








Abstract 
 

 Heavy water production in India has achieved many milestones in the past. One of 
the most successfully running heavy water plant situated at Kota (Rajasthan) is on the 
verge of completion of its design life in near future. Heavy Water Plant, Kota is hydrogen 
sulfide based plant. Various exercises have been planned with an aim to assess the fatigue 
usage for the various components of these plants in order to extend their life. Considering 
the process parameters and past history of the plant performance, 25 process critical 
nozzle locations and connected piping systems  are identified. Analyses have been carried 
out for these critical piping systems for mainly two kinds of loading, viz. sustained loads 
and the expansion loads.  
 
 The static analysis has been carried out to find the induced stress levels due to 
sustained as well as thermal expansion loading as per the design code ANSI B31.3. Due 
consideration is given to the design corrosion allowance while evaluating the stresses due 
to sustained loads. At the locations where induced stresses (Sl) due to the sustained loads 
are exceeding the allowable limits (Sh), exercises have been carried out considering the 
reduced corrosion allowance value. This strategy is adopted due to the fact that the 
corrosion measurements carried out at site at various critical locations show a very low 
rate of corrosion.  Where it is found that system is getting qualified with reduced 
corrosion allowance values, it is recommended to keep that location under periodic 
monitoring.  
 
 The strategy adopted for carrying out the analysis for thermal expansion loading 
is to qualify the system as per the code allowable value (Sa).  Where it is found that the 
stresses are more than the allowable value, credit of liberal allowable value as suggested 
in the code i.e., with the addition of the term (Sh-Sl) to the allowable stress (Sa) value, has 
been taken. If at any location, it is found that the problem of high thermal stress still 
persists, the strategy adopted is to qualify the system via fatigue analysis route. This is 
done using the provisions of ASME Code Section VIII, Div. 2 by evaluating the 
cumulative fatigue usage factor. 
  

Results of these exercises reveal that the critical piping systems of the plant are in 
a very healthy state. With these exercises, it has been concluded that the life of the plants 
can be safely extended further with enhanced in-service inspection provisions. 
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1.0  Introduction  

 

Heavy  Water  Plant, Kota  (HWPK)  is  the  first  indigenous  heavy water 

plant in India.  This plant is situated on eastern bank of  the Rana Pratap Sagar lake on 

Chambal River (24o52’N latitude and 75o37’E longitude) near Rajasthan Atomic Power 

Plant. The land at site rises gradually from elevation of 354.5 m to 396 m in the east over 

a distance of 3 Km and there are steep hills of 122 m height in the west across the river 

about 2 Km away. The land around the site is rocky with little soil cover.  

   

The  commissioning  activities  of  this  plant  were  started  in 1982 and  it 

became operational in 1985.  The plant's design life was originally estimated as 15 years 

of operation which is nearing its completion. Since the condition of the plant even 

towards the end of its original estimated design life is quite good with no difficulties 

encountered in the plant operation for the production of heavy water, it was decided to 

extend the life of this plant based on extensive analytical work, metallurgical studies, 

corrosion studies, suitable in-service inspection provisions, etc. An assessment of the life  

of various components and piping systems of the plant was therefore, required for this 

purpose. 

 



  

 For the purpose of life extension of the plant, piping systems associated 

with 25 equipment nozzles were identified as critical ones based on the pressure-

temperature cycles to which these systems are subjected and the operational history of the 

plant. Analyses of these critical piping systems involved the modelling of piping using 

around 250 piping isometric drawings, which covers almost 60-70% of the total plant 

piping. This report give the details of the systems analysed, their modelling, strategy 

adopted for the life extension, method of analysis, results of the analysis and the various 

conclusions arrived at based on these analyses. 

 

 

 

2.0  Description of the Plant Process Systems 

 

            The Heavy Water Plant, Kota comprises mainly of the exchange unit, 

distillation unit, H2S generation unit and the other utilities (Fig. 1(a)). This plant’s annual 

production capacity is 85 tons of 99.8% heavy water. Enrichment of the deuterium 

present in natural water at the level of 145 ppm to 99.8% is carried out as the result of 

two different processes in two separate stages as given below:  

 

 

(i) H2S-H2O exchange process to enrich from 145 ppm level to 15% heavy water 

(Gridler’s Sulphide (GS) process), and 

 

(ii) Vacuum distillation to enrich from 15% to 99.8% reactor grade heavy water. 

 

The exchange process between H2S and H2O is as given below: 

 

            30oC  

H2O (liquid) + HDS (gas)     →     HDO(liquid) + H2S 

  



             130oC  

H2O (liquid) + HDS (gas)     ←     HDO(liquid) + H2S 

 

 

  The enrichment of heavy water is obtained by making use of the fact that 

the equilibrium constant of the above reaction varies with temperature. The exchange unit 

is arranged in a three-stage cascade. The first stage handling large quantities of process 

water and H2S gas consists of three pairs of cold and hot towers operating approximately 

at 30oC and 130oC respectively. These towers are approximately 52 m tall, 4.5 m 

diameter and 45 mm thick. The second and third stage, each consist of one pair of cold 

and hot towers. Second and third stages tower sizes are approximately 33 m tall, 4.5 m 

diameter and 42 mm thick and 43 m tall, 2.3 m diameter and 25 mm thick respectively. 

The purified water enters the top of first stage cold tower and travels down while 

hydrogen sulfide gas entering the bottom of the tower meets the water in counter current 

way in the tower internals and the exchange of deuterium takes place. In the cold tower, 

the water gets enriched with respect to deuterium while the gas gets depleted in 

deuterium concentration. In the hot tower, the reverse reaction takes place, i.e. the gas 

gets enriched instead of liquid. With proper liquid and gas flow rates and gas in closed 

circuit in a pair of towers, a small quantity of enriched liquid is withdrawn from the 

bottom of the cold towers as a net product. This is further enriched in a similar way in the 

second and third stages. The liquid coming from the bottom of the hot tower in the first 

stage is divided into two parts. One part is recycled to the top of humidification section 

located at the bottom of the hot tower for heat recovery while the other part constitutes 

the waste. Before discarding the waste to the environment, it is necessary to recover the 

H2S dissolved in the waste. For this purpose, a waste stripper is provided to strip H2S by 

direct steam stripping and the evolved gas and steam are put back into the first stage hot 

towers. The enriched water from the third stage is stripped off its H2S in a product 

stripper and fed to the distillation unit for further enrichment upto nuclear grade. The 

isotopic exchange process operates at about 20 atmosphere pressure and at a temperature 

of 30oC to 130oC, while the vacuum distillation plant works at a pressure of 100 mm Hg 

absolute.  



 

 

3.0  Need for Life Assessment  

 

  This is an indigenously designed plant, which was commissioned in 1985. 

Since it was the first indigenous effort of its kind, the plant life was conservatively 

estimated at 15 years considering the extreme corrosive nature of the process fluid and 

the other process parameters.  In view of the plant nearing completion of its design life, it 

has been decided to calculate the fatigue life of the plant. This exercise will also reveal 

the present health of the plant. 

 

 

4.0  Identification of Critical Areas for Life Assessment of the Plant 

 

  Considering the various process parameters and the past history of the 

plant performance, process piping loops connected with 25 equipment nozzles were 

identified as critical ones for the analysis related to the Life Assessment of the Heavy 

Water Plant, Kota. The details of these layouts are as given in the following table-A 

followed by nozzle details in Table-B, and the pipings associated with these layouts are 

marked in Fig 1(a). Rest of the piping which contains the process gas / liquid are planned 

to be qualified through a walkdown of the plant based on similarity analysis. 

 

 

 

 

Table-A : Details of the Layouts alongwith the connected nozzles 

Layout 

No. 

Nozzles  

covered 

** 

Process fluid 

Size of 

the pipe 

line 

Design 

pressure  

Kgf/cm2 

Design 

temperature 

Fig No. 

