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PROLOGO
Las tuberias criticas de los sistemas de potencia en una planta de
generacién eléctrica son aquellas que operan por encima de los S500°F
(260°C). Estas incluyen las tuberias de vapor principal desde la descarga de
los calderos hasta el ingreso a las turbinas. La metodologia de evaluacién de
la condicion operativa que se establece en este informe podra aplicarse para
los componentes de las tuberias de vapor principal (tuberias, soportes vy

restricciones).

En una central termoeléctrica con mas de 40 anos de operacion es
importante la aplicacibn de esta metodologia para evaluar la condicién
operativa y vida remanente de las tuberias de alta potencia como factores
determinantes de un programa de extension de vida de la planta. Estas
tuberias criticas pueden danarse o degradarse, incluso durante condiciones
normales de operacion de la planta, resultando en pérdida de potencia,
costosas reparaciones y vida de servicio reducida. Algunas de las causas de
danos en la tuberia o degradacién incluyen creep, fatiga, soportes danados,
inadecuada seleccién o ubicaciéon de soportes, operacién del sistema cerca
de la temperatura de disefio o inadecuado disefo para las condiciones de

operacion requeridas.



Para realizar esta evaluacion de la condicion se establece una metodologia:
que consta de un programa sistematico de inspeccion y evaluacién para
establecer la condicién de las tuberias y los soportes de una planta de
generacion eléctrica que emplea combustible fésil.

Esta metodologia consiste en: 1) Revisién de la informacion técnica
requerida para la evaluacion; 2) Inspeccién de las lineas de vapor principal;
3) Etapa de evaluacion; 4) Seleccién de los puntos de inspeccion y métodos
de examinacion; y 5) Evaluacién por disponibilidad para el servicio segun

APl RP 579.

El presente informe consta de S capitulos los cuales son los siguientes:

En el primer capitulo se desarrolla la introduccion en la cual se detalla cual
es el objetivo del informe, alcances, limitaciones y la importancia que tiene
este tema para ser desarrollado.

En el segundo capitulo se desarrolla la descripcion de la planta en donde se
detalla todas las caracteristicas de la misma.

En el tercer capitulo se desarrolla el marco tedérico, sobre el cual se
fundamenta el funcionamiento de una central térmica a vapor, se explican
las normas ASME B31.1 y APl RP 579. Finalmente, se concluye con una
exposiciéon de los ensayos no destructivos (NDE) recomendados para
realizar este trabajo.

En el cuarto capitulo se desarrolla la metodologia de evaluacion la cual
empieza con la revisidon de informacién requerida para la evaluacién,

inspeccidon requerida para el sistema de vapor principal, analisis de



esfuerzos en las tuberias de vapor principal segun ASME B31.1, ensayos no
destructivos requeridos, evaluaciéon por disponibilidad para el servicio segun
API RP 579 y la elaboracién del reporte final.

En el quinto capitulo se desarrolla una valorizacion de la inversion que
requiere la aplicacién de esta metodologia de evaluacién y su impacto sobre
el gasto que representaria la parada repentina de la planta debido a una falla

en la tuberia del sistema de vapor principal.

La evaluaciéon por disponibilidad para el servicio es realizada para
asegurarse que los equipos de las plantas de proceso, tales como
recipientes a presion, tuberias, y tanques puedan operan de forma segura y
confiable por un periodo futuro deseado. La Practica Recomendada API 579
describe un procedimiento general para la evaluacion por disponibilidad para
el servicio. El procedimiento evaltua el esfuerzo remanente del equipo en su
actual condicién, debido a que este esfuerzo puede ser menor que su

condicion original.

Los mecanismos comunes de degradacién incluyen corrosion, pitting,
fragilizacion, fatiga, fluencia a alta temperatura y distorsiéon mecanica. Los
métodos para evaluar el esfuerzo y la vida remanente de servicio de los
equipos que tienen estos tipos de degradacidon estan presentados vy

revisados.



CAPITULO 1
INTRODUCCION
1.1 OBJETIVO
El objetivo del presente informe de suficiencia es establecer una
metodologia de evaluacidn de la condicidn operativa de las tuberias de
vapor principal en la Central Termoeléctrica llo 1, debido a que tiene
48 anos de servicio y se requiere que pueda seguir operando 20 anos

mas, para ello se evaluara su condicidon actual.

Las tuberias del sistema de potencia sirven para transportar el vapor
que produce el caldero, considerado como el corazdon de la planta,
debido a que en este equipo es donde todos los sistemas confluyen
para producir el vapor que impulsa la turbina y permite producir
energia. La falla o inadecuado funcionamiento de alguno de estos
sistemas podré impactar el funcionamiento del caldero y se reflejara en
los costos de operacidn, costos de mantenimiento, la disponibilidad vy

la capacidad de la planta.

Debido a ello es importante conocer la condicidn de las tuberias de
vapor principal y sus soportes ya que son indicativos de la operacion y

el mantenimiento de la planta. La presencia de soportes rotos, tuberia



fuera de su posicion normal de funcionamiento o aislamiento dafado,
puede indicar que un evento imprevisto pudo haber ocurrido. E| cual

pudo adicionar cargas inesperadas para las cuales el sistema de

tuberias no fue disefado.

1.2 ALCANCE

Este trabajo se enfocara a realizar una metodologia para evaluar la
condicion del sistema de vapor principal de la Central Termoeléctrica
llo 1. Las siguientes tuberias de vapor principal estan incluidas:

e Descarga del Caldero N°1 hacia el cabezal de vapor

e Descarga del Caldero N°2 hacia el cabezal de vapor

e Descarga del Caldero N°3 hacia el cabezal de vapor

e Descarga del Caldero N°4 hacia el cabezal de vapor

e Ingreso de vapor de los calderos de recuperacion al cabezal de

vapor.

e Cabezal de vapor

e Cabezal de vapor hacia la Turbina N°1
e Cabezal de vapor hacia la Turbina N°2
e Cabezal de vapor hacia la Turbina N°3

e Cabezal de vapor hacia la Turbina N°4

1.3 LIMITACIONES

Este informe abarcara solo la elaboracion del procedimiento requerido

para realizar esta evaluacion, debido a que esta metodologia requiere



la decision de la gerencia de una planta termoeléctrica para ser

aplicada.

1.4 IMPORTANCIA DEL TEMA

Este tema es importante ya que se propone una metodologia para
realizar la evaluacion de la condicién de las tuberias de vapor de una
central termoeléctrica con mas de 40 anos de operacion continua, es
por ello que este informe puede sentar las bases para el desarrollo de

este tema en nuestro pais.

Por muchos afnos, los programas de mantenimiento en las centrales
eléctricas han sido orientados a componentes con una expectativa de
vida finita donde la degradacion y la falla estan asociadas con la fatiga
y la fluencia. Componentes tales como los cabezales de transporte de
vapor, tuberias de vapor principal y sobrecalentado, y turbinas a vapor
estan sujetos a una falla eventual del material debido a que operan a
altas temperaturas y esfuerzos. Como una norma general, los calderos
industriales asi como sus redes de tuberias de vapor tipicamente
operan a temperaturas y presiones mucho mas bajas. Como resultado,
la vida de estos equipos no esta definida necesariamente por la vida
finita del material. De hecho hay varios ejemplos de calderos y tuberias
de vapor muy antiguos (mas de 50 afos de operacion) que todavia se
encuentran operando y muchas veces son retirados por otras razones

que no son confiabilidad ni seguridad.



Hoy la necesidad de establecer un programa para evaluar la condicion
de tuberias de vapor en plantas industriales esta empezando a ser
importante debido a que se buscan la reduccion de los costos de

operacion y la optimizacidon de la produccion de la capacidad instalada.

Es por ello que partir de 1980 se han incrementado los programas para
extensidon de la vida util de las plantas termoeléctricas. Con este
método para la evaluacion de la condicidon se podra determinar la vida
util remanente de las tuberias de vapor.

Esta evaluacidn es un importante elemento para un programa de

extension de la vida util de una planta termoeléctrica.



CAPITULO 2
DESCRIPCION DE LA PLANTA
2.1 UBICACION
La Central Termoeléctrica llo 1 se encuentra situada a 18 km al norte

del puerto de llo, dentro del area de la Fundicién de Southern Peru
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Figura N°2.1

2.2 CARACTERISTICAS TECNICAS DE LA PLANTA

El sistema de generacién a vapor de la planta cuenta con 04 calderos
acuotubulares, una tuberia de descarga de vapor de los calderos de
recuperacion y 04 turbinas a vapor, los cuales tienen las siguientes

caracteristicas:



Equipo AiRos (_ie Fabricante Nominal | Efectivo
operacion Klb/h Klb/h
Caldero N°1 48 B&W 215 205
Caldero N°2 48 B&W 215 205
Caldero N°3 36 C-E 300 280
Caldero N°4 12 ABB 400 380
WHB 240 240
Total:] 1370 1310
Anos de . Nominal | Efectivo
Generadores Shemcion Fabricante MW MW
Turbina - Generador N°1 48 BBC 22 22
Turbina - Generador N°2 48 BBC 22 22
Turbina - Generador N°3 28 GE 66 66
Turbina - Generador N°4 32 GE 66 66
Total Vapor 176 135*
*Maxima generacion debido a la capacidad de los calderos (1310/9.7=135)
Tabla N°2.1

2.3 BREVE DESCRIPCION DEL FUNCIONAMIENTO DE LA
PLANTA

El principio de funcionamiento de la Central Térmica se basa en el
intercambio de energia calérica en energia mecanica y luego en
energia eléctrica.

Las tuberias de vapor principal transporta vapor a alta presién el cual
es generado en caldera que produce vapor a presion, este vapor se
aplica sobre los alabes de la turbina que convierte energia potencial

(presidn) en energia cinética que acciona al generador.

La energia potencial contenida en el combustible que emplea el caldero
es denominada poder calorifico y se mide en BTU (British Thermal
Units) por libra de peso. Estos valores se expresan comunmente como

BTU/Ib. En el sistema métrico decimal se expresa en Calorias o
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Kilo-Calorias/Kilogramo de peso: Kcal/lKg. La tabla que sigue muestra

los valores tipicos del poder calorifico contenido de los combustibles

empleados:
: : . o 7 ¥ o Carbén
Combustible Gas Natural Petréleo Diesel N°2 | Petréleo Residual N°6 .
Antracita
Poder Calorifico BTU/Ib 21.830 18,993 18,126 12.680
Equivalencia 1000 BTU/pie3 137,000 BTU/gal 153,000 BTU/gal —

Tabla N°2.2

Conociendo como se mide la energia tanto en el combustible como en
el vapor y en el agua, se analizara un arreglo simplificado del ciclo de
vapor en la planta de generacién y también como cambia la energia

conforme el agua y el vapor circulan a través de sus componentes.

Como ejemplo se empezara con 100,000 libras por hora de agua de
alimentacion entrando al tambor superior del caldero. La presion del
agua es de 1000 psia y su temperatura de 360°F. Se debe tener en
cuenta que la presién en el tambor superior es de 890 psia, por lo que
la presion del agua debe ser necesariamente mayor para poder
ingresar. Al absorber calor de los gases de combustion, el agua circula
desde el tambor superior al tambor inferior por los tubos mas alejados
del calor de los quemadores y regresa al tambor superior por los tubos
mas cercanos llevando burbujas de vapor que suben a la superficie

llenando la mitad superior del tambor con vapor saturado.
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El vapor saturado sale del tambor superior a razén de 100,000
libras/hora e ingresa a los serpentines del sobrecalentador de donde
sale a 875 psia y 900°F de temperatura. Cabe senfalar que la presién
disminuye en 15 psia, desde 890 psia hasta 875 psia, al pasar por los
tubos del sobrecalentador. ElI vapor sobrecalentado, conducido por
tuberias, llega a la Turbina pasando primero por las valvulas de control
de velocidad. En la Turbina, el vapor fluye alternadamente a través de
toberas estacionarias y una rueda de paletas, ambas constituyen una
etapa. Conforme el vapor fluye en sucesién por toberas y paletas, va
entregando energia a la turbina y tanto su presion como su temperatura
van disminuyendo progresivamente. La turbina convierte la energia
térmica del vapor en trabajo mecanico de rotacion a 3,600 rpm que se

transmite al generador para producir 10,000 kW de energia eléctrica.

En algunos puntos de su recorrido dentro de la turbina, hay conexiones
que permiten “extraer” parte del vapor para calentar el agua de

alimentacion que retorna hacia el o los calderos.

El vapor de las extracciones fluye hacia los calentadores, donde cede
su calor al agua que circula dentro de los tubos, y se condensa. El
condensado del calentador de alta presién pasa por una trampa y se
descarga en el calentador de baja presion. La trampa es como una
valvula automatica que permite pasar agua pero no permite pasar

vapor.



12

El condensado recibe el vapor de escape de la turbina, lo condensa y
lo colecta en el “pozo de condensado” o “Hotwell” junto con todo el
condensado de los calentadores de agua. De esta manera, las 100,000
libras de vapor a 900°F que entraron a la turbina terminan como
100,000 libras de agua a 79°F en el pozo del condensador. De alli, las
bombas de condensado y las bombas de alimentacion impulsaran el
condensado a través de los calentadores donde se calienta hasta

360°F y retorna nuevamente al caldero para iniciar un nuevo ciclo.

2.31 El Ciclo de Condensado en las Unidades Brown Boveri
2.3.1.1 Bombas de Condensado

Hay dos bombas verticales que reciben condensado del pozo
Hotwell del condensador. Cada bomba tiene su propia linea de
succién desde el Hotwell y capacidad para bombear 440 galones
por minuto (gpm) a una presiéon de 300 psig. En operacién normal,
una bomba trabaja y la otra permanece en reserva o “stand-by”.
Ambas se arrancan manualmente desde la sala de control. La
bomba en stand-by arranca mediante un switch accionado por
baja presion de condensado en la linea de descarga de las
bombas. La temperatura promedio del condensado es de 90°F y
en su recorrido desde la descarga de las bombas del pozo Hotwell

hasta el domo del caldero, empezara a recoger calor del ciclo a
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través de los enfriadores de hidrégeno y los intercambiadores de
calor.

2.3.1.2 Enfriadores de Hidrogeno

En la C.T. ILO 1, todos los generadores eléctricos son enfriados
por hidrogeno el cual circula por su interior impulsado por dos
ventiladores acoplados al eje mismo del generador. El hidrégeno
a su vez es enfriado por el condensado que viene directamente de
la descarga de las bombas Hotwell a una temperatura promedio
de 91°F. Con este fin, los generadores tienen en su interior
enfriadores tubulares en los cuales se transfiere calor del
hidrégeno que circula por el exterior de los tubos, hacia el
condensado que circula por el interior. De aqui el condensado
continuara su recorrido dirigiendose hacia los enfriadores de

aceite.

2.3.1.3 Enfriadores de Aceite

Todo el aceite que utiliza la turbina pasa por enfriadores que son
intercambiadores de calor del tipo de cascos y tubos, en los
cuales también se utiliza el condensado como medio refrigerante.
El condensado fluye por el interior de los tubos mientras que el
aceite circula por el exterior. Cumplida su misiéon, el condensado

continua su recorrido, esta vez a través de los eyectores de aire.
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2.3.1.4 Eyectores de Chorro a Vapor

Los eyectores son mecanismos disenados para succionar aire y
gases no condensables del interior del condensador principal.
Utilizan vapor vivo, cuya presion se reduce desde 850 psig,
mediante una valvula tipo aguja regulada por el operador, hasta
350 psig que es la presion normal de operacion del eyector. El
principio de funcionamiento de los eyectores se basa
precisamente en convertir la presiéon del vapor en un chorro o “jet”
de alta velocidad que a su paso por toberas especiales genera el
efecto de succidn o vacio necesario para evacuar aire y gases del

condensador.

Aqui también el condensado del ciclo servira como refrigerante
para condensar el vapor que ya ha cumplido su funcién en los
eyectores. Para este fin, el sistema de eyectores cuenta con
camaras de condensacidbn en las cuales se consigue dos

objetivos:

El vapor que ya ha trabajado se enfria y es recuperado como
agua que se devuelve al sistema en el condensador.
El condensado principal actuando como refrigerante, absorbe

calor lo cual mejora la eficiencia térmica del ciclo.
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2.3.1.5 Calentadores de Baja Presion

El condensado que sale de los eyectores, pasa primero por el
calentador N°1 y luego por el calentador N°2 de baja presion.
Estos calentadores son también intercambiadores de calor de
casco y tubos de 4 pasos en forma de U: El condensado fluye por
el interior de los tubos y por el exterior vapor que se “extrae” de la
turbina a través de conexiones en el extremo de baja presiéon. Por
eso decimos que el calentador N°1 recibe vapor de la extracciéon 4

y el calentador N°2 recibe vapor de la extracciéon 3.

Mientras que el vapor se enfria y se convierte en agua que retorna
al condensador, el condensado recibe calor del ciclo y aumenta su

temperatura cada vez mas.

En las lineas de vapor de extraccidon hacia los calentadores, hay
dos clases de valvulas:
a) De bloqueo, que sirven para aislar el calentador en caso
sea necesario sacarlo de servicio.
b) De no retorno, que impiden el flujo invertido de agua y/o

vapor hacia la Turbina.

En la linea de condensado también hay valvulas de bloqueo a la
entrada y salida. También una valvula de by-pass para sacar de

servicio el calentador.
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Se debe tener en cuenta que los calentadores de baja presion
tienen lineas de “vent” por las cuales se descarga aire y gases no
condensables de la camara del calentador directamente al
condensador. Esto es muy importante porque el aire y los gases
pueden aislar las superficies de transferencia de calor y disminuir

la eficiencia del ciclo.

En cada calentador el vapor de extraccién se enfria y se convierte
en agua condensada. En el caso del calentador N°2, que tiene
mas presion, el agua condensada fluye en cascada hacia el
calentador N°1, si este calentador estuviera fuera de servicio, hay
un by-pass que permite descargar este condensado directamente
al condensador principal.

El calentador N°1 recibe, por un lado, vapor de extraccién que se
enfria y condensa, por otro lado el agua condensada del
calentador N°2. Todo este condensado es descargado

directamente al condensador principal.

2.3.1.6 Evaporador

Es un pequeno aparato “destilador” disefiado para producir agua
de alto grado de pureza la cual es necesaria para reponer las
pérdidas de liquido que inevitablemente se presentan como en

todo proceso.
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El evaporador es también un intercambiador de calor de casco y
tubos: Recibe agua de baja calidad que fluye por el exterior de los
tubos y, como fuente de calor, vapor de la extraccion N°2 de la
turbina que circula por el interior de los tubos. El agua recibira
calor y aumenta su temperatura hasta el punto de ebullicién. Al
hervir el agua se producira vapor puro mientras que las impurezas
quedan dentro del evaporador junto con la parte liquida que no ha

evaporado.

El vapor de extraccién que se usa como fuente de calor se enfria
y condensa, luego es drenado continuamente a través de una
trampa hacia el calentador N°2.

El vapor puro que se obtiene como producto de la evaporacion del
agua, pasa a un condensador denominado “condensador del

evaporador”.

2.3.1.7 Condensador del Evaporador

El condensado principal que sale del calentador de baja presion
N°2, ingresa ahora como refrigerante por el interior de los tubos
del condensador del evaporador. Por el exterior de los tubos fluye
el vapor producido en el evaporador, el cual cede su calor al
condensado principal y se enfria convirtiéndose en el agua liquida
de gran pureza, que se requiere para reponer las pérdidas del

ciclo. Este nuevo condensado recién obtenido pasa por diferencia
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de presion al calentador N°2 y si este no estuviera en servicio,

pasa directamente al calentador N°1 o al condensador principal.

2.3.1.8 Calentadores de Alta Presion

El condensado principal sale del condensador del evaporador e
ingresa en serie a los calentadores N°3 y N°4 de alta presién.
Estos calentadores reciben esta denominacién porque el vapor
que reciben proviene de las extracciones de mayor presion de la
Turbina. En estos calentadores se repite el mismo proceso que se
ha definido para los calentadores de baja presion, solo que las

condiciones de presion y temperatura son mas altas.

El agua condensada del calentador N°4 fluye por diferencia de
presiéon hacia el N°3 y si este no estuviera en servicio, al

calentador N°2 o directamente al condensador.

El agua condensada del calentador N°3 fluye por diferencia de
presion hacia el N°2 o hacia el N°1 o directamente hacia el
condensador.

Los “vents” de estos calentadores descargan libremente a la

atmosfera.

El condensado principal también tiene valvulas a la entrada y

salida de cada calentador y en cada caso un by-pass que permite
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mantener el flujo de condensado aun cuando cualquiera de los

calentadores estuviera fuera de servicio.

Al salir del ultimo calentador, el condensado principal que tenia
91°F de temperatura al comienzo del ciclo, habra adquirido el
maximo de temperatura, unos 360°F, y sera succionado por las
bombas de alimentacidén. A partir de este punto, ya no se hablara

de condensado sino unicamente de agua de alimentacion.

2.3.1.9 Bombas de Agua de Alimentacion

El condensado que sale del calentador N°4 de alta presion, fluye

directamente a la linea de succion de las bombas de alimentacion.

Hay en este sistema tres bombas idénticas:

e La bomba N°1 dedicada exclusivamente al ciclo de la Turbina
N°1

e La bomba N°2 dedicada exclusivamente al ciclo de la Turbina
N°2

e La bomba N°3 instalada de tal modo que puede reemplazar a
una cualquiera de las anteriores, requiriendo naturalmente
direccional las valvulas de bloqueo tanto en la succion como

en la descarga.

Cada bomba tiene seis etapas, capacidad de 500 gpm a 1200

psig. Tienen una valvula automatica de recirculacion con el fin de
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mantener un flujo minimo de agua a través de la bomba para

condiciones de baja demanda o baja “carga” en el grupo.

Asimismo hay una conexién que permite un pequeno flujo de
agua caliente a traves de la bomba que se encuentre de reserva o
en “stand-by” con el fin de mantener sus componentes a una
temperatura adecuada que le permita arrancar en cualquier

momento.

2.3.1.10 Valvula de Distribucion

Es uno de los componentes mas importantes del circuito de
control. Como se sabe la demanda de energia eléctrica es una
variable que no se puede controlar porque depende unicamente
de los usuarios de la red. La turbina por otro lado debe responder
a las variaciones de la demanda mediante la modulaciéon de sus
valvulas de admisién que abren o cierran para admitir mas o

menos vapor en produccion a la demanda eléctrica.

De aqui resulta la importancia de la valvula de distribucion para
controlar la cantidad de agua que impulsan las bombas de
alimentacion y mantener el balance de fluidos en el ciclo. Es decir,
si en un momento dado la turbina recibe un flujo de vapor de
200,000 libras/hora, la valvula de distribucion abrira lo suficiente

para descargar agua de alimentacibn a un régimen de
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200,000 libras/hora del ciclo. Si luego aumenta o disminuye el
flujo de vapor a la turbina, la valvula de distribucién abrira o

cerrara para mantener siempre la relacién agua-vapor constante.

Para que esta valvula pueda operar correctamente debe recibir
senales de control equivalentes tanto al flujo de vapor entrando a
la turbina como del agua de alimentacion que sale por las
bombas. Existe sin embargo un tercer elemento de control que es
tanto o mas importante: es la presion en el cabezal de distribucidn
al cual estan conectadas todas las bombas que hay en la planta y
desde el cual se distribuye agua de alimentacion a todos los
calderos. Cada valvula de distribucidén en su respectivo ciclo, debe
mantener la presion de agua de alimentacién lo mas estable
posible a 1200 psig a fin de asegurar una buena alimentaciéon a

todos los calderos.

2.3.1.11 Caldero

El agua de alimentacion fluye del cabezal de distribucion a 360°F
de temperatura y 1200 psig hacia la valvula de control de cada
caldero y de alli al tambor o “domo” superior de donde se
distribuye por todos los tubos de generacion. Alli en los tubos es
donde el agua recibe el calor de la combustion del petréleo y sube

su temperatura hasta el punto de saturacién correspondiente a la
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presién y se transforma en vapor saturado que se acumula en la

mitad superior del domo.

El vapor saturado sale del domo superior hacia los serpentines de

sobrecalentamiento dentro del mismo caldero. Alli recibe aiun mas

calor de los gases de combustion hasta alcanzar la temperatura

final con que sale hacia las Turbinas.

Los controles mas importantes en la operacion de cada caldero

son los siguientes:

1.

El control de nivel de agua en el domo superior: EIl domo
superior es un cilindro de acero de 60 pulgadas de diametro y
30 pies de largo. Es condicion indispensable de operacion que
el nivel de agua se mantenga siempre a la mitad. Esta es la
funcion primordial de la valvula de control de nivel, que como
la valvula de distribucidén, tiene también un sistema de tres
elementos: El flujo de vapor que sale del caldero debe ser
igual al flujo de agua que ingresa a fin de mantener el balance
de fluidos. El tercer elemento, el mas importante, viene a ser el

nivel propiamente dicho.

El control de temperatura del vapor sobrecalentado a 900°F:
Esto se realiza mediante una valvula de control y un

atemperador, mediante los cuales se inyecta agua de la linea
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de alimentacion finamente pulverizada, sobre el vapor

sobrecalentado.

3. El control de presidén de vapor: Este es un control mas
complejo por cuanto implica el control de todos los calderos en
respuesta a las variaciones de la demanda eléctrica de la red.
Hay un control principal o “Master” que recibe informacion de
estas variaciones y envia sehales a cada caldero para que su
sistema de control aumente o disminuya el réegimen de fuego a
fin de aumentar o disminuir el régimen de generaciéon de vapor
de tal modo que la presion general del vapor en el cabezal
principal que alimenta a las turbinas se mantenga estable bajo

cualquier condiciéon de la demanda, esta presidn es 860 psig.

4. El control de combustién: Al recibir la sefal del Master
principal debe ajustar el flujo de aire y petréleo hacia los
quemadores del caldero a fin de asegurar una respuesta
inmediata y segura en cuanto al regimen de generacion de

vapor.

2.3.1.12 Turbina
Las turbinas Brown Boveri tienen una capacidad maxima de
generacion de 22,000 kW. Son turbinas de condensacioén del tipo

horizontal, de un solo cilindro, y 4 extracciones de vapor no
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controladas. El vapor sobrecalentado de los calderos, ingresa a
través de dos valvulas principales de parada de emergencia o
valvulas STOP que constituyen la principal barrera de proteccion
de la turbina. Cualquier condicion de riesgo para la maquina,

origina el cierre instantaneo de estas valvulas.

