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Abstract 
 
Condensation corrosion in gas phase areas of High Pressure Equipment and Piping systems plays a 
significant role in the safety and reliability of urea plants. Industry practice has proven that 9-bar 
steam tracing with typical insulation is inadequate to avoid condensation corrosion. This is especially 
evident at heat sinks such as lifting trunnions, supports, platforms thermowells, Tee’s, weldolets, etc. 
More attention and additional measures are required to avoid condensation corrosion and to assure 
safety and reliability. Controls Southeast Inc. provides engineered heating solutions to specifically 
address these risks, resulting in a higher safety standard, higher reliability and a longer lifecycle. 
  
This paper is presented at the Nitrogen & Syngas Conference 2013 in Berlin. 
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Condensation corrosion in gas phase areas of High Pressure Equipment and Piping 
systems plays a significant role in the safety and reliability of urea plants. Industry practice 
has proven that 9-bar steam tracing with typical insulation is inadequate to avoid 
condensation corrosion. This is especially evident at heat sinks such as lifting trunnions, 
supports, platforms, thermowells, Tee’s, weldolets, etc. More attention and additional 
measures are required to avoid condensation corrosion and to assure safety and reliability. 
Controls Southeast Inc. provides engineered heating solutions to specifically address these 
risks, resulting in a higher safety standard, higher reliability, and longer lifecycle. 

INTRODUCTION 
In the synthesis of urea from carbon dioxide and ammonia two main reactions are involved: 1) the 
formation of ammonium carbamate from carbon dioxide and ammonia and 2) the dehydration of 
ammonium carbamate into urea. The reactions involved can be represented by the following equations: 
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CO2(g) + 2 NH3(g)  NH2COONH4 (l)  equation (1) 
 
NH2COONH4 (l)  NH2CONH2 (l) + H2O (l)  equation (2) 

 
At temperatures of 135 to 200 °C, the reaction represented by equation (1) is almost instantaneous and 
complete, provided the pressure of the system is greater than the decomposition pressure of the 
ammonium carbamate at the system temperature. The formation of carbamate is highly exothermic. 
Moreover, ammonium carbamate creates the corrosion risks in the high pressure synthesis section of any 
urea plant. 
 
As to the reaction represented by equation (2), the dehydration never runs to completion. The yield of urea 
is affected by many factors: the molar ratio of ammonia to carbon dioxide, presence of water, autoclave 
pressure, residence time, etc. The reaction is assumed to proceed entirely in the liquid phase. The 
resulting product is a mixture of water, urea, unchanged ammonium carbamate and ammonium carbonate, 
which is formed by a side reaction between water and ammonium carbamate. 
 
Ammonium carbamate and ammonium carbonate act as the ammoniacal forms of strong Brönsted acids: 
carbamic acid and carbonic acid with NH4+ acting as the solvated proton (proton donor for the cathodic 
reaction NH4+ NH3 +H+).  
 
It is common knowledge that in the high pressure synthesis section oxygen needs to be added to 
passivate the typically used austenitic stainless steels like 316L Urea Grade and 25-22-2. The oxygen 
reacts with the chromium metal to form chromium oxides which form a protective layer on the metal 
surface reducing the corrosion rates of the stainless steels. 
 
In carbamate solutions passive corrosion always takes place, meaning that chromium oxides dissolve 
according to the following reaction:  
 
Cr2O3 + 6 NH4

+ 2 Cr3+ +6 NH3 + 3 H2O. 
 
Oxygen must be continuously added to the synthesis section to form a new chromium oxide layer and 
compensate for this passive corrosion. 
 
When too little oxygen is present in the carbamate solution the protecting chromium oxide layer will be 
depleted and metal will be dissolved according the following anodic reaction:  
 
Me  Mne+ + n e-.  
 
While the following cathodic reactions take place: 
 
O2 + 2 H2O + 4 e- 4 OH- 
 
and  
 
2 NH4

+ + 2 e- 2 NH3 + 2H  2 NH3 + H2. 
 