(layout) 

1 N1, N2, Process gas, dry 6" to 20.4 209 oC 1 



N15 H2S 16" NB  

2 
N3, N4, 

N5, N6 

Process liquid with 

H2S 

4" to 

14" NB 

10.5 to 

54.4 

ambient to 

219 oC 

7 and 

13 

3 
N7, N8, 

N9 

Process liquid with 

H2S & Process feed  

4" to 

16" NB 

54.4 to 

64.4 

70 oC to  

219 oC 
14 

4 N10 Process steam 10" NB 23 to 40 
219 oC to   

250  oC 
19 

5 

N11 

N12 

N13 

Process liquid with 

H2S 

6" to 

12" NB 

34.4 to 

39.4 

70 oC to 

200 oC 
22 

6 N14 Process steam 
4" to 

10" NB 
22 to 40 

200 oC to   

250  oC 
- 

7 

N16 

N17 

N23 

Process gas, dry 

H2S 

30" to 

36" NB 
20.4 

41 oC to 

130 oC 
27 

8 

N18 

N19 

N20 

N21 

Process gas, dry 

H2S 

16"to 

36"NB 
20.4 

130 oC 

 

31 and 

34 

9 N22 
Process liquid with 

H2S 
6" NB 20.4 

125 oC 

 
37 

10 N24 
Process liquid with 

H2S & Process feed 

8" to 

14"NB 

22.4 to 

31.4 

28 oC to     

30 oC 
42 

11 N25 
Process liquid with 

H2S 

2" to 6" 

NB 

1.5 to 

33.2 

ambient to 

214 oC 
45 

** nozzle nomenclature and respective details are listed in the following Table-B 

Table-B : Nozzle Nomenclature and respective Details 

Sl. No. Nozzle No. Description of the nozzle 

1 N1 Waste stripper gas inlet 

2 N2 Hot tower HT3 inlet 



3 N3 Waste stripper liquid outlet 

4 N4 3731 EX-1A shell inlet 

5 N5 3731 EX-1B shell outlet 

6 N6 3731 EX-6B tube inlet 

7 N7 3731 EX-7B tube inlet 

8 N8 3731 EX-9B tube inlet 

9 N9 Waste stripper liquid inlet 

10 N10 Waste stripper steam inlet 

11 N11 3105 RX5 process inlet 

12 N12 3105 RX5 process outlet 

13 N13 3105 HT3 recirculation inlet 

14 N14 3105 HT3 direct steam inlet 

15 N15 T-joint to overhead to HT3 and condensate pot inlet 

16 N16 3105 HT3 gas outlet 

17 N17 3205 HT1 gas inlet 

18 N18 3205 HT1 gas outlet 

19 N19 3305 HT1 gas inlet 

20 N20 3305 HT1 gas outlet 

21 N21 3305 CT1 gas inlet 

22 N22 3305 CT1 liquid outlet 

23 N23 3105 CT3 gas inlet from HT3 

24 N24 3105 CT3 feed inlet 

25 N25 3305 CT1 feed inlet 

 

 

 

 

 

5.0 Methodology Adopted for the Life Extension  

 



 

  The strategy adopted for Life Extension of the plants was with an aim to 

study the stress levels on the various process critical piping systems and nozzle locations 

with due consideration of the aging effects on the materials and the reduction in thickness 

due to corrosion. Following three major steps were undertaken based on which the final 

conclusions regarding the life extension of the plant have been arrived at: 

 

(1) Aged sample materials have been tested to find out the actual properties of the pipe 

materials and these properties have been used for the analyses. 

 

(2) Corrosion measurement has been  carried out by the site at various critical bend and 

tee locations. 

 

(3) Analyses of the piping loops connected with the 25 process critical nozzle locations 

has been carried out with due consideration of the information obtained from the 

above two steps. 

   

   The strategy adopted to qualify the systems, for various loading 

conditions as per the design code ANSI B31.3 (Ref.1) is described below.  

 

 

5.1 Static Analysis 

 

  Heavy water plant pipings are subjected to internal pressure, temperature 

and weight loadings under normal operating conditions. The loadings have been 

categorised into two groups: 

 

 

(a) Primary stresses due to dead weight and internal pressure, and 

(b) Thermal stresses due to temperature and  thermal anchor movements 

 



           The stresses due to these loadings are to be limited to the allowable limits as per 

the design code ANSI B31.3 (Ref.1).  Equations used for the stress checking are as given 

below:  

 

 

5.1.1  Primary stress qualification:  System qualification  for primary  stress  has  been   

carried   out   as per   the following steps: 

 

(i)  Results of the analysis carried out with the consideration of design corrosion 

allowance have been compared with the allowable limits as per the design code. 

 

   

 For sustained loading (Dead Weight + Pressure), 
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 where,           P - Design pressure  

 

                          D - Outside diameter of the pipe 

 

                                   t - Thickness of the pipe 

 

                          i - Stress intensification factor 

 

                         Z - Section modulus 

 

              ML- Resultant  moment due to sustained loading 

 

               SL - Sum of  longitudinal  stresses in  any  component in a piping 

     system due  to pressure, weight and other sustained loading  



                          

                 Sh - Basic   allowable   stress   for   the   material   at   maximum  

(hot)  metal  temperature  normally expected during operation or 

shutdown 

               

 

(iii) The  locations  where  it  was  found   that   the   layout  is  not  qualifying  for  the  

            design   corrosion   allowance, an  effort was  made to  qualify  the  piping  system  

            using reduced corrosion allowance, by limiting to a value which is twice the value 

            of  actual  observed  corrosion  at  these locations till date. This limit was imposed 

            with  an  assumption  that  further  corrosion  during the extended life would be of  

            similar  magnitude. Those  locations, where  stresses  could   be brought below the 

            code  allowable  limits  with  this  exercise, were  suggested  to  be   kept      under 

            continuous periodic monitoring for assessing the reduction in thickness.  

 

(iv) If the above exercises do not help in bringing down the stress levels below the 

allowable limit, some additional dead weight supports are suggested to qualify the 

system.  

 

 

5.1.2 Thermal Stress Checks: Piping systems have been checked for thermal 

expansion loadings as per  the procedure given below:  

                

(i) Thermal stresses developed at various locations in the system have been checked 

with respect to the allowable stress range for expansion stress as follows: 

 

 

 For expansion loading, 

                                   a
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           where,            MC  - Resultant moment due to thermal loading 

 

             Sa  - Allowable Stress Range for Expansion Stress 

 

                                 Sa = f (1.25 Sc + 0.25 Sh)   

 

     Sc - Basic    allowable    stress    for    the    material   at  minimum 

           (cold)  metal temperature   normally expected during operation  

           or shutdown  

 

   f - Stress range  reduction  factor  for  cyclic  conditions  for   total 

                       number of full temperature cycles over expected life (for cycles 

                       < 7000, f=1) 

 

 

(ii) When the thermal stresses developed in the system exceed the limit of Sa as 

defined above, the code permits a liberal stress check for thermal loading. In this 

case, when  Sh > SL, the  difference   between  them  may  be  added  to  the  term 

0.25Sh in the formula for Sa. In that  case, the  new allowable stress range is 

calculated by the  following equation:  

 

                   

                           Sa = f [1.25 (Sc + Sh) - SL]  

 

 

               SL - Sum of  longitudinal stresses in any  component in a   piping system due to  

                      pressure, weight and other sustained loadings 

 

(iii) If  the thermal stress at any location on the system still does not meet the code 

allowable criteria, it was planned to qualify the system by fatigue route. Since the 

number of thermal cycles for the heavy water plant is quite low, it can be easily 



ensured that the plant meets the fatigue criteria as per the guidelines laid down by 

the code.  

 

 

5.1.3  Nozzle load Checks: Nozzle loads at the shell-nozzle junction due to sustained as 

well as thermal expansion loadings on the systems are to be combined and should be 

qualified as per the design code of the equipment.  

 

 

5.2  Fatigue Evaluation 

  

  Fatigue evaluation has been performed for only those locations where it is 

not possible to qualify the system with equations given in para 5.1.2 above. Based on the 

results obtained from the thermal analysis carried out on the various layouts, fatigue life 

calculations have been carried out for finding out the Cumulative fatigue Usage Factor 

(CUF) at those locations where thermal stresses were found to be exceeding the code 

allowable limits. Based on the induced thermal stresses at these locations, the alternating 

stresses (Salt) have been found out. For these values of alternating stresses (Salt), the 

allowable numbers of cycles for these cases (using the design fatigue curve for the 

respective materials. e.g., Fig.5-110.1 of ASME Section VIII Div.2, Ref.38 for SA-333 

Gr.6 material) are obtained (say N). From the process requirements and the past history 

of the plant operation, it has been found out that the total number of full temperature 

plant operation cycle is very low. Even if it is assumed conservatively that the piping 

system is designed essentially for the non-cyclic service (for less than or equal to 7000 

cycles i.e., N=7000), the Cumulative Usage Factor (CUF) at all the locations are much 

less than 1.0 in case of systems of Heavy Water Plant, Kota. Hence, it can be concluded 

that the marginal increase in stresses at a few locations does not affect the plant life. CUF 

can be calculated as follows: 

 

CUF = ∑ ≤1.0   
N

n
  



 

  This calculation is of great help in arriving at a decision for the life 

extension of the plant depending on the CUF value.  

 

 

5.3 Displacement Checks 

    

  Displacements at various locations in the system should be kept within 

limits. These limits are decided by taking into account the following factors: 

 

(1) Interference with the adjacent lines, 

(2) Interference with the other components / equipments, and 

(3) To avoid sagging for easy drainage of the lines. 

 

 

5.4 Seismic Re-Evaluation 

 

 

  Seismic re-evaluation of the plant involves a re-assessment of the 

structural integrity of various structures and components of the existing plant for the 

review basis ground motion. This assumes a great importance for the case of HWPK 

since it is located near  the nuclear power plants at RAPP site. The seismic re-evaluation 

activity although done as a part of Life Assessment Exercise, has been undertaken 

separately and a separate report on this work is planned to be issued. 

