CORROSION UNDER INSULATION (CUI) OF CARBON-STEEL CARRIER PIPES FOR HOT WATER HEATING -AND CHILLED WATER COOLING AT FORT POLK, LOUISIANA
By

James R. Myers, Ph.D., P.E, 

JRM Associates 4198 Merlyn Drive Franklin, Ohio 45005-5435

Prepared for

U.S. Army Construction Engineering Research Laboratory 

P.O. Box 9005

Champaign, Illinois 61826-9005

27 August 2001

CORROSION UNDER INSULATION (CUI) OF CARBON-STEEL CARRIER PIPES FOR HOT WATER HEATING AND CHILLED WATER COOLING AT FORT POLK, LOUISIANA

Introduction

Blocks 1100, 1200 and 1300 

Low temperature hot water (LTHW) is used to heat the buildings associated with Blocks 1100, 1200 and 1300 at Fort Polk, Louisiana. Generated at an energy plant located in Building No. 1172, the LTHW has a maximum temperature of 230 ℉.  Located underground, the distribution system circulates the hot water to and from the buildings using carbon-steel carrier pipes which are insulated with polyurethane foam and jacketed with filament-wound fiberglass-reinforced polyester resin composite pipes (i.e., a Poly-Therm® piping system as manufactured by Perma-Pipe, Inc., Niles, Illinois) wherein the insulation is in intimate contact with both the carrier pipe and the jacket. 

At the buildings, there are no heat exchangers for reducing the temperature of the hot water.  Temperatures of the water circulated within at least some of the buildings would be expected to approach 220 ℉.

In part, the LTHW is circulated (aboveground) within the buildings using carbon-steel pipes that are insulated using preformed flexible elastomeric

cellular insulation in tube form.  The insulated pipes were believed to have been installed in about 1980.  During the cooling season, these same pipes circulate chilled water at about 42 ℉.  The chilled water is delivered to the buildings using an underground piping system consisting of polyvinyl chloride (PVC) carrier pipes, foam insulation, and PVC jackets (i.e., separate underground systems exist for the LTHW and the chilled water but the systems are common within the buildings). 

Energy plant personnel have reported no incidents of leaks in the underground LTHW distribution system.  Leaks, however, have been a serious concern with the elastomeric-cellular-insulation, carbon-steel pipes located inside the buildings.

Blocks 2200 and 2300 

LTHW is used to heat the buildings associated with Blocks 2200 and 2300 at Fort Polk, Louisiana.  Generated at an energy plant located in Building No, 

2271, the hot water has a maximum temperature of 230 ℉.  Located underground, the distribution system circulates the hot water to and from the buildings using carbon-steel carrier pipes which are insulated with polyurethane foam and fiberglass jacketed (i.e., a Poly-Therm® piping system)
.

At the buildings, heat exchangers reduce the temperature of the LTHW to 140 to 150 ℉ prior to its distribution within the buildings.  The water is then circulated aboveground in the buildings, in part using carbon-steel carrier pipes that are insulated with preformed flexible elastomeric cellular insulation in tube form. 

Energy plant personnel have reported no incidents of leaks where the 

LTHW circulates aboveground within the buildings.  Leaks, however, have been a serious concern at the field joints where the LTHW system exists underground. With regards to the latter, observations made by energy plant personnel during installation of the underground system indicated that the field-joint closures may not have been made in accordance with industry-standard procedures and workmanship (e.g., the recommended installation instructions provided by Perma-Pipe, Inc. personnel may not have been followed). 

Results

Blocks 1100,1200 and 1300 

Examination of a failed section of aboveground, insulated carbon-steel pipe from Building No. 1344 revealed that the insulation was brittle and badly cracked (Figure 1).  This is consistent with the information that the insulation had been exposed for extended time periods to temperatures in excess of about 200 ℉ (i.e., the thermal limitation for the insulation according to American Society for Testing and Materials, ASTM, Standard Specification C534 for 

Preformed Flexible Elastomeric Cellular Thermal Insulation in Sheet and Tabular Form).  Briefly, thermal exposure caused the loss of plasticizer from the insulation such that it no longer exhibited its original elastomeric characteristics.  In part, thermal expansion and contraction caused the no-longer-elastomeric insulation to crack.  Cracking of the insulation was facilitated by the formation of voluminous amounts of hydrated hematite (i.e., the reddish-brown, iron-base corrosion products at the upper right in Figure 1) and hydrated magnetite (i.e., the black, iron-base corrosion products at the upper right in Figure 1) on the carbon-steel pipe. 