This means that under low oxygen conditions metal is dissolved leading to higher corrosion rates; under no 
oxygen conditions hydrogen atoms can form causing other corrosion phenomena. 
This paper discusses the corrosion phenomena when carbamate gas condenses: condensation corrosion. 
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WHAT IS CONDENSATION CORROSION? 
In a gas phase no corrosion can take place as corrosion is an electro-chemical reaction, water in liquid 
form should be present. When water vapor, ammonia and carbon dioxide condense against heat sinks, 
aggressive, oxygen poor, ammonium carbamate will be formed with serious condensation corrosion as a 
consequence. 
 
In the high pressure synthesis section of a urea plant gas phases exist at various locations, such as the 
top of the HP stripper, the inlet of the High Pressure Carbamate Condenser, the top of the reactor or 
separator, the High Pressure Scrubber, and in various high pressure pipelines. Gas phase areas can be 
easily recognized when one visually inspects the equipment and piping during a turnaround as these areas 
show a blue or red color. Liquid phase areas typically have a grey or brown color. Please refer to Figure 1 
and 2. 
 

   
Fig. 1 & 2: Passive corrosion in gas phase (left) and liquid phase (right) 

These colors are metal-oxides formed by normal passive corrosion. Typical passive corrosion rates in the 
high pressure synthesis are in the range of 0.01 to 0.07 mm/year. These corrosion rates are taken into 
account in the design of high pressure equipment and piping. 
 
Please note that in the gas phase the appearance of these blue and red colors means that some passive 
corrosion has taken place. As, apparently during normal operation some water vapors condense on the 
metal surface enabling the formation of metal oxides (iron and chromium oxide scales). 
 
Active corrosion occurs when the chromium oxide layer is destroyed, which can be caused by several 
factors such as high temperatures, lack of sufficient oxygen, presence of chlorides, sulphur, etc. With 
active corrosion the metal will dissolve directly in the carbamate solution. When this occurs, the corrosion 
rates are much higher, in the range of some 50 mm/year, or even higher. As metal dissolves, directly 
active corrosion can be easily recognized by a visual inspection during a turnaround. Active corrosion 
shows a shiny silver colored surface. Please refer to Figure 3. 
 

 
Fig. 3: Active corrosion of a 25-22-2 HP stripper tube due to flooding 
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These levels of corrosion are not taken into consideration in the design of high pressure equipment and 
piping. The corrosion needs to be avoided to assure a reliable and long lifetime for critical process 
equipment. 
 
Condensation corrosion in a urea plant means that carbamate gasses condense at locations where the 
inside pipe wall temperature is below the process vapor dew point, forming a carbamate solution. This 
condensed carbamate solution does not contain much oxygen, and at the same time, temperatures are 
typically high due to the exothermic carbamate formation reaction. These are ideal circumstances for 
serious condensation corrosion with corrosion rates that can easily reach some 0.5 mm/year; please refer 
to Figures 4 and 5.  

 

 
Fig. 4 & 5: Condensation corrosion in liner (left) and overlay welding (right) 
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Examples of condensation corrosion 
 
Let’s look at some real life experiences. 
 
Example 1: Condensation corrosion in HP pipeline at flange and weldolet. 
 

 
Fig. 6: Condensation corrosion in High Pressure gas line 

Figure 6 shows the inside of a 6 inch 316L Urea Grade High Pressure pipeline from the HP stripper to the 
High Pressure Carbamate Condenser. Corrosion from condensation can be seen at the flange and the 
thermowell. The flange and the thermowell act as heat sinks, causing the pipe wall temperature to drop at 
these locations. Carbamate gasses condense at the cold spot and cause corrosion.  
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Example 2: Condensation corrosion in high pressure gas line 
 

 
Fig. 7: Digital radiographic examination of a 6 inch high pressure gas line 

Digital Radiographic examination of the same pipeline shows localized severe wall thickness reduction. 
Local wall thicknesses of only 15.8 mm were measured; the original wall thickness was 21.95 mm; the 
minimum required wall thickness is 13 mm. Seven mm wall thickness reduction occurred due to 
condensation corrosion. 
The picture also shows the position of the steam tracing lines, which are intended to keep the wall 
temperatures above the condensation point. As there is some distance between the steam tracer and the 
pipe wall, the heat transfer can only be realized by convection, which is inadequate for this type of critical 
process. This example shows that severe condensation corrosion can occur even at locations away from 
heat sinks.  
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Example 3: Condensation corrosion at lifting trunnions of a HP reactor 
 

 
Fig. 8 & 9: Condensation corrosion at position of lifting trunnion (left) and top of reactor with lifting 

trunnions (right) 

Figure 8 shows the condensation corrosion of a 316L Urea Grade liner in the top of the urea reactor at the 
position of the lifting trunnions. 
Figure 10 shows how this lifting trunnion was heated with 9 bar steam tracing which proved unable to 
avoid condensation corrosion. 
 