  

   

6.0 Mathematical Modelling  

 

   The piping layouts  have been modelled using the piping analysis software 

CAESAR II (Ref.2). Piping models  have been prepared using elements of straight pipes, 

bends, tees, rigid links, reducers, valves, flanges and the various supports such as 



anchors,  rod hangers with  specified  stiffnesses and spring hangers, directional restraints 

and limit stops. Modelling has been carried out based on the following considerations: 

 

(1) Towers alongwith their skirt supports have been modelled using pipe elements. 

 

(2) Nozzle to the vessel center line connection has been modelled using rigid links of 

zero weight.  

 

(3) In the case of hanger supports for which cold loads were not available, the loads have 

been estimated by restraining the piping at the hanger location in the Y-direction 

(vertical direction) (Ref.3).  

 

(4) Temperature and pressure gradients within the towers have been ignored and a 

constant temperature and pressure have been assumed for the present analysis (Ref.4).  

 

(5) Temperature and pressure changes at the branching of pipes have been assumed as a 

sudden step change for the modelling purpose. 

 

(6) Dimensions indicated in the isometric drawings  have been used irrespective of 

standard valve length as per ANSI standards. 

 

(7) Weight of the flanges has been taken from Tube-Turn flange catalogue (Ref.5). 

 

            Based on the above considerations and using the various inputs supplied 

by Heavy Water Plant Kota / Heavy Water Board such as isometric drawings, support 

location details, support details, sketches of equipment and nozzle connections, insulation 

details and process condition chart, mathematical models were prepared for all the 11 

layouts described earlier (Table-A), covering the 25 identified process critical nozzle 

locations. Static analyses have been carried out to evaluate the response of the piping and 

the loads generated at various nozzles due to weight, internal pressure and thermal 

loading. Analyses were carried out considering a corrosion allowance of 6 mm for carbon 



steel piping carrying process liquid and 1.5 mm for carbon steel piping carrying process 

feed (de-mineralised water) (Ref.6). As per para 302.3.5(c) of ANSI B31.3, the corrosion 

allowance has been considered for calculating stresses due to sustained loading (dead 

weight + pressure), whereas for thermal flexibility calculations, outside diameter and 

nominal thickness have been considered as per para 319.3.5 of the design code ANSI 

B31.3. 

 

 

7.0 Results  

 

7.1 Static Analysis 

 

7.1.1 Layout 1 (Pipings related to Nozzles N1, N2 and N15): This layout covers piping 

connected to three process critical locations which are  N1 (waste stripper gas inlet), N2 

(inlet nozzle on Hot Tower HT3)  and N15 (Tee joint near HT3, joining the branches to  

HT3 and condensate pot inlet) (Figs.1-5) (Ref. 7-8). As shown in Table 1, maximum 

displacements for dead weight + pressure in X, Y, and Z directions are -14.0 mm (at node 

1250), 13.9 mm (at node 720) and 63.8 mm (at node 689) respectively, whereas for the 

thermal expansion case they are -113.5 mm (at node 689), 53.1 mm (at node 10400) and -

38.9 mm (at node 1489) in the same order of the directions. As seen from the table for the 

dead weight + Pressure + Thermal Expansion case, these values are -121.1 mm (at node 

689), 53.3 mm (at node 10400) and 48.5 mm (at node 709) in X, Y and Z directions 

respectively. Thus maximum displacements at various locations (Fig.6) are well within 

the acceptable limit.                        

 

  It was found that, for both the cases i.e. dead weight + pressure and 

thermal expansion, stresses are well within allowable limits, at all locations except at 

locations given in Table.2. The thermal expansion stress is high  (8% more than the 

allowable value) at node 2110 (Fig.6) and the stresses due to sustained loads are high at 

node nos. 1100 and 1555 (by 23% and 2% more than the allowable values respectively) 

and thus these locations do not meet the code allowable limits if a corrosion allowance of 



6 mm is considered. However, if no corrosion allowance is considered, it is found that the 

piping qualifies at all the locations for both types of loadings (Table 3).  

 

            The corrosion measurement exercises carried out at the site have revealed 

that the corrosion is very less. Taking this fact into consideration, some exercises have 

been carried out with reduction in corrosion allowance. It has been found out from the 

analysis that for a corrosion allowance upto 5 mm value, it is possible to qualify the 

system for various loadings (Table 4). Hence it is required that the locations 

corresponding to node nos. 1100, 1555 and 2110 (Fig.6) should be kept under constant 

monitoring to ensure that the amount of corrosion at these locations does not exceed 5 

mm. The forces and moments at two nozzle locations i.e. N2, N1 and at tee N15, for both 

the load cases  are given in Table 5.  

 

 

 7.1.2 Layout 2 (Pipings related to Nozzles N3, N4, N5 and N6): This layout consists 

of nozzle N3, which is liquid outlet on waste stripper ST1. The connected piping   on its 

run covers nozzle N4, shell inlet of exchanger 3731 EX-1A and nozzle N5, shell outlet of 

exchanger 3731 EX-1B (Ref. 9-10) (Figs 7-12). Analysis of the line 200-P-310-155-PL2 

that joins nozzle N6, tube inlet on 3731 EX-6B to the tube side outlet of 3731 EX-7A has 

also been carried out simultaneously  (Fig.13). As shown in the Table 6, maximum 

displacements for dead weight + pressure in X, Y, and Z directions are -13.0 mm (at node 

4978), -29.4 mm (at node 5090) and 10.4 mm (at node 4688) respectively, whereas for 

the thermal expansion case they are -45.2 mm (at node 4540), 13.8 mm (at node 50) and -

53.7 mm (at node 2309) respectively.   As seen from this table for the dead weight + 

pressure + thermal expansion case, these values are -52.0 mm (at node 4539), -28.5 mm 

(at node 5090) and -58.5 mm (at node 2309) in X, Y and Z directions respectively 

(Figs.11-12). Thus, maximum displacements at various locations are well within 

acceptable limit.   

                       

           Analysis carried out for the layout showed that for thermal loadings, 

stresses were exceeding allowable values at two tee locations (Fig. 12), node nos. 780 

(exceeding by 16%) and 1120 (exceeding by 7%) for design conditions and by 10% and 



0.4% for operating conditions at respective locations, although it was qualifying for dead 

weight + pressure loadings (Table 7). Even exercises with zero corrosion allowance didn't 

help in reducing the stresses at these locations (Table 8). Therefore, it was decided that 

these two locations, at which the thermal stresses exceed marginally by 16% and 7% 

respectively, should be examined in detail with respect to their fatigue life evaluation. 

Forces and moments at all the four nozzle locations i.e. N3, N4, N5 and N6 for both the 

load cases  are shown in Table 9.  

 

  

7.1.3 Layout 3 (Piping related to Nozzles N7, N8 and N9): Piping loop selected for this 

layout comprises of nozzle N9, liquid inlet on the waste stripper, the connected piping 

and various heat exchangers which also includes two identified nozzles N7 and N8, 

which are tube inlets on heat exchangers 3731 EX 7B and 3731 EX 9B, respectively 

(Ref.11-13) (Figs.14-16). As shown in the Table 10, for the loop covering nozzles N7, 

N8 and N9, maximum displacements for dead weight + pressure in X, Y, and Z directions 

are 7.85 mm (at node 3199), 10.19 mm (at node 2040) and -9.42 mm (at node 2049) 

respectively whereas for thermal expansion case they are 68.49 mm (at node 3630), 47.89 

mm (at node 5970) and 49.39 mm (at node 5759) respectively (Fig.17). Thus, the 

maximum displacements at various locations are well within the acceptable limit.  

 

  It has been found that the stresses due to  dead weight + pressure loading 

(at node nos. 110 & 3950) as well as thermal expansion loadings (at node nos. 110, 4500 

and 4710) are exceeding the  allowable limits for both design and operating conditions 

(Table 11). The maximum stress for design condition is at node no 110, where it is 

exceeding the allowable values by 46% for dead weight + pressure loading  whereas for 

thermal expansion  loading it is exceeding the allowable value by 63% at the same 

location. 

 

 

7.1.3.1 Modifications Suggested To Control The Stresses 

 



  In an effort to study the reason for this high stress, it was first decided to 

confirm whether the supports used in the mathematical model are actually existing in the 

site. Although the site confirmed the supports at various locations (Ref.14), site suggested 

few modifications based on the field observations. To study the effect of these changes, a 

reanalysis was performed with these additional informations. Results of this reanalysis 

also did not indicate any reduction in the stresses at the highly stressed locations (Fig.17). 

