared to be of the general 

8. 
diffusion from the Croloy 9M to the Type 316 SS at temperatures  
above 120 0 OF. 

Type 316 SS-Croloy 9M duplex tubing exhibited carbon 

9. 
c reep  a f te r  2918 hoilrs at 1405 f 10"F, apparently a resu l t  of 
deteriorative metallurgical changes in the Type 316 SS. 

The Type 316 SS-Croloy 9M duplex tubing exhibited excessive 

10. Deposition and corrosive and/or erosive attack were observed 
in the Croloy 9M throttling valve after 448 hours of loop operation. 
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