Luego el vapor pasa a las valvulas de admisién o valvulas de
control que abren en forma secuencial y regulan e ingreso de
vapor a fin de mantener constante la velocidad de rotacion de la
maquina en 3,600 RPM. Inmediatamente después de las valvulas
de admision, el vapor llega a la placa de toberas que dirige el flujo
de vapor en el angulo adecuado sobre la primera rueda de
impulsién de la maquina. A continuacién el vapor fluira hacia las
ruedas de paletas llamadas de reaccion y distribuidas a lo largo
de todo el cilindro hasta llegar finalmente al escape de donde
fluye al condensador principal que se encuentra directamente

debajo de la turbina y anclado al piso.

2.3.1.13 Condensador

Es también un intercambiador de calor que recibe todo el vapor de
escape de la turbina, lo condensa, lo libera de aire y gases no
condensables y lo acumula en el pozo o Hotwell de donde lo
succionaran las bombas de condensado para iniciar nuevamente

el ciclo. El fluido refrigerante para la condensacioén del vapor es el
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agua de mar que circula por un haz de tubos distribuidos en dos

pases secuenciales.

Sus principales funciones son las siguientes:

e Disminuir la presion en el escape de la turbina para
incrementar la eficiencia térmica.

e Condensar el vapor para retornarlo al caldero por el sistema
de alimentacion.

e Remover el exceso de oxigeno del condensado.

2.3.2 El Ciclo de Condensado en las unidades General
Electric

El ciclo de condensado de las unidades G.E. es similar al de las

Brown Boveri, con algunas diferencias que se derivan de la mayor

capacidad de las turbinas, los principales equipos son los

siguientes:

2.3.2.1 Extracciones de Vapor y Calentadores de Agua de
Alimentacion

El ciclo G.E. tiene 5 extracciones: dos de baja presion para los

calentadores 1 y 2, una extraccién de presion intermedia para el

desaereador y dos extracciones de alta presiéon para los

calentadores 4y 5.
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2.3.2.2 Drenaje de Condensado de los Calentadores de Alta
Presion

El control de nivel del calentador 5 tiene dos valvulas que operan
en secuencia: una descarga el condensado hacia el calentador y
cuando esta no se abastece para mantener el nivel, |la otra abre
para descargar condensado directamente al condensador.
Igualmente el control de nivel del calentador 4 tiene dos valvulas
que operan en secuencia: una descarga condensado al

desaereador y la otra hacia el calentador de baja presion N°2.

En condiciones normales de operacién, el condensado producto
de las extracciones de alta presion ira al desaereador y de alli a
través de las bombas de alimentacidn hacia los calderos. De esta
manera se mejora la eficiencia térmica del ciclo porque se
aprovecha todo el calor contenido en los drenajes de condensado

de alta.

2.3.2.3 Drenaje de Condensado de los Calentadores de Baja
Presion

El control de nivel del calentador 2 descarga el condensado a

través de dos valvulas: una hacia el calentador 1 y la otra

directamente al condensador.

El calentador 1 tiene un tanque que recibe todos los drenajes de

condensado provenientes de las extracciones de baja presion y
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eventualmente de las extracciones de alta. Este tanque recibe el
nombre de tanque de drenaje y cuenta con una bomba centrifuga
llamada también bomba de drenaje que succiona el condensado y
lo descarga a través de una valvula de control de nivel hacia la

linea principal de condensado que va al desaereador.

De esta manera se obtiene una mejor eficiencia térmica del ciclo
ya que se recupera todo el calor que contienen los drenajes de los
calentadores. Cabe indicar que en las unidades Brown Boveri,
este condensado se descarga al condensador donde se pierde
calor. Solamente si la bomba de drenaje no estuviera en
condiciones de operar, hay otra valvula que permite dirigir el

condensado hacia el condensador principal.

2.3.2.4 Enfriadores de Hidrogeno y Enfriadores de Aceite

A diferencia de las unidades Brown Boveri, los enfriadores de
hidrbgeno del generador y de aceite de la turbina no utilizan
condensado sino agua tratada con bicromato de potasio como
inhibidor de corrosiéon del circuito de enfriamiento general de

equipos (bearing cooling water).

2.3.2.5 Bombas de Condensado
La unica diferencia es que estas tiener sellos mecanicos en vez

de empaquetaduras en el eje, por lo tanto necesitan un suministro
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continuo de agua limpia (condensado) para enfriamiento de estos

sellos.

2.3.2.6 Desaereador
Sirve para eliminar el aire y los gases corrosivos del agua de
alimentacion y, al mismo tiempo, para precalentar el agua antes
de enviarla al caldero. Eliminando los gases corrosivos,
principalmente el oxigeno y el CO;, se protege el caldero y sus
equipos auxiliares contra la corrosidn. Ademas cumple las
siguientes funciones:

1. Mantiene una reserva de agua caliente y desaireada para
casos de cambios subitos en la demanda de vapor. La
cantidad de agua que se alimenta al caldero, es igual a la
cantidad de vapor que se produce, por tanto, la reserva de
agua es proporcional a la capacidad del caldero. Un criterio
recomendable para determinar la reserva de agua y la
capacidad del tanque es: Almacenar una cantidad suficiente

para sostener la evaporacion del caldero durante 20 minutos.

2. Eliminando el aire, el vapor mantiene su temperatura y la
maxima eficiencia en la transferencia de calor hacia los

procesos industriales en los cuales se utiliza.
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3. Se reduce el costo de aditivos quimicos necesarios para
neutralizar el oxigeno y CO; del agua de alimentacién. Los
aditivos quimicos, por otro lado, aumentan el contenido de
sélidos disueltos que contiene el agua, los cuales se eliminan
mediante “la purga”. Reduciendo la adicibn de quimicos, se
reduce la cantidad y frecuencia de la purga del caldero, la cual
siempre sera un mal necesario, porque ayuda a controlar los
sélidos incrustantes pero significa también pérdidas de agua,

de calor y de aditivos.

4. Proporciona un lugar adecuado donde retornar el condensado
de los diferentes sistemas o procesos que utilizan vapor

generalmente a diferentes niveles de presion.

5. Reduce la corrosion y costos de mantenimiento, reparacion o

limpieza en tuberias, valvulas, bombas, trampas de vapor, etc.

6. Permite recuperar calor que normalmente se pierde, de los
tanques de evaporacion “flash”, escape de turbinas auxiliares,
vents, trampas, etc., ayudando a calentar del agua de
alimentaciéon con este calor. Es importante notar que un
desaereador ahorra 1% del costo del combustible por cada

10°F que aumenta la temperatura del agua de alimentacién.
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7. Calentando el agua, el desaereador reduce el mantenimiento
del caldero, porque al acercar las temperaturas del agua de
alimentacién con la de operacion normal del caldero, se
reducen esfuerzos indebidos producidos por el “shock” térmico

cuando se alimenta agua fria al caldero caliente.

2.3.2.7 Control de Nivel del Desaereador

En el ciclo Brown Boveri todo el vapor que ingresa a la turbina
termina en forma de condensado en el Hotwell del Condensador
principal. En el ciclo G.E. en cambio todo el vapor que ingresa a la
turbina, termina en el desaereador. De alli es captado por las
bombas de alimentaciéon que lo envian a través de la valvula de

distribucidén hacia los calderos.

El control de nivel del desaereador cuenta con los siguientes

componentes:

1. Una valvula de control de flujo que ademas de controlar el
nivel, mantiene el balance entre el flujo de condensado que
ingresa y el agua de alimentacion que sale y cuenta con tres
elementos de control:

a) El flujo de agua de alimentacion que sale del desaereador
hacia las bombas.
b) El flujo de condensado principal que entra al desaereador.

c) El nivel del desaereador propiamente dicho.
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2. Una valvula de control de muy alto nivel, que descarga el
condensado hacia el tanque de almacenamiento que esta

debajo del desaereador

3. Las bombas de transferencia de condensado que cuentan con
un circuito automatico de control de muy bajo nivel. En este
caso de nivel muy bajo, las bombas succionan condensado del

tanque y lo envian al desaereador.

Las bombas de transferencia en control manual también
suministran agua para el sello mecanico de las bombas de
condensado durante el arranque inicial de la planta. Igualmente
en control manual sirven para llenar el condensador para pruebas

hidrostaticas.
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IDENTIFICACION DE LOS EQUIPOS GENERADORES DE
VAPOR

2.4 .1 Caldero N°1

Fabricante: BABCOCK & WILCOX
S/N o Contrato N°: FH — 2665

Tipo: Caldero Acuotubular
Ano de Fabricacion: 1958

Capacidad: 215,000 LB/Hr

Tipo de Vapor: Sobrecalentado
Presion de Disefio: 1000 psig
Temperatura de Diseno: 910°F

Combustible Empleado: Petréleo Residual 500

Este caldero esta ubicado fuera del edificio de turbinas en el lado
sureste de la planta y provee vapor a un cabezal comun de vapor
principal, para uso en las turbinas a vapor de la planta
termoeléctrica ILO 1. Fue disefado para emplear 6 quemadores
de petrdleo de los cuales 5 son atomizados mecanicamente. Este
caldero es inspeccionado semestraimente y se realizan

reparaciones segun se requiera.
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2.4.2 Caldero N°2

Fabricante: BABCOCK & WILCOX
S/N o Contrato N°: FH - 2665

Tipo: Caldero Acuotubular
Ano de Fabricacion: 1958

Capacidad: 215,000 LB/Hr

Tipo de Vapor: Sobrecalentado
Presion de Disefio: 1000 psig
Temperatura de Disefo: 910°F

Combustible Empleado: Petréleo Residual 500

Este caldero esta ubicado fuera del edificio de turbinas en el lado
sureste de la planta y provee vapor a un cabezal comun de vapor
principal, para uso en las turbinas a vapor de la planta
termoeléctrica ILO 1. Fue disefiado para emplear 6 quemadores
de petréleo de los cuales 5 son atomizados mecanicamente. Este
caldero es inspeccionado semestraimente y se realizan

reparaciones segun se requiera.
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Figura N°2.3 — Calderos N°1y N°2

243 Caldero N°3
Fabricante:

S/N o Contrato N°:
Tipo:

Modelo:

Ano de Fabricacion:
Capacidad:

Tipo de Vapor:

Presion de Diseno:

Temperatura de Diseno:

Combustible:

COMBUSTION ENGINEERING
Contrato N° 22169

Caldero Acuotubular

VU - 60

1970

300,000 LB/HTr

Sobrecalentado

1000 psig

910°F

Petroleo Residual 500
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Este caldero fue construido en la planta termoeléctrica ILO 1 en el
ano de 1970 y esta ubicado fuera del edificio de turbinas en el
lado este de la planta. Provee vapor a un cabezal comun de vapor
principal, para uso en las turbinas a vapor de la planta
termoeléctrica ILO 1. Fue disenado para emplear 6 quemadores
de petrdleo de los cuales 4 son atomizados con vapor.

Es inspeccionado semestralmente y se realizan reparaciones

segun se requiera.

Figura N°2.4 — Caldero N°3

2.4.4 Caldero N°4

Fabricante: ABB CE
S/N o Contrato N°: Contrato N° 60392
Tipo: Caldero Acuotubular

ARo de Fabricacion: 1993
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Fecha de Comision: Junio de 1994
Capacidad: 400,000 LB/Hr

Tipo de Vapor: Sobrecalentado
Presiéon de Diseno: 1100 psig
Temperatura de Diseno: 900°F

Combustible: Petrdleo Residual 500

Este caldero es llamado un caldero modular, pero fue ensamblado
en sitio. La instalaciéon y disefio de la unidad fue provista por
BECHTEL, con la supervision de la construccidn del caldero bajo
la direccion de ABB-CE. Este caldero fue puesto en operacion
comercial en Junio de 1994. El caldero estd ubicado fuera del
edificio de turbinas en el lado Norte de la planta. El caldero provee
vapor a un cabezal comun de vapor principal, para uso en las
turbinas a vapor de la Planta Termoeléctrica ILO 1. El caldero fue
disefado para emplear 6 quemadores de petréleo de los cuales 2

son atomizados con vapor.

Figura N°2.5 — Caldero N°4
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2.4.5 Calderos de Recuperaciéon de Calor

Estos son equipos que pertenecen a la Fundicién de Cobre de la
empresa Southern Pert Copper Corporation (SPCC) en donde se
realiza el muestreo, descarga, molienda y fundicion del
concentrado de Cobre.

El proceso de fundicibn se realiza en hornos de reverberos,
equipados con 7 quemadores los cuales estan disefados para
quemar hasta 27 GPM de petréleo residual N°6; la atomizacion se
realiza mediante vapor seco con una presibn maxima de
60 lbs/pulg2 y la combustion se produce con aire precalentado
hasta 800°F, bajo estas condiciones el concentrado alimentado se
funde por efecto de la alta temperatura que existe dentro del

horno (2400°F a 2500°F).

Los gases producidos por la combustion y la fusion de
concentrado arrastran consigo algo de polvos y salen de los
hornos a una temperatura de 2200°F. Estos gases calientes
llegan a los cuatro calderos (dos por cada horno) disefiados para
producir vapor a 865 Ibs/pulg? de presiéon y a una temperatura de
910°F. La produccion normal de vapor de agua es de
50,000 Ibs/hr por caldero con una recuperacion de calor que
representa el 56% del combustible inyectado a los hornos. La
temperatura de los gases que salen, de los calderos, promedia los

700°F.
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Todo este vapor producido por los calderos de la fundicion es
enviado a la planta termoeléctrica donde es transformado en
energia eléctrica. La energia eléctrica producida por la planta
termoeléctrica es capaz de satisfacer todas las necesidades de

consumo de toda la Mina Toquepala.

Otra ventaja de los calderos de la fundicion es bajar la
temperatura de los gases de manera que ellos puedan ser
conducidos por los ductos metalicos hasta una planta de
precipitacion electrostatica compuesta por ocho unidades
precipitadoras, donde mas del 90% de los sélidos que acompafnan
a los gases son recuperados. El elemento valioso en estos sélidos
es el cobre que es regresado a los hornos, mezclado con el
concentrado. Esta recuperacién significa una gran economia para

la fundicion.

Finalmente, los gases que abandonan la planta de precipitacion
electrostatica continuan por un ducto hasta una chimenea de
concreto reforzado de 342’ de altura, de donde salen al ambiente

asi totalmente limpios.
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Figura N°2.6 — Descarga de los Calderos de Recuperacidon

IDENTIFICACION DE LOS EQUIPOS CONSUMIDORES DE
VAPOR

2.51 Turbina a Vapor N°1

Fabricante: BROWN BOVERI

Turbina N°: S/N: B33236 Tipo: DSQ 2f, 42 BK
Capacidad de la Turbina 22,000 KW

Generador N°: S/N: M32994 Tipo: WTH652d
Capacidad del Generador: 27,058 KVA

Fecha de Fabricacion: 1958

Esta ubicada en el lado sur del piso de turbinas de la planta
termoeléctrica, con el condensador Hotwell extendiéndose a
través del piso en su nivel inferior. La turbina esta soportada en

una cimentacion de concreto, tiene cuatro extracciones de vapor,



41

para uso en los calentadores de agua de alimentaciéon y en la
planta desalinizadora.

La instalacién de esta turbina no fue disefiada con un desareador,
por ello los gases no condensables en el condensador son
removidos en el pozo Hotwell.

A esta turbina se le realizé una inspeccidén y un Overhaul Major en

1991.

Figura N°2.7 — Turbina N°1
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2.5.2 Turbina a Vapor N°2

Fabricante: BROWN BOVERI

Turbina N°: S/N: B33185 Tipo: DSQ 2f, 42 BK
Capacidad de la Turbina 22,000 KW

Generador N°: S/N: M32956 Tipo: WTH652d
Capacidad del Generador: 29,411 KVA

Fecha de Fabricacion: 1958

Esta ubicada en el lado sur del piso de turbinas de la planta
termoeléctrica, con el condensador Hotwell extendiéndose a
través del piso en su nivel inferior. Esta soportada en una
cimentacion de concreto, tiene cuatro extracciones de vapor, para
uso en los calentadores de agua de alimentaciéon y en la planta
desalinizadora.

La instalacién de esta turbina no fue disefada con un desareador,
por ello los gases no condensables en el condensador son

removidos en el pozo Hotwell.

Figura N°2.9
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2.5.3 Turbina a Vapor N°3

Fabricante: GENERAL ELECTRIC
Turbina N°: 197791

Capacidad de la Turbina 66,000 KW
Generador N°: 316X287

Capacidad del Generador: 81176 KVA

Fecha de Fabricacion: 1978

Esta turbina fue instalada en 1979, pero las tuberias de vapory de
agua de alimentacion fueron instaladas en 1968. Esta ubicada en
la parte central del piso de turbinas de la planta termoeléctrica,
con el condensador Hotwell extendiéndose a través del piso en el
nivel inferior. Esta soportada en una cimentacién de concreto,
tiene cinco extracciones de vapor, para uso en los calentadores

de agua de alimentacion y en la planta desalinizadora.
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254 Turbina a Vapor N°4

Fabricante: GENERAL ELECTRIC
Turbina N°: 197791

Capacidad de la Turbina 66,000 KW
Generador N°: 316X287

Capacidad del Generador: 81176 KVA

Esta turbina fue instalada en 1976, esta ubicada en el lado Norte
del piso de turbinas de la planta termoeléctrica, con el
condensador Hotwell extendiéndose a través del piso en el nivel
inferior. Esta soportada en una cimentaciéon de concreto, tiene
cinco extracciones de vapor, para uso en los calentadores de

agua de alimentacién y en la planta desalinizadora.

Figura N°2.13
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CAPITULO 3

MARCO TEORICO

3.1 FUNCIONAMIENTO DE LA CENTRAL TERMICA A VAPOR

Las plantas de generacion eléctrica a partir del vapor de agua basan su
procedimiento de transformacién de energia en los principios
establecidos para las maquinas térmicas, las que tienen su idealizacién

en la maquina de Carnot.

e Ciclo Carnot con Vapor:

Si se emplea vapor de agua como sustancia de trabajo, desarrollando
un ciclo de Carnot, este podria constituir un ciclo de comparacion para
las maquinas térmicas a vapor.

Sea que se trabaje con vapor humedo o con vapor sobrecalentado, los

ciclos serian como los que muestran a continuacion:

Si el ciclo trabaja con vapor humedo, se logra que las isotermas y las
isdbaras coincidan durante los procesos de transferencia de calor gA y

gB. Sin embargo se puede indicar dos dificultades notables:
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a) Lacompresion de 1 a 2 es dificil de realizar en la practica. El trabajo
de compresidn es grande puesto que se comprime una sustancia
pseudogaseosa.

b) Latemperatura Ta queda limitada por la temperatura critica.

T

S

Figura N°3.1 — Ciclo de Carnot con Vapor Humedo

Si el ciclo trabaja con vapor sobrecalentado, se observara lo siguiente:

a) La compresion tendria que ser hasta presiones supercriticas,
requiriendo de una gran potencia para comprimir el agua.

b) EIl calor gA se transfiere a temperatura constante pero la presion
varia, haciendo complicado este proceso, y por |o tanto

iImpracticable.
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T
T 2 . 37
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Figura N°3.2 — Ciclo de Carnot con Vapor Sobrecalentado

En resumen es necesario recurrir a otro ciclo cuyos procesos sean
realizables en la practica, cuando se utiliza vapor de agua, en el que

las dificultades de orden técnico sean minimas.

Se ha observado que un ciclo formado por procesos isoentropicos e
isobaricos es mas realizable. Uno de estos ciclos es el ciclo Clausius-
Rankine, que constituye el ciclo de comparacion para las maquinas

térmicas que trabajan con vapor.
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e Ciclo Clausius — Rankine:

El ciclo termodinamico basico que emplea la planta de generacién es el
Ciclo Clausius-Rankine, el cual consta de dos procesos isoentrépicos y
dos procesos isobaricos. Este ciclo se muestra en las siguientes

figuras:

T I P

. n
0l

Grafico T-s Grafico h-s Gréfico p-v

Figura 3.3

El ciclo se realiza en una maquina térmica o planta de potencia ideal

Cuyo esquema se muestra en la siguiente figura:

2]

Figura 3.4 — Maquina Térmica |deal a Vapor
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Los procesos que integran el ciclo Clausius-Rankine son:

Proceso 1-2:

e Proceso 2-3:

en la caldera.

e Proceso 3-4:

e Proceso 4-1:

condensador.

Bombeo de liquido, isoentrépico.

Calentamiento y evaporacién a presion constante,

Expansion isoentrépica en la turbina a vapor.

Condensacion del vapor a presidn constante en el

Se considerara para una masa unitaria:

ga: Calor transferido al ciclo: 2q3

gs: Calor transferido al sumidero: 4q+

wit: Trabajo producido por la turbina a vapor: 3w,
wb: Trabajo suministrado a la bomba de agua: 1w>

El ciclo Clausius-Rankine carece de pérdidas internas, pero

externamente es irreversible, puesto que no recibe el calor ga a

temperatura constante. Por lo tanto, su eficiencia sera menor que la del

ciclo Carnot, entre las mismas temperaturas Ta y Te.

T

Figura 3.5 — Ciclo de Carnot con Vapor Hiumedo
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Parametros caracteristicos

e Presidon de vapor: Es la presion del vapor en el ingreso de la turbina.

e Presidn de descarga: Es la presion de vapor en la descarga de la
turbina.

e Temperatura de vapor: Es la temperatura del vapor en el ingreso a
la turbina. Se le conoce también como temperatura maxima.

e Eficiencia (nr): Considerando despreciables AEc y AEp, y teniendo
en cuenta que los procesos son del tipo denominado de flujo vy

estado estables (FEES):
En la turbina:

(turbina adiabatica)

En el condensador:
1
pero: swq = j— vdp =0 (proceso isobarico)
4

En la bomba:

(bomba adiabatica)
En el caldero:
pero: ;w3 =0

(caldero isobarico)
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Entonces el rendimiento sera:

(caldero isobarico)

S
Figura 3.6 — Ciclo Clasius-Rankine

El trabajo de la bomba es h; - h4, y puede calcularse por:

Aqui el volumen puede considerarse constante e igual al volumen

del liquido saturado v1, que ingresa a la bomba.

La bomba por comprimir liquido (fluido - practicamente
incompresible), requiere de una cantidad muy pequena de trabajo
en comparacién con el trabajo producido por la turbina, por lo que
para algunos calculos se le considera, en términos relativos,

despreciable.
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Una expresion aproximada de la eficiencia, para calculos rapidos,

seria:

El ciclo de Clausius-Rankine descrito puede ser modificado para
mejorar la eficiencia, como también para resolver algunas
dificultades de orden técnico que trae consigo este ciclo basico. De

la expresion:

(h3_ha)_(hz_hl)z(h3_hz)_(h4”hl) u

R h

3_h2 (hz_hz) hz_hz

Resulta en:

Considerando la temperatura media de transferencia de calor al

ciclo:

) c
o

Sa Sc S Sc S

Figura 3.7 — Temperaturas Medias Termodinamicas
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Durante los procesos ABC y CDA la temperatura de la sustancia no
permanece constante sino que va variando a lo largo del proceso,
pero se puede pensar en una temperatura hipotética, constante, tal
que durante un proceso a esa temperatura que involucre el mismo
cambio de entropia sa — sg se transfiera el mismo calor que
corresponde al proceso. Esta temperatura asi definida se denomina
“Temperatura media termodinamica de transferencia de calor” y se
designa como:
Twm: La temperatura media termodinamica de transferencia positiva
de calor.
Tm: La temperatura media termodinamica de transferencia negativa
de calor.
C
ITds
4

T, ==4— = — Entonces:
Sc =S, Sc—S,

A
_[Tds
Tm =l —n Entonces:
S4 =S¢ Sq4—S¢

- . . Tm
La eficiencia del ciclo puede expresarse como:77 =1-

TM
Es decir que la eficiencia de un ciclo cualquiera en funcion de las

temperaturas medias termodinamicas tiene asi la misma expresion

formal que la correspondiente al ciclo de Carnot que es:
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En donde Ta y Tg son las temperaturas constantes, a las que se
efectian los procesos de aportacion y rechazo de calor. Se debe
tener en cuenta que Ta y Tg representan las temperaturas maxima y
minima del ciclo respectivamente.

La definicion de las temperaturas medias termodinamicas es
importante para efectos de comparacién ya que la eficiencia de un
ciclo e mayor mientras mayor es su temperatura media Ty Yy

mientras menor es su temperatura media Tm.

En otros términos si se quiere aumentar la eficiencia de un ciclo se
debe incrementar su temperatura media de transferencia positiva de
calor Ty y disminuir su temperatura media de transferencia negativa
de calor Tm.

Existen procedimientos fundamentales, practicados en los ciclos de
las plantas térmicas a vapor en la actualidad, tendientes a mejores

eficiencias ademas de otras ventajas técnicas.

No obstante estos procedimientos, tienen inevitables limitaciones de
diversa indole. Por ello, es necesario analizar para cada caso, su
influencia en el ciclo, asi como sus limitaciones. En este analisis se

considerara una masa unitaria.
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Los procesos fundamentales pueden resumirse en:
1. Sobrecalentamiento
Consiste en elevar la temperatura del vapor saturado que sale de la

caldera hasta una temperatura T, a presién constante.

3

| T

¢l

g

Figura 3.8 — Ciclo Clausius-Rankine con Sobrecalentamiento

El vapor saturado que sale de la caldera se hace pasar por un
sobrecalentador en el que recibird una parte del calor ga, para
elevar su temperatura hasta T3=Ta, a presién constante (3’ a 3).
Siendo la temperatura maxima T3 mayor que T’3, la temperatura
media Ty sera mayor. Por otra parte, la temperatura T3z no podra
sobrepasar el limite metalurgico permisible de las partes en
contacto con el vapor sobrecalentado.

Se logra también que la expansidon de 3 a 4, ocurra en su mayor
parte con vapor sobrecalentado (vapor secou). Esto favorece a la

turbina pues se la preserva del golpeteo permanente de pequenas
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gotas de liquido que originan la erosion de los alabes. En la practica
se permite, sin embargo, que el vapor descargado por la turbina

tenga una humedad que no exceda del 12%.

2. Influencia de la presidén de vapor (pv)

Considerando constantes la temperatura maxima T3 y la presion de
descarga p1, se podra variar la presién de vapor pv.

Para el analisis se considera despreciable la influencia del trabajo
de la bomba en la eficiencia, al variar la presién pv. Al elevar p; se
observa que:

a) Se eleva la temperatura media Ty

b) Disminuye el calor perdido en el condensador (gg)

c) La humedad del vapor en la descarga aumenta (esta es una

desventaja)

A medida que la presibn es mayor (incluyendo presiones
supercriticas) el incremento de la eficiencia es menor. Habra una
presion maxima permisible que dependera de la combinacion de la
resistencia mecanica y térmica de las partes en contacto con el

vapor.