 
Fig. 10: Steam tracing around the lifting trunnion 
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Example 4: Condensation corrosion at supports of platform 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 11 & 12: Condensation corrosion at support areas of platform 

 
 
 
 
 
 
 
 
Example 5: Condensation corrosion at thermowell 
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Fig. 13: Condensation corrosion at thermowell 

Not only the thermowell itself can suffer from corrosion (Figure 13), but also the weldolet in which it is 
installed (Figure 14). Serious wall thickness reductions of up to 3.8 mm can be easily identified from the 
digital radiographic image. 
 

 
Fig. 14: Condensation corrosion of a weldolet 

The above examples clearly show that condensation corrosion plays a significant role in high pressure 
equipment and piping systems in urea plants.  
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CHLORIDE STRESS CORROSION CRACKING 
When a carbon steel tracing line touches a stainless steel pipeline and water and chlorides are present, 
there is a big risk of external chloride stress corrosion cracking in the stainless steel pipeline. 
 
This corrosion phenomenon follows the following reaction: 
 
FeCl2 + 2 H2O => Fe(OH)2 + 2 HCl.  
 
HCl lowers the pH and together with the presence of chlorides, chloride stress corrosion cracking can 
occur in the High Pressure pipeline. 
 

 
Picture 15 & 16: Carbon steel tracing lines touching stainless steel causing chloride SCC 

It is considered good practice therefore to install spacers between tracing lines and process lines. 
However, in that case the heat transfer will be by means of convection, which is significantly less efficient 
than conductive heat transfer. Thus the heating system is crippled by the spacers and ineffective. 

 
HOW TO AVOID CONDENSATION CORROSION AND CHLORIDE STRESS 
CORROSION CRACKING 
In a Stamicarbon CO2 stripping urea plant the synthesis section operates typically at some 140 bars. 
Carbamate gasses from the HP stripper condense at some 170 oC and the gasses from the reactor at 
some 165 oC due to the higher inert content. To avoid condensation corrosion it is therefore important to 
maintain a uniform minimum pipe wall temperature, in the gas process phase area, above 170 oC. 
Typically this is done by applying steam tracing with 9-bar steam. But is this sufficient? 
 
9-bar steam condenses at 176oC, but as the steam moves throughout the tracing circuit, it loses pressure, 
and if the velocities are high, the operating pressure of the tracing may drop below 9-bar.  
Experience has shown that when insulation is in good condition and the line is properly heated, no 
condensation corrosion takes place.  
However the examples shown above also prove that it is very difficult to avoid condensation corrosion by 
means of standard heat tracing and insulation at heat sink locations. 
In order to maintain the pipe wall temperature uniformly above 170°C, an engineered heating system is 
required. These systems typically utilize multiple tracing elements, have a broad contact between the 
tracer and the pipe, apply heat transfer compound to enhance performance, and properly consider the 
effect of heat sinks. 
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Controls Southeast Inc. is a company that can provide complete, engineered heating solutions. 
Controls Southeast Inc. (CSI) offers a line of heating systems that are engineered specifically for each 
customer’s needs. Using customer-supplied information (process conditions, piping isometrics, etc.), CSI 
can design a heating system that takes into account items that are often forgotten or under-heated in tube 
tracing systems, such as supports, valves, etc. Furthermore, CSI provides a guarantee that all of their 
engineered products will meet the customer’s thermal requirements.  
For example Figure 17 shows the cutaway geometry of a pipe with a dummy leg support, and Figure 18 
shows the temperature profiles of the inner pipe wall when heated by tube tracing (left image) and CSI’s 
product, ControTrace (right image). These models clearly show that CSI’s solution effectively maintains the 
pipe wall above the condensation temperature at all points, even above the dummy leg. The pipe wall 
temperature at the dummy leg is 165°C with the tube tracing system and 171°C with the ControTrace 
system. Also note that away from the support the tube tracing maintains the pipe wall at only 167°C, while 
the ControTrace system maintains a temperature at or above 170°C. 
 