 

  A closer scrutiny of the results of the analysis was, therefore, made in 

these highly stressed areas. It was observed that the supports near these highly stressed 

locations (node nos. 110 and 3950, both tee locations) are not adequate (Fig.18) since the 

tees are having unsupported span higher than permitted as per ANSI B31.1 Table 121.1.4  

(Ref.15) and Table NF 3611-1 as per ASME code Section III Subsection NF (Ref.16). In 

order to control the dead weight stresses in these regions, an analysis was carried out by 

providing additional dead weight supports at node nos. 110 and 3950 (Fig.18). Analysis 

of the piping system with these additional supports  (Fig.18) has shown the following 

results: 

 

(i)  The system gets qualified for dead weight + pressure loading. The sustained stresses 

at node 110, which were exceeding the allowable stress by 46%, have reduced to 53% 

of the allowable value for design conditions. Similarly, the sustained stresses at node 

3950, which were exceeding the allowable stress value by 30%, have reduced to 70% 

of the allowable value for the design conditions. Thus for dead weight + pressure 

loadings, induced stresses at all the locations in the piping loop are less than the 

allowable values with the incorporation of the two additional supports as described 

above (Table 12). 

 

(ii)  Stresses due to thermal expansion are still higher than allowable stresses at three 

locations for the design conditions. However, incorporation of the two additional 

supports does help in reducing the thermal stresses at node no. 110. In order to assess 

as to whether the piping loop can cater for these high thermal stresses, it is necessary 

to perform its fatigue life evaluation at these locations.  

 



  After the incorporation of supports as suggested above, the forces and 

moments at the nozzle locations N7, N8 and N9, for both the load cases, i.e. dead weight 

+ pressure and thermal expansion cases are shown in Tables 13-15. These values should 

be used for calculation of stresses at the shell-nozzle junctions. 

 

 

7.1.4 Layout 4 (Pipings related to Nozzle N10): Piping loop selected for this analysis 

comprises of nozzle N10 which is steam inlet on the waste stripper and the connected 

piping (Refs. 17-19) (Figs.19-21). As shown in the Table 16, for the loop covering nozzle 

N10, maximum displacements for dead weight + pressure in X, Y, and Z directions are 

14.76 mm (at node 810), -4.73 mm (at node 370) and 9.86 mm (at node 468) 

respectively, whereas for the thermal expansion case they are -40.62 mm (at node 578), 

25.26 mm (at node 10) and -36.78 mm (at node 590) respectively (Fig.21). Thus, the 

maximum displacements at various locations (Table 16) are well within the acceptable 

limits.  

 

  It has been found that the stresses due to  dead weight + pressure loading 

as well as for thermal expansion loading are well within the permissible limits as per the 

code. For dead weight + pressure loading case, highest stress is at node no.50 (Fig.21), 

where it is 58% of the allowable value (Table 17). For thermal expansion loading, highest 

stress is at node no. 630 (Fig.21) where it is 15% of the allowable value.  

 

  The forces and moments at the nozzle location N10, for both the load 

cases i.e., dead weight + pressure and thermal expansion cases are shown in Table 18. 

These values should be used for the calculation of stresses at the shell-nozzle junction. 

 

 
7.1.5 Layout 5 (Pipings related to Nozzles N11, N12 and N13): Piping loop selected 

for this analysis comprises of nozzles N11 (3105 RX5 process inlet), N12 (3105 RX5 

process outlet) and N13 (3105 HT3 recirculation inlet). The  model consists of 429 total 

no. of nodes (Figs 22-25) (Refs. 20-22). As shown in the Table 19, for the loop covering 

nozzles N11, N12 and N13, maximum displacements for dead weight + pressure in X, Y, 



and Z directions are -3.6 mm (at node 2560), -4.3 mm (at node 2009) and 5.1 mm (at 

node 1578) respectively, whereas for thermal expansion case they are 36.8 mm (at node 

318), 106.3 mm (at node 40) and -70.7 mm (at node 160) respectively (Fig.26). As seen 

from the table for the dead weight + pressure + thermal expansion case, these values are  

38.2 mm  (at node 318),  105.7 mm (at node 40) and -69.6 mm (at node 168) in X, Y and 

Z directions respectively. Thus, maximum displacements at various locations are well 

within the acceptable limit.                        

 

  It has been found that the stresses due to thermal expansion loading are 

well within allowable limits for both design and operating conditions, whereas for dead 

weight + pressure loadings, results are showing stresses exceeding the allowable values 

(by 66% for design condition and by 59% for operating condition) at only one tee 

location  (node no. 2260, Fig.26) for both design as well as operating conditions (Table 

20).  

 

  The forces and moments at all the three nozzle locations, i.e. N11, N12 

and N13 for both the load cases, viz. dead weight + pressure case and thermal expansion 

case, are shown in Table 21  (The values quoted are considering a corrosion allowance 

value of 6 mm for carbon steel piping, whereas no corrosion allowance has been 

considered for the stainless steel piping portion of the loop).  

 

 

7.1.5.1 Modifications Suggested To Control The Stresses: 

 

             Results of this analysis showed that the system was not qualifying at one 

tee location, viz. node no.2260 (Fig.26) for dead weight + pressure loading for both 

design as well as operating conditions (Table 20). 

            

                 In an effort to study the reason for this high stress, it was first decided to 

confirm the supports used in the mathematical model with respect to what exists at the 

site. Although supports at various locations were confirmed from the site, a few 

modifications regarding the supports were suggested by the site in the areas away from 



the highly stressed location. To study the effect of these changes, a reanalysis was 

performed with this additional information. Results of this reanalysis also did not show 

any reduction in the stress at this tee location because the minor changes in the support as 

suggested by the site were far away from this tee location. 

     

            A closer scrutiny of the results of the analysis was, therefore, made in this 

highly stressed area and it was observed that the supports near this tee location are not 

adequate. It was found that this tee lies in an unsupported span of around 11 meters, 

whereas the maximum unsupported span for this kind of piping should be 6.4 meters as 

per ANSI B31.1 Table 121.1.4  (Ref.15) as well as Table NF 3611-1, ASME code 

Section III Subsection NF (Ref.16). Hence, an analysis was carried out by providing an 

additional dead weight support at node no. 2095. Reanalysis of the piping system with 

this additional support  (Figs. 25-26) has shown that the dead weight + pressure stress at 

the tee location reduces from 19.50 Kgf/mm2 to 8.93 Kgf/mm2 and the entire system, 

thus, gets qualified for all the loadings (Table 22). 

                     

 

7.1.6 Layout 6 (Pipings realted to Nozzle N14): This is the piping loop connected with 

the direct steam inlet to hot tower 3105 HT3. This is a small loop consisting of only 

single steam line. In due course of the analysis, it was informed by the site that this line 

has been removed at the plant and that this line exists no more. Therefore, the results of 

this layout are not quoted in this report.  

 

7.1.7 Layout 7 (Pipings realted to Nozzles N16, N17 and N23): Piping loop selected 

for this analysis comprises of nozzles N16 (3105 HT3 gas outlet), N17 (3205 HT1 gas 

inlet) and N23 (3105 CT3 gas inlet) (Figs. 27-29) (Refs 23-25). Pipings associated with 

these nozzles carry H2S gas and these lines are the largest size lines in the plant. 

Therefore, it is essential to maintain the integrity of these lines for various design 

loadings. As shown in the Table 23, for the loop covering nozzles N16, N17 and N23, 

maximum displacements for dead weight + pressure in X, Y, and Z directions are 1.4 mm 

(at node 480), -1.0 mm (at node 369) and 1.5 mm (at node 848) respectively, whereas for 

the thermal expansion case they   are -22.8 mm  (at node 789), 74.6 mm  (at node 579) 



and -16.1 mm (at node 110) respectively (Fig.30). As seen from the table for the dead 

weight + pressure + thermal expansion case, these values are  -22.3 mm  (at node 789), 

73.9 mm (at node 579) and -15.9 mm (at node 110) in X, Y and Z directions respectively. 

Thus, maximum displacements at various locations are well within the acceptable limit.                        

 

  It has been found that the stresses due to thermal expansion loading are 

well within allowable limits for both design and operating conditions, whereas for dead 

weight + pressure loadings, results are showing stresses exceeding the allowable values 

(by 14% for design condition and by 7% for operating condition) at only one tee location 

(node no. 220, Fig. 30) as shown in Table 24.  

 

  A study has been carried out to find out variation of stresses with the 

gradual increase in corrosion at various locations on carbon steel piping. It has been 

found out that the system is totally safe as per ANSI B31.3 code, upto the corrosion 

allowance of 5 mm (Table 25).  Hence, it is required that the tee location shown as node 

no. 220 on Fig.30, should be kept under constant monitoring to ensure that the amount of 

corrosion at this location does not exceed 5mm.  

 

  The forces and moments at all the three nozzle locations i.e. N16, N17 and 

N23 for both the load cases i.e. dead weight and thermal expansion case are shown in 

Table 26.  