Water/water vapor and oxygen entered the insulation, at least in part through the cracks, and collected/condensed at the pipe-insulation interface 
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Figure 2 -~ REPRESENTATIVE X-RAY SPECTHRUM FOR ANALYSIS OF CORROSION PRODUCTS
ON_THE CARBON-STESL PIPE SPECIMEN FROM THE HEATING AND COOLING
SYSTEM INSIDE BUILDING NO. 1344

At numerous locations, significant amounts of chloride (Cl) were
detected in the iron-base corrosion products {esp., in the outer
layers of the products).
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Figure 5 - REPRESENTATIVE X-RAY SPECTRUM FOR ANALYSIS OF THE BLACK INNER LAYERS
OF CORROSION PRODUCTS ON THE OUTSIDE SURFACES OF THE SPECIMENS

SHOWN IN FIGURE 3

The black, magnetic corrosion products contained major amounts of
iron (Fe) and oxygen (O).





(esp., during the cooling season).  Since the carbon-steel was continuously wetted and there was an abundant supply of oxygen, it is understandable that the carbon-steel corroded by pitting and uniform attack at an unusually high rate (esp., during the heating season).  Eventually, corrosion reduced the wall thickness of the carbon-steel pipe (i.e., at the upper right in Figure 1) such that it could no longer withstand the pressurization of the product conveyed. Significant amounts of water most likely seeped from the system at this site before the final fracture occurred. 
Energy dispersive spectroscopy (EDS) of the carbon-steel corrosion products revealed that the electrochemically-induced deterioration process might possibly have been facilitated by the presence of chlorides in the aerated water contacting the pipe.  Significant amounts of chloride were detected at numerous locations during analysis of the outer layers of the iron-base corrosion products (Figure 2).  The source of the chloride could not be positively established.  It is possible that the origin was water seeping from the system before the leak was detected.  Alternately the source of the chloride could have been the insulation or the adhesive used at the insulation joints.  

 [image: image6.jpg]Flgure 1 - INSULATED CARBON-STEEL PIPZ SPECIMEN FROM THE ABOVEGROUND HEATING
AND COOLING SYST=M AT BUILDING NO, 1344

The prefomed flexible elastomeric cellular themal insulation
was brittle and badly cracked, Voluminous quantities of iron-base
corrosion products existed on the carbon-steel (i.e., at the upper
right in the photograph).

(Magni fication: 0,5X)
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Figure 6 - REPRISENTATIVE X-RAY SPECTRUM FOR ANALYSIS OF THE REDDISH.BROWN

QUTER LAYERS OF CORROSION PRODUCTS ON THZ OUTSIDE SURFACES OF THE

SPECIMENS SHOWN IN FIGURE 3

The reddish-brown, non-msgnetic corrosion products contained major
amounts of iron (Fe), oxygen (0), and silicon (Si) along with
semi-major quantities of calcium (Ca). The presence of calcium

and silicon at these locations suggested that the corrosion products
were admixed with the remnants of some calcium silicate insulation,




Blocks 2200 and 2300 

Examination of failed, carbon-steel pipe and fitting specimens associated with underground sections of the heating system for buildings in Blocks

2200 and 2300 revealed that relatively thick (i.e., up to about 0.3-inch thick) layers of ferrous-base corrosion products existed at some locations on both specimens (e.g., see the 90º elbow at the right in Figure 3). Undoubtedly, 
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OUTSIDE SURFACES OF CARBON-STEEL PIPE/FITTING SPECIMENS FROM

THE BLOCKS 2200 AND 2300 UNDER:ROUND HEATING SYSTEM

Major corrosion-induced deterioration in the foms of unifom
attack (i.e., genersl corrosion) and pitting had occurred on the
outside surfaces of the pipes and fittings.

(Magnification: 0,4X)




Figure 3:  OUTSIDE SURFACES OF CARBON-STEEL PIPE/FITTING SPECIMENS FROM THE   BLOCKS  2200 AND 2300 UNDERGROUND HEATING SYSTEM

Major corrosion induced deterioration in the forms of uniform attack (i.e., general corrosion) and pitting had occurred on the outside surfaces of the pipes and fittings.  (Magnification: 0.4X)

the outside surfaces of both specimens were originally completely covered with these thick products; most of the friable, loosely adherent iron-base corrosion products had been broken loose, either when the specimens were removed from service or during their subsequent handling.  Further examination of the thick corrosion product layers revealed that, as would be expected, the inner layers were nearly black and magnetic; the outer layers were reddish-brown and non-magnetic. 