La influencia de la presién de vapor en la eficiencia se puede

apreciar en la siguiente figura:
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pv

Figura 3.9 — Influencia de la Presiéon de VVapor

en la Eficiencia para Ta y p1

3. Influencia de la presion de descarga

Considerando un ciclo con una presidon de vapor p2 y una
temperatura T3 constantes.

Siendo la condensacién un proceso a temperatura constante, al
variar la presion pd, Tg variara de igual forma.

Al disminuir la presion pd, disminuye Tg, |0 que implica transferir
menos calor gg.

Esto queda confirmado con el analisis de la ecuacion:

Al disminuir la presion pd, aumenta la humedad del vapor en la
descarga. La presiéon de descarga pd queda limitada por:
a) La humedad en la descarga (maximo 12%)

b) La temperatura del sumidero al cual se transfiere gs.
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En las plantas a vapor, el sumidero lo constituye el agua de un
depdsito, un rio, el mar, etc. que se encuentra aproximadamente a
la temperatura ambiente (To). Por lo tanto Tg estara limitado a un

valor minimo por encima de To.

30 *C

- 20°%C

DESCARGA

Figura 3.10 — Presién del Condensador

4. Regeneracion
Se le denomina al intercambio regenerativo de calor, a las
transferencias de calor efectuadas desde y hacia la propia sustancia
de trabajo, en algun proceso, sin intervencién de la fuente ni del
sumidero. Se consigue evidentemente elevar la temperatura media
de transferencia de calor al ciclo.

e Ciclo regenerativo con extracciones de vapor

El calentamiento regenerativo del agua de alimentacién se

puede conseguir extrayendo pequeras cantidades de vapor, en

varios puntos de la turbina durante la expansion del vapor.
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Estas pequefias masas son conducidas a calentadores de

agua dispuestos en serie tal como se muestra.

J
TURBINA
QA 1
> 1
) CONDENSADCR
——
k A~ e -
{—r‘ Lr—l bs
9 7 s é
) C") Lﬁ; [
3 5

q

F—

2

Figura 3.11 — Planta a Vapor de Ciclo Regenerativo

Durante la expansion del vapor, de 1 a 2, en los puntos a, by c
se hacen extracciones de vapor, cuyas masas son my, my y my;
las que son conducidas a los calentadores A, B y C
respectivamente.
En los calentadores, el vapor se condensa cediendo calor al
agua de alimentacion. La mayor parte del vapor continua
expandiéndose para producir trabajo. Estos pueden ser de dos
tipos:
a) Calentadores de contacto directo
Se les denomina también calentadores de mezcla o
‘abiertos”. En ellos, el vapor extraido se condensa al

ponerse en contacto fisicamente con el agua de
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alimentacién a la caldera, dando como resultado una
mezcla saturada liquido-vapor. Las condiciones de
funcionamiento para un régimen estabilizado de la planta

(proceso FEES en el calentador) se muestra a continuacién:

7/

a,
'/vapor

7

djua de
atimentacion
!a la caldars

| N
S!) bomba

Figura 3.12 — Calentador de Contacto Directo

En este tipo de calentamiento de agua se requiere de una
bomba de agua independiente para cada calentador. La
temperatura de la mezcla Tk es aproximadamente igual a la

temperatura de saturacion a la presion de vapor ingresante

pa.
T |Liquido a
subenfriado
T K
s . — a
J .
x=0

S

Figura 3.13 — Diagrama T-s calentador abierto
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Con frecuencia se les utiliza para la eliminacién de los
gases no condensables en el circuito de vapor (siempre que

la presion sea mayor que la atmosférica).

Calentadores de contacto indirecto

Se les denomina también calentadores cerrados o de
superficie. En este tipo de calentadores, el vapor extraido
se condensa al ponerse en contacto con los tubos dentro de
los cuales circula agua de alimentacion a menor
temperatura.

Como consecuencia de esta transferencia de calor, el agua
de alimentacion eleva su temperatura. Las condiciones de

funcionamiento para el régimen FEES, son las siguientes:

a/

;’ vapor

agua de
alimentacion

[ t condensadp
>

Figura 3.14 — Calentador de Contacto Indirecto

En este caso no se requiere necesariamente de una bomba
de agua por cada calentador, pudiéndose emplear una

bomba para dos o mas calentadores en serie.
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La temperatura Tk es menor que la temperatura del
condensado T1, en 5 o 6°C aproximadamente, solo en el

caso de intercambio de calor ideal, Tk = T4.

a
De la turbina

Mezcla

Figura 3.15 — Diagrama T-s calentador cerrado

Para que se cumpla con la condicion de continuidad y no
estando en contacto el vapor con el agua de alimentacion,
la masa mi=m,; debe ser extraida del calentador vy
conducida al circuito de agua de alimentaciéon (a no ser que
se le de otro uso en la planta). Siempre sera recomendable
su recuperacion, y para el efecto se puede proceder de dos
maneras:

Enviando el condensado a una regién de menor

presion, pudiendo ser a otro calentador o al

condensador. En estos casos se requiere reducir la

presion, estrangulando.
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Enviando al condensado a una region de mayor
presion pudiendo ser directamente a la linea de
agua de alimentacion. En este caso sera necesario

utilizar una bomba de agua.

de la
Vapor Turbina

ala
caldera

de Vapor

Figura 3.16 — Recuperacién del Condensado en los

Calentadores de Contacto Indirecto

El elemento designado como trampa de vapor es una valvula
automatica que permite controlar el paso del fluido hacia una
presion menor, dejando ingresar unicamente el liquido, el
mismo que sufre un proceso de estrangulamiento hasta la
presion de salida.

La disposiciéon de las bombas, como los calentadores es muy
variada dependiendo de otras consideraciones ademas de las
ya analizadas.

Légicamente, el trabajo total producido por la turbina

disminuira, pero también disminuye el calor transferido al ciclo
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y en mayor proporcion que el trabajo. Esto ocasiona un
incremento de la eficiencia del ciclo, hasta un valor maximo,
para luego decrecer.

El maximo valor de T (ver figura 3.11) queda por debajo de la
temperatura de saturacidon, debido a las irreversibilidades en
los calentadores. Sin embargo, se observara que la eficiencia
del ciclo se hace igual a la de Carnot cuando el numero de

calentadores es infinito.

T
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Figura 3.17 — Ciclo Regenerativo con “n” Calentadores

La eficiencia del ciclo regenerativo sera:

Wi =1, (s, —sc)-i<zm)+§<m>-zg<sl ~se)
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Luego:

Pero:
> (ras) = 3 (1)

Finalmente:

Es importante tener presente que:

Ciclo regenerativo: Cuando las extracciones de vapor son
destinadas unicamente para calentar el agua de alimentacion a
la caldera.

Ciclo de extraccidon: Se refiere a los casos en que se realiza
una o mas extracciones de vapor en la turbina para diversos

usos, como calentamiento de agua, procesos, calefaccion, etc.
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3.2 CODIGOS Y NORMAS EMPLEADOS
Los cdédigos por lo general establecen requerimientos para el
disefio, materiales, fabricacion, pruebas e inspeccion de sistemas
de tuberias. Las normas son procedimientos recomendados para
la evaluacion de sistemas de tuberias. Se requiere cumplir sus
requerimientos para asegurar la seguridad de los trabajadores y
del publico en general tal como recomienda el INDECOPI
(Instituto Nacional de Defensa de la Competencia y de la
Proteccidn de la Propiedad Intelectual) a través de la NTP (Norma
Técnica Peruana) en la reconoce el uso de los cddigos y normas
internacionales tales como ASME (The American Society of

Mechanical Engineers) y APl (American Petroleum Institute).

ASME es una de organizacion lider en el mundo que desarrolla
cddigos y normas sobre calderos de vapor, recipientes a presion,
tuberias a presion, entre otros.

API publica especificaciones, boletines, practicas recomendadas,
normas y otras recomendaciones como ayuda para estandarizar
equipos y materiales.

De las cuales segun la aplicacidon se decidid emplear el cddigo
ASME B31.1 y la norma APl RP 579 para establecer la

metodologia de evaluacién de la condicidn en este informe.
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3.2.1 Cabdigo ASME B31

Empezd como el proyecto B31 en Marzo de 1926, la primera

edicion de este estandar fue publicado en 1935. En vista de

continuos desarrollos en la industria y el incremento en diversas

necesidades a través de los anos, se decidid publicar varias

secciones del coédigo para tuberias a presidon. Desde Diciembre de

1978, el proyecto B31 de la ANS (American Nacional Standards)

fue reorganizado como el cédigo ASME B31 para tuberias a

presion bajo los procedimientos desarrollados por ASME vy

acreditados por ANSI.

Actualmente, las siguientes secciones del codigo ASME B31 para

tuberias a presion estan publicadas:

ASME B31.1 Power Piping

USAS B31.2 Fuel Gas Piping

ASME B31.3 Process Piping

ASME B31.4  Liquid Transportation Systems for Hydrocarbons,
Liquid Petroleum Gas, Anhydrous Ammonia, and
Alcohol

ASME B31.5 Refrigeration Piping

ASME B31.8 Gas Transmission and Distribution Piping
Systems

ASME B31.9 Building Services Piping

ASME B31.11 Slurry Transportation Piping Systems
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e ASME B31.1: Cdodigo para tuberias de sistemas de potencia

Este cddigo establece los requerimientos para el disefio, material,
fabricacion, construccidon, pruebas e inspeccidn de tuberias para
sistemas de potencia y de servicios auxiliares para estaciones de
generacion eléctrica en plantas industriales vy centrales
termoeléctricas, sistemas de calentamiento geotérmico, vy
sistemas de calentamiento y enfriamiento. Este cddigo no es
aplicable para sistemas de tuberias cubiertas por otras secciones
del cddigo para tuberias a presion, y otras tuberias que estan

excluidas del alcance de este cddigo.

La tuberia exterior que no pertenece al caldero (a partir de la
primera unidn soldada en la descarga en el domo del caldero)
debe ser construida de acuerdo al codigo ASME B31.1.

En adicibn a los sistemas de tuberias cubiertos por otras

secciones de ASME B31, el codigo para tuberias a presion,

ASME B31.1 no cubre los siguientes:

e Componentes cubiertos por el codigo ASME para calderos y
recipientes a presion (excepto la tuberia conectada no cubierta
por el cddigo ASME para calderos y recipientes a presion debe
cumplir con los requerimientos del ASME B31.1).

e Tuberias para distribucidn de vapor en edificios disefadas
para soportar 15 psig o0 menos, o sistemas de tuberias para

agua caliente disenados para soportar 30 psig 0 menos.
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e Tuberias para drenajes de techo y piso, alcantarillas, y
regadoras y otros sistemas de proteccion.

e Tuberias para herramientas hidraulicas, neumaticas y sus
componentes luego de la primera valvula de bloqueo luego del
cabezal del sistema de distribucion.

e Tuberia para instalaciones marinas y otras bajo control
federal.

e Tuberias cubiertas por otras secciones del ASME B31 y
ASME seccidn lll.

e Tuberias de gas combustible dentro del alcance de ANSI Z
223.1, coédigo nacional de gas combustible.

e Tuberia para combustible pulverizado dentro del alcance de la

NFPA.

Los requerimientos de este cddigo se aplican para sistemas
centrales de calefaccidn para distribucidn de vapor y agua caliente
lejos de las centrales ya sea subterranea o donde fuera, y
sistemas de tuberias geotérmicas de vapor y agua caliente juntas
y desde el cabezal del pozo.

Para tuberias de sistemas de potencia (diferentes de los sistemas
relacionados a la seguridad en las centrales nucleares)
construidas y nuevos sistemas de tuberias construidos bajo el
coédigo ASME B31.1, las siguientes pautas deben ser usadas para

determinar la edicién efectiva y adenda del cédigo ASME B31.1:
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“Las ediciones son efectivas y deben ser usadas en o después de
la fecha de publicacibn impresa en la primera pagina. Las
adendas son efectivas y deben ser usadas en o después de la
fecha de publicaciéon impresas en la primera pagina.”

La dultima edicion y adenda, publicada antes de la fecha del
contrato original para la primera fase de la actividad que involucra
un sistema de tuberias debe ser el documento que regula las
actividades de disefio, seleccion de materiales, fabricacion,
construccion, inspeccion, y pruebas para los sistemas de tuberias
hasta el cumplimiento del trabajo y operacion inicial. Excepto que
el acuerdo sea especificamente extendido entre las partes
contratantes, ninguna edicion del codigo y/o adenda debe ser

retroactiva.

Los casos del codigo pueden ser usados después de haber sido
aprobados por el consejo del ASME. Las provisiones de un caso
del codigo pueden ser usados incluso después de su expiracion o
retiro, provisto el caso de cdédigo que fue efectivo en la fecha del
contrato original y fue usado para la construccion original o fue
adoptado antes del cumplimiento del trabajo y las partes
contratantes acordaron su uso.

No se usa las revisiones o casos del cdédigo que son menos

restrictivos que los requerimientos formales sin haberse
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asegurado que hayan sido autorizados por la autoridad

competente donde la tuberia es instalada.

3.2.2 Norma API RP 579

Esta norma fue desarrollada por la Materials Properties Council
(MPC) en 1990 la cual concentré el desarrollo de tecnologia y sus
resultados se publicaron en los volumenes del ASME PVP. La
culminacion de este programa fue el desarrollo y la publicacién de
la Practica Recomendada APl 579 para la evaluacién por
disponibilidad para el servicio.

El APl RP 579 es organizado en forma modular basada en el tipo
de material dafnado o indicacion encontrada para facilitar su uso y
actualizacién. Emplea tres niveles de evaluacion:

Evaluacién de Nivel 1: Puede ser realizada por un ingeniero de
planta.

Evaluacién de Nivel 2: Requiere por lo menos un ingeniero de
planta.

Evaluacién de Nivel 3: Debe ser realizado por ingenieros expertos
O por un equipo de ingenieros que incluya por lo menos un
ingeniero experto.

La aplicacion de los niveles superiores de valoracion es a menudo
limitada por la falta de datos de propiedades de materiales y los

datos exactos de operacion.
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Cada seccion del API RP 579 identifica los requerimientos, la
aplicabilidad y limitaciones de los procedimientos de evaluacion.
Los diagramas de flujo, figuras y ejemplos son provistos para
simplificar el uso de los procedimientos. Hay también
recomendaciones para el monitoreo en servicio y otros métodos
paliativos que aplican en situaciones donde la evaluacidén es
difici. Cada seccion entrega recomendaciones en técnicas de
analisis de esfuerzos, mediciones NDE, y propiedades de los
materiales. Como un paso esencial para la evaluacién por
disponibilidad para el servicio, la minima vida remanente (RL) de
un componente debe ser evaluado. El valor minimo de la vida
remanente es la base para establecer los intervalos de
inspeccion. En casos donde no es posible evaluar la vida
remanente, se deben realizar monitoreos para estar seguro de
que algun problema que puede estar desarrollandose y aparecer

en el servicio futuro pueda ser detectado y ubicado.

Los equipos de una planta de generacidon estan expuestos a
ambientes corrosivos y/o elevadas temperaturas. Bajo estas
condiciones, los materiales usados en estos equipos pueden
degradarse o envejecer durante su tiempo de servicio. Equipos
importantes tales como recipientes a presién, tuberias, y tanques
de almacenamiento empiezan a degradarse, el operador de la

planta debe decidir si esta puede seguir funcionando segura y
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confiablemente para evitar danos al personal y al publico, dahos
al medio ambiente, y paradas inesperadas. Los procedimientos
para evaluacion por disponibilidad para el servicio proveen
informacién para que el operador de planta haga estas decisiones

basadas en principios de ingenieria.

La evaluacion por disponibilidad para el servicio es un analisis de
ingenieria multidisciplinario para determinar si los equipos
cumplen los requerimientos para su servicio continuo hasta el fin
de su periodo de operaciéon deseado, es decir hasta su proximo
overhaul o parada planificada. Existen razones comunes para
evaluar la disponibilidad para el servicio de equipos incluyendo el
descubrimiento de indicaciones tales como areas localmente
delgadas (LTA) o discontinuidades, defectos que superan los
actuales estandares de diseno, y planes para operar bajo las mas
severas condiciones que originalmente se esperaban. Los
principales resultados de la evaluacion por disponibilidad para el
servicio son (1) una decision para operar, alterar, reparar,
monitorear, o reemplazar el equipo y (2) guia para intervalos de
inspeccidon de equipos. La evaluacion por disponibilidad para el
servicio aplica métodos analiticos para evaluar indicaciones,

danos y desgaste del material.



78

Los métodos analiticos estan basados en analisis de esfuerzos,
pero ellos también requieren informacion de la operacién del
equipo, ensayos no destructivos (NDE), y propiedades del
material. El analisis de esfuerzos puede ser realizado usando
manuales estandares o férmulas de normas de disefio o por
medio de analisis por elementos finitos (FEA). Con la moderna
tecnologia de computadoras, el uso de FEA es muy comun. La
evaluacion por disponibilidad para el servicio requiere el
conocimiento del historial de las condiciones de operacion y una
prevision de futuras condiciones de operacion. La interaccién con
el personal de operaciones es requerida para obtener esta
informacién. Los ensayos no destructivos se usan para ubicar,
dimensionar, y caracterizar discontinuidades. Las propiedades del
material deben incluir informacién de los mecanismos vy
comportamiento en el ambiente de servicio, especialmente con los

efectos de corrosién y temperatura.

La evaluaciéon por disponibilidad para el servicio es requerida por
varias razones. Entre las razones mas importantes estan los
siguientes:

e Mantener la seguridad del personal de la planta y del publico.
e Conocimiento del nivel de degradacion de las instalaciones.

e Mantener operaciones seguras y confiabies.



3.3

79

e Mantener la factibilidad de incrementar la severidad de las

operaciones.

e Racionalizar el dafo encontrado por mas rigurosas
inspecciones en servicio que el encontrado por inspecciones

realizadas durante la construccién original.

ENSAYOS NO DESTRUCTIVOS

El objetivo de estos ensayos es caracterizar la condicién actual
del material de las tuberias sin danar o destruir algun
componente. La examinacibn es orientada a encontrar
discontinuidades o la degradacidbn que puede haberse
desarrollado durante la vida operativa del componente o sistema,

a la fecha.

Varios métodos NDE pueden ser aplicables a un material en
particular entre los cuales se recomiendan los siguientes:

e Inspeccion Visual

e Particulas Magnéticas

e Ultrasonido

e Radiografia

e Replica Metalografica

° Analisis de Aleacion
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3.3.1 Inspeccion Visual

La examinacidn visual es probablemente la mas antigua y la mas
ampliamente usada de todas las inspecciones. Se usa para
determinar alineamiento de superficies, dimensiones, condicion de
la superficie, acabado de soldaduras, marcas y evidencia de
filtraciones, entre otros.

En muchas instancias la manera de conducir una inspeccion
visual se deja a la discrecion del inspector, pero los
procedimientos mas recientes describen nuevos requerimientos
tales como acceso, iluminacion, angulo de visidn, uso de equipo
directo o remoto, y listas de control en donde se verifican las
observaciones requeridas son empleadas actualmente. La
examinacion visual toma lugar a través del ciclo de fabricacién.
Para empezar, esto puede consistir de la verificacion del material,
procedimientos de soldadura, calificacion de soldadores, metal de
aporte, y alineamiento de la junta, y cumplimiento de fabricacion,
tales cosas como dimensiones finales, soldadura de la junta,

condicion de la superficie y limpieza.

3.3.2 Inspeccidn con Particulas Magnéticas
El examen de particulas magnéticas es esencialmente una
inspeccion superficial. Este tipo de examinacidn esta limitado a

materiales que pueden ser magnetizados (materiales
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paramagnéticos), dado que se basa en las lineas de fuerza dentro
de un campo magnético.

La pieza a ser examinada es sometida a una corriente la cual
produce lineas de fuerza magnética en la pieza. La superficie es
entonces rociada con polvo de hierro. Las particulas del polvo de
hierro se alinean con las lineas de fuerza. Cualquier
discontinuidad normal a las lineas de fuerza podra producir un
campo alrededor de Ila discontinuidad y por lo tanto un
agrupamiento de polvo de hierro alrededor del defecto. La
examinacion debe ser repetida a 90° para detectar
discontinuidades que pueden ser paralelas a las lineas del campo
magnetico inicial.

Hay muchas variaciones de examinacidn por particulas
magneéticas dependiendo de la manera en la cual el campo es
aplicado y si las particulas son hiumedas o secas y fluorescentes o

coloreadas.

3.3.3 Inspeccidén Ultrasénica
La inspeccion ultrasdnica es usada en tuberias para la deteccidn
de discontinuidades en soldaduras y materiales tanto como para
determinar espesor de material.
Una rafaga corta de energia acustica es transmitida en la pieza a

ser examinada y el eco se refleja desde los diferentes bordes de
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la pieza. Un analisis del tiempo y amplitud de eco provee los
resultados de la examinacion.

Un reloj en el equipo actua para iniciar y sincronizar los otros
elementos: Acciona un pulso que envia una sefal eléctrica de
corta duracion a un transductor, usualmente a una frecuencia de
2.5 MHz. El transductor convierte la sefal eléctrica a una
vibracidbn mecanica. La vibracion como ultrasonido atraviesa a
través de un medio acoplante (como la glicerina B) y a través de
la pieza a una velocidad la cual es una funcion del material. Como
el sonido es reflejado desde varios planos, este retoma hacia el
transductor o algunas veces a un segundo en donde es convertido
a una senal eléctrica la cual es enviada a un amplificador para su
despliegue en tubo de rayo catdédico. ElI eje horizontal de la
pantalla se relaciona con el tiempo y el eje vertical con la
amplitud. La indicacidon en el extremo izquierdo muestra el tiempo
y la amplitud de la senal transmitida desde el transductor.
Indicaciones a la derecha mostraran el tiempo y el grado de

reflexidon desde varias paredes o discontinuidades internas.

La capacidad de una inspeccidon ultrasdnica para detectar
discontinuidades depende de la geometria de la pieza y la
orientacion del defecto. Si el plano de la discontinuidad es
perpendicular al haz del sonido, este actuara como una superficie

reflejante. Si esta es paralela al haz del sonido, entonces no sera
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una superficie reflejante y de acuerdo a ello no se mostrara en ei
osciloscopio. Por consiguiente, la técnica de busqueda debe ser
cuidadosamente escogida para asegurar que se pueda cubrir
todas las posibles orientaciones del defecto.

El defecto mas serio en una junta soldada de una tuberia esta
orientado en la direccion radial. La técnica mas comunmente
usada para detectar tales defectos es la busqueda con onda de
corte. En este procedimiento, el transductor es ubicado a un lado
de la soldadura y a un angulo con respecto a la superficie de la
tuberia. ElI angulo se mantiene con un bloque de plastico que
transmite el sonido a través de la tuberia y la soldadura. Estando
a un angulo, se reflejara desde las superficies de la tuberia hasta
que se atenue. Cualquier superficie que sea perpendicular al haz
de sonido, sin embargo, reflejara una parte del sonido y regresara
al transductor y se mostrara como wuna indicacion en el
osciloscopio. Si el angulo del haz de sonido y el espesor del
material son conocidos, la superficie reflejante podra ser

localizada y evaluada.
Ta oscill
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Figura 3.18 — Ejemplo de inspeccion

empleando una onda ultrasénica de corte
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Figura 3.19 — Imagen mostrada en el osciloscopio

Antes de una inspeccidn periddica, el equipo es calibrado contra
defectos artificiales para conocer el tamafo y la orientacién en un
bloque de calibracién. ElI bloque debe ser representativo del
material que es inspeccionado (por ejemplo: materiales de
similares propiedades acusticas, espesores, forma exterior y

acabado superficial).

Una variacion de inspeccion ultrasénica puede ser usada para
medir el espesor del material. Si la velocidad del sonido en el
material es conocida, el tiempo que la sefal toma para atravesar
el espesor y retornar puede ser convertido a una medicién del

espesor.
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3.3.4 Radiografia

Cuando la necesidad de mayor integridad en la soldadura debe
ser demostrada, la examinacién mas frecuentemente especificada
es la radiografia. Desde que la condicion interna de la soldadura
puede ser evaluada, esta es referida como una examinacion

volumeétrica.

Las fuentes radiograficas usadas para la examinacién de tuberias
son usualmente Rayos X o Rayos Gamma como isétopos
radioactivos. Mientras que los equipos de Rayos X se usan a
menudo, tienen a menudo limitaciones debido a que se requieren
multiples exposiciones para una sola junta, y se necesitan equipos
especiales, como los aceleradores lineales, para espesores
mayores. Aunque los equipos de rayos X producen placas con
mejor claridad, no son practicos en el campo debido a las
limitaciones en el espacio y portabilidad. En el campo, los
is6topos radioactivos son usados casi exclusivamente debido a su
portabilidad y en caso de acceso. Para espesores mayores a 2.5
pulg de acero, el isétopo mas comunmente usado es el Iridio 192,
después esta el Cobalto 60 que es usado para espesores por

encima de 7 pulg.

Las fuentes radioactivas normalmente usadas en trabajos de

tuberias varian en intensidad desde unos pocos curies hasta 100



86

curies. Cada fuente decae en intensidad de acuerdo a su vida
media. Como la intensidad decae, se requieren mayores tiempos
de exposicion. El iridio 192 tiene una vida media de 75 dias,

mientras que el cobalto 60 tiene una vida media de 5.3 afos.

Las fuentes radioactivas tienen dimensiones definidas y como
resultado producen un efecto de sombra en la placa. Esto es
referido como la penumbra geométrica, y es directamente
proporcional al tamano de la fuente e inversamente proporcional a
la distancia entre la fuente y la pelicula. ASME seccién V ha

establecido limites para la penumbra geométrica.

Idealmente para tuberias, la fuente es ubicada dentro de la
tuberia y al centro de la tuberia examinada, con la pelicula fuera
de la superficie de la soldadura, permitiendo asi una exposicion
panoramica. Donde la penumbra geométrica impide esta practica,
la fuente puede ser ubicada en el interior de la pared opuesta y
una parte de la soldadura es impactada y debido a ello varias
exposiciones pueden necesitarse. La fuente puede también ser
ubicada fuera de la tuberia y la exposicién hecha a través de dos
paredes. De nuevo esto requiere multiples exposiciones y tiempos

de exposicion mas largos.
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A 8 C
Opposite wal! Panoramic Double wall

Given: 1. 30-in dia. X 7-in wall C/S pipe

2. 10 cu COgp X 0.051 dia. source

3. 50 cu COgp X 0.125 dia. source

4. 100 cu COgy X 0.181 dia. source )

S. Max. allowable geometric unsharpness Ug = %d .07 in (ASME Sect.
An. 2 para. T-274)

6. Use Kodak "AA" Film with a 2.5 film density

Mn. SFD = 5.1 in for 10 cu AX 0.051 in dia.
12.5 in tor 50 cu X ¢.125in dia.
18.1 for 100 cu X 0.181 in dia.