 

 

7.1.8 Layout 8 (Pipings related to Nozzles N18, N19 and N20, N21): The Layout 8 

covers two separate piping layouts. One of these layouts connects nozzles N18 (3205 

HT1 gas outlet) and N19 (3305 HT1 gas inlet) and the other connects nozzles N20 (3305 

HT1 gas outlet) and N21 (3305 CT1 gas inlet) (Refs 26-28). Figs 31 and 32 show the 

model for piping connected with nozzles N18 and N19. As shown in the Table 27, for the 

loop covering nozzles N18 and N19, maximum displacements for dead weight + pressure 

in X, Y, and Z directions are -3.2 mm (at node 89), -2.7 mm (at node 90) and 1.5 mm (at 

node 338) respectively, whereas for the thermal expansion case they are -10.8 mm (at 



node 360), 52.4 mm (at node 469) and -16.3 mm (at node 109) respectively (Fig.33). As 

seen from the table for the dead weight + pressure + thermal expansion case, these values 

are  -10.3 mm  (at node 360), 52.0 mm (at node 469) and -16.1 mm (at node 108) in X, Y 

and Z directions respectively. Thus, the maximum displacements at various locations are 

well within the acceptable limits.                        

 

            Figs. 33 and 34 show the model for piping connected with nozzles N20 

and N21. As shown in the Table 28, for the loop covering nozzles N20 and N21, 

maximum displacements for dead weight + pressure in X, Y, and Z directions are 1.5 mm 

(at node 300), -0.5 mm (at node 390) and -1.2 mm (at node 300) respectively, whereas for 

thermal expansion case they are -18.7 mm  (at node 300), 62.7 mm  (at node 379) and -

13.2 mm (at node 120) respectively (Fig.36). As seen from the table for the dead weight 

+ pressure + thermal expansion case, these values are -17.2 mm (at node 300), 62.3 mm 

(at node 379) and -13.1 mm (at node 120) in X, Y and Z directions respectively. Thus, 

maximum displacements at various locations are well within the acceptable limit. 

 

  It has been found that the stresses due to dead weight + pressure loadings 

as well as due to the thermal expansion loading are well within allowable limits for both 

the loops (Tables 29 and 30). Thus, both the loops covering nozzles N18 and N19 as well 

as nozzles N20 and N21 are qualifying for dead weight + pressure and thermal loadings.  

The forces and moments at all the four nozzle locations i.e. N18, N19, N20 and N21 for 

both the load cases are shown in Table 31.  

 

 

7.1.9 Layout 9 (Pipings related to Nozzle N22):  Nozzle N22 is liquid outlet from cold 

tower 3305 CT1 (Refs.29-31). The piping Layout 9 is connected with this nozzle at one 

end and at the other end, with four pumps (3302-P7, P8, P9 and P10) (Figs 37-38). As 

shown in the Table 32, for the loop covering nozzle N22, maximum displacements for 

dead weight + pressure in X, Y, and Z directions are -0.07 mm (at node 138), -0.23 mm 

(at node 119) and 0.08 mm (at node 119) respectively, whereas for thermal expansion 

case they are -4.92 mm (at node 200), 2.97 mm (at node 248) and -13.36 mm (at node 

140) respectively (Fig.39). Thus, maximum displacements at various locations are well 



within the acceptable limit. Deformed shapes of the piping layout are shown in Figs. 40 

and 41, for sustained and thermal expansion loadings respectively.                       

 

  It has been found that the stresses due to dead weight + pressure loading 

are well within allowable limits for both design and operating conditions, whereas for 

thermal expansion loadings, the results show that the stresses are exceeding the allowable 

values (by 49% for design condition and by 44% for operating condition) at only one tee 

location at node no. 220 as given in Table 33.  

 

  The forces and moments at the nozzle location N22 for both the load 

cases, i.e. dead weight + pressure and thermal expansion cases are shown in Table 34.  

 

 

7.1.10 Layout 10 (Pipings related to Nozzle N24):  Piping loop selected for this 

analysis comprises of nozzle N24 on the cold tower 3105 CT3 and the connected piping 

(Refs.32-34) (Figs.42-44). As shown in the Table 35, for the loop covering nozzle N24, 

maximum displacements for dead weight + pressure in X, Y, and Z directions are 13.45 

mm (at node 1160), -21.14 mm (at node 370) and 20.96 mm (at node 1150) respectively, 

whereas for thermal expansion case they  are -45.16 mm (at node 1130), 4.92 mm (at 

node 3900) and -46.59 mm (at node 1140) respectively (Fig.44). Thus, the maximum 

displacements at various locations are well within the acceptable limits.  

 

  It has been found that the stresses due to dead weight + pressure loading 

as well as for thermal expansion loading are well within the permissible limits as per the 

code. For dead weight + pressure loading case, highest stress is at node no. 1040 (Fig.44), 

where it is 90% of the allowable value (Table 36). For thermal expansion loading, highest 

stress is at node no. 2920 (Fig.44), where it is 12% of the allowable value. The forces and 

moments at the nozzle location N24, for both the load cases i.e., dead weight + pressure 

and thermal expansion cases are shown in Table 37.  

 

 



7.1.11 Layout 11 (Pipings related to Nozzle N25): This report covers analysis of 

pipings connected with the nozzle N25. This nozzle is feed inlet connected to third stage 

cold tower 3305 CT1. This loop is liquid line connecting tower 3305CT1 to various heat 

exchangers and pumps (Figs. 45-47) (Refs. 35-37). As shown in the Table 38, for the 

loop covering nozzle N25, maximum displacements for dead weight + pressure in X, Y, 

and Z directions are 18.1 mm (at node 1989), -4.9 mm (at node 2090) and -8.1 mm (at 

node 3320) respectively, whereas for thermal expansion case they are -26.6 mm (at node 

2020), 20.7 mm (at node 2659) and -35.6 mm (at node 3310) respectively (Fig.48). As 

seen from the table for the dead weight + pressure + thermal expansion case, these values 

are  -24.0 mm  (at node 2020), 20.7 mm (at node 2659) and -41.6 mm (at node 3310) in 

X, Y and Z directions respectively. The locations of maximum displacements, which are 

well within the acceptable limits, are shown in Fig. 48. The Fig. 49 shows the deformed 

shape of the piping for sustained load case, whereas the Fig. 50 shows the deformed 

shape for the thermal expansion case.                      

 

  It has been found that the stresses are well within the allowable limits at 

various locations, for dead weight + pressure as well as thermal expansion loadings for 

both design and operating conditions (Table 39). Thus, it has been found out from the 

results of this analysis that the system is safe as per the design code ANSI B31.3. The 

forces and moments at the nozzle location N25 for both the load cases, i.e. sustained load 

case and thermal expansion case are shown in Table 40. These values should be used for 

calculation of stresses  at shell-nozzle junction. 

 

 

7.2 Fatigue Life Evaluation  

 

  The results of the static analysis carried out for the layouts connected with 

25 nozzles revealed that for most of the layouts, the stresses are well within the allowable 

limits as per the code. For a few layouts where it was  found that dead weight + pressure 

stresses are more at a few locations, additional supports were suggested for the respective 

layouts above as described under para 7.1. For those layouts, where thermal stresses were 



found to be exceeding allowable limits at a few locations, fatigue life evaluation have 

been carried out for those locations in the following manner: 

 

7.2.1 Layout-2 (Pipings related to Nozzles N3, N4, N5 and N6):  The two tee locations 

at node nos. 780 and 1120 (Fig. 12) where the thermal stresses exceed the allowable 

values by 16% and 7% respectively for the design condition have been investigated in 

detail for their fatigue life evaluation. The induced thermal stresses at these two locations 

are 31.068 Kgf/mm2 (45670 psi) and 27.078 Kgf/mm2 (39805 psi). Thus, the alternating 

stresses (Salt) for the two cases become 22835 psi and 19903 psi. For these values of  

alternating stresses (Salt), the allowable number of cycles for the two cases (using the 

design fatigue curve for SA-333 Gr.6 material, Fig.5-110.1 of ASME Section VIII Div.2, 

Ref.38) are 50000 and 100000 respectively. Even if it is assumed that the piping system 

is designed essentially for the non-cyclic service (for less than or equal to 7000 cycles), 

the  Cumulative  Usage  Factor (CUF) for the two cases for 7000 cycles of operation 

work out to be 0.14 and 0.07 respectively. Thus, the CUFs at both the locations are much 

less than 1.0. Hence, it can be concluded that the marginal increase in stresses at the 

above two tee locations does not affect the plant life. 

 

7.2.2 Layout-3 (Pipings related to Nozzles N7, N8 and N9): The results of the analysis 

showed that the maximum thermal stress is at a tee location shown as node no. 4500 on 

Fig. 17, where the thermal stresses exceed the allowable values by 50% and 43% 

respectively for design and operating conditions. For design condition, this tee location 

has been investigated in detail for its fatigue life evaluation. The induced thermal stress at 

this tee location is 34.99 Kgf/mm2 (49504.71 psi). Thus, the alternating stress for this 

case becomes 24752.36 psi. For this value of alternating stress (Salt), the allowable 

number of cycles (using the design fatigue curve for ASTM A312, TP 316L material,  

Fig 5-110.2.2 of ASME Section VIII Div.2, Ref.38) is 1.4 * 106. Even if it is assumed 

that the piping system is designed essentially for the  non-cyclic  service  (for less than or 

equal to 7000 cycles), the  Cumulative  Usage  Factor (CUF) for 7000 cycles of operation 

works out to be 0.005 only. Thus, the CUF is much less than the allowable value of 1.0. 