Most significant was the observation that major corrosion-induced deterioration in the forms of uniform attack and pitting had occurred on the outside surfaces of both specimens.  The wall thickness of the pipe at one location on Specimen No. 2 had been so significantly reduced that the internal pressurization of the water caused one pipe section to burst (i.e., see a arrow in Figure 4). [image: image3.jpg]Figure 4 - HIGHER-MAGNIFICATION VIEY SHOWING A PORTION OF THE OUTSIDE SURFACE
OF SPECIMEN NO, 2 FROM THE BLOCKS 2200 AND 2300 UNDER:ROUND HEATING
SYSTEM

At the site identified by the arrow, the wall thickness of the
pipe section had been reduced by extemal corrosion such that
pressurization of the water caused the pive to burst.

(Magnification: 0,7X)




Figure 4 - HIGHER-MAGNIFICATION VIEW SHOWING A PORTION OF THE OUTSIDE SURFACE OF SPECIMEN NO. 2 FROM THE BLOCKS 2200 AND 2300 UNDERGROUND HEATING SYSTEM

At the site identified by the arrow, the wall thickness of the pipe section has been reduced by external corrosion such that pressurization of the water caused the pipe to burst.  (Magnification: 0.7X)

Energy dispersive spectroscopy revealed that the black, magnetic inner

layers of corrosion products on the outside surfaces of the specimens typically contained major amounts of iron and oxygen (Figure 5).  The black corrosion products consisted primarily of hydrated magnetite (Fe304).  EDS further revealed that the reddish-brown outer layers of the external corrosion products 



typically contained major amounts of iron, oxygen, and silicon along with semi-major quantities of calcium (Figure 6).  The reddish-brown corrosion products consisted primarily of hydrated hematite (Fe203).  The presence of significant amounts of calcium and silicon in the reddish-brown corrosion products indicated that the pipes and fittings were originally insulated; the insulation used was 

calcium silicate. Belief that the carbon-steel pipes and fittings were originally insulated was supported by the observation that some "thread-like" remnants existed in the reddish-brown products when they were examined using the scanning electron microscope associated with the EDS analysis. 

It should be noted that, regardless of the location analyzed, chloride was never detected during EDS of the corrosion products.  There was no reason to believe that the corrosion had been facilitated by the presence of this aggressive anion in the aqueous environment responsible for the deterioration.  Equally significant, carbon was never detected during EDS of the corrosion products.  This suggested that the pipes and fittings had not been insulated with polyurethane foam. 

Conclusions

Blocks 1100, 1200 and l300 

Based upon the background information furnished by energy plant personnel and examination of a specimen removed from the aboveground heating/cooling system at Building No. 1344, it can be concluded: 

1. The preformed flexible elastomeric cellular thermal insulation became brittle because the plasticizer was lost during its extended exposure to temperatures above its rated limit (i.e., 200 ℉),

2. Cracking occurred in the no-longer-elastomeric insulation, in part due to thermal expansion and contraction, 

3. The ingress of aerated water/water vapor through the cracks allowed 

an unusually aggressive environment to exist at the carbon-steel-pipe/ insulation interface, especially during the heating season, 

4. Pitting and uniform attack of the carbon-steel and the associated formation of voluminous quantities of iron-base corrosion products facilitated cracking of the brittle insulation, 

5. The carbon-steel pipe specimen examined became so reduced in wall thickness as a result of corrosion that it fractured because it could no longer contain the pressurized water, 

6. There was reason to believe that the carbon-steel pipe corrosion had been facilitated by the presence of chloride in the aerated aqueous environment contacting the pipe, 

Blocks 2200 and 2300 

Based upon the background information furnished by energy plant personnel and examination of specimens removed from the underground heating system for Blocks 2200 and 2300, it can be concluded: 

1. Major corrosion-induced deterioration in the forms of pitting and general attack had occurred on the outside surfaces of the carbon-steel pipes and fittings, 

2. There was no reason to believe that the corrosion-induced deterioration had been facilitated by the presence of chloride in the aerated aqueous environment that had contacted the outside surfaces of the carbon-steel pipes and fittings, 

3. There was reason to believe that the carbon-steel pipes and fittings had been thermally insulated using calcium silicate rather than polyurethane foam,

4. The only viable explanation for the external corrosion was wet, aerated insulation contacting the uncoated carbon-steel pipes and fittings; 

5. The insulation most likely became wet because the weather barrier

system over the insulation failed to achieve its intended objective of preventing the ingress of aerated water/water vapor. 