Using the parameters established in 1 above as well as 5 and 6. it weuld
be possible ta:

(@) Use a 10-cu source as established in 2 above and shoot the p:pe
using the panoramic techmque, sketch B above, with an exposu e
time et 3 hrs or

(b) Use a 50-cu source as eslablisned in 3 above and shoot the pipe
using the panoramic technique, sketch 8 above, with an exposure
time of 1 hour Sminor

(c} Use a 100-cu source as established in 4 above and shoot the pipe
using the opposite wall technique. sketch A above, with an

expasure time of 50 min. As many as six exposures might be
required—total 5 hrs.

Figura 3.20 — Efecto del tamano de la fuente

en la técnica radiografica

Una radiografia es considerada aceptable si el requerido agujero
esencial o tamano de alambre del indicador de calidad

(penetrametro) de la imagen es visible en la pelicula.
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3.3.5 Reéplica Metalografica

Una evaluacion de la microestructura puede ser realizada en la
superficie del componente a ser evaluado, esta evaluacién es
llamada Réplica Metalografica, con la cual se puede obtener una
imagen de la microestructura de la superficie. El area a ser
examinada es cuidadosamente pulida hasta un acabado de
espejo usando tela de pafio (pana de pelo corto), lijas cada ves
mas finas o discos de amolado, y compuestos de pulido (pasta de
diamante de 1 micra, alumina), se realiza un ataque quimico con
Nital. Luego se aplica una pelicula delgada de plastico a la
superficie. Esta pelicula de plastico endurece a medida que va
secando en la superficie pulida, mediante esto se queda grabada

la microestructura de la superficie en la pelicula de plastico.

Cuando esta técnica es realizada por técnicos experimentados, la
resolucion de la estructura de la superficie en magnificaciones a
500X o mas es casi igual al conseguido en una muestra del
mismo metal. La desventaja del método de réplica es que solo la
superficie del material puede ser examinada, dejando cualquier
dano subsuperficial sin poder ser detectado. Sin embargo, este
método es muy util cuando se aplica a regiones de soldadura, u
otras areas de alto esfuerzo donde se sospecha la degradacion

del material.
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La determinacion de la vida remanente realizada por este metodo
no es exacta: la correlacion entre el tipo y grado de darno, y el
tiempo durante el cual el material estuvo degradandose es solo
aproximado. En muchos casos, la inspeccion continua durante
varios anos es necesaria para determinar la velocidad de
progresion del dafio. Usualmente, cuando una red de microfisuras
ha sido generada, es tiempo de considerar la reparacion o

reemplazo del componente evaluado.

3.3.6 Analisis de Aleacion

Se recomienda realizar el analisis de aleacidon en zonas de la
tuberia de vapor debido a que el efecto de la temperatura y el
tiempo de servicio tienen alta influencia sobre los factores que
gobiernan las propiedades fisicas de los aceros aleados, en el
caso de las tuberias de vapor principal de la CT ILO 1 son del

material A335 Gr. P11 (1%Cr-2Mo-Si).

Dada su composicion este es un acero resistente al creep, el cual
tiene en su composicion los elementos Cr, Mo y Si.

El Cr mejora la resistencia a la corrosidn y oxidacion a elevadas
temperaturas.

El Mo incrementa I|a resistencia mecanica a elevadas
temperaturas.

El Si mantiene a estabilidad del Fe a altas temperaturas.



90

El fendmeno de creep o fluencia en caliente se caracteriza por un
alargamiento continuo y progresivo hasta llegar a la rotura debido
a la tension (o esfuerzo) constantemente aplicada (tensidn inferior

a la carga de rotura) a una temperatura elevada.

Las mas importantes caracteristicas metalurgicas del material son
la composicidn quimica, estructura y tamafno de grano los cuales
son afectados por la temperatura de servicio.

Por ello que se recomienda realizar el analisis de aleacidn para
evaluar la composicion quimica del material que conforma las

tuberias de vapor principal.

Uno de los equipos mas utilizados es el XMET3000TX el cual es
un equipo que emite una senal XRF (Fluorescencia de Rayos X) y
su funcionamiento es de la siguiente manera:

Las muestras son bombardeadas con rayos X producidas por
radioisotopos tales como Fe-55, Co-57, Cd-109 o tubos de rayos
X. Cuando una muestra es irradiada, la fuente de rayos X puede
seguir esparciendo o absorviendo atomos de la muestra.

Si la energia de la fuente de rayos X es mayor que el limite de
energia de absorcidn de la capa interna del electrén, entonces los
electrones de la capa interna del atomo son expulsados, creando

espacios vacantes.
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La cascada de electrones que atraviesa la capa del nucleo el
nucleo llena los espacios vacios. Los electrones en las capas
exteriores tienen altos niveles de energia que los electrones en
las capas interiores, y los electrones de las capas externas emiten

energia en forma de rayos X el cual atraviesa el nucleo.

El nuevo arreglo de los electrones resulta en la emisiéon de rayos
X con las caracteristicas del atomo bombardeado. La emisién de
rayos X, de esta manera, se denomina Fluorescencia de Rayos X
(XRF). Un analisis cualitativo es realizado observando la energia
del rayo X caracteristico. Un analisis cuantitativo es realizado a
través de la medicion de la intensidad del los rayos X de acuerdo

a la longitud de onda caracteristica para un metal particular.

X-ray adsorption and X-ray fluorescence transitions.

photoelectron ejection.

-

Figura 3.21 — Diagrama esquematico del proceso XRF
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Figura 3.22 — Aplicacién del Equipo Analizador de Aleacién



CAPITULO 4

METODOLOGIA DE EVALUACION DE LA CONDICION OPERATIVA

La metodologia de evaluacién de la condicion operativa se va desarrollar

teniendo en cuenta el siguiente proceso:

Especificaciones

Dibujos de soportes
de las tuberias.

Historial y archivos
de mantenimiento e
inspecciones.

Procedimientos para
mantenimiento.
reparaciones y
reemplazo.

J

HISTORIAL DE OPERACION

+

RECOPILACION DE JA,
INFORMACION TECNICA
REQUERIDA PARA LA

EVALUACION

2

INSPECCION DE LINEAS

INSPECCION EN CALIENTE
INSPECCION EN FRIO
INSPECCION VISUAL

¥

ETAPA DE EVALUACION

ANALISIS DE ESFUERZOS
POR COMPUTADORA
VERIFICACION DE
SOPORTES
COMPARACION DE CARGA
EN LOS SOPORTES

v

SELECCION DE LOS
PUNTOS DE INSPECCION ¥
METODOS DE EVALUACION

2

DOCUMENTACION Y
RECOMENDACIONES

PRUEBAS Y AJUSTES
FRECUENCIA DE
INSPECCION

Tuberia y dibujos de
las instalaciones
incluyendo archivos
de alguna
modificacion.

Isomeétricos de
fabricaciéon.

Soportes existentes
de tuberias antiguas.

Programa para
inspecciones y
monitoreos
periédicos

Figura 4.1 — Programa de extension de vida:

Inspeccidén y evaluacion de tuberia de vapor principal
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RECOPILACION DE LA INFORMACION TECNICA REQUERIDA

PARA LA EVALUACION.

Esta etapa en la evaluacion de la condicion de tuberia critica es

para recoger informacion especifica relevante a los sistemas de

tuberias. Estos datos incluyen:

Dibujos de tuberia y arreglo general.

Isométricos de construccidn (dibujos de fabricacion).
Especificaciones que cubren el material de la tuberia,
diametro externo, espesor de tuberia, material, etc.

Calculos de esfuerzos y soportes de las tuberias tal como fue
disefado.

Dibujos de disefio de los soportes de la tuberia, incluyendo
detalles, ubicacidn y lista de materiales.

Archivos de cualquier modificacion de la tuberia.
Procedimientos de mantenimiento de las tuberias y sus
soportes.

Datos historicos tales como el historial de rendimiento, datos
del modo del ciclo de planta, resultados de los ensayos no
destructivos (NDE), etc.

Cargas permisibles para las conexiones del caldero y turbina.

Estos datos son usados para determinar la cantidad de

informacion requerida para que sea obtenida durante la fase del
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reconocimiento de la linea y la extensidon del analisis puede ser
requerida durante la fase de evaluacion.

El historial de operacidon de la planta y los actuales modos de
operacion para cada sistema debe ser revisado. Las areas de
interés incluyen: El ciclo de operacion del sistema, cargas de
fluidos transientes que puedan haber ocurrido, modos de
operacion térmico, y cualquier observacion de vibraciones

excesivas.

En adicion, el historial de mantenimiento es revisado
constantemente y debe consultarse con el personal de la planta
para identificar los componentes de las tuberias y los soportes
que hayan sido reemplazados debido a la falla. El tipo de falla,
meétodo de reparacion, accidn correctiva, y probable causa son
revisados para determinar si algun modelo exista que pueda
justificar la inclusion del componente en la fase de inspeccion del

programa.

INSPECCION DE LAS TUBERIAS DE VAPOR PRINCIPAL.

La fase de reconocimiento consiste en la inspeccion de las
tuberias por ingenieros experimentados en el area de esfuerzos
en tuberias y soportes. La informacion obtenida durante la fase de
revision de documentos es usada para establecer Ilos

requerimientos para una exitosa fase de reconocimiento. o0s
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datos del célculo de esfuerzos, dibujos de los soportes de las
tuberias, y dibujos de las tuberias son revisados durante el
reconocimiento de las lineas.

a) El primer reconocimiento debe ser realizado durante Ia
operacion de la planta cuando el sistema de tuberias esta
caliente, esta fase de reconocimiento de la tuberia establece la
condicion “en operacion” del sistema de tuberias

b) El segundo reconocimiento durante la parada de la planta

cuando la tuberia esta fria.

El reconocimiento de la linea consiste en una inspeccion visual
del conjunto del sistema de tuberias y estructura soporte. El
movimiento de la tuberia es registrado revisando los indicadores
de desplazamiento de los soportes y el golpe de los
amortiguadores asi como las marcas realizadas a los
componentes de las tuberias con respecto a los datos de los
puntos de referencia fijos. Evidencia de danos al aislamiento,
interferencia con o desde otras tuberias o equipos, vibracion y
condicion general de los soportes, barras de suspension, guias,
anclajes, accesorios de acero, entre otros son archivados. El
reconocimiento es documentado con dibujos de reconocimiento
de las tuberias y las hojas de inspeccidn de los soportes, los

cuales son usados como datos de la fase de evaluacion.
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Los problemas tipicos identificados durante el reconocimiento de
las tuberias incluyen:

e Rajaduras en la soldadura

e Deformacion en los cabezales de vapor.

e Evidencia de golpe de vapor y golpe de agua.

e Valvula rotas.

e Vibracion excesiva.

e Excesivo pandeo en la tuberia.

e Dano a las barras de soporte constante.

° Mal funcionamiento de los aisladores.

ETAPA DE EVALUACION

La fase de evaluacion integra la informacion abtenida durante el
reconocimiento de la linea el cual define la condicidn “en
operacion” y el esfuerzo de la revision de los documentos el cual
define la condicidn “segun disefio’. Si existen desviaciones
significativas de los calculos “segun disefio” o si ningun calculo
esta disponible, entonces los sistemas de tuberias son analizados
de acuerdo con el Cdédigo ASME/ANSI B31.1 para tuberias de
potencia. El analisis resultante es denominado el analisis de
esfuerzos “en operacidn’. Las cargas tales como la presion
interna, expansion térmica, y el peso del aislamiento de la tuberia
y sus contenidos estan incluidas en el analisis. Las fuerzas de

descarga en las valvulas de alivio son determinadas e incluidas
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apropiadamente. Las cargas tales como el golpe de vapor o el
golpe de agua son analizadas si hubiera evidencia de que hayan
ocurrido en el pasado. La condicidon de los soportes registrados
durante el reconocimiento de la linea es incluida en el analisis.
Ejemplos de esto incluyen: soportes rotos o danados,

interferencias, resortes deformados o soportes rotos.

Los resultados del analisis de esfuerzos de la tuberia “en
operacion” proveen cargas en los equipos, cargas en los soportes,
y niveles de esfuerzos a través del sistema de tuberias. Las
cargas en los soportes son usadas para evaluar la integridad de
los soportes de la tuberia existente y los soportes de resorte. Los
niveles calculados de esfuerzo son comparados con los niveles
permisibles del codigo ASME B31.1 para tuberias de potencia. En
casos donde los niveles de esfuerzo excedan los niveles
permisibles de cédigo y/o para mejorar condiciones de problemas
cronicos (como la deflexion de tuberias), se determinan
modificaciones al actual sistema de soportes de tuberia. Los
resultados del analisis de esfuerzos son denominados analisis de

esfuerzos “en operacion modificado”.
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4.4 SELECCION DE LAS UBICACIONES Y METODOS DE
INSPECCION.
En la realizacion del analisis de esfuerzos se identifican
ubicaciones para examenes no destructivos (NDE). Las
ubicaciones tipicamente representan areas de alta concentraciéon
de esfuerzos tales como reductores, codos, conexiones de
ramales, aletas soporte, o conexiones Y. El objetivo de los NDE
es caracterizar la condicion actual del material de las tuberias sin
dafar o destruir algun componente. La inspeccion es orientada a
encontrar discontinuidades o degradacién que puede haberse
desarrollado durante la vida operativa del componente o sistema a

la fecha.

Varios métodos NDE pueden ser aplicables a un material en
particular. EI método menos costoso que puede detectar la
degradacién previsible o rajadura es seleccionado. Las opciones
de los ensayos no destructivos incluyen:

e Inspeccion visual

e Inspeccion con particulas magnéticas

e Inspeccion ultrasonica

e Radiografia

e Réplica metalogréfica

e Analisis de aleacion
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Un orden de preferencia para los diferentes métodos puede ser

desarrollado basado en los siguientes criterios:

Ubicacién y tipo de defecto a ser detectado (rajaduras,
porosidad, escoria, entre otros).

Tamano relevante del defecto a ser detectado.

Composicion del material (magnético o no magnético,
metalico o no

metalico).

Espesor (dimensiones actuales).

Geometria (simétrica, compleja).

Tamano (pequefa o larga).

Condicién del material (tratado en caliente, grueso o de grano
fino).

Método de fabricacion (fundido, forjado, soldado, rolado, etc.)
Condicion de la superficie (rugoso, plateado, pulido, pintado,
etc.)

Resultados de las pruebas (archivos permanentes).

Costo y tiempo para realizar las pruebas.

Determinados los puntos de inspeccién y las técnicas NDE

seleccionadas, la frecuencia de inspeccion debe ser determinada

dependiendo de los siguientes factores:
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e Tipo de unidad.
o Historial de falla de la tuberia.
e Modo de falla mas comun.

e |mportancia de la unidad a la utilidad del sistema.

Todos estos factores pueden conducir hacia muchas posibilidades
para la frecuencia de inspeccion. Las areas problema
identificadas dentro de cada sistema que no hayan sido
corregidos mediante el modelo “en operacién modificado”
entonces deben ser inspeccionados después de cada evento de
parada de la turbina o durante cada parada programada por lo

menos una vez por ano.

Luego que todas las mejoras sean implementadas, el sistema de
tuberias y soportes deben ser inspeccionados entre cada 3 a 5
anos o después de cada parada por sobrecarga. Si la inspeccién
inicial del sistema arroja discontinuidades o defectos puede
establecerse un compromiso de vida del componente, entonces
debe recomendarse un programa de inspecciéon mas frecuente o
realizar determinaciones de la vida del componente mediante
aproximaciones del mecanismo de fractura existente
(dependiendo de la naturaleza del defecto). La Tabla N°1 provee
recomendaciones geneéricas para inspecciones en tuberias de alta

potencia.
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RECOMENDACIONES GENERALES PARA EVALUACION DE TUBERIAS DE ALTA POTENCIA

Tuberia de Alta Temperatura

Otras Tuberias de Alta

Tige (>900°F) Energia
Soldaduras longitudinales 100% V, MT, UT 100% V, MT, UT
Soldaduras circunferenciales 100% V, MT, UT Ninguno
Sistemas de ramale_s 100% V, MT 100% V, MT
(soldadas o en longitud)
Conexiones miscelaneas vV, MT 100% V. MT
soldadas
Conexiones estructurales 100% V, MT 100% V, MT

. No menos de 2 en zonas de .
Replicas Ninguno
alto esfuerzo

Analizador de aleacion 100% de piezas expuestas Ninguno
Mediciones circunferenciales |2 por cada tamano de tuberia Ninguno

Espesor de tuberia recta

4 lecturas a 90° en cada

4 |lecturas a 90° en cada

longitud longitud
. 4 |lecturas a 90°, en la mitad y| 4 lecturas a 90°, en la mitad y
Espesor de tuberia curva
descarga descarga

Espesor en la descarga de
valvulas, tees, Y'es, laterales

4 lecturas a 90°, en la mitad y
12" despues de la descarga

4 lecturas a 90°, en la mitad y
12" despues de la descarga |

Espesor de tees, Y'es y
laterales

Lecturas en areas de impacto
para detectar pérdida de
material

Lecturas en areas de impacto
para detectar pérdida de
material

Tabla N°4.1

SEGUN NORMA API RP 579.

General

por disponibilidad para el servicio.

3. Requerimientos

3.1. Datos originales de diseio del equipo

3.2. Historial de operacion y mantenimiento

45 EVALUACION POR DISPONIBILIDAD PARA EL SERVICIO

Cada seccion del APl RP 579 tiene un procedimiento de evaluacion por

disponibilidad para el servicio que consiste de las siguientes partes:

2. Aplicabilidad y limitaciones de los procedimientos para evaluacion
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3.3.Datos y mediciones requeridas para la evaluacion por

disponibilidad para el servicio.

3.4. Recomendaciones para técnicas de inspeccion y requerimientos

dimensionales.
4. Técnicas de evaluacién y criterio de aceptacién
Evaluacion de la vida remanente
Opciones de reparacion
Monitoreo en servicio

Documentacion

© ® N O o

Referencias
10. Tablas y figuras

11.Problemas ejemplo

El procedimiento del APl RP 579 emplea un factor de esfuerzo

remanente (RSF), el cual esta definido como sigue:

L
RSF = "¢

LU(?
Lpoc: Limite del esfuerzo de rotura de un componente danado
Luc: Limite del esfuerzo de rotura de un componente nuevo.

El procedimiento también incluye recipientes a presién, tuberias

y

tanques a ser evaluados. Para reevaluar recipientes y tuberias a

presién, las siguientes expresiones aplican:

RSF

4 a

MAWP. = MA WP( J for RSF < RSF,

MAWP. = MAWP for RSF > RSF,
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MAWP;, : Presidon reducida maxima permisible de trabajo
MAWP: Presién maxima permisible de trabajo

RSF.:. Factor de esfuerzo remanente permisible

El APl RP 579 usa aproximacion de esfuerzo local para evaluar péerdida
de material y discontinuidades por corrosidon. La aproximacion esta
basada en el area efectiva de la seccidon transversal de la
discontinuidad y el esfuerzo de flujo a la tensidn del material. Esto ha
sido establecido basado en los resultados de extensivos FEA vy
numerosas pruebas de explosion a toda escala de recipientes a presion

y tuberias.

El API RP 579 emplea estudios de fractura mecanica para evaluar
discontinuidades tales como las fisuras. Muchas de estas, con un
diagrama general de evaluacion de la falla (FAD) es usado para
computar la proporcidn de resistencia (K;) y la proporcion de carga (L,)
para un componente con una discontinuidad tal como una fisura. K, es
la proporcién del factor de intensidad del esfuerzo elastico lineal (K;)
para la resistencia a la fractura del materiai (Kuat), mientras L, es la

proporcion del esfuerzo de referencia (o, ) al esfuerzo de fluencia del
material (o, ). Para una discontinuidad y carga dadas, el valor de K;

como una funcién de L, es graficado en la FAD. Ninguna falla es

predecida para puntos debajo de la linea de la evaluacion de la falla, en
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donde la falla es aproximadamente cercana a ocurrir para puntos en o
debajo de la linea de evaluacién. Los calculos son repetidos en otras
condiciones para encontrar donde se ubican con respecto a la
envolvente o para determinar las condiciones criticas (un punto en la

linea de falla) en el cual la falla se predice que esta proxima a ocurrir.

El valor calculado de vida remanente (RL) es un valor que es usado
para establecer el intervalo de inspeccion y por lo tanto el intervalo de
operacion segura hasta la siguiente inspeccion.
La presidbn maxima permisible trabajo (MAWP) puede ser estimada
basada en la corrosién permisible, es decir RL puede ser estimada en
el espesor de pared.
Para una pérdida general de material, la corrosion efectiva permisible
(CA.) es estimada como sigue:

CAe = tperdido + CR x tiempo
toerdido: Cantidad de espesor de material perdido hasta la fecha de la
inspeccidn
CR: Velocidad de corrosion futura
tiempo: Tiempo de operacion futura.

Alternativamente, RL es estimado segun:

RI = (tam _K*tmin)
CR

tam: Espesor promedio a la fecha de inspeccion

tmin: Espesor minimo permisible
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K: Factor que es igual a 1 para evaluaciones de nivel 1 y RSF, para

evaluacion de nivel 2.

La documentacion de los resultados es una parte importante de la

evaluacion por disponibilidad para el servicio. APl RP 579 senala las

siguientes recomendaciones para la documentacion:

1.

Debe ser suficiente repetir la evaluacién en una fecha posterior, por

ejemplo 5 afnos despues.

Debe incluir los datos de diseno original y el historial de

mantenimiento y operacion.

Debe incluir todos los datos de inspeccidn que fueron usados en la

evaluacion.

Debe incluir las hipoétesis y resultados analiticos, incluso:

4.1Versién, seccion y nivel del APl RP 579 y otros documentos
empleados en el analisis.

4.2Diseno y condiciones de operacion futuras (temperatura,
presion, medio ambiente).

4.3 Calculo del espesor minimo requerido o MAWP.

4 4Calculo de la vida remanente e intervalos de inspeccion.

4 5Mitigacion 'y recomendaciones de monitoreo que son
condiciones para operacién continua.

Todos los documentos deben ser almacenados con los archivos de

inspeccion.
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Overview of FFS Analysis for
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El procedimiento general de evaluacién recomendado por API RP 579
consta de los siguientes pasos:

Paso 1: Identificar el tipo de discontinuidad y el mecanismo de dano del
material.

Paso 2: Determinar la aplicabilidad y limitaciones del procedimiento de
evaluacion.

Paso 3: Definir los requerimientos de informacion. Esta informaciéon
requerida para todas las evaluaciones son indicadas en la Seccién 2,
mientras esta informacién requerida para un tipo especifico de
discontinuidad y mecanismo de dano estan dados en la seccién que
contiene el procedimiento de evaluacion para este tipo de
discontinuidad y mecanismo de dano.

Paso 4: Aplicar las técnicas de evaluacién y el criterio de aceptacion.
Paso 5: Evaluar la vida remanente o el tamafno maximo de
discontinuidad y establecer un intervalo de inspeccion basado en lo
resultados de la evaluacion.

Paso 6: Aplicar los métodos requeridos de remediacidn para la
extension posible y practica.

Paso 7: Emplear los procedimientos de monitoreo en servicio cuando la
vida remanente y los intervalos de inspeccibn no puedan ser
adecuadamente establecidos.

Paso 8: Archivar toda la informacién usada y decisiones hechas en los
pasos 1 al 7, y almacenar la documentacion con los archivos de

inspeccion.
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Estos 8 pasos deben ser incluidos en cada evaluacion por
disponibilidad para el servicio de una discontinuidad especifica y

combinacién de componentes.

46 REPORTE FINAL

La fase final de la evaluacion de sistemas criticos de tuberias de alta
potencia es documentar las actividades del programa en un reporte el
cual debera resumir los resultados de la revision de los documentos,
reconocimiento de la linea, y analisis de esfuerzos. Las
recomendaciones pueden incluir reparaciones, reemplazo o0
modificacidon de componentes de tuberias y soportes, cambios a los
procedimientos de mantenimiento, y recomendaciones para realizar
mas exhaustivos ensayos no destructivos, pruebas metalurgicas o para

incrementar la frecuencia de inspeccion.



CAPITULO 5
VALORACION ECONOMICA
Las actividades que se han definido con el fin de realizar la evaluaciéon de la
condicidén de las tuberias de vapor principal de la planta, es decir para todos
aquellos sistemas de tuberias cuyo mal funcionamiento puede tener
consecuencias sobre la operacion, otros equipos y seguridad del personal,

requieren una inversion que se describe a continuacioén.

Se debe decidir si el personal de la planta o personal contratista estara a
cargo de la evaluacién de la tuberia de vapor principal. Hay dos tareas
principales: inspeccionar el sistema de vapor principal y realizar el
mantenimiento del sistema de vapor. Se puede elegir entre contratar el
servicio de inspeccidon de una empresa externa, y tener personal propio que
realice dicha tarea. Otra opcidn es contratar primeramente los servicios de
una empresa contratista que realice la primera inspeccion, registrar toda la
informacion pertinente, y realizar el entrenamiento del personal propio que
continde el programa de evaluaciones.

Las condiciones a favor y en contra de estas tres opciones se describen a

continuacion:



Empleando personal propio

Empleando una empresa contratista

Empleando una empresa contratista la primera vez y
luego realizar estas inspecciones con personal propio.

Condiciones a favor:

- El personal propio puede convertirse en experto
en la evaluacion del sistema de tuberias si se
con lo cual podra resolver problemas complejos,
problemas de varios afios tales como dafios en
turbinas, intercambiadores de calor, etc.

- La supervision tiene el control de como y cuando
son realizadas las inspecciones y el mantenimiento.
- Los archivos y reportes son propios y mantenidos
en las instalaciones.

- El personal propio no puede inclinarse hacia
algun fabricante de equipos.

Condiciones en contra:

- Se requiere entrenamiento costoso e inversion de
tiempo.

- Es dificultoso mantener el mismo personal durante
mucho tiempo suficientemente para desarrollar las
habilidades necesarias y covertirse en expertos en
técnicas de ensayos no destructivos.

mas importantes.
- La supervision del personal a cargo del programa

puede no tener experiencia en inspecciones de este
tipo.

- Falta de personal disponible debido a otras actividades

Condiciones a favor:

- Costo fijo para inspecciones y/o mantenimiento

- Inspecciones anuales que pueden ser faciimente
programadas sin considerar la disponibilidad del
personal de planta, sobretiempos, etc.

- El personal debe ser experto en su campo.

- El contratista debe entregar reportes.