Hence, it can be concluded that the marginal increase in thermal stresses at the above tee 

locations does not affect the plant life. 

 

 

7.2.3 Layout-9 (Pipings related to Nozzle N22): In this layout, there is  one tee location 

at node no. 220 (Fig. 39), where the thermal stresses exceed the allowable values by 49% 

and 44% respectively for design and operating conditions. For design condition, this tee 

location has been investigated in detail for its fatigue life evaluation. The induced thermal 

stress at this tee location is 41.79 Kgf/mm2 (59135.42 psi). Thus, the alternating stress for 

this case becomes 29567.71 psi. For this value of alternating stress (Salt), the allowable 

number of cycles (using the design fatigue curve for ASTM A312, TP 316L material, Fig 

5-110.2.1 of ASME Section VIII Div.2, Ref.38) are 6.5 * 105. Even if it is assumed that 

the piping system is designed essentially for the non-cyclic service (i.e. for <=7000 

cycles), the Cumulative Usage Factor (CUF) for 7000 cycles of operation works out to be 

0.01 only. Thus, the CUF is much less than 1.0. Hence, it can be concluded that the 

marginal increase in stress at the above tee location doesn’t affect the plant life. 

 

 

 

8.0 Conclusions  

 

(1) Analysis of the piping layouts connected with 25 critical nozzle locations revealed 

that the stresses at various locations are well within the code allowable limits. 

However, at a few locations in some of the layouts, stress exceed marginally with 

respect to the allowable values observed for the design corrosion allowance value. A 

few such locations showing primary stresses exceeding the allowable values were 

brought down below the allowable limit with a reduction in the corrosion allowance 

value to 5 mm, such as in Layouts 1 and 7. These locations are, therefore, 

recommended to be kept under continuous monitoring to ensure that the corrosion 

does not exceed more than 5 mm at these locations. 

 



(2) Additional dead weight supports are suggested at two locations in Layout-3 and at 

one location in Layout-5 to control the primary stresses at these locations and the  

nearby locations. 

 

(3) The few locations in Layouts -2, -3 and -9, where thermal stresses were exceeding the 

code allowable limits, were checked by carrying out fatigue evaluation. It was 

observed that the cumulative usage factors at all these locations are much less than 

1.0 (maximum is of the order of 0.1-0.2). Therefore, it can be safely concluded that 

the marginal increases in thermal stresses at these locations do not affect the plant 

life. 

 

(4) Based on the various exercises and the results arrived at for the critical layouts of 

Heavy Water Plant, Kota, it can be concluded that layouts are qualifying for various 

static loadings. Fatigue evaluation results show that the cumulative usage factors at 

various locations are very less as compared to the permitted value. Thus, it has been 

concluded that the plant is in good health. Hence, life of the Heavy Water Plant, Kota 

can be safely extended further. 
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TABLE 1: Maximum Displacements for Various Load Cases (Design Condition)  

                  with  Locations for Layout-1 (Corrosion allowance = 6 mm) 
 

Direction Dead weight + Pressure Thermal Expansion Dead weight + Pressure  
+ Thermal Expansion 

 Value 
(mm) 

Node No. Value 
(mm) 

Node No. Value 
(mm) 

Node No. 

X -14.0 1250 -113.5 689 -121.1 689 
Y 13.9 720 53.1 10400 53.3 10400 
Z 63.8 689 -38.9 1489 48.5 709 

 
 
 
 

TABLE 2: Locations where Stresses are Exceeding Allowable Values for Different 
Load Cases (Design condition) for Layout-1 (Corrosion allowance = 6 mm) 

 
Load Case Stress Value 

( Kgf/mm2) 
Location 

( Node No. ) 
Allowable 

Value 
( Kgf/mm2) 

Stress 
Utilization (%) 

Dead Weight  + 
Pressure    

14.79 
12.31 

1100 
1555 

12.02 
12.02 

123 
102 

Thermal 
Expansion 

24.27 2110 
 

22.48 108 
 

 
 
 

TABLE 3: Locations showing Highest Stresses  for Different Load Cases (Design 
condition) for Layout-1 (No corrosion allowance) 

 
Load Case Stress Value 

( Kgf/mm2) 
Location 

( Node No. ) 
Allowable Value 

( Kgf/mm2) 
Dead Weight  + 

Pressure    
4.89 
3.88 

1100 
1555 

12.02 
12.02 

Thermal 
Expansion 

24.27 2110 
 

28.13 

 
 
 

TABLE 4: Locations showing Highest Stresses for Different Load Cases (Design 
condition) for Layout-1 (Corrosion allowance = 5 mm) 

 



Load Case Stress Value 
( Kgf/mm2) 

Location 
( Node No. ) 

Allowable Value 
( Kgf/mm2) 

Dead Weight  + 
Pressure    

10.65 
8.54 

1100 
1555 

12.02 
12.02 

Thermal 
Expansion 

24.27 2110 
 

24.76 

TABLE 5: Forces and Moments at Nozzles N1, N2 and Tee N15 for Different Load 
Cases for Layout-1 (Corrosion allowance = 6 mm) 

 
Location 

(Node No.) 
Fx (Kgf) Fy (Kgf) Fz(Kgf) Mx 

(Kgf.mm) 
My 

(Kgf.mm) 
Mz 

(Kgf.mm) 
Dead Weight 

 
N2 (50) -43 -399 0 239135 82755 -357404 

N15 (470) 
(460-470) 
(470-480) 
(470-840) 

 

 
43 
76 

-118 

 
16 
61 
-78 

 
0 
-8 
8 

 
81804 
-35455 
-46348 

 
143806 
-113475 
-30332 

 
-132987 
-287729 
420716 

N1 (800) 12 -384 -9 -413426 38159 -93017 
Thermal Expansion 

 
N2 (50) -23 -305 -27 -16984 -20516 55074 

N15 (470) 
(460-470) 
(470-480) 
(470-840) 

 

 
23 

-238 
215 

 
61 
735 
-795 

 
27 
5 

-32 

 
-84208 
-31485 
115693 

 
-228485 
83274 
145213 

 
539645 
1125230 
-1664869 

N1 (800) 231 1221 -24 2439560 -801811 3533366 
 
 
 

TABLE 6: Maximum Displacements for Various Load Cases (Design Condition) 
with Corresponding Location for Layout-2 

 
Direction Dead weight + Pressure Thermal Expansion Dead weight + Pressure 

Thermal Expansion 
 Value 

(mm) 
Node No. Value 

(mm) 
Node No. Value 

(mm) 
Node No. 

X -13.0 4978 -45.2 4540 -52.0 4539 
Y -29.4 5090 13.8 50 -28.5 5090 
Z 10.4 4688 -53.7 2309 -58.5 2309 

 
 
 



TABLE 7: Locations where Stresses are Exceeding Allowable Values for Different 
Load Cases for Layout-2 (with design corrosion allowance) 

 
Load Case Stress Value 

( Kgf/mm2) 
Location 

(Node No.) 
Allowable 

Value 
( Kgf/mm2) 

Stress 
Utilization (%) 

 
Dead Weight  + 

Pressure   
(Design) 

9.61 3740 11.74 82 

Dead Weight  + 
Pressure   

(Operating) 

9. 09 3740 11.74 77 

Thermal 
Expansion 
( Design ) 

31.07 
27.08 

780 
1120 

26.70 
25.32 

116 
107 

Thermal 
Expansion 
(Operating) 

29.44 
25.57 

780 
1120 

26.85 
25.47 

110 
100 

 
 
 
TABLE 8: Locations where Stresses are Exceeding Allowable Values for Different 

Load Cases for Layout-2 (No corrosion allowance) 
 
 

Load Case Stress Value 
( Kgf/mm2) 

Location 
(Node No.) 