 
 

Fig. 17: Piping with Dummy Leg Support 

 
 

Fig. 18: Inner pipe-wall of dummy leg supported pipe when heated by tube tracing (left) and CSI 
ControTrace (right) 
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In the example shown above, 9-barg steam is used to heat a 12” pipe. The tube tracing system utilizes 4 
tracers around the pipe and 3 wraps around the dummy leg; the tracers are bare (no heat transfer 
compound).  
The ControTrace system utilizes 4 tracers around the pipe installed with heat transfer compound, and a 
single ControTrace ring around the dummy leg. Note that the ControTrace elements are headered 
together; this reduces the utilities to a maximum of two steam circuits per length of pipe. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 19: CSI ControTrace tracer installed on a pipeline 

Another critical example where condensation corrosion occurs is at lifting trunnions on High Pressure 
Equipment items. Assume steam trace tubing spiral-wound around a trunnion with 25% tubing coverage, 
which is applied without any heat transfer compound. Further assume a carbon steel trunnion, fully 
insulated with 25 mm thick expanded perlite, an ambient temperature of 0°C and the heating medium is 
saturated steam. The results show that with standard tube tracing 10 barg steam is required to maintain a 
minimum process temperature of 170°C. With ControHeat bolt-on jackets (see Picture 21) only 8 barg 
steam is required to maintain a minimum process temperature of 170°C. 
 
Furthermore we would like to point out that the performance of tube tracing is severely diminished when 
insulation blankets are used. The performance of the tube tracing depends on the insulation being sealed 
so that the hot air is trapped around the components. Insulation blankets leave small gaps that allow the 
hot air to escape; even a small leak of hot air has a significant impact on performance. ControHeat bolt-on 
jackets (see Picture 21) are not sensitive to this as they conduct heat directly into the component. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Picture 20: Lifting trunnion with typical steam tracing tubes 
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Finally, please be advised that spiral wound tracing tubes as shown in Picture 20 are not recommended as 
due to the higher temperatures during operation the tubes expand, increasing the air gap between the 
tracer and the pipe. Picture 21 shows a typical CSI ControHeat solution for a lifting lug, which offers the 
most efficient and effective heating solution for such a heat sink. 
 

 
Picture 21: Typical CSI ControHeat solution for a lifting lug 

Pressurized heating fluid enters the pressure chamber embedded in the aluminum casting. The pressure 
chamber may be either carbon steel or stainless steel. The pressure chamber is designed, manufactured 
and tested in accordance with the ASME Boiler and Pressure Vessel Code, Sec. VIII, Div.1. The aluminum 
casting, which never contacts the pressurized heating fluid, rapidly transfers heat from the pressure 
chamber to the external surface of the lifting lug. Heat transfer cement is used with the jacket to minimize 
any air gap between the casting and the lifting lug. The cement promotes efficient heat transfer. 
In this way a CSI ControHeat solution offers the most efficient and effective heating solution for any heat 
sink. 
 

CONCLUSIONS 
 Condensation corrosion in gas phase areas of High Pressure Equipment and Piping systems of a 

high pressure section of a urea plant is an important failure mode and a real threat for safe 
operation. 

 The normally applied 9-bar steam tracing with typical insulation is inadequate to avoid 
condensation corrosion, especially at heat sinks such as lifting trunnions, supports, platforms, 
thermowells, Tee’s, weldolets, etc.  

 More attention and additional measures are required to avoid condensation corrosion and to 
assure safety and reliability.  

 Controls Southeast Inc. provides engineered heating solutions to address successfully these risks 
leading to a higher safety standard, higher reliability and longer lifetime. 
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For more information, please contact: 
Controls Southeast Inc 
Jim Hartman 
Office: (704) 644-5005 
Cell: (704) 644-9766 
Email: Hartman@csiheat.com 
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