- El contratista debe indicar las razones por que los
algunos soportes deben ser cambiados e indicar

las caracteristicas que deben tener los nuevos soportes.

- Varios expertos desde una variedad de fabricantes y
distribuidores pueden ayudar para resolver problemas
complejos con el sistema de vapor.

- En las instalaciones no se requiere mantener un grupo
de expertos en ensayos no destructivos.

Condiciones en contra:

- El nivel de especializacién varia ampliamente.

- El contratista usualmente tiene el control de los
datos y reportes.

- Algunos contratistas son distribuidores de varios
fabricantes de tuberias y equipos NDE y pueden
actuar como representantes para adquirir repuestos.

Condiciones a favor:

- La asistencia de expertos es faciimente disponible.
- Las instalaciones tienen mas control debido al

involucramiento de su personal propio.

- Las propuestas de los contratistas pueden ser

validadas por el personal propio.

- El personal propio puede facilitar una facilitar una

relacién mas productiva que pueda formarse entre las
instalaciones y el contratista.

- Lacredibilidad de las reparaciones propuestas es

verificada mediante la cooperacion entre el personal
propio y los contratistas.

- Lainversion en entrenamiento esta asegurada.

Es improbable que se pueda reemplazar al personal
propio y a los contratistas al mismo tiempo.

El contratista puede facilmente entrenar a un nuevo
personal propio y un personal propio puede facilmente
fijar a un nuevo contratista.

- Los archivos pueden ser registrados por el personal

propio.

Condiciones en contra:

- Se requiere entrenamiento del personal propio.

Tabla N°5.1 — Evaluacion de opciones para la contratacion de mano de obra
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Para la implementacién de este programa empleando personal propio se

presenta un presupuesto:

Item | EQuipo requerido Costo
1 |Equipo de Particulas Magnéticas (MT) $2,780.00
2 |Equipo de Ultrasonido (UT) $13,831.00
Subtotal =|$16,611.00

Item | Requerimiento Costo
1 | Entrenamiento en Inspeccion Visual $5,000.00
2 |[Consumibles para MT $3,000.00
3 | Entrenamiento en MT $5,000.00
4 |Cosumibles para UT $2,500.00
5 |Entrenamiento en UT $5,000.00

Subtotal =|$20,500.00

Total = $37,111.00

Tabla N°5.2
La evaluacién econémica seria la siguiente:
El area analizada tiene costo de US$/hora por las paradas no
programadas

debido a una falla en el sistema de vapor principal

Costo de $ / hora por parada de la planta
=22MW * § 8.2/MW-hr * 2 + 66MW * $ 24 6/MW-hr * 2 = $3,608.00 /hr

Las horas que pararia la planta en caso de falla de la tuberia de

vapor

principal debido a las reparaciones
requeridas

Horas de parada 8 hr

Promedio horas parada 8 hr X $3,608.00

Promedio de Costo de
parada $28,864.00
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1.-

EVALUACION ECONOMICA

Nombre del proyecto :

Analisis Financiero
ADQUISICION DE EQUIPOS PARA EVALUACION DE LA CONDICION

FISCAL YEAR
2006 2007 2008 2009
1 2 3 4
INGRESOS/ AHORROS DE COSTOS
28.86+4
TOTAL DE INGRESOS / AHORROS 28.864 (o] o] 0
TOTAL NETO ANTES IMPUESTOS 28,864 (1} 0 (1}
DEPRECIACION (4153 (4.153) (+.133) (4.133)
BENEFICIO NETO TOTAL 24.711 (4.153) (+.153) (4.133)
IMPUESTOS 30% 7.413 0 0 0
IMPORTE INVERSION PROYECT. (16.611)
FLUJO DE CAJA NETO [ ae.er 21,451 | o] o o
FLUJONETO NOMINAL | aeorn] 21,451 | ol o] 0|
FLUJONETO REAL @Inflacion 3% | aecin] 20,826 | o| o] o]
Indicadores Flujo Nominal TIRIRR = 29.1%
Indicadores Flujo Real TIRIRR = 25.4% VAN NPV = [ $  2.288 ]
Payback periodo anual ANOS = 0.80
VARIABLES Valor Unidades
DEPRECIACION (afios) 4 Afos ( Maximo a utilizar 7 anos)
INFLACION ANUAL (%) 3.0% Porcentaje
TASA DE DESCUENTO (%) 13.5% Porcentaje
Hecho por: Revisado por:
NOTAS: - Los ingresos de dinero deben considerarse positivos y {os egresos como negativos

Tabla N°5.3 — Evaluaciéon econdtmica
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La cotizacion de servicios de una empresa contratista para realizar los
ensayos requeridos de acuerdo a la metodologia propuesta seria la

siguiente:

COTIZACION DE SERVICIOS

CLIENTE:

CONTACTO:

REFERENCIA: SERVICIO DE ENSAYOS NO DESTRUCTIVOS EN CT ILO 1
POWER PLANT

Caddigo / Standard a cumplir: ASME V Articulo 4 / Scope of Main Steam Piping Inspection

SERVICIO

Inspeccion Visual (VT)

Inspecciéon Particulas Magnéticas (MT)
Inspeccion Ultrasonica (UT)
Supervisores NDT

RATES / TARIFAS

Por el servicio de Ensayos No Destructivos en CT ILO 1 POWER PLANT
Unidad N°1, 2, 3 & 4 todo segun especificaciones segun detalle:

1MS - Main Steam, Unit 1

2MS - Main Steam, Unit 2

3MS - Main Steam, Unit 3
4MS - Main Steam, Unit 4

1HDR?2 - U1&U2 Common HDR to Waste BLR
3HDR4 - U3&U4 Common HDR to Smelter

PRECIO DEL SERVICIO $ 7,750.00

(Este precio incluye todas las pruebas solicitadas para la evaluacién de la condicién

eXcepto las de analisis de aleacion)

Tiempo Estimado: 15 dias con informe incluido

CONDICIONES:

. En estos precios no esta incluido el IGV.

. Enviar orden de servicio

. Sellos ACCP ASNT Level lll. incluidos en el servicio.

. Forma de pago: A 30 dias fecha factura

. Sera por vuestra cuenta la alimentacién de nuestro personal en vuestra planta.
. Sera por vuestra cuenta la provisién de andamios, personal para armado,
desarmado y movilizaciéon de los mismos o plataforma moévil con el operador.

7. Se incluye 10 placas RT (cada placa adicional a $50.00)

DN |IWIN|=

Alquiler del equipo para analisis de aleacion (Stone & Webster) $ 6,000.00

Total $ 13,750.00

Tabla N°5 .4
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CONCLUSIONES
Se recomienda la aplicacion de esta metodologia debido a que esta
basada en las practicas actuales de evaluacién de la condicién de los
sistemas de vapor principal en una Central Térmica con lo cual el
operador de la planta tiene una valiosa informacion para operar sus
equipos y evaluar un incremento del nivel de produccion de la planta.
La extensidén de la vida de los sistemas de vapor principal en una central
termoeléctrica puede realizarse de acuerdo a los requerimientos del
coédigo ASME B31.1 y norma API RP 579.
Esta evaluaciéon requiere una inversion de $16,611.00 para comprar
equipos Yy realizar la evaluacidon de la condicidon de las tuberias de vapor
principal es factible segun a tasa del TIRnomnar = 29.1%@16.5,
TIRgear = 25.4%@13.5, VAN = $2,288.00 y para un tiempo de
depreciacion de cuatro anos. Ademas, se tendra que realizar una
inversion adicional en la contratacion de una empresa de servicios,
entrenamiento y consumibles los cuales suman en total $50,861.00
como inversion inicial para prevenir una pérdida de $28,864.00 debido a
por lo menos 8 horas de parada de planta ocasionada por una falla en el
sistema de vapor principal. Por lo tanto, es conveniente realizar la
evaluacion de la condicion operativa de las tuberias de vapor principal
empleando una empresa contratista la primera vez y luego realizar esta
evaluacion con personal propio.
Es posible establecer una relaciéon entre la condicion de los elementos

que componen un sistema de vapor principal con la frecuencia de
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inspecciones recomendada para realizar la evaluacion por disponibilidad
para el servicio.

La evaluaciéon por disponibilidad para el servicio son evaluaciones
cuantitativas de ingenieria que son realizadas para demostrar la
integridad estructural de un componente en servicio que contiene una
discontinuidad o dafo. API RP 579 provee lineamientos basados
ademas en la experiencia para conducir estas evaluaciones empleando
metodologias especificamente preparadas. Los lineamientos provistos
en esta practica recomendada pueden ser usados para tomar decisiones
de reparacion y asegurarse de que los componentes a presion que tiene
discontinuidades identificadas mediante la inspeccién puedan continuar

bajo operacién segura.
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APENDICE

. ANALISIS DE ESFUERZOS EN LA TUBERIA DE VAPOR PRINCIPAL.
PRACTICA RECOMENDADA PARA LA OPERACION,
MANTENIMIENTO, Y MODIFICACION DE LAS TUBERIAS DE LOS
SISTEMAS DE POTENCIA SEGUN ASME B31.1 — 2004.
PROCEDIMIENTO PARA EVALUACION POR DISPONIBILIDAD PARA
EL SERVICIO SEGUN API RP 579 — 2000.

DOCUMENTOS RELACIONADOS A LA METODOLOGIA DE

EVALUACION.

. COTIZACIONES DE LOS EQUIPOS PARA ENSAYOS NO

DESTRUCTIVOS.
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PLANOS
1. SISTEMA INTERCONECTADO NACIONAL

2. SISTEMA DE VAPOR PRINCIPAL DE LA CT ILO 1.
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ILO PERU - MAIN STEAM - AS-DESINGED
04/20/2004 ILO PERU POWER PLANT 1- 850# MAIN STEAM BENTLEY

05:20 PM AS—-DESIGNED PIPE STRESS ANALYSIS AutoPIPE+8.50 MODEL PAGE
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Pipe Stress Analysis and Design Program
Version: 08.05.00.07
Edition: Plus-Win
Developed and Maintained by
BENTLEY SYSTEMS, INCORPORATED

1600 Riviera Ave., Suite 300
Walnut Creek, CA 94586



ILO PERU - MAIN STEAM - AS-DESINGED
04/20/2004 ILO PERU POWER PLANT 1- 850%# MAIN STEAM BENTLEY
05:20 PM AS-DESIGNED PIPE STRESS ANALYSIS AutoPIPE+8.50 RESULT PAGE 665

Maximum sustained stress ratio

Point : 4145
Stress psi = 7541
Allowable psi : 12740
Ratio : 0.59

Load combination GR + Max P

Maximum displacement stress ratio

Point :+ 4170
Stress psi : 21637
Allowable psi : 21935
Ratio : 0.99

Load combination : Max Range

* * * The system satisfies ASME B31.1 code requirements * * *
* * * for the selected options *oxox
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ILO PERU - MAIN STEAM -~ AS-OPERATING RZ
02/23/2C0¢& ILGC PERU POWER PLAHT i- 850# MAIN STEAM BENTLEY
02:08 pPM AS-CPERATING FIPE STRESS ANALYSIS Rz ARt OFIPE+8.51 RESULT FAGE 212
R E3SULT S UMMARY
Mazximum sustained stress ratio
Peint : 7010
Stress osi : 8731
2licwable psi : 12740
Ratio 3 0.69
Lecad combination : GR + Max P
Maximum displacement stress ratio
Point : ©CZ0F
Stress psi » 21553
Allowable psi 21933
Ratic 3 g 1 |
Load ccmbinaticn : Amd o T1
* * * The system satisfies ASME B21.1 code reguirem2nts ~ * °
* * * for the selacted cptiocns oot
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STEAM - AS-ORPERATTNC T S
Z0C6 1LC PERU POWER PLANT 1l- 820# MAIW S
13 AS-CpP 35 3
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’ER MCDIFIED PIPE STRE

SRz AutoPlPE+&.51 RESULT PAGE

RE SO L T S MMARY

Maximum sustained STress ratio

foint 43145
Stress ps1 7539
Allowable psi 12740
Ratio 3.59
Lcad combination GR + Max P
Maximum displacement stress ratio
Pcint 6030F
Stress osi 21875
Allowable psi 21935
Ratio 1.00
Load combination amb to T3

ke system satisfies ASME R21.1i Ccode reguirements
r the selected options
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TO UNITS 3 & 4 COMMON HEAD
CONTINUED ON SHT. 4 OF 6

LEGEND;

PSA — PIPE STRESS ANALYSIS

L.R. ELB. — LONG RADIUS ELBOW (1.5D)
S.R. ELB. — SHORT RADIUS ELBOW (1.0D)
5 DIA — 5 DIAMETER BENDS (5.0D)

U.O.N. — UNLESS OTHERWISE NOTED

SH — VARIABLE SPRING HANGER

CS — CONSTANT SPRING HANGER

VC - VERTICAL CONSTRAINT (FRICTION F=0.3)
VS — VERTICAL SUPPORT (FRICTION F=0.3)
LC LATERAL CONSTRAINT

RH — ROD HANGER

NS NORTH/SOUTH CONSTRAINT

EW — EAST/WEST CONSTRAINT

E_V

g . Y
1000 SERIES NODE NO’S — UNIT 1

2000 SERIES NODE NO'S — UNIT 2

3000 SERIES NODE NO'S — UNIT 3 %

4000 SERIES NODE NO'S — UNIT 4

5000 & 6000 SERIES NODE NO'S — MS TO CONDENSER X

7000 SERIES NODE NO'S — UNITS 1 & 2 COMMON HEADER TO WASTE HEAT BOILER
8000 SERIES NODE NO'S — UNITS 3 & 4 COMMON HEADER TO SMELTER

DETAL A’
SEE SHT 6 OF 6

e e sk - -

1291707
12580P11)

~

NOTES:
1) ALL ELBOWS ARE CONSEDERED L.R. ELB. U.O.N.

PSA WORK SKETCH - UNITS 1 & 2
MAIN STEAM PPG & COMMON HEADER TRACTEBEL - EnerSur
A ILO POWER PLANT
STONE & WEBSTER INTERNATIONAL, INC UNITS NO. 1, 2, 3&4
Z,A A SHAW GROUP COMPANY
SKETCH NO. 102899-PSA-MS-01 sHT 1 oFé
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NOTE: FOR LEGENDS AND NOTES SEE SHT. 1 OF 6

3040
H e
3035]"
. DETAL'E
@+ SEE SHT6OF 6
-"@.\1
TO UNITS 38 4
COMMON HEADER
1, . CONTINUED ON
%,% SHT. 4 OF 6
12"-680-1700
“(PIPEID 12S80P11)
3
TOUNITS 38 4 Jiond
COMMON HEADER et
CONTINUED ON (G WA
SHT.4 OF 6 o
%
CES
1241701 _
{PIPED! 12S80P11)

PSA WORK SKETCH - UNIT 3
MAIN STEAM PIPING SYSTEM

STONE & WEBSTER INTERNATIONAL, INC
A SHAW GROUP COMPANY

,"\
.

TRACTEBEL - EnerSur
ILO POWER PLANT
UNITS NO.1,2,3&4

SKETCH NO. 102899-PSA-MS-01 suT20F 6
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COMMON HEADER
CONTINUED ON
SHT.4 OF 6 , &

1470 P
(PIPEDI 14380P11) M o
®
2

NOTE: FOR LEGENDS AND NOTES SEE SHT. 1 OF 6

~ PSA WORK SKETCH - UNIT 4
MAIN STEAM PIPING SYSTEM

/ STONE & WEBSTER INTERNATIONAL, INC
}.\ A SHAW GROUP COMPANY

(2

TRACTEBEL - EnerSur
ILO POWER PLANT
UNITSNO.1,2,3&4

SKETCH NO. 102899-PSA-MS-01 sHT30F6




N DETAIL‘'C’
SEE SHT 6 OF 6
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CONTINUED ON
SHT.30F 6
TO BOILER #3
CONTINUED ON
SHT.20F 6 TO CONDENSER
CONTINUED ON
SHT.SOF 6
o 13
AT
TO TURBINE #3
CONTINUED ON
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ASME B31.1-2004

NONMANDATORY APPENDIX V
RECOMMENDED PRACTICE FOR OPERATION, MAINTENANCE,
AND MODIFICATION OF POWER PIPING SYSTEMS!

FOREWORD

The B31.1 Power Piping Code prescribes minimum
requirements for the construction of power and auxiliary
service piping within the scope of para. 100.1. The Code,
however, does not provide rules or other requirements
for a determination of optimum system function, effec-
tive plant operations, or other measures necessary to
assure the useful life of piping systems. These concerns
are the responsibility of the designer and, after construc-
tion turnover, the Operating Company personnel
responsible for plant activities.

Past experience has shown that a need exists for the
definition of acceptable plant practices for achieving
both reliable service and a predictable life in the opera-
tion of power piping systems. This nonmandatory
Appendix is intended to serve that purpose. For this
objective, Appendix V is structured in three parts that
recognize and address the following basic concepts.

operation: the design of a piping system is based on
specified service requirements and operating limita-
tions. Subsequent operation within these defined limits
is assumed and, for some systems, will be important for
an acceptable service life.

maintenance: the design of a piping system assumes that
reasonable maintenance and plant service will be pro-
vided. The lack of this support will, in some cases, intro-
duce an increasing degree of piping system life
uncertainty.

modifications: future modifications of a piping system or
its operational functions are not assumed in original
design unless specified. Modifications must not invali-
date the integrity of a piping system design.

The practices in Appendix V are recommended for
all plants and systems within the scope of the Power
Piping Code, both for new construction and for existing
plants in operation. An acceptable implementation of
these or equivalent practices will be beneficial for new
systems. The application of these practices is recom-
mended for power piping systems in operating plants.

The recommended practices in this Appendix define
Mminimum requirements for establishing a program to

Y

Nonmandatory Appendices are identified by a Roman numeral;
Mandatory Appendices are identified by a letter. Therefore, Roman
Numeral ['is not used in order to avoid confusion with the letter I.
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accommodate the basic considerations for piping system
operation, maintenance, service, modification, and com-
ponent replacement.

A record-keeping program is prescribed that can serve
as a point of reference for analyzing piping system dis-
tortions or potential failures. Such a program is intended
to identify distortions or failures and assure compatibil-
ity between the materials and components of existing
piping systems with those portions undergoing repair,
replacement, or modification.

DEFINITIONS?

Code: ASME Code for Pressure Piping, ASME B31.1
Power Piping.

component: equipment, such as vessel, piping, pump, or
valve, which are combined with other components to
form a system.

critical piping systems: those piping systems which are
part of the feedwater-steam circuit of a steam generating
power plant, and all systems which operate under two-
phase flow conditions. Critical piping systems include
runs of piping and their supports, restraints, and root
valves. Hazardous gases and liquids, at all pressure and
temperature conditions, are also included herein. The
Operating Company may, in its judgment, consider
other piping systems as being critical in which case it
may consider them as part of this definition.

examination: an element of inspection consisting of inves-
tigation of materials, components, supplies, or services
to determine conformance to those specified require-
ments which can be determined by such investigation.
Examination is usually nondestructive and includes
simple physical manipulation, gaging, and mea-
surement.

failure: that physical condition which renders a system,
component, or support inoperable.

maintenance: actions required to assure reliable and con-
tinued operation of a power plant, including care, repair,
and replacement of installed systems.

modification: a change in piping design or operation and
accomplished in accordance with the requircments and
limitations of the Code.

2 The definitions pertain specifically to this Appendix.
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Operating Company: the Owner, user, or agent acting
on behalf of the Owner who has the responsibility for
performing the operations and maintenance functions
on the piping systems within the scope of the Code.

procedure: a document that specifies or describes how
an activity is to be performed. It may include methods
to be employed, equipment or materials to be used, and
sequences of operations.

qualification (personnel): demonstration of the abilities
gained through training and/or experience that enable
an individual to perform a required function.

renewal: that activity which discards an existing compo-
nent and replaces it with new or existing spare materials
of the same or better qualities as the original component.

repair: to restore the system or component to its designed
operating condition as necessary to meet all Code
requirements.

specification: a set of requirements to be satisfied by a
product, material, or process, indicating, whenever
appropriate, the procedure by means of which it may
be determined whether the requirements given are sati-
sfied.

V-1.0 GENERAL
V-1.1 Application

V-1.1.1 This Appendix recommends minimum
requirements for programs to operate and maintain
ASME B31.1 Power Piping systems and also for the
repairs to these systems.

V-1.1.2 Local conditions and the location of piping
systems (such as indoors, outdoors, in trenches, or bur-
ied) will have considerable bearing on the approach to
any particular operating and maintenance procedure.
Accordingly, the methods and procedures set forth
herein serve as a general guide. The Operating Company
is responsible for the inspection, testing, operation and
maintenance of the piping system and shall have the
responsibility for taking prudent action to deal with
inherent plant conditions.

V-1.2 Conformance

V-1.2.1 When conformance with time periods for
examination recommended in this document is imprac-
tical, an extension may be taken if an evaluation demon-
strates that no safety hazard is present.

V-1.3 Requirements

V-1.3.1 This Appendix recommends that the follow-
ing listed items be established and implemented:

(A) complete design and installation records of the
“as built” large bore piping systems, including expan-
sion joints, hangers, restraints, and other supporting

265

ASME B31.1-2004

components. The Operating Company shall define those
sizes considered to be large bore pipe.

(B) records of operation and maintenance history.

(C) programs for periodic inspection and monitoring.

(D) procedures for reporting and analyzing failures.

(E) procedures for maintenance, repairs, and replace-
ments.

(F) procedures for abandoning piping systems and
for maintaining piping systems in and out-of-service
condition.

(G) procedures for assuring that all personnel
engaged in direct maintenance of such piping systems
as defined in para. V-4.2.1(C) are qualified by training
or experience for their tasks or work.

V-2.0 OPERATING AND MAINTENANCE PROGRAM
V-2.1

Each Operating Company shall develop an operating
and maintenance program comprising a series of written
procedures, keeping in mind that it is not possible to
prescribe a single set of detailed operating and mainte-
nance procedures applicable to all piping systems. The
operating and maintenance procedures shall include:
personnel qualifications as defined by the Operating
Company, material history and records, and supplemen-
tary plans to be implemented in case of piping system
failures.

V-2.2

Each plant should maintain and file the following
documentation that exists for each unit:

(A) current piping drawings

(B) construction isometrics (or other drawings) that
identify weld locations

(C) pipeline specifications covering material, outside
diameter, and wall thickness

(D) flow diagrams

(E) support drawings

(F) support setting charts

(G) records of any piping system modifications

(H) material certification records

(D) records of operating events that exceed design cri-
teria of the piping or supports

(J) valve data

(K) allowable reactions at piping connections to
equipment

(L) welding procedures and records

V-3.0 REQUIREMENTS OF THE OPERATING,
MAINTENANCE, AND MODIFICATION
PROCEDURES

V-3.1
The Operating Company shall have procedures for
the following:
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(A) to perform normal operating and maintenance
work. These procedures shall include sufficiently
detailed instructions for employees engaged in
operating and maintaining the piping systems.

(B) to prescribe action required in the event of a pip-
ing system failure or malfunction that may jeopardize
personnel safety, safe operation, or system shutdown.
Procedures shall consider

(B.1) requirements defined for piping system oper-
ations and maintenance and should include failure con-
ditions under which shutdown may be required.
Procedures should include both the action required and
the consequence of the action on related systems or
subsystems.

(B.2) the designation of personnel responsible for
the implementation of required action, and minimum
requirements for the instruction, training, and qualifica-
tion of these personnel.

(C) toperiodically inspectand review changes in con-
ditions affecting the safety of the piping system. These
procedures shall provide for a system of reporting to a
designated responsible person in order that corrective
measures may be taken.

(D) to assure that modifications are designed and
implemented by qualified personnel and in accordance
with the provisions of the Code.

(E) to analyze failures to determine the cause and
develop corrective action to minimize the probability of
recurrence.

(F) to intentionally abandon unneeded piping sys-
tems, or portions thereof, and to maintain those which
areout of service for extended periods of time as defined
by the Operating Company.

(G) to ensure that instruction books and manuals are
consulted in performing maintenance operations.

(H) to log, file, maintain, and update instruction
books.

(I) to log operating and maintenance records.

() to periodically review and revise procedures as
dictated by experience and changes in conditions.

V-4.0 PIPING AND PIPE SUPPORT MAINTENANCE
PROGRAM AND PERSONNEL
REQUIREMENTS

V-4.1 Maintenance Program

V-4.1.1 The maintenance program shall include the
following listed features:

(A) a purpose for the program

(B) the frequency for performing all elements of main-
tenance and inspection listed in the program

(C) generic requirements as related to initial hanger
positions at time of unit startup, changes and adjust-
ments in hanger positions at periodic inspections, and
review of manufacturer’s instruction and maintenance

266

NONMANDATORY APPENDIX V

manuals applicable to components included in the
program

(D) updating and modification as may be desirable
by reason of Code revisions and technological advances
or other considerations

(E) steps to keep maintenance and inspection person-
nel aware of program revisions

V-4.2 Personnel

V-4.2.1 To the extentnecessary for conformance with
the maintenance program of the Operating Company,
only qualified and trained personnel shall be utilized
for the following:

(A) observation, measurement, and recording the
position of piping systems and hanger readings

(B) adjustment of hangers and all other components
of support and restraint systems

(C) repair and periodic maintenance routines includ-
ing, but not limited to

(C.1) routine piping assembly, including welding
of integral attachments

(C.2) mechanical repair of valves, traps, and similar
types of piping specialty components, including
packings

(C.3) removal and replacement of piping insulation

(C.4) lubrication of applicable piping and hanger
components, such as valves and constant supports,
maintenance of fluid levels in hydraulic restraints; and
stroking of hydraulic and mechanical dynamic restraints
(snubbers)

(C.5) routine surveillance for changing conditions
including changes in position of piping and settings of
piping hangers and shock suppressors (snubbers)

V-4.2.2 Review of records and failure reports and
decisions concerning corrective actions or repairs should
be carried out by or under the direction of a qualified
piping engineer.

V-4.2.3 Welding and Heat Treatment Personnel

(A) Welders shall be qualified to approved welding
procedures. Qualification of weld procedures and the
qualification performance of the welder shall be in
accord with the requirements of para. 127.5.

(B) Trained personnel shall perform preheatand post-
heat treatment operations as described in the require-
ments of para. 131.

V-4.2.4 Examination, Inspection, and Testing Person-
nel. Trained personnel shall perform nondestructive
examinations (NDE), including visual inspections and
leak tests (LT), all in accord with the requirements of
para. 136.

V-5.0 MATERIAL HISTORY
V-5.1 Records

V-5.1.1 Records shall be maintained to the extent
necessary to permit a meaningful failure analysis or
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reconstruction of a prior condition should the need arise.
These records may be limited to those systems identified
as critical as defined herein.