Allowable 
Value 

( Kgf/mm2) 

Stress 
Utilization (%) 

 
Dead Weight  + 

Pressure   
(Design) 

9.61 3740 11.74 82 

Dead Weight  + 
Pressure   

(Operating) 

9. 09 3740 11.74 77 

Thermal 
Expansion 
( Design ) 

31.07 
 

780 
 

28.40 109 
 

Thermal 
Expansion 
(Operating) 

29.44 
 

780 
 

28.55 
 

103 
 

 
 

 
TABLE 9: Forces and Moments at Nozzles N3, N4, N5 & N6 for Different Load 

Cases for Layout-2 
Load Case Fx (Kgf) Fy (Kgf) Fz(Kgf) Mx My Mz 



(Kgf.mm) (Kgf.mm) (Kgf.mm) 
Dead Weight 

 
N3  73       -562     22      2772916     789420     297511 
N4 129  721  28      -457662     116824    -130136 
N5 -220      -1770    -92      -262041     340311     -22539 
N6  -8   -198     -1         -446       8101     -15841 

Thermal Expansion 
 

N3  -403        813     56     -2310994   -2993180    -563825 
N4 1388  -1330   -500      2071328    3135122    2011337 
N5 1162      -4988  -4739      -386556    2316766    1795613 
N6  350     -21654   -104      -678119     -96840   -2188730 

 
 
TABLE 10: Maximum Displacements for Various Load Cases with Corresponding 

Locations for Layout-3 
Direction Dead Weight + Pressure (Design) Thermal Expansion (Design) 

 Value ( mm ) Node. No. Value ( mm ) Node. No. 
X 7.85 3199 68.49 3630 
Y 10.19 2040 47.89 5970 
Z -9.42 2049 49.39 5759 

 
 
TABLE 11: Stresses exceeding the Allowable Values with Corresponding Locations 

for Different Load Cases, for Layout-3 
Load Case Stress Value 

(Kgf/mm2) 
Location 

(Node No.) 
Allowable 

Value 
(Kgf/mm2) 

Stress 
Utilization (%) 

Dead Weight  + 
Pressure   
(Design) 

17.06 
15.32 

110 
3950 

11.65 
11.74 

146 
130 

 
Dead Weight  + 

Pressure 
(Operating) 

16.29 
14.55 

110 
3950 

11.65 
11.74 

140 
124 

 
Thermal 

Expansion 
(Design) 

28.74 
34.99 
26.68 

110 
4500 
4710 

 

17.59 
23.37 
24.72 

163 
150 
108 

Thermal 
Expansion 
(Operating) 

20.37 
33.39 
25.48 

110 
4500 
4710 

17.61 
23.37 
24.72 

115 
143 
103 

TABLE 12: Stress Values with Corresponding Locations for Different Load Cases, 
With the Incorporation of Suggested Supports for Layout-3 

 



 
Load Case Stress Value 

( Kgf/mm2) 
Location 

( Node No. ) 
Allowable 

Value 
( Kgf/mm2) 

Stress 
Utilization (%)  

Dead Weight  + 
Pressure   
(Design) 

6.23 
8.23 
10.96 
9.42 

110 
3950 
6000 
4700 

11.65 
11.74 
11.90 
11.74 

53 
70 
92 
80 

Dead Weight  + 
Pressure 

(Operating) 

5.46 
7.47 
8.27 
9.15 

110 
3950 
6000 
4700 

11.65 
11.74 
11.90 
11.74 

47 
64 
69 
78 

Thermal 
Expansion 
( Design ) 

26.08 
34.99 
26.68 

110 
4500 
4710 

24.42 
23.37 
24.72 

108 
150 
108 

Thermal 
Expansion 
(Operating) 

20.28 
33.39 
25.48 

110 
4500 
4710 

24.24 
23.37 
24.72 

84 
143 
103 

 
 

TABLE 13: Forces and Moments at Nozzle Location N7 (Layout-3) 
 
 

Load Case Fx (Kgf) Fy (Kgf) Fz (Kgf) Mx 
(Kgf.mm) 

My 
(Kgf.mm) 

Mz 
(Kgf.mm) 

Dead 
Weight + 
Pressure 

-9 -86 -2 -23032 14038 48472 

Thermal 
Expansion 

739 -244 469 -318707 -1572814 154543 

 
 
 

TABLE 14: Forces and Moments at Nozzle Location N8 (Layout-3) 
 
 

Load Case Fx (Kgf) Fy (Kgf) Fz(Kgf) Mx 
(Kgf.mm) 

My 
(Kgf.mm) 

Mz 
(Kgf.mm) 

Dead 
Weight + 
Pressure 

-33 -85 -8 -15409 45357 4115 

Thermal 
Expansion 

266 -111 337 -194308 -990691 38860 

TABLE 15: Forces and Moments at Nozzle Location N9 (Layout-3) 
 
 



Load Case Fx (Kgf) Fy (Kgf) Fz(Kgf) Mx 
(Kgf.mm) 

My 
(Kgf.mm) 

Mz 
(Kgf.mm) 

Dead 
Weight + 
Pressure 

10 935 -9 40841 39658 -1862955 

Thermal 
Expansion 

-89 327 -12 36312 -411004 -1099480 

 
 

TABLE 16: Maximum Displacements for Various Load Cases with Corresponding 
Locations for Layout-4  

 
Direction Dead Weight + Pressure (Design ) Thermal Expansion ( Design ) 

 Value ( mm ) Node. No. Value ( mm ) Node. No. 
X 14.76 810 -40.62 578 
Y -4.73 370 25.26 10 
Z 9.86 468 -36.78 590 

 
 

TABLE 17: Stresses for different load cases for Layout-4  
 

Load Case Stress Value 
(Kgf/mm2) 

Location 
(Node No.) 

Allowable 
Value 

(Kgf/mm2) 

Stress 
Utilization (%) 

Dead Weight  + 
Pressure   
(Design) 

6.92 50 11.90 58 

Thermal 
Expansion 
( Design ) 

3.94 630 26.77 15 

 
 

TABLE 18: Forces and Moments at Nozzle Location N10 (Layout-4) 
 
 

Load Case Fx (Kgf) Fy (Kgf) Fz(Kgf) Mx 
(Kgf.mm) 

My 
(Kgf.mm) 

Mz 
(Kgf.mm) 

Dead 
Weight + 
Pressure 

5 -103 21 -20851 46719 34481 

Thermal 
Expansion 

32 -87 -70 141279 -264171 138602 

 
 



TABLE 19: Maximum Displacements for Various Load Cases (Design condition) 
with Corresponding Locations for Layout-5 

 
Direction Dead weight + Pressure Thermal Expansion Dead weight + Pressure  

+ Thermal Expansion 
 Value 

(mm) 
Node No. Value 

(mm) 
Node No. Value 

(mm) 
Node No. 

X -3.6       2560 36.8       318 38.2       318 
Y -4.3       2009 106.3      40 105.7      40 
Z 5.1        1578 -70.7      160 -69.6       168 

 
 
 
 
 
 
TABLE 20: Locations Showing High Stresses for Different Load Cases for Layout-5 

 
Load Case Stress Value 

( Kgf/mm2) 
Location 

(Node No.) 
Allowable 

Value 
( Kgf/mm2) 

Stress 
Utilization (%) 

 
Dead Weight  + 

Pressure   
(Design) 

19.50 2260 11.74 166 

Dead Weight  + 
Pressure   

(Operating) 

18.68 2260 11.74 159 

Thermal 
Expansion 
( Design ) 

8.85 490 23.33 38 

Thermal 
Expansion 
(Operating) 

6.48 2050 17.81 36 

 
 
 
 
 
 
 
 
 
 
 

TABLE 21: Forces and Moments at Nozzles N11, N12 and N13 for Different Load 
Cases (Layout-5) 



 
 

Load Case Fx (Kgf) Fy (Kgf) Fz(Kgf) Mx 
(Kgf.mm) 

My 
(Kgf.mm) 

Mz 
(Kgf.mm) 

Dead Weight 
 

N11  -76 405 -9 -121737 427 -408314 
N12 78 557 10 155024 -47172 -426915 
N13 -17 553 -2 16414 -12775 571037 

Thermal Expansion 
 

N11  426 205 294 -153634 161122 -158942 
N12 -342 -474 -374 -307765 -348284 392651 
N13 172 3408 66 -912801 -81723 4557538 

 
  
 
TABLE 22: Maximum Stresses after Implementation of the Suggested Modification 

(Incorporation of a Vertical Restraint) for Different Load Cases for Layout-5 
 

Load Case Stress Value 
(Kgf/mm2) 

Location 
(Node No.) 

Allowable 
Value 

(Kgf/mm2) 
Dead Weight  + 

Pressure   
(Design) 

9.12 
8.93 

650 
2260 

11.74 
11.74 

Dead Weight  + 
Pressure 

(Operating) 

8.30 
8.11 

650 
2260 

11.74 
11.74 

Thermal 
Expansion 
(Design) 

8.97 490 23.23 

Thermal 
Expansion 
(Operating) 

7.92 
4.41 

130 
2050 

26.26 
22.17 

 
 
 
 
 
 
 

TABLE 23: Maximum Displacements for Various Load Cases (Design condition) 
with Corresponding Locations for Layout-7 

Direction Dead weight + Pressure Thermal Expansion Dead weight + Pressure 
+ Thermal Expansion 



 Value 
(mm) 

Node No. Value 
(mm) 

Node No. Value 
(mm) 

Node No. 