Recommendations

Blocks 1100, 1200 and 1300 

It is recommended that heat exchangers be installed at the buildings in Blocks 1100, 1200 and 1300 in order to lower the temperature of the incoming LTHW into the 140 to 150 ℉ range.  Preformed flexible elastomeric cellular thermal insulation in tube form manufactured in accordance with ASTM Standard Specification C534 will provide the desired life expectancy without corrosion of the underlying carbon-steel pipes/fittings when exposed for extended time periods in this temperature range (i.e., providing the insulation is properly installed and adequately maintained). 

Although insulations are available which will endure prolonged exposures at 220 ℉ without becoming brittle, this approach is not recommended. Briefly, the distribution of 220 ℉ water throughout a building should be avoided because of the potential hazard to occupants in the event of an uncontrolled release of hot water/steam. 

Specifications for the proper installation of elastomeric insulations are included In Armstrong World Industries, Inc. publication "Master Insulation Guide Specification," a copy of which is included in the Appendix. 

Blocks 2200 and 2300 

It is recommended that Poly-Them® piping systems be installed in strict accordance with the instructions given in the Perma-Pipe, Inc. "Installation Manual for Poly-Them Fiberglass Jacketed Insulated Piping Systems."  For 

example, the field-joint closures must be such that they include: (1) use of the proper insulation, (2) proper installation of the insulation, and (3) proper application of the heat-shrink sleeves over the insulation. 

Providing field-joint closures are made in accordance with the previously cited manual, there should be no concern regarding the corrosion of carbon-steel pipes/fittings under the polyurethane foam insulation.  Copies of the applicable pages from the Perma-Pipe, Inc. manual regarding the proper installation of field- joint closures are included in the Appendix. 

Figure � SEQ Figure \* ARABIC �1� - INSULATED CARBON-STEEL PIPE SPECIMEN FROM THE ABOVEGROUND HEATING  AND COOLING SYSTEM AT BUILDING NO. 1344   


The preformed flexible elastomeric cellular thermal insulation was brittle and badly cracked.  Voluminous quantities of iron-base corrosion products existed on the carbon-steel  (i.e., at the upper right in the photograph).  (Magnification: 0.5X)


 


                                                  

















Figure � SEQ Figure \* ARABIC �2� - REPRESENTATIVE X-RAY SPECTRUM FOR ANALYSIS OF CORROSION PRODUCTS ON THE CARBON-STEEL PIPE SPECIMEN FROM THE HEATING AND COOLING SYSTEM INSIDE BUILDING NO. 1344


At numerous locations, significant amounts of (Cl) were detected in the iron-base corrosion products (esp., in the outer layers of the products).








Figure � SEQ Figure \* ARABIC �5� - REPRESENTATIVE X-RAY SPECTRUM FOR ANALYSIS OF THE BLACK INNER LAYERS OF CORROSION PRODUCTS ON THE OUTSIDE SURFACES OF THE SPECIMENS SHOWN IN FIGURE 3


The black, magnetic corrosion products contained major amounts of iron (Fe) and oxygen (O).











Figure � SEQ Figure \* ARABIC �6� -REPRESENTATIVE X-RAY SPECTRUM FOR ANALYSIS OF THE REDDISH -BROWN OUTER LAYERS OF CORROSION PRODUCTS ON THE OUTSIDE SURFACES OF THE SPECIMENS SHOWN IN FIGURE 3


The reddish-brown, non-magnetic corrosion products contained major amounts of iron (Fe), oxygen (O), and silicon (Si) along with semi-major quantities of calcium (Ca).  The presence of calcium and silicon at these locations suggested that the corrosion products were admixed with the remnants of some calcium silicate insulation.








� Belief that such a system existed for LTHW distribution at Blocks 1100, 1200 and 1300 was substantiated by the inspection of surplus materials at Building No. 1172. Since the piping surplus was dated June 1988, there was reason to believe that the underground distribution system had been installed in about 1988 (i.e., as had been reported by energy plant personnel). 


� Belief that such a system existed for the LTHW distribution system at 


Blocks 2200 and 2300 was substantiated by the inspection of surplus 


materials located at Building No. 2271. Since the surplus piping was dated April 1993, there was reason to believe that the underground


distribution system had been installed in about 1995 as had been reported by energy plant personnel.


� With regards to calcium silicate, it is stated in the paper "Design Systems to Prevent Corrosion Under Thermal Insulation" (i.e., see copy included in the Appendix): "Poorly designed or failed weather barriers over calcium silicate can result in a very corrosive environment for equipment surfaces.  Calcium silicate is the most absorbent insulation material.  It will absorb moisture from humidity in the air as well as wick free water…" 
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