V-5.1.2 The records listed below are recommended
for inclusion in the materials history and, where possi-
ble, be traceable to specific components in a piping
system.

(A) procurement documents including specifications

(B) original service date and operating conditions

(C) list of materials, both original and replacement,
with system location and material specification

(D) physical and mechanical properties from material
test reports (if available), including, the following as
applicable:

(D.1) Manufacturer’s Material Test Reports or Cer-
tificate of Conformance

(D.2) chemical analysis

(D.3) impact tests

(D.4) special processing, i.e., heat treatment,
mechanical working, etc.

(E) wall thicknesses where available from construc-
tion or maintenance records, including design minimum
wall requirements

(F) record of alterations or repairs

(G) nondestructive examination reports (including
radiographs, if available)

(H) special coatings, linings, or other designs for cor-
rosion or erosion resistance

(I) failure reports

V-5.2 Failure Reports

V-5.2.1 The OperatingCompany shall be responsible
for investigating all material failures in critical piping
systems. The cause for failure shall be established. A
report of the results of this investigation shall be
included in the material history file and shall, as a mini-
mum, contain the following information:

(A) summary of design requirements

(B) record of operating and test experience of failed
components

(C) any previous history of the component

(D) any special conditions (corrosion, extraordinary
loads, thermal excursions, etc.) which may have contrib-
uted to failure

(E) conclusions as to cause

(F) recommendations for corrective actions to mini-
mize recurrence

(G) corrective actions that were taken, including veri-
fication of satisfactory implementation

(H) corrective action details and recommendations,
if any, for similar action in other piping systems

V-5.3 Restoration After Failure

V-5.3.1 Defective component(s) shall be repaired or
replaced with comparable or upgraded materials per-
missible by this Code after evaluation of the failure and
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taking into account conclusions as to cause. Even when
materials are replaced by same or upgraded items, a
formal failure report should follow as in para. V-5.2.

V-5.3.2 Care shall be exercised when replacing sys-
tem components to ensure no parts of the system are
overstressed. The stresses in the repaired system shall be
equal to or less than the original stresses unless analysis
permits increased stresses. During the replacement of
the component, the piping system should be temporarily
supported or restrained on both sides of the component
to be removed so as to maintain its as-found cold posi-
tion until the component(s) is (are) installed. If the
desired piping position cannot be maintained, an analy-
sis shall be made to determine the reason for the prob-
lem. A new stress analysis may be necessary. Care shall
be exercised when working on a system that has been
subjected to self-springing or cold pull.

V-5.3.3 Weld preparations and fit-up of the weld
joints shall meet the requirements of Chapter V.

V-5.3.4 Welding procedures and preheat/postheat
treatments of the weld joints shall meet the minimum
requirements of Chapter V.

V-5.4 Weld Records

V-5.4.1 Records shall be maintained for all welds in
critical piping systems. These records shall include, but
not be limited to, the following:

(A) original installation records, where available

(B) repair and modification welds including excava-
tion location and depth

(C) welding procedures and qualification tests

(D) nondestructive examination reports

(E) heat treatment performed

V-5.5 Inspection Program for Materials With Adverse
History

V-5.5.1 Materials that have been reported to the
industry to exhibit an adverse performance under cer-
tain conditions shall be given special attention by the
Operating Company through a program of planned
examination and testing. This program shall include the
development of procedures for repair or replacement of
the material when the Operating Company determines
that such action is necessary.

V-5.5.2 Methods of surveillance and analysis shall
be determined by the Operating Company.

V-5.5.3 The frequency of the material inspection shall
also consider the expected service life of the component.

V-5.6 Nondestructive Examination

V-5.6.1 Nondestructive examinations used to inves-
tigate any suspect materials or problem areas shall be
in accordance with Chapter VI.
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V-6.0 PIPING POSITION HISTORY
V-6.1 General

V-6.1.1 Movements of critical piping systems from
their design locations shall be used to assess piping
integrity. The Operating Company shall have a program
requiring such movements be taken on a periodic basis
along with a procedure precluding the unnecessary
removal of insulation when measurements are taken;
refer to para. V-6.3. Piping system movement records
shall be maintained. The Operating Company shall eval-
uate the effects of position changes on the safety of the
piping systems and shall take appropriate corrective
action.

V-6.1.2 Although the Code recognizes that high tem-
perature piping systems seldom return to their exact
original positions after each heat cycle due to relaxation,
critical piping systems as defined herein, must be main-
tained within the bounds of engineering evaluated limi-
tations.

V-6.2 Visual Survey

V-6.2.1 The critical piping systems shall be observed
visually, as frequently as deemed necessary, and any
unusual conditions shall be brought to the attention of
personnel as prescribed in procedures of para. V-3.1.
Observations shall include determination of interfer-
ences with or from other piping or equipment, vibra-
tions, and general condition of the supports, hangers,
guides, anchors, supplementary steel, and attach-
ments, etc..

V-6.3 Piping Position Markers

V-6.3.1 For the purpose of easily making periodic
position determinations, it is recommended that perma-
nent markings on critical piping systems be made by
providing markings or pointers attached to piping com-
ponents. The position of these markings or pointers
should be noted and recorded with respect to stationary
datum reference points.

V-6.3.2 Placement of pointers shall be such that per-
sonne] safety hazards are not created.

V-6.4 Hangers and Supports on Critical Piping
Systems and Other Selected Systems

V-6.4.1 Hanger position scale readings of variable
and constant support hangers shall be determined peri-
odically. It is recommended that readings be obtained
while the piping is in its fully hot position, and if practi-
cal, when the system is reasonably cool or cold sometime
during the year as permitted by plant operation. Pipe
temperature at time of reading hangers shall be rec-
orded.

V-6.4.2 Variable and constant support hangers,
vibration snubbers, shock suppressors, dampeners, slide
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supports and rigid rod hangers shall be maintained in
accordance with the limits specified by the manufactur-
ers and designers. Maintenance of these items shall
include, but not necessarily be limited to, cleaning, lubri-
cation and corrosion protection. All dynamic restraints
(snubbers) should be stroked periodically.

V-6.5 Records on Critical Piping Systems and Other
Selected Systems

V-6.5.1 Pipe location readings and travel scale read-
ings of variable and constant support hangers shall be
recorded on permanent log sheets in such a manner that
will be simple to interpret. See Fig. V-6.5 for suggested
hanger record data sheet. Records of settings of all hang-
ers shall be made before the original commercial opera-
tion of the plant. Log sheets should be accompanied by
a pipe support location plan or piping system drawing
with hanger mark numbers clearly identified. In addi-
tion, records are to be maintained showing movements
of or in expansion joints including records of hot and
cold or operating and shutdown positions, particularly
those not equipped with control rods or gimbals.

V-6.6 Recommendations

V-6.6.1 After complete examination of the records
(para. V-6.5), recommendations for corrective actions
needed shall be made by a piping engineer or a qualified
responsible individual or organization. Repairs and/or
modifications are to be carried out by qualified mainte-
nance personnel for all of the following items:

(A) excessively corroded hangers and other support
components

(B) broken springs or any hardware item which is
part of the complete hanger or support assembly

(C) excessive piping vibration; valve operator shak-
ing or movements

(D) piping interferences

(E) excessive piping deflection which may require the
installation of spring units having a greater travel range

(F) pipe sagging which may require hanger adjust-
ment or the reanalysis and redesign of the support
system

(G) hanger unit riding at either the top or the bottom
of the available travel

(H) need for adjustment of hanger load carrying
capacity

(I) need for adjustments of hanger rods or turnbuckle
for compensation of creep or relaxation of the piping

(J) loose or broken anchors

(K) inadequate clearances at guides

(L) inadequate safety valve vent clearances at outlet
of safety valves

(M) any failed or deformed hanger, guide, U-bolt,
anchor, snubber, or shock absorber, slide support, damp-
ener, or supporting steel



Prepared by

Company System Sheet of
Plant Name Unit No. Date
Design Hanger Scale Reading [Note (4))
Elev. Cold
Rigid & Variable [Note (3)] Date: Date: Date:
Constant Support Support ft.-in. '
Hanger Data Data Date:
Hanger Hanger Hanger Design Design Design Load,
Mk. Size Type Dsgn. Load, Total ib Read Read Read Read
No. [Note (1)] [Note (2)] Mvt. b Travel H C (4) Cold by Hot by Cold by Hot by
NOTES:

(1) Hanger size to be taken from hanger fabrication drawing.

(2) For constant support and variable support types indicate by CS or VS. For rigid, anchor, guide, sliding, or other type
support, indicate by letter R, A, G, or S, respectively.

(3) Elevation of center line of pipe after cold springing and final hanger settings with line cold.
(4) “0" indicated the highest scale position with “5” being the midpoint, and “10” being the lowest scale position.

Fig. V-6.5 Hanger Record Sheet
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(N) unacceptable movements in expansion joints
(O) low fluid levels in hydraulic pipe restraints

V-7.0 PIPING CORROSION
V-7.1 General

V-7.1.1 This section pertains to the requirements for
inspection of critical piping systems that may be subject
to intermal or external corrosion-erosion, such as buried
pipe, piping in a corrosive atmosphere, or piping having
corrosive or erosive contents. Requirements for inspec-
tion of piping systems in order to detect wall thinning
of piping and piping components due to erosion/corro-
sion, or flow-assisted corrosion, is also included. Ero-
sion/corrosion of carbon steel piping may occur at
locations where high fluid velocity exists adjacent to the
metal surface, either due to high velocity or the presence
of some flow discontinuity (elbow, reducer, expander,
tee, control valve, etc.) causing high levels of local turbu-
lence. The erosion/ corrosion process may be associated
with wet steam or high purity, low oxygen content water
systems. Damage may occur under both single and two-
phase flow conditions. Piping systems that may be dam-
aged by erosion/corrosion include, but are not limited
to, feedwater, condensate, heater drains, and wet steam
extraction lines. Maintenance of corrosion control equip-
ment and devices is also part of this section. Measures
in addition to those listed herein may be required.

V-7.1.2 Where corrosion is cited in this section, it is to
beconstrued toinclude any mechanismofcorrosionand /
or erosion. Recommended methods for monitoring and
detection, acceptance standards,and repair/replacement
procedures for piping components subjected to various
erosion/ corrosion mechanisms, including flow-assisted
corrosion, are provided in nonmandatory Appendix IV.

V-7.1.3 Guidance for the evaluation and monitoring
of carbon steel piping susceptible to erosion/corrosion
(flow assisted corrosion) is provided in Appendix IV,
para. IV-5.0.

V-7.2 Procedures

V-7.2.1 The Operating Company shall establish pro-
cedures to cover the requirements of this paragraph.

V-7.2.2 Proceduresshallbe carried outby or under the
directionof persons qualified by training or experience in
corrosion control and evaluation of piping systems for
corrosion damage.

V-7.2.3 Procedures for corrosioncontrol shallinclude,
but not be limited to the following:

(A) maintenance painting to resist external ambient
conditions

(B) coating and/or wrapping for external protection
of buried or submerged systems
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(C) liningtoresistintemal corrosion from system fluid
when applicable

(D) determining the amount of corrosion or erosion of
the piping system internals caused by the flowing fluid

(E) determining the amount of external corrosion
caused by ambient conditions, such as atmosphere, bur-
ied in soil, installed in tunnels or covered trenches, and
submerged underwater

(F) preparing records which shall include all known
leakage information, type of repair made, location of
cathodically protected pipe, and thelocations of cathodic
protection facilities including anodes

(G) examining records from previous inspection and
performing additional inspections where nceded for his-
torical records

V-7.3 Records

V-7.3.1 Tests, surveys,and inspection records to indi-
cate theadequacy of corrosion control shall be maintained
for the service life of the piping system. This should
include records of measured wall thickness and rates of
corrosion.

V-7.3.2 Inspection and maintenance records of
cathodic protection systems shall be maintained for the
service life of the protected piping.

V-7.3.3 Observations of the evidence of corrosion
found during maintenance or revision to a piping system
shall be recorded.

V-7.4 Examination of Records

V-7.4.1 Records shall be examined and evaluated by
trained personnel.

V-7.4.2 Where inspections or leakagehistory indicate
that active corrosion is taking place to the extent that a
safety hazard is likely to result, applicable portions of the
system shall be replaced with corrosion resistant materi-
als or with materials which are protected from corrosion,
or other suitable modifications shall be made.

V-7.5 Frequency of Examination

V-7.5.1 Within 3 years after original installation, each
piping system shall be examined for evidence of corro-
sion in accordance with the requirements established by
the Operating Company’s procedures. Piping in severe
service or environmental conditions should be inspected
initially within a time frame commensurate with the
severity of the service or environment. Corrective mea-
sures shall be taken if corrosion is above the amount
allowed for in the original design.

V-7.5.2 Continued examination shall be made at
intervals based upon the results of the initial inspection,
but not to exceed 5 years, with corrective measures being
taken each time that active corrosion is found.
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V-7.5.3 Examination for evidence of internal corro-
sion shall be made by one of the following:

(A) drilled hole with subsequent plugging

(B) ultrasonic test for wall thickness determination

(C) removal of representative pipe section at flange
connections or couplings

(D) removal of short section of pipe

(E) radiography for evidence of wall thinning

(F) borescope or videoprobe examination

(G) a method equivalent to those above

V-7.5.4 Examinations for evidence of external corro-
sion shallbe made after removal of covering, insulation or
soil on a representative short section of the piping system
taking into consideration varying soil conditions.

V-8.0 PIPING ADDITION TO EXISTING PLANTS
V-8.1 Piping Classification

V-8.1.1 Piping and piping components which are
replaced, modified, or added to existing piping systems
are to conform to the edition and addenda of the Code
used for design and construction of the original systems,
or to later Code editions or addenda as determined by
the Operating Company. Any additional piping systems
installed in existing plantsshall be considered asnew pip-
ing and shall conform to the latest issue of the Code.

V-8.2 Duplicate Components

V-8.2.1 Duplicates of original componentsand mate-
rials arepermitted forpermanent replacements, provided
the renewal is a result of reasonable wear and not the
result of the improper application of the material, such as
temperature and corrosive environment.

V-8.3 Replacement Piping and Piping Components

V-8.3.1 Where replacement components differ from
the original components with respect to weight, dimen-
sions, layout, or material, the design of the affected piping
system shall be rechecked for the following design con-
siderations.

(A) Hangers and supports shall be adequate for addi-
tional or altered distribution of weight. They shall accom-
modate the flexibility characteristics of the altered piping
system.

(B) Changes in stresses imposed on both existing and
replacement components of the piping shall be evaluated
and compensation shall be made to preventoverstressin
any part of the entire altered piping system.

V-9.0 SAFETY, SAFETY RELIEF, AND RELIEF VALVES
V-9.1 General

V-9.1.1 This section is applicable to safety, safety
relief, and relief valve installations (see Appendix II for
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definitions of these terms.) Except as otherwise noted, all
reference to “safety” valve(s) shall be considered to
include all three types. Safety valves shall be maintained
in good working condition. Also, discharge pipes and
their supports shall be inspected routinely and main-
tained properly. Any evidence of blowback at the drip
pan of open safety valve vent systems should be noted
and its cause determined and corrected.

V-9.2 Testing and Adjustment

V-9.2.1 Testing of safety valves for pressure setting
shall be in accordance with written procedures which
incorporate the requirements of regulatory agencies and
manufacturer’s instructions. Testing should be per-
formed just prior to a planned outageso that any required
repair or maintenance, except spring and blowdown ring
adjustments, can be performed during the outage,
thereby assuring tight valves upon return to service.

V-9.2.2 Thesettingoradjustmentof safety valvesshall
be doneby personneltrained in theoperation and mainte-
nance of such valves. Safety valves shall be tested after
any change in setting of the spring or blowdown ring.
Appropriate seals should be used to assure that there is
no unauthorized tampering with valve settings. Repairs
to safety valves and disassembly, reassembly, and /or
adjustments affecting the pressure relief valve function,
which are considered arepair, should be performed by an
authorized repair organization.?

V-9.3 Operation

V-9.3.1 The precautions stated in the manufacturer’s
operating manual or instruction books shall be followed
when operating safety valves. In general, these precau-
tions will include the following:

(A) Hand lifting is permitted. Assistance, as required,
may be accomplished by the use of small wires or chains.

(B) Striking or hammering the valve body shall not be
permitted. Only the hand-test lever shall be used.

(C) Attempts to stop leakage through the valve scat
shall not be made by compressing the spring.

V-10.0 DYNAMIC LOADING
V-10.1 Water Hammer

V-10.1.1 Water hammer includes any water or other
liquid transient event such as pressure surge or impact
loading resulting from sudden or momentary change in
flow or flow direction.

3 Examples of organizations that may be authorized by the owner,
or by the local jurisdiction, to perform repairs on safety valves
include but are not limited to the original valve manufacturer or a
repair organization that holds a National Board of Boiler and Pres
sure Vessel Inspectors (NB-23) VR stamp.
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V-10.1.2 Should significant water hammer develop
during plant operation, the cause should be determined
and corrective action taken. Water hammer could be the
result of an incorrectly sloped pipe intended for steam
condensate drainage. Water hammer in piping systems
may cause damage to hangers, valves, instrumentation,
expansionjoints, piping and equipmentintegral with the
piping. The Operating Company should develop proce-
dures to deter waterhammer and to determine when cor-
rective actionis necessary.

V-10.1.3 Water hammer problems resulting from
accumulated condensate in a steam line cannotbe solved
simply by adding restraints. Corrective action may
include changing line slopes, adding drain pots, adding
warm-up lines around valves, checking for leaking
desuperheaters, faulty electrical controls on automatic
drains, etc.

V-10.1.4 Water hammer due to column separation in
feedwater or booster pump suction piping results when
the deaerator pegging pressure is not maintained. This
type of water hammer can be particularly severe and
requires prompt attention to control and reduce it.

V-10.1.5 As a priority, corrective action should
address the cause of watethammerfirst. If such corrective
action is ineffective in reducing the effects of water ham-
mer to acceptable levels, installation of restraints may be
necessary to limit piping displacements and/or damage
from fatigue.

V-10.2 Steam Hammer

V-10.2.1 Dynamic loads due to rapid changes in flow
conditions and fluid state in a steam piping system are
generally called steam hammerloads. Piping response to
these momentary unbalanced loads can be significant in
highpressuresteamsystems, such as main steam, hotand
cold reheat steam, bypass and auxiliary steam systems
that are subject to rapid interruption or establishment of
full steam flow.

V-10.2.2 The Operating Company should develop
procedures to determine any adverse effects of steam
hammer, such as excessive pipe movement, damage to
hangers and restraints, and high pipe stress and reactions
at pipe connections to equipment. Where such move-
ments, stresses, and reactions exceed safe limits or allow-
able loadings, a program of remedial action should be
implemented.

V-11.0 HIGH-TEMPERATURE CREEP
V-11.1 General

V-11.1.1 Catastrophic failure, including rupture, can
occur due to excessive creep strains resulting from opera-
tion of the piping above design pressure, or temperatures,

+ or both, for extended periods of time. The expected life
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of a piping system operating in the creep range can be
reduced significantly through prolonged exposure to
pressureor temperature, particularly temperature, above
design values. Paragraph 102.2.4 provides criteria for
occasional short operating periods at higher than design
pressure or temperature.

V-11.1.2 Thissection provides the minimum require-
ments for evaluating critical piping systems in order to
detect creep damage and to assist in predicting the
remaining life under expected operating conditions. The
remaining useful life may be estimated by determining
the extent of creep damage sustained by the pipe.

V-11.2 Procedures

V-11.2.1 TheOperating Company shall establish pro-
cedures to cover the requirements of this paragraph.

V-11.2.2 The procedures shall be carried out by or
under the direction of persons qualified by training or
experience in metallurgical evaluation of high tempera-
ture creep effects in power plant piping.

V-11.2.3 An evaluation program to determine the
extent of creep damage and estimate remaining life of
high temperature piping shall be carried out in three
phases, as follows:

(A) review of material specifications,designstresslev-
els, and operating history.

(B) indirect measurements to determine extent of
creep damage. These would include diametral measure-
mentstodetectcreep swelling. Inaddition, dye penetrant,
magnetic particle, ultrasonic, and radiographic methods
may be used to detect internal and surface cracks.

(C) examination of the microstructure to determine the
degree of material degradation. This can be performed
by replication techniques or by metallography using
specimens obtained by boat-sampling or trepanning.

V-11.3 Records

V-11.3.1 Records of creep damage evaluation survey
findings shall be maintained for the service life of high
temperature piping systems operating in the creep range.

V-11.4 Examination of Records

V-11.4.1 Records of creep damage surveys and test
reportsshall be examined by personnel qualified by train-
ing and experience to evaluate and interpret NDE and
metallographical studies.

V-11.4.2 Where surveys and inspections of critical
piping systems indicate that high temperature creep
damage has progressed to an unacceptable level, affected
portions of the piping system shall be replaced.

V-11.5 Frequency of Examination

V-11.5.1 Periodically, all critical piping systems
operating within the creep range shall be examined for
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evidence of high temperature creep damage. Particular
attention shall be given to welds.

V-11.5.2 The examination shall be repeated at peri-
odic intervals which shall be established on the basis of
earlier survey findings, operating history, and severity of
service.

V-12.0 RERATING PIPING SYSTEMS
V-12.1 Conditions

V-12.1.1 An existing piping system may be rerated
for use at a higher pressure and /or temperature if all of
the following conditions are met:

(A) A design analysis shall be performed to demon-
strate that the piping system meets the requirements of
the Code at the new design conditions.

(B) The condition of the piping system and support/
restraint scheme shall be determined by field inspections
and the examination of maintenance records, manufac-
turer’s certifications, and /or other available information

273

ASME B31.1-2004

to ensure conformance with the Code requirements for
the new design conditions.

(C) Necessary repairs, replacements, or alterations to
the piping system are made to conform with the require-
ments prescribed in (A) and (B) above.

(D) Thesystemhasbeenleak tested to apressureequal
to or greater than that required by the Code for a new
piping system at the new design conditions.

(E) The rate of pressure and temperature increase to
the higher maximum allowable operating conditions
shall be gradual so as to allow sufficient time for periodic
observations of the piping system movements and leak
tightness.

(F) Records of investigations, work performed, and
pressure tests conducted in rerating the piping systems
shall be preserved for the service life of the piping
systems.

(G) All safety valves, relief valves, and other pressure
relieving devices must be examined, and recertified for
the new pressure/temperature design conditions.
Capacity of relieving equipment shall be investigated if
the design pressure and/ or temperature are changed in
rerating a piping system.
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General

This document contains Fitness-For-Service (FF'S) assessment procedures that can be used to
evaluate pressurized components containing flaws or damage. If the results of a fitness-for-service
assessment indicate that the equipment is suitable for the current operating conditions, the
equipment can continue to be operated at these conditions provided suitable monitoring/inspection
programs are established. If the results of the fitness-for-service assessment indicate that the
equipment is not suitable for the current operating conditions, calculation methods are provided to
rerate the component. For pressurized components (e.g. pressure vessels and piping) these
calculation methods can be used to find a reduced Maximum Allowable Working Pressure (MAWP)
and/or coincident temperature. For tank components (shell courses) the calculation methods can be

used to determine a reduced Maximum Fill Height (MFH).

The Fitness-For-Service assessment procedures in this dogument are organized by flaw type and/or
damage mechanism. A list of flaw types and damage mechanisms and the corresponding section
which provides the [/ assessment methodology is shown in Table 2 1. In some cases, it may be
necessary to use the assessment procedures from multiple sections if the primary type of damage is
not evident. For example, the metal loss in a component may be associated with general corrosion.
locai corrosion and pitting. If muitiple damage mechanisms are present, a degradation class. e q.,
corrosion/erasion, ¢an be identified to assist in the evaluation. An ov tview of degradation classes
in this document is shown in Figure 2 1. As indicated in this figure, several flaw types and damage
mechanisms may need to be evaluated to determine the Fitness-For-Service of a component. Each
section referenced within a degradation class includes guidance on how to perform an asse sment
when multiple damage mechanisms are present.

The general Fitness-For-Service assessment procedure used in this Recommended Practice (/¢/°)
for all flaw types is provided in this section. An overview of the procedure is provided in the following

eight steps. The remaining sections in this RP utilize this assessment methodology for a specific
flaw type or damage mechanism and provide specific details covering Steps 2 through 8 of this
procedure.

Step 1 - Flaw and Damage Mechanism Identification. The first step in a Fitness-For-Service
assessment is to identify the flaw type and cause of damage (see paragraph 2.1 2). The original
design and fabrication practices. the material of construction. and the service history and
environmental conditions can be used to ascerntain the likely cause of the damage. An ovelview of
damage mechanisms which can assist in identifying likely causes of damage Is provided in

G. Once the flaw type is identified, the appropriate section of this document can be selected for the
assessment (see Table 2 1 and Figure 2 1).

Step 2 — Applicability and Limitations of the F'I'S Assessment Procedures: The applicability and
limitations of the assessment procedure are described in each section, and a decision on whether to
proceed with an assessment can be made.

Step 3 — Data Requirements: The data required for a /'F'S assessment depend on the flaw type or
damage mechanism being evaluated. Data requirements may include original equipment design
data, information pertaining to maintenance and operational history, expected future service, and
data specific to the FFFS assessment such as flaw size, state of stress in the component at the
location of the flaw, and material properties. Data requirements common to all /S assessment
procedures are covered in this section. Data requirements specific tc a damage mechanism or flaw
type are covered in the section containing the corresponding assessment procedures.

2-1
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Step 4 — Assessment Techniques and Acceptance Criteria: Assessment techniques and acceptance
criteria are provided in each section. If multiple damage mechanisms are present, more than one
section may have to be used for the evaluation.

Step 5— Remaining Life Evaluation. An estimate of the remaining life or limiting flaw size should be
made for the purpose of establishing an inspection interval. The remaining life is established using
the F-1-S assessment procedures with an estimate of future damage. The remaining life can be used
in conjunction with an inspection code to establish an inspection interval.

Step 6 - Remediation: Remediation methods are provided in each section based on the damage
mechanism or flaw type. In some cases, remediation techniques may be used to control future
damage associated with flaw growth and/or material degradation.

Step 7 — in-Service Monitoring: Methods for in-service monitoring are provided in each section
based on the damage mechanism or flaw type. In-service monitoring may be used for those cases
where a remaining life and inspection interval cannot adequately be established because of the
complexities associated with the service environment.

Step 8 — Documentation: Documentation should include a record of all information and decisions
made in each of the previous steps to qualify the component for continued operation. Documentation
requirements common to all FFS assessment procedures are covered in this section.
Documentation requirements specific to a damage mechanism or flaw type are covered in the
section containing the corresponding assessment procedures.