X 1.4 480 -22.8 789 -22.3 789 
Y -1.0 369 74.6 579 73.9 579 
Z 1.5 848 -16.1 110 -15.9 110 

 
TABLE 24: Locations Showing High Stresses for Different Load Cases for Layout-7 

(Corrosion allowance = 6 mm) 
Load Case Stress Value 

( Kgf/mm2) 
Location 

(Node No.) 
Allowable 

Value 
( Kgf/mm2) 

Stress 
Utilization (%) 

 
Dead Weight  + 

Pressure   
(Design) 

18.65 220 16.38 114 

Dead Weight  + 
Pressure   

(Operating) 

17.51 220 16.38 107 

Thermal 
Expansion 
( Design ) 

7.72 220 24.57 31 

Thermal 
Expansion 
(Operating) 

7.65 220 24.57 31 

 
TABLE 25: Maximum Stresses For Various Load Conditions for Layout-7 

(Corrosion allowance = 5 mm) 
Load Case Stress Value 

( Kgf/mm2) 
Location 

(Node No.) 
Allowable 

Value 
( Kgf/mm2) 

Dead Weight  + 
Pressure   
(Design) 

16.01 220 16.38 

Dead Weight  + 
Pressure   

(Operating) 

15.03 220 16.38 

Thermal 
Expansion 
( Design ) 

7.72 220 25.47 

Thermal 
Expansion 
(Operating) 

7.64 220 25.47 



 
 

TABLE 26: Forces and Moments at Nozzles N16, N17 and N23 for Different Load 
Cases (Layout-7) 

  
 

Load Case Fx (Kgf) Fy (Kgf) Fz(Kgf) Mx 
(Kgf.mm) 

My 
(Kgf.mm) 

Mz 
(Kgf.mm) 

Dead Weight 
 

N16  0 -346 37 445798 -73895 632731 
N17 -78 -2188 -33 -4625858 656318 -443935 
N23 44 -811 15 -614758 -254619 134533 

Thermal Expansion 
 

N16  255 -11983 -408 -15119131 247104 -15645514 
N17 1569 -2020 1038 -16103047 -9213282 -3333979 
N23 -1104 -613 -10 -2170066 5326122 1578160 

 
 
 
TABLE 27: Maximum Displacements for Various Load Cases with Corresponding 

Locations for the Loop Covering Nozzles N18 and N19 (Layout-8) 
 

Direction Dead weight + Pressure Thermal Expansion Dead weight + Pressure  
+ Thermal Expansion 

 Value 
(mm) 

Node No. Value 
(mm) 

Node No. Value 
(mm) 

Node No. 

X -3.2 89 -10.8 360 -10.3 360 
Y -2.7 90 52.4 469 52.0 469 
Z 1.5 338 -16.3 109 -16.1 108 

 
TABLE 28: Maximum Displacements for Various Load Cases with Corresponding 

Locations for the Loop Covering Nozzles N20 and N21 (Layout-8) 
 

Direction Dead weight + Pressure Thermal Expansion Dead weight + Pressure  
+ Thermal Expansion 

 Value 
(mm) 

Node No. Value 
(mm) 

Node No. Value 
(mm) 

Node No. 

X 1.5 300 -18.7 300 -17.2 300 
Y -0.5 390 62.7 379 62.3 379 
Z -1.2 300 -13.2 120 -13.1 120 

 
 



TABLE 29: Maximum Stresses for Various Load Cases (Design condition) with 
Corresponding Locations for the Loop Covering Nozzles N18 and N19 (Layout-8) 

 
Load Case Stress Value 

( Kgf/mm2) 
Location 

(Node No.) 
Allowable 

Value 
( Kgf/mm2) 

Stress 
Utilization (%) 

Dead Weight  + 
Pressure    

12.60 200 15.96 79 

Thermal 
Expansion 

6.98 470 32.70 21 

 
 

TABLE 30: Maximum Stresses for Various Load Cases (Design condition) with 
Corresponding Locations for the Loop Covering Nozzles N20 and N21 (Layout-8) 

 
Load Case Stress Value 

( Kgf/mm2) 
Location 

(Node No.) 
Allowable 

Value 
( Kgf/mm2) 

Stress 
Utilization (%) 

Dead Weight  + 
Pressure    

6.16 400 12.59 49 

Thermal 
Expansion 

6.55 380 29.53 22 

 
 

TABLE 31: Forces and Moments at Nozzles N18, N19, N20 and N21 for Different 
Load Cases (Layout-8) 

 
 

Load Case Fx (Kgf) Fy (Kgf) Fz(Kgf) Mx 
(Kgf.mm) 

My 
(Kgf.mm) 

Mz 
(Kgf.mm) 

Dead Weight 
 

N18  19 560 5 -93830 -141951 -148087 
N19 60 -267 -22 -123676 -440481 98994 
N20 5 -131 -2 -358661 -9673 -499078 
N21  -5 201 2 -2099 16999 2673 

Thermal Expansion 
 

N18  -299 9671 367 11917324 201750 12687313 
N19 -119 371 -171 2665653 638990 326205 
N20 -63 6267 68 4764713 28611 7272040 
N21  63 191 -68 1347827 -389937 -160292 

 
 



TABLE 32: Maximum Displacements for Various Load Cases with Corresponding 
Locations for Layout-9 

 
 

Direction Dead Weight + Pressure (Design) Thermal Expansion (Design) 
 Value (mm) Node. No. Value (mm) Node. No. 

X -0.07 138 -4.92 200 
Y -0.23 119 2.97 248 
Z 0.08 119 -13.36 140 

 
 

TABLE 33: Maximum Stresses with Corresponding Locations for Different Load 
Cases for the Layout-9 

 
Load Case Stress Value 

(Kgf/mm2) 
Location 

(Node No.) 
Allowable 

Value 
(Kgf/mm2) 

Stress 
Utilization (%) 

Dead Weight  + 
Pressure 
(Design) 

2.64 220 11.74 22 

Dead Weight 
+Pressure 

(Operating) 

2.42 220 11.74 21 

Thermal 
Expansion 
( Design ) 

41.79 220 28.00 149 

Thermal 
Expansion 
(Operating) 

40.23 220 28.00 144 

 
 

TABLE 34: Forces and Moments at Nozzle Location N22 (Layout-9) 
 
 

Load Case Fx (Kgf) Fy (Kgf) Fz(Kgf) Mx 
(Kgf.mm) 

My 
(Kgf.mm) 

Mz 
(Kgf.mm) 

Dead 
Weight + 
Pressure 

-1 125 2 53821 2573 11832 

Thermal 
Expansion 

-58 -18 279 -380432 457498 -57895 

 
 
 
 
 



TABLE 35: Maximum Displacements for Various Load Cases with Corresponding 
Locations for Layout-10 

 
Direction Dead Weight + Pressure (Design) Thermal Expansion (Design) 

 Value ( mm ) Node. No. Value ( mm ) Node. No. 
X 13.45 1160 -45.16 1130 
Y -21.14 370 4.92 3900 
Z 20.96 1150 -46.59 1140 

 
 
 

TABLE 36: Stresses for Different Load Cases (Design condition) for Layout-10  
 
 

Load Case Stress Value 
( Kgf/mm2) 

Location 
( Node No. ) 

Allowable 
Value 

( Kgf/mm2) 

Stress 
Utilization (%) 

Dead Weight  + 
Pressure    

11.58 1040 12.87 90 

Thermal 
Expansion 

3.18 2920 27.41 12 

 
 

TABLE 37: Forces and Moments at Nozzle Location N24 (Layout-10) 
 

Load Case Fx (Kgf) Fy (Kgf) Fz(Kgf) Mx 
(Kgf.mm) 

My 
(Kgf.mm) 

Mz 
(Kgf.mm) 

Dead 
Weight + 
Pressure 

-2 -238 1 -161275 -13365 344552 

Thermal 
Expansion 

5 -486 -1 303636 40715 318952 

 
 

TABLE 38: Maximum Displacements for Various Load Cases (Design condition) 
with Corresponding Locations for Layout-11  

 
Direction Dead weight + Pressure  Thermal Expansion Dead weight + Pressure 

+ Thermal Expansion 
 Value 

(mm) 
Node No. Value 

(mm) 
Node No. Value 

(mm) 
Node no. 

X 18.1 1989 -26.6 2020 -24.0 2020 
Y -4.9 2090 20.7 2659 20.7 2659 
Z -8.1 3320 -35.6 3310 -41.6 3310 

 



 
TABLE 39: Maximum Stresses for Various Load Conditions for Layout-11  

 

Load Case Stress Value 
(Kgf/mm2) 

Location  
(Node No.) 

Allowable 
Stress 

(Kgf/mm2) 

Stress 
Utilization (%) 

Dead Weight + 
Pressure 
(Design) 

9.0 1900 10.8 84 

Dead Weight 
+Pressure 

(Operating) 

8.9 1900 10.8 83 

Thermal 
Expansion 
(Design) 

23.3 1530 28.0 83 

Thermal 
Expansion 
(Operating) 

12.1 1530 
 

29.1 41 

 
 

Table 40: Forces and Moments at Nozzles N25 for Different Load Cases (Layout-11) 
 

Nozzle 
No. 

Forces (Kgf) Moments (Kgf.mm) 

 Fx Fy Fz Mx My Mz 
Dead 

Weight 
3 -163 0 5074 -1688 -91040 

Thermal 
Expansion 

-23 -223 -1 -81182 10631 -217297 
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