Applicability And Limitations Of The FFS Assessment Procedures

The FFS assessment procedures in this document were developed to assess components with a
flaw resulting from single or multiple damage mechanisms. In the context of this document, a
component is defined as any pressurized part that is designed using a nationally recognized code or
standard (see paragraph 2.2.2). Equipment is defined to be an assemblage of components.
Therefore, the pressurized equipment covered in this document includes all pressure boundary
components of pressure vessels, piping, and tank shell courses of storage tanks Fitness-for-service

procedures for fixed and floating roof structures, and bottom plates of tanks are covered in Section 2
of AP1653.

The FFY assessment procedures in this document were developed assuming that the companent

was designed and fabricated to a recognized code or standard (see Section 1, paragraphs 1.2.2 nd
1.2.3).

For equipment camponents that are discovered te not have been designed. or constructed to the
original design criteria, the principles in this document may be usad ta evaluat the in-service
damage and as-built condition relative to the intended design. ['/-S assessments of this type shall
be performed by an Engineer (see Section 1, paragraph 1.4.3) knowledgeable and experienced in
the design requirements of the applicable code.

Each section in this document where FFS Assessment procedures are described include a segment

which states the applicability and limitations of the procedures. The limitations and applicability of an
analysis procedure are stated relative to the Level of Assessment (see paragraph 2 .4).

Data Requirements

Original Equipment Design Data

The following original equipment design data should be assembled to peiform a /- /N assessment.
The extent of the data required depends on the damage mechanism and assessment level A dat

sheet is included in Table 2 2 to record the required information that is common to all F N
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assessments. [n addition, a separate data sheet is included with each section of this document to
record information specific to the flaw type, damage mechanism, and assessment procedure.

a.

Data for pressure vessels may include some or all of the following:

1.

An ASME Manufacturer's Data Report or, if the vessel is not Code stamped, other
equivalent documentation or specifications

Vessel fabrication drawings showing sufficient details to permit calculation of the
MAWP of the component containing the flaw. If a rerate to a different condition of

pressure and/or temperature is desired (i.e. increase or decrease in conditions), this
information should be available for all affected components. Detailed sketches with data

necessary to perform MAWP calculations may be used if the original fabrication
drawings are not available.

The original or updated design calculations for the load cases in Table A.1 of Appendix
A, as applicable, and anchar bolt calculations

The inspection records for the component at the time of fabrication.

User Design Specification if the vessel is designed to the ASME Code, Section VIlI,
Division 2.

Material test reports.

Pressure-relieving device information including pressure relief valve and/or rupture disk
setting and capacity information.

A record of the original hydrotest including the test pressure and metal temperature at
the time of the test or, if unavailable, the water or ambient temperature.

Data for piping components may include some or all of the following:

1.

Piping Line Lists or other documentation showing process design conditions, and a
description of the piping class including material specification, pipe wall thickness and
pressure-temperature rating.

Piping isometric drawings to the extent necessary to perform a FF.S assessment. The
piping isometric drawings should include sufficient details to permit a piping flexibility
calculation if this analysis is deemed necessary by the Engineer in order to determine

the MAWP (maximum safe or maximum allowable operating pressure) of all piping

components. Detailed sketches with data necessary to perform MA WP calculations
may be used if the original piping isometric drawings are not available.

The original or updated design calculations for the load cases in Table A.1 of
A. as applicable.

The inspection records for the component at the time of fabrication.
Material test reports.

A record of the original hydrotest including the test pressure and metal temperature at
the time of the test, or if unavailable, the water or ambient temperature

Data for tanks may include some or all of the following:

1.

The original API| data sheet
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2. Fabrication drawings showing sufficient details to permit calculation of the maximum fill

height (MIH) for atmospheric storage tanks and the MA WP for low pressure storage
tanks. Detailed data with sketches where necessary may be used if the original
fabrication drawings are not available.

3 The original or updated design calculations for the load cases in Table A1 of Append)

A, as applicable, and anchor bolt calculations.

4. The inspection records for the component at the time of fabrication.
5. Material test reports.
6. A record of the last hydrotest performed including the test pressure and metal

temperature at the time of the test or, if unavailable, the water or ambient temperature.

If some of these data are not available, physical measurements or field inspection of the component
should be made to provide the information necessary to perform the assessment.

Maintenance And Operational History

A progressive record including, but not limited to, the following should be available for the equipment
being evaluated. The extent of the data required depends on the damage mechanism and
assessment level.

a.

The actual operating envelope consisting of pressure and temperature, including upset
conditions should be obtained. If the actual operating conditions envelope is not available. an
approximation of one should be developed based upon available operational data and
consultation with operating persannel. An pperating histogram may be required consisting of
pressure and temperature data recorded simuttaneously for some types of /- /- assessments
(e.g.. Section 10.0 for components operating in the creep regime).

Documentation of any significant changes in service conditions including pressure,
temperature, fluid content and corrosion rate Both past and future service conditions should
be reviewed and documented.

The date of installation and a summary of alf alterations and repairs including required
calculations, material changes, drawings and repair procedures. The calculations should
include the required wall thicknesses and MA WP (MFH for atmospheric storage tanks)

including definition and allowances for supplemental loads such as static liquid head, wind,
and earthquake loads.

Records of all hydrotests performed as part of the repair including the test pressure and metal
temperature at the time of the tests or, if unavailable, the water or ambient temperature at the
time of the test if known.

Results of prior in-service examinations including wall thickness measurements and other
NDE results that may assist in determining the structural integrity of the component and in
establishing a corrosion rate.

Records of all internal repairs, weld build-up and overlay, and modifications of internals.

Records of "out-of-plumb readings for vertical vessels.

Foundation settlement records if the corrosion being evaluated is located in the bottom shell
course of the tank.
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If some of these data are not available, physical measurements should be made to provide the
information necessary to perform the assessment.

Required Data/Measurements For A FFS Assessment

Each section in this document which contains FFS assessment procedures includes specific
requirements for data measurements and flaw characterization based on the damage mechanism
being evaluated. Examples of flaw characterization include thickness profiles for local
corrosion/erosion, pitting depth, and dimensions of crack-like flaws. The extent of information and

data required for a FFS assessment is dependent on the assessment level and damage mechanism
being evaluated.

The Future Corrosion Allowance (/('4) should be established for the intended future operating

period. The /("4 should be based on past inspection information or corrosion rate data relative to
the component material in a similar environment. Corrosion rate data may be obtained from AFI

Publication §81 or other soutces (see paragraph A 2.7 of Appendix A). The F('d is calculated by
multiplying the anticipated corrosion rate by the future service period considering inspection interval
requirements of the applicable inspection code. The £ FN assessment procedures in this document
include provisions to ensure that the /(4 is available for the future intended operating peried

Recommendations For Inspection Technique And Sizing Requirements

Recommendations for Non Destructive Examination (N/I) procedures with regard to detection and
sizing of a particular damage mechanism and/or flaw type are provided in each section.

Assessment Techniques And Acceptance Criteria

Three Levels of assessment are provided in each Section of this document which cover I'1-§
assessment procedures. A logic diagram is included in each Section to illustrate how these
assessment levels are interrelated. In general, each assessment level provides a balance between
conservatism, the amount of information required for the evaluation, the skill of the personnel
performing the assessment, and the complexity of analysis being performed. Level 1 is the most
conservative, but is easiest to use. Practitioners usually proceed sequentially from a Level 1 to a
Level 3 analysis (unless otherwise directed by the assessment techniques) if the current assessment
level does not provide an acceptable result, or a clear course of action cannot be determined. A
general overview of each assessment level and its intended use are described below.

Level 1 — The assessment procedures included in this level are intended to provide conservative
screening criteria that can be utilized with @ minimum amount of inspection or component
information. Level 1 assessments may be performed by either plant inspection or engineering
personnel {see Section 1, paragraphs 1.4.2 and 1.4.3).

Level 2 — The assessment procedures included in this level are intended to provide a more detailed
evaluation that produces results that are more precise than those from a Level 1 assessment In a
Level 2 Assessment, inspection information similar to that required for a Level 1 assessment are
needed; however, more detailed calculations are used in the evaluation. Level 2 assessments would
typically be conducted by plant engineers, or engineering specialists experienced and

knowledgeabile in performing FFS assessments.

Level 3 — The assessment procedures included in this level are intended to provide the most detailed
evaluation which produces results that are more precise than those from a Level 2 assessment In a
Level 3 Assessment the most detailed inspection and component information is typically required,
and the recommended analysis is based on numerical techniques such as the finite element method.
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A Level 3 analysis is primarily intended for use by engineering specialists experienced and
knowledgeable in performing FF.S assessments.

Each of the FFS assessment methodologies presented in this document utilize one or more of the
following acceptance criteria:

Allowable Stress — This acceptance criteria is based upon calculation of stresses resulting from
different loading conditions, classification and superposition of stress results, and comparison of the
calculated stresses in an assigned category or class to an allowable stress value. An overview and
aspects of these acceptance criteria are included in Appendix B. The allowable stress value is
typically established as a fraction of yield. tensile or rupture stress at room and the service
temperature, and this fraction can be associated with a design margin. This acceptance criteria
method is currently utilized in most new construction design codes. In FF.N applications. this method
has proven to have limited applicability because of the difficulty in establishing suitable stress
classifications for components containing flaws. As an alternative. assessment methods based on
elastic-plastic analysis can be used (see Appendix B, paragraph B.6.4). Elastic-plastic analysis
methods were used to develop the Remaining Strength Factor (see paragraph 2.4.2.2).

Remaining Strength Factor — Structural evaluation procedures using linear elastic stress analysis
with stress classification and allowable stress acceptance criteria provide only a rough approximation
of the foads which a component can withstand without failure. A better estimate of the safe load
carrying capacity of a component can be provided by using nonlinear stress analysis to: develop limit
and plastic collapse loads, evaluate the deformation characteristics of the component (e.g.
deformation or strain limits associated with component operability), and assess fatigue and/or creep
damage including ratcheting.

a. In this document, thie concept of a remaining strength factor is utilized to define the

acceptability of a component for continued service. The Remaining Strength Factor (RSF) is
defined as:

RSF = f—’-- (21)

st

Limit or plastic collapse load of the damaged component (component with
flaws), and

Limit or plastic collapse load of the undamaged component.

b. With this definition of the RSE, acceptance criteria can be established using traditional cade
formulas. elastic stress analysis. limit load theory. or elastic-plastic analysis. For example, to
evaluate local thin areas (see Section 5). the FFS assessment procedures provide a means to
compute a RNF If the calculated RSF is greater than the allowable KN (see below) the

damaged component can be placed back into service. If the calculated RN/ is less than the
allowable value, the component can be repaired. rerated or some form of remediation can be
applied to reduce the severity of the operating environment The rerated pressure can be

caloulated from the RS/ as follows:

MAWP = A»Mnfr[ﬁii) for  RSE < RSE, (2.2)
’ RSE ]
MAWD = MAWDP  for  RSF 2 RSF, (23)

where
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MAWDP, = Reduced permissible maximum allowable working pressure of the
damaged component,
MAWP = Maximum allowable warking pressure of the undamaged component (see
paragraph A.2.1 of Appendix A),
RSF =  Remaining strength factor computed based on the flaw and damage
mechanism in the campenent, and
RSF, = Allowable remaining strength factor (see paragraph 2.4.2 2.d).
C. For tankage, the RSF acceptance criteria is:
RSF :
MIH, = MFH| ——| Jor RSF < RSE (2.4)
RSE, '
MFH = AEH  for  RSF 2 RSF, (25)

where RSF and RSF, are defined in paragraph 2.4.2.2.b and,

MFH, = Reduced permissible maximum fill height of the damaged tank course.
and
MEH = Maximum fill height of the undamaged component (see paragraph A 2.1

of Appendix A).

d. The recommended value for the allowable Remaining Strength Factor. RNF . is 0.90 for
equipment in process services. This value has been shown to be conservative (see Appendix
H). This value may be reduced based upon the type of loading (e.g. normal aperating loads
occasional loads, short-time upset conditions) and/or the consequence of failure. For
example, a lower factor could be utilized for low pressure piping cantaining a flaw which
conveys cooling water. or for a shell section containing a flaw subject to noimal operating
pressure and design wind loads.

2423 Failure Assessment Diagram — The Failure Assessment Diagram ("4 D) is used for the evaluation of
crack-like flaws in components.

a. The [-AI) approach was adopted because it provides a convenient. technically based method
to provide a measure for the acceptability of a component with a crack-like flaw wh n the
failure mechanism is measured by two distinct criteria: unstable fracture and limit load.
Unstable fracture usually controls failure for small flaws in companents fabric ted from a brittle
material and plastic collapse typically controls failure for large flaws if the component is
fabricated from a material with high toughness. In a /-}.S analysis of crack-like flaws, the
rasults from a stress analysis, stress intensity factor and limit load solutions, the material
strength, and fracture toughness are combined to calculate a toughness 1 tio, A . and load
ratio. L, . These two quantities represent the coordinates of a peint which is plotted on a twa-
dimensional /+/) to determine acceptability. If the assessment point is on or below this
curve, then an acceptable margin below the postulated failure curve on the /-4/) (the failure
curve represents the upper bound on component acceptability). the component is suitable for

continued operation. A schematic which illustrates the procedure for evaluating a crack-like
flaw using the Failure Assessment Diagram is shown in Figure 2 2.

b. In the assessment of crack-like flaws, partial safety factors are utilized along with the F.41)
acceptance criteria to account for variability of the input parameters in a deterministic fashion
Three separate partial safety factors are utilized: a factor for applied loading; a factor for
material toughness, and a factor for flaw dimensions. The partial safety factors are applied to
the stresses resulting from a stipulated toading condition, the fracture toughness and the flaw

size parameters prior to the F/ADD) analysis. The partial safety factors recommended for use
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with Section 9 of this document (see Table 9.2) were developed based upon the results of a
series of probabilistic analyses of components with crack-like flaws, Other values for these
factors may be used based on a risk assessment where the potential failure modes and type
of loading (e.g.. normal operating loads. occasional loads. short-time upset conditions) are
considered.

C. The in-sefvice margin for a component with a crack-like flaw provides a measure of how close

the component is to the limiting condition in the FA/D>. The in-service margin is defined by
how far the assessment point, which represents a single operating condition, is within the

failure envelope of the F/AD. This point is determined based on the results from stress and
fracture mechanics analyses after applying the three partial safety factors discussed above.
The in-service margin is defined to be greater than or equal to one when the point resides

underneath or on the FF-/AD failure curve. The recommended minimum allowable value for the
in-service margin is set at 1.0.

The FFS assessment procedures provided in this document are deterministic in that all information
required for an analysis (independent variables) are assumed to be known. However, in many
instances all of the important independent variables are not known with a high degree of accuracy.
In such cases, conservative estimates of the independent variables are made to ensure an
acceptable safety margin, and this approach can lead to overly conservative results. The following
types of analyses can be used to provide insight into the dependency of the analysis results with

variations in the input parameters. The deterministic FF.S assessment procedures in this Practice
can be used with any of these analyses.

Sensitivity Analysis — The purpose of such an analysis is to determine if a change in any of the
independent (input) variables has a strong influence on the computed safety factors. The sensitivity
analysis should consider the effects of different assumptions with regard to loading conditions,
material properties and flaw sizes. For example, there may be uncertainties in the service loading
conditions; the extrapolation of materials data to service conditions; and the type, size, and shape of
the flaw. Confidence is gained in an assessment when it is possible to demonstrate that small
changes in input parameters do not dramatically change the assessment results; and when realistic
variations in the input parameters, on an individual or combined basis, still lead to the demonstration
of an acceptable safety margin. If a strong dependence on an input variable is found, it may be
possible to improve the degree of accuracy used to establish the value of that variable.

Probabilistic Analysis — The dependence of the safety margin on the uncertainty of the independent
variables can be evaluated using this type of analysis. All or a limited number of the independent
variables are characterized as random variables with a distribution of values. Using Monte Carlo
simulation, first order reliability methods or other analytical techniques, the failure probability is
estimated. These methods can be used to combine a deterministic £F.S assessment model with the
distributions prescribed for the independent variable to calculate failure probabilities. Once a

probability of failure has been determined, an acceptable level must be established based on muitiple
factors such as jurisdictional regulations and the consequence of failure.

Partial Safety Factors — Individual safety factors that are applied to the independent variables in the
assessment procedure. The partial safety factors are probabilistically ¢ librated to reflect the effect
that each of the independent variables has on the probability of fallure Partial safety tactors are
developed using probabilistic analysis techniques considering a deterministic model, distributions of
the main independent variables of the model, and a target reliability or probability of tailure. The
advantage of this approach is that uncertainty can be introduced in an assessment by separately
combining the partial safety factors with the independent variables in a deterministic an lysis model:
the format of the analysis is similar to that used by many design codes. Partial safety factors are
only utilized in the assessment of crack-like flaws (see Section 9 and paragraph 242 3 b)
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Remaining Life Assessment

Once it has been established that the component containing the flaw is acceptable at the current
time, the user should determine a remaining life for the component The remaining life in this
document is used to establish appropriate inspection interval and/or in-service monitoring plan, or the
need for remediation. The remaining life is not intended to provide a precise estimate of the actual
time to failure. Therefore, the remaining life can be estimated based on the quality of available
information, assessment level, and appropriate assumptions to provide an adequate safety factor for
operation until the next scheduled inspection.

Each FFFS assessment section in this document provides guidance on calculating a remaining life In
general, the remaining life can be calculated using the assessment procedures in each section with
the introduction of a parameter that represents a measure of the time dependency of the damage
taking place. The remaining life is then established by solving for the time to reach a specified
operating condition such as the MAWP (MFH) or a reduced operating condition

MAWP. (MI'H,) (see paragraph 2.4.2.2.b).

Remaining life estimates will fall into one of the following three general categories.

The Remaining Life Can be Calculated With Reasonable Certainty — An example is general uniform
corrosion, where a future corrosion allowance can be calculated and the remaining life is the future
corrosion allowance divided by the assumed corrosion rate from previous thickness data, corrosion
design curves, or experience in similar services. Another example may be long term creep damage,
where a future damage rate can be estimated. An appropriate inspection interval can be established
at a certain fraction of the remaining life The estimate of remaining life should be conservative to
account for uncertainties in material properties, stress assumptions, and variability in future damage
rate.

The Remaining Life Cannot be Established With Reasonable Certainty — Examples may be a stress
corrosion cracking mechanism where there is no reliable crack growth rate data available or
hydrogen blistering where a future damage rate can not be estimated. In this case remediation
methods should be employed, such as application of a lining or coating to isolate the environment,
drilling of blisters, or monitoring. Inspection would then be limited to assuring remediation method
acceptability, such as lining or coating integrity.

There is Little or No Remaining Life — In this case remediation, such as repair of the damaged
component, application of a lining or coating to isolate the environment, and/or frequent monitoring I1s
necessary for future operation.

Remediation

As mentioned in the previous paragraph, under some circumstances remediation is called for
Examples include: where a flaw is not acceptable in its current condition; the estimated remaining life
is minimal or difficult to estimate; or the state-of-the-art analysis/knowledge is insufficient to provide
an adequate assessment. Appropriate remediation methods are covered within each FFS
assessment section.

Only general guidelines are provided in this document; each situation will require a customized
approach to remediation. Periodic checks should be made to ensure that the remediation steps have
prevented additional damage from occurring, and are in a condition that they can be expected to
continue to provide protection in the future. The user may need to refer to other documents for
detailed remediation procedures; for example, weld repair guidelines can be found in applicable
repair codes, such as API 510, API 570, AP| 653 and NBIC 23.
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In-Service Monitoring

Under some circumstances, the future damage rate/progression cannot be estimated easily or the
estimated remaining life is short. In-service monitoring is one method whereby future damage or
conditions leading to future damage can be assessed, or confidence in the remaining life estimate
can be increased. Monitoring methods typically utilized include: corrosion probes to determine a
corrosion rate; hydrogen probes to assess hydrogen activity; various ultrasonic examination methods
and acoustic emission testing to measure metal loss or cracking activity, and measurement of key
process variables and contaminants. Appropriate in-service monitoring methods are covered within

each IS assessment section.

Documentation

A Fitness-For-Service analysis should be sufficiently documented such that the analysis can be
repeated at a later date. Documentation requirements specific to a particular assessment are

described in the corresponding section covering the FFS assessment procedure The following items
should be included in the documentation.

The equipment design data, and maintenance and past operational history to the extent available
should be documented for all equipment subject to a /7S assessment.

Inspection data including all readings utilized in the FI-§ assessment.

Assumptions and analysis results including:

e  Section, edition, and analysis level of this document and any other supporting documents used
to analyze the flaw or damage.

e Future operating and design conditions including pressure, temperature and abnormal operating
conditions.

e Calculations for the minimum required thickness and/or MA WP
e  Calculations for remaining life and the time for the next inspection.
e  Any mitigation/monitoring recommendations that are a condition for continued service

All calculations and documentation used to determine the fitness-for-service of a pressurized
component should be kept with the inspection records for the component or piece of equipment in
the owner-user inspection department. This documentation will be a part of the records required for
mechanical integrity compliance.
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Table 2.1

Overview of Flaw and Damage Assessment Procedures

Flaw or Damage
Mechanism

Section

Overview

Brittle Fracture

Assessment procedures are provided for evaluating the resistance to
brittle fracture of existing carbon and low alloy steel pressure vessels,
piping, and storage tanks. Criteria are provided to evaluate normal
operating, start-up, upset, and shut-down conditions.

General Metal Loss

Assessment procedures are provided to evaluate general corrosion.
Thickness data used for the assessment can be either point thickness
reacings or detailed thickness profiles. A methodolagy is provided to
utilize the assessment procedures of Section 5 when the thickness
data indicates that the metal loss can be treated as localized.

Local Metal Loss

Assessment techniques are pravided to evaluate single and netwarks
of Local Thin Areas and groove-like flaws in pressurized components.
Detailed thickness profiles are required for the assessment. The
assessment procedures can also be utilized to evaluate blisters as
provided for in Section 7.

Pitting Corrosion

Assessment procedures are provided to evaluate widely scattered
pitting, localized pitting, pitting which occurs within a region ef local
metal lose. and a region of lacalized metal 1oss located within a region
of widely scattered pitting. The assessment procedures can also be
utilized to evaluate a network ef closely spaced blisters as provided for
in Section 7.

Blisters and
Laminations

AssessiTient procedures are provided to evaluate isolated and
networks of blisters and laminations. The assessment guidelines
include provisions for blisters located at weld joints and structural
discontinuities such as shell transitions, stiffening rings, and nozzles.

Weld Misalignment and
Shell Distortions

Assessment procedures are provided to evaluéte stresses resulting
from geometric discontinuities in shell type structures including weld
misalignment and shell distortions (e.g. out-of-roundness, bulges, and
dents).

Crack-Like Fiaws

Assessment procedures are provided to evaluate crack-like flaws
Solutions for stress intensity factors and reference stress (limit load)
are included in Appendices C and D. respectively. Methods to
evaluate residual stress as required by the assessiment procedure are
described in Appendix E. Material properties required for the
assessment are provided in Appendix £, Recommendations for
evaluating crack growth including enviranmental concerns are also
covered.

High Temperature
Operation and Creep

10

Assessment procedures are provided to determine the remaining life
of a component operating in the creep regime. Material properties
required for the assessment are provided in Appendix F.
Recommendations for evaluating crack growth including
environmental concerns are also covered.

Fire Damage

"

Assessment procedures are provided to evaluate equipment subject to
fire damage. A methodology is provided to rank and screen
compoenents for evaluation based on the heat exposure experienced
during the fire. The assessment procedures of the other sections of
this publication are utilized to evaluate component damage
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Table 2.2
Overview of Data Required for Flaw and Damage Assessment

The following data are required for most types of Fitness-For-Service assessments and it is recommended that
this completed table accompany the data table completed for the specific damage type which are located in
the respective section.

Equipment Identification:

Equipment Type: Pressure Vessel Storage Tank Piping Companent

Component Type & Location: -

Design Code: ASME Section VIl Div. 1 ASME Section VIl Div. 2 ASME B31.3
API 650 AP1620
other:

Material of Construction (e.g. ASTM Specification):

MAWR:

MFH:

Minimum Required Wall Thickness:

Temperature:

Cyclic Operation:

Type of Damage
Metal Loss - General:
Metal Loss — Local:
Metal Loss - Pitting:
Blisters:
Misalignment:
Dent:
Bulge:
Crack-Like Flaw;
Creep Damage:
Fire Damage:

Location of Damage (provide a sketch)
Internal/External:

Near weld:

QOrlentation:

Environment
Internal:

External:

Repair and Inspection History

Operations History

Future Anticipated Operations



Figure 2.1
FFS Assessment Procedures For Various Degradation Classes
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Figure 2.2
Overview Of An FFS Analysis For Crack-Like Flaws Using The Failure Assessment Diagram
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2.11 Example Problems

Example problems are included for each Section of this document which contains /7S assessment
procedures. The example problems are provided to illustrate the application of the rules and
evaluation procedures for a Level 1 and/or Level 2 Assessment. Example problems are provided in
both metric and English units.
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vith the computer getting more and mare soph-

ed, the chanca of getiing a bug in a program
nisgpplication fn an analysia also bhewecomes

and more likely. Analysts need sorne rulea of

, fo guickly spot problem areag and to make a
theek if necesmury. This paper outlinea some
(general reles used in checking boundary con-
» unbalanced forces, and lryegularitles. 0
sey specific examples to demonstrate the

og of some elementary functions, Special dis-
08 are given on advanced features such as

t friction, thermal bowing, and expansion
elements.

lith the new requirements given on the design
odern plant piping, the only practical toel for
iign anulysis is the vomputer. The caomputer
m designed for pipa stress analysis gets more
re sophisticated every dsy. Some programs
me through several generationg af develop-
mplaying completely differant background of
nel, The new generation normally will not
be good work dome by their predecessors.
> they make layers of shells around the exis-
wk, The completed program bLecomes Very
nized, Therefore, it is safe to say that a
' plpe stress computer program is bound to
ime inconsistencies,
b8 stress analysts are nermally too timid in
ging a well ostablished computer program.
T, U we recognize that to err i@ omputer
M, we muy be able to more objectively ensare
ity of our amalysis. It is lmportant te real-
! everylhing has its so called norm. In other
if something looks unrealietic then it prabably

77

i8 gnreal. Therefore, it is important to be able o
loak at the output and point out the irregularitiag
that might exist, That is the art, From time to time
we have sean some experienced engineers who are
able to judge whether a asystem 18 satisfactory just
by locking at the model, The computer analysis is
just & comfirming chieck. However, they are the
excaptional rather than ihe normal,

The inconsistent rasults in aa analysis comes
either from the bug in the program or from the mis-
application of the program. Nowadays, peaple like
te boast that you dont even need to read the manual
to uae their computer program, The 8o called user
friendly is probably what they intonded to say, but
somehow the impression they give is uot. You type
in some data., then you get some results. It svunds
eagy, but if scary. To cnsure a good analysis the
analyst haa to have al leusi a clear picture of what
the program functions are. He or she should also be
able to spot the incongistencies when they occur.

PROGRAM VERIFICATION

A program is syslematically verified befare
being relemsend for production. Phe verification invo-
lves almost every step of the program's operation
and function. The results of the verdication are do
cumented in the verification raports. This is the
function of the program daveloper and should not be
a burden to the uders.

Vearification by the uscr ig occasgionnlly required
by the inhon @ QA procedure, or to slwmply satisfy
the curiosity of the user or the boss, To an analyst,
to be able to persounlly verify a couple of aunalyses
will definitely increcase his or her confidenve i the
program. ‘'he most commnon upproach of the veril:
cation s Lo check against known results. 'he book
by Kellogg Compeuy [1] contains quite a few hand
calculation results which can be c¢h ck d against the



ansion stres2 oalculation, A more formal calcu-
on intended to be a benchmark waa published by
fE (2] in 1072. Unfortunately, thi# benchmark
blem contains some inisprints, which have never
n corrected, and also the unuaual non-circular
as section elements. Because of these difficalties,
problem has created & huge frustration in the
g industry, Bverywhere, engineers are trying
neke a comparison in vain. Later in 1880 U. S,
> published » set of represewmtative piping beuche
‘k problems [3]. This sat of problems waa taken
n real systems laidout in nuclear powar plants.
s mainly used to check the earthquake analysis
1g the response spectra mothod.

The benchmark problems check only the general
aviora of the program. The general behavior of
ven program differs very little from the original
;R box on which most of the programs are based.
refore, very little deviation shall be expected
i these tests. The moat important itema to be
serned with are the ones particular to individual
-frams. These items need to be checked very
iretely.

NATION

In comparing the test reaults with published or
thmark results, the relative deviation ia used.
term error i8 not used becvause the difference
it be caused by the error of the published or so
ad known results. Even the g0 called axact solu-
might have some seemingly ingignificant terms
red. However, if the deviation is small then

1@ is a good chance that both the testing program
ithe benchmark are correct., This i8 more &0

n then teeting program usesd en entirely diffevent
tion technique than that used by the benchmark.

In evaluating the deviation, gome common sense
to be applied to avoid unnecesaary arguments.
| glven quantity, R, whome axact aolution ia shwon
figure 1 {a), Its corresponding reault, R', from
fast program may be shifted to as shown in
Te 1 (b), Then by sowme methoda of evaluation,

¥ Y

Ry=0 Ry
R 4
= & - X .{-—Mw X

(a) {b)

Figure 1, Standard Deviation

8y be concluded that there is no comparison at
Because the deviation is egsentially infinite on
Jonent Ry. But we all know that the real difier-
betwean the two solutions is very small. This
be easily proved because if we rotate the axes
5 degrces, the deviation will almost dissppear

completely, The point is that a number ia meaning-
lese if its quantity is entirely dependemt of the sel-
ection of the coordinate axes. Therefore, it is im-
portant to have the deviation properly defined as
follows :

dev (Ry) = { Ry'-Ry ) / Ry {Meaningleuss)
dev (Ry) = { Ry'-Ry ) / R (Local)
dev (Ry) = ( Ry'-Ry ) / Ro {(Glebal)

Where B iz the resultant guantity at the peint of
interest, and Ro is the maximum resuliant quantity
in the e¢ntire system avnalyged, The global deviation
ia introduced, because ai a given point the resu tam
quantity itself may be inmignificant. Whether it is
significant or not, the tool to measure is the global
comparison. The evaluation of the local deviation
requires somwe personsl judgement, bul the global
deviation should be llmited to about 10 percent.

BOUNDARY CONDITIONS

The first 8tep in quick cheoking an analysis is
to make sure that the results, mateh the boundary
conditions of the syeteme. This can be done easily
with the help of a goad output arraggement. Meost
computer programs have a &ecparate report for the
anchor and support forces and mementrR as shown in
Table 1. Yor this particular one {¢4] the friction and
the pipe displacements are alsc given. This makes
the checking of the boundary condition very easy.

By using reports such as Table 1, the bouadary
conditions can be checked directly by looking at the
pipe displacements, At an anchor point the pipe
digplacement should be the same as the input d spl-
acement., and ot the limit stop locatiou the pipe
displacement shall be equal to or smaller than the
gap specified. Howaver, ft should be noted that the
Support displacement specifiad in the input i8 for the
gupport structure. The actual pipe displacement at
that point may Oor may not be the same as the sup-
port depending on the rigidity of the support. Uf the
support is rigid then the pipe and the structure will
have the same displecement. But if lhe support is
flexible then the pipe displavement and the support
movement are different 88 shown in Figure 2.

Bupport Foree = K (Dp - Ds )

*——=Pipe Displacement, Dp (output)

Support Digplacement, Ds {(input)

Figure 2, Support and Pipe Displaccments
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“For Bystems which include the support friction,
the force and the direction of the friction can
adily checked against the narmal support force
he pipe movemer.

EM EQUILIBRIUM

'The pipe stress analysis result, rogardless of
- jethod used to get it, shall &till conform the
§ squilibrium. The summation of the foreea and
s applied at a given point shall be zero, and
Lmmation of the forces and tnowments applied to
atire system shall also be #ero.
(Needless to say that to check the equilibrium
vary point in a system manually is not practi-
But if thers is any doubt about a given paint,
[t can be checked manually. In well designed
ams, thare ie & scheme to autematieally chaak
ecord the equilibriurm of all the points in the
ym, The analyst shounld slways loak for mossages
: if any significant unhalanced force has been
sed, A sigunificant unbalanced force always sig-
1 problem in the analysis.
‘The total system equilibrium can be checked by
the support load table given in Tuble 1, In this
Ithe total systemn forces are summarized at the
n. In a systerm without any external forces
34 explivitly, the vertical forces should be the
a8 the total weight load. The horizontal force
i be aqual and in the oppogita to the horizontal
»mm force. This is very fundamental, dbut can be
d by even the expert. For instance. in Problem
of the ASME 1972 verification book |2), one of
dutions presented has an apparent error in the
sction support force. This ¢an ba checked by
w of equilihrium but the writer prefarred to
it explained a® the difference of the programa
in the cornparison,

IENTARY FUNCTIONS

(t is true that the pipe stres=s computer prog-
8 deaigned to hendle an assembly ol pipes.

er, it ehould still be able to calculate some
simple situations, A pipe siress program con-
of mainly two types of elements, straight pipe
ved pipe. U the program ie to function pro-
'then these two basic elements have to function
*ly. Therefore, if we can check out the basic
m of these two elements, we will have more
' noe in the program.

The siraight pipe element is just & beam. Ita
m can be chacked against the beam formula
ve learned from text booka, Howsever, theze
few differences that need to be mentioned. One
@ is that some program approaches are not
‘ar as the text book. Take the two unifermly

beams as shown in Figure 3 far example, if
m them through the computer you may find
wre is no stress at all in one, or even both,
, ¢8es. In (a), because the program evaluates
2 stresses at node points 10 and 20, and the
€8 at these two points happen to be gero.

18 no reason that a program can not ba pro-

500 N/m

=

(a) Simple Beam (b) Fixed Baam

Iigure 3, Baam Paradox

grammed to find the maximum stress of the entive
beam element, but this is not done normally. The
reason i8 that a complete pipe stress analyeis can
involves several load casea, If all the maximum
stresses at each element are to be combined together
regardless of their location, then the ealculation ean
become overly conservative., Also the simple bewrn
gondition does not really exist in a plping system.

If required, an additional point at the midspan tan
be entered. The case (b), on the other hand i8
somewhat more troublesome, In some finite element
programs the uniform load is divided into noedal loads
which are applied at the node points. In the fixed
heamn casge, the aniform load is divided nto two
concentrated loads which are applied at the ends,
This will produce the proper reaction foree, but ne
reaction moment nor beam stresg. So.ineprogramsg
of this type are still widaly uged in the pipiag ind
ustry. Anslysts should make themselves awara of
the problem involved,

Another item that needs to he mentioned is
sheur deformation, The aheur deformation is not
normally included in the beam formula we use, but
[t is included in most pipe stress programs. There
ig not much difference if the length of the beam is
at least several timea the c¢ross sactional dimension,
HWowever, if the beam length is short the differance
can he very great. Figure 4 showd a stack guided
atl a very short distance from the base to resist the
wind. The preblem i8 reduced to a fixed-supported
beam applied with an cnd moment. As can be seen
from the results tabulated, the shear deloviination
term has a very significant elfect on the * nrher and
support loading if the guide is rigid.

For the curved pipe element, the formula given
by J. BE. Brock [8) can be uded for crose check, |If
the cambersgsom calculation can be rmanaged, An al-
ternative way i® to divide the bend i1to multiple
section® to see if the resulis sgree with those of
the undivided bend,

The curved pipe e¢loment invelves fle ibility and
siress intensilication lactory., These fuclors are
further influenced by the presense of flanged ends
and internal pressure. ™ checking the int nsification
factor it is pecessary to find out the prograrn option
in implementing the pressure offect. Jt is also dasi-
rable to understand the implicatians of the application,
The prossurc will tend to make the systern mere
stiff, thus resulting in higher suppori loads against
the thermal expansion. On the other hand it also
tends to malte the cross section more difficult to
ovalize, thus reducing the stress intamsification. The
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Figure 4, Effect of Shear Deformation Term

Jlem is that when the preasure i8 removed the

parature will likely to stay a! near operating for

© time. At this time the pipe moment is not

iced but the pressure is not there to help prevent

‘ization, Therefore, the logical application ia to
into account the increased stiffuess, but not the

*eased slress intensification.

CIAL FEATURES

Pach pipe stress computer program has its
special features. These featursas are normally
available in benchmark problema, Their functions
| to be checked by special scheres. 8ince it is not
Wble 10 cover all the features, this diacussion
concentrate on three popular items. They are
wrt friction, bellow elements, and ihermal bow-

Jupport Friction

The support friction has a very aignificant of-
on the analysis resulty in cextain cages, The

1

area® most ssnsitive to the friction are rotating eq-
nipment piping, long offsite piping, and transmission
pipe lines. For instance, at a large rotating equip-
ment, the friction due to a single support can often
determine if the piping load exceeds the allowables
or not,

There arc different ways of implemeating the
friction effect in the program, but they are not all
equal. Some methods require more computer time
but are more inherantly stable. Others are quick
but prons to be unsatble, A deatailed diacussion on
this aubject is given in a separate topic [68). In this
paper the discussion is limited to the quick cheek of
the results,

The validily of friction application depends on
the type of the system analywed. If the syatem is
relatively rigid then the analyais tends to be correact
regardless of which method i used. On the other
hand, if the system is relatively {lexible then the
correct analysis can only be achieved with certain
methods. This ia because in a flexible system the
friction not only affecte pipe force, it also has the
potential of changlng the direction of the movemeaut,
To check the friction feature, it needs to check ita
applicaiion on a flexible system. With a support
load report aimilar to Tahle 1 the function of the
friction can be checked easily by the following steps:

(1). I the piping i8 maving, then the resultant
friction force should be equal to the normal support
ferce multiplied by the friction factor. The direction
acling on the support, should be the aamwe ag the
pipe movement. It reverges when acling on pipe.

(3). If the piping i stopped by the friction and
not moving then the friction forc¢e should be equal
or smaller than the full friction force calculated in
(1).

(3). Most importantly, the above [riction force
is applied to the system. This can be checked hy
balancing the nodal forces at the support location.
With a suppert load report slunilar to Table !, the
application of the friction can be checked by comp-
aring the iotal friction foree against the total system
force. They should be the same if no ather extarnal
force is applied to the system.

(b). Bellow Element

Bellow expansion jeuus8 can be simulated by the
conventional mero length flexible conneclors. However,
to ba able to represant the veraatility of the bellow
arrangements, the use of bellow slements is pref-
ferred. With the bellow clement, the program can
easily aimulate all the common bellow expansion
joiuts such as single bellow. tied bellows, waiversal
joints, and pressure balanced wniversal jpiats. The
program will correctly apply the flexibility of the
joint in all the tranaslational and rotational directions.
It also appliea the proper presgsure thrust force at
the end of the bellow. The more advanced program
can alsa combine all three dimensional motions ta
calculate the equivalemt maximum axial displacement



(1) Axial Motion (2) Rotation

convolition. This is the vital information used
l he manufacturers to check the acceptability of
i r bellowa,

Implementation of the bellow element involves
e tricky maneuvera, but to check ia simple. The
ansion Joint Manwfacturers Association (EJMA)
12 set of fermulas (7] that can be used readily
checking the function of the bellow element.
|8e formulas are copied below for easy reference.

ey = x| N

8+dp / (3N)

ey = 3 dp.y / (N+L.)

F =fweex = (fw/N)+x = Ka* %

Mo= tw-dp+ee / 4 = [(fw/N).apd /8]0

V = fwsdpeey /(28L) = 1.5 Uw/N)dp/L)é.y
My= twsdpey / ¢ = [0.75 (fw/N)-dp?/ Li-y

¢e =

re,

ex = Axial displacement per convol.
€8 = Axial displacement par convol.
ey = Axial displucement per cenvol, dup to y
x = Differential axial displ. across bellow

9 = Differentind rotation ucross bellow

¥ = Differential lateral displ. across bellow
N = Namber of convolution

dp = Pitch diameter of the convolution

L« Bffective length of the bellow element

F = Axial force required to move x

fw = Axial spring rate per convolution

Me = Moment required to bend @

V = Lateral force reguired to move ¥

My = Moment created by y- movement

Ka = Axial apring rate of the bellow alement

due to x
due to @

From the above formulas it is clear if, for
nce, the axial spring rate, pitch diameter, and
Dellow length are given, then the spring constants
1 the gther divections can be determined. Thw
'alent axial displacement per convolution can
be found without needing wdditional data.

In checking the bellow function, a few items

| t0 be further explained. As can bs seen from
Orroula, the lateral gpring rate is inveraaly
irtional to the aguare of the hellow length. The
deformation cxpected during operation can have
milicant effect on the lateral spring rate. Tue
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(3) Lateral Motion

analyst should try to input the ghortest possible len-
gth in the analysia. Xt should also be noted thut by
laterally moving the ballow not only creates lateral
force, but alge the bending moment, In bending the
bellow, the EJMA formula signifies that a lataral
movessent a8 well a8 a rotation is being created.

The checking can be done casily by fixing one
end of the bellow element and apply the leading or
displacement at the othar end. This elimninates the
trauble of finding the differential displacements of
both ends. However, the real function of the bellow
can only be svaluated by the checking of the differ-
ential movements. Qnce the elemental function ia
checked, i{ta application to the piping asSeably is
not much different from the other clements,

(c). Thermal Bowing

Piping is normally assumed to have a uniform
temperature across its cross gection. However, due
to stratified flow or some othar rerson, the tempe
ratare can vary greatly betwean the top and the
bottom of the pipe. This situation can vecur during
the startup of large steam lines [8) or cryogenic
lines [8]. It can also vecur at a petrochemical tran-
sfer line hwen it is being quenched or when it has
coke forming at the bottom of the pipe. When the
temmperature around the cross section i not uniform
the pipe will {orm an arc shape. This bowing
phenomenon may or may not create damaging atress
in the pipe itself depending on the shape of the tem
parature distribution. If the distribution ig linear,
then no internal strefs is created. If the distribution
ig not lincar then large inlernal stress may be
created. In cither case, the bowlng hus the poten-
tial of creating huge displacements and rotations in
the pipe. This hnge movement can tear off connac-
tions if enough flexibility is not provided.

The bowing feature can be checked with twa
gimple steps. Figure 6 shows a two span simply
aupported pipe. M no clamp or hold-down s ingtalled
in the mid-span, the pipe at mid-span will move up
due to bowing. The amount of the move-up can he
checked aguinst the formula derived using the linsur
temporature distribuation [9). That is i the difference
in expansion rate between the top and the bottom eof
the pipe i8 e mm/mm, the pipe diameter i8 d wmm,
then the radius of the curvature i8 R = d/e mm. If
the span length is L mm, then the expected move-up

displacement y = R - JR* - IF mm.



J After the bowing movement i8 checked, the (b)
ez can be used to check the cotnbined effect,
Inis case, the mid-span s rigidly held down. The
hi down load can be checked by using the simple

1 formula applied with a concemtrated force at

mid-span. The hold down load should equal the
¢ antrated load with which a mid-span displace-
n: of y mm is created, Of course the welght and
0  loads should not be included in making this

(b) Hold Down Bowing

Figurs 7, Bowing Function
-’88 REPORT

A well laid-out stress report can facilitate the
ting of the analysis. The Stresz repoart should
un, in one continuous printout, all the input,
pretation of the input, generated systamn infor-
mn, load case resaults, and atrecssds and load
liance tables. Other grapbical or tabular form:é
esentatione which are not integral parts of the
t should be cloarly identified for its agsoclation
ihe stress report.

16 most important item to be chacked on a

§ report is the truthfulness of the mathematical
I, This generally refers to the correctness of
nput data, but inclades alao the correct inter-
tion of the program requiremems, A good input
and a geood isometric picture genorailed direeily
the input data can be very helpful.

oput Echo

With the popularity of the menu input approach,
put data made by ar analyst is converted into
Br way of expression almost inumediately. The
llad input echo printed out by sowe programs
ot even be recognired by the analyst who have
8d the inpat in the first place, It is, ncedlesa
¥. @ aightmare to the checker. The input echo
- 18 the most important document of the report
1be readable not only to the rmachine, but also
‘h the analyst and checker. The best form is
¢ which preserved all the styles and letters
falyst has entered. Figure 7 shows the echo of
p‘:;l:t which is done with the popular piping

A good isometric is an invaluable tuol for gquick
the mathematical model. The isometric Reed
! pretty but has to be faithful. It should ehow

all the bends, valves, flunges, and other components.
The restraints ahould be shown in the correct loca-
tion and alao in the correct direction. The nodal
aumbers should all be identified properly. Tigure 8
shows the typical isometric drawing which ia printed
directly and automatically from the input data,
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Thermal insulation

and pipe stress

An often-overlooked function of
nsulation in piping designs is to
nitigate weather effects

- C. Peng, Peng Engincering, Houston, Texas; and
[ L. Peng, The M. W. Kellogg Co., Houston, Texas

hermal insulation is mainly used to reduce heat

logs and noise level. It is also used to prevent

burn injuries. However, a lesser-known yet
mpaortant function of thermal insulatior is to reduce
lipe stress.

In a petrochemicalrefinery complex, piping syatema
e constantly subjected to the abuses of weathor and
nvironmental changes. Occasional rain showers, for
nstance, can generate very high pipe stresses. Repeated
weurrences can eventually lead to pipe failura, Soma
ypical situations when a seemingly innocent rain
hower muy dumags a pipe are diseussed. Some field
woblems can actually be solved with a simple appliea-
ion of insulation. Unfortunately, the engineer wha
clies only on a computer to design and analyze piping
7ill mies aut on this kind of commaon sense.

\ case history. Fig. 1 shows a piping system used to
ransfer a hot gas mixture from the primary reformer
v the secondary reformer in an ammoaia fertiliger
lant. The gas mixture was operating at approximately
,000°F and 500 psi. The main portion of the piping
ras constructed with thick, internal refractory-insu-
ition %o reduce the pipe metal tomperature to approx-
‘nately 200°F. This section of the piping is called the
old-wall portion, in contrast to the externally insu.
ated hot-wall portion, whose metal temperature is
lose to the fluid temperature of 1,600°F. Carbon steel
3 used for cold-wall piping, and allay steel is used for
ot-wall piping.

This plant was built in the sarly 1970s. Mast of the
Iping was destgned using a cold-wall approach due to
conomic benetits of using common carbon steel mate-
il and the desire to reduce thermal expansion. Hot-
‘all cuonstruction was used vnly at the piping segments
nnectings to the reformers. Four transgition joints con-
ected cold-wall pipe to the hot-wall pipe.

' Aller operating without problems for the [irst 10

Fig. 1. Ammonia plant rafonmer pipieg.

years, maintenance was performed on the piping Lo
repair the refractory and to replace the hat-wall spe-
cial-alloy pipo. Strangely, after this revamp, the witer
elbows at points A and B near the cold-walithot-wall
junctions developed leaking cracks about every four
meonths. The revamp contractor was called in to tnves

tigate the problem.

As expected, their first step was 10 inpul the system
inte 8 computer for a strass analysis. Howevar, all the
computer indicated was that everything was in good
shape. So the contractor modified some aprings based
on the computer analysis. [ronically, the onginal design
was probably done without the help of a sophisticated
cormputer program. After spending thourands of dol-
lars replacing the spring hangers, the system still faith.
fully failed about every four months. You can bet it was
vory frustrating for the plant engineers.

After this exercise, the plant engineers decided to
get help from a Jarge coutractor. For unknown reasons,
the original contractor was not called. A large contrac
tar naturally has a greater depth of engineers, The con
tractor first performed a series of haat-transfer calcu
lations to check the cold-wall section’s meatal wall
temperature. They understood that a geod analysis
needs good data. With the newly caleulated metal wull
temperature, thoy made a refined stross analysis of
the system, Again, the computer 8aid everything was in
guad arder. Nothing could be done, or needed to be done.
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2. Cald-wall to hotewall jJunctions in the &) coreot armangamant
& b) wrong arrangement.

vever, out of professional eonscience, or maybe to
ify the fee for their service, they recommended that
Lhe spring hangers be replaced with congtani-effort
ngs. Result: the same frequent failure except the
.am changed into & pile of twisted spaghatti piping.
constant-etfort spring hangers had a difficult tune
ling the system together.
‘he problem was later selved by a small modifica-
- intheinsulation arrangement. It all started with
sual look at photos and some casual discussions
1the plant engineers. Subsequently, all the origi-
spring hangers were reinstalled. The fancy con-
it~eftort. spring hangers were remaoved and destined
1l the warehouse.

“d=-wall/hot-wall junctions. Joints connecting the
*-wall pipe and hot-wall pipe require special arrange-
s in both pipe rnaterial and insulation. Just like a
‘contracter who knows how to treat a shingtle-to-
' Junetion, an experienced piping contractor knows
'tly how the cold-wall to hot-wall junction must be
tructed, A small mistake in the detail by the vooter
nally results in constant roof leakage.
1g. 2 shows two arrangements of cold-to-hot june-
8. The two da not really appear different to the inex-
anced eye; however, the consaquence is the differ-
» between failure and safety. Fig. 2a showa the
ect arrangement, and Fig. 2b shows the often-used
ng arrangement. The original system in Fig. 1 was
itructed with the arrangement shown in g 2a,
the drawing somehow had indicated Fig. 2b. Due
16 revamp contractor’s inexperience, the junctions
+ constructed as Fig. 2b, causing constant cracks
e pipe,
he pictyures are not abvious, but once the tempera-
profiles are constructed using some common sense,
' become very clear. In case 2a, the pipe wall tem-
ture decrcases gradually from 1,500°F to tho design
-wall tenaperature of 200°F. Ensure that the wall
Perature at the dissimilar weld location is below
T ta avoid high thermal stress due to different
tnSi(m rates beiween carhon steel and high-alloy

btiversely, the temperature in case 2b drops much
't than in 2a. The focal point is at the location called
Xpaging point. This is the highest temperatlure point
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exposod to open air that can be quenched by a rain
shower. In 2a, the temperature at the exposing pomnt s
about 400°F, whereas in 2b, the tamperature at the expoa-
ing point is close 1o LAOOF. It is clear that 4 much higher
thermal stress will be generated in case 2h.

Thermal stress. The thermal stress caused by a tewm-
perature gradient or discontinuity nermally does not
produce any gross distortion. Therefore, it is.often over

looked. However, if we appreciate how high a stvess
can be generated, we would pay more attention Lo it.
The magnitude of the thermal stress can be roughly
estimated hy:

S=FaT (N

where S = thermal stress, psi
a = expansion rate, in An /°F

T =temperature difference, °F

For carbon steel pipe, a 500°F discontinuity will
mean a 105,000-psi thermal stress. The stress will ba
even greater for a stainless steel pipe due toits higher
expansion rate. This kind of stress greatly exceeds the
safe reference value of twice the yield strength and
should not be ignored. It is difficult to estimate exactly
how much of 2 tamperature gradient ean be generated
by a rain shower, but any local arca with a metal tem
perature of 500°F or higher should be protected.

Showers. In s petrochemical/refinery complex, some
locations are especially susceptible to rain shower dam-
age:

RHigh-temperature flange connections. The
ASME B31.3 piping code containg a clause that stipu-
lates that the design temperature of uninsulated
flanges, including those on fittings and valves, can uso
90% of the fluid temperature (par.301.3.2). Thus, some
high-temperature flanges are purposely designed with-
out insulation covering. Although the situation has
changed since the 19708 energy crisis, many uninsu-
lated high-temperature flanges are still in the ficld.
These can easily develop leaks and cracks after
repeated rain showers. It should be cautioned, how
ever, that insulating these flanges now might make
them unacceptable to the code due to a design temper
alure increase.

Expansion joints. It could ba for ease of inspection
or just due to logistical problems in constraction, hnt
many axpansion joints arse not insulated. Once it is builc
that way, the plant engineers will niot change it, even it
develops eracks. They are very often incensed at know



t the simple application of insulation will solve
blem. They thought that it was something they
uffer through due to technological impassibilities
wvent these joints from being properly constructed.
" 1-temperature valves on the cold-wall sec-
ng to practicality, velves used in the cold-wall
i of hot-fluid applications often use hot-wall
{meaning without internal refractory insula-
hese valves are often left uninsulated for the
"wgons as high-temperature flange connections.
stion ts not daesirable, then at least some type
shield should be provided.

al bowing. For thermal stresses, we are con-
mainly with the high-temperature areas. These
areas that can create high enough thermal
3 to cause cracks. However, in some systems,
mgh the temperatawre 8 not high, another ther-
‘¢t may create a different kind of problem. This
gser-known howing effect.
xample, assume we have a 16-in. gas line that
isulated and operates at 200°F. During a sum-
>wer, the pipe’s top may suddenly quench to
“hile the hottom maintains 200°F. This 100°F
on the top preduces a shrinkage of 0.00065
“pipe surface. This shrinkage will bend the pipe
are with a radius of curvatare equal to R
J6G = 24,615 in. This bowing effect (Fig. 3) can
lxlly lift the ends of a 100-ft long pipe up 7 in.
h the actual lift will be greatly reduced by the
eight, its significance cannot be ignored.

Damage cavsed by thermal bowing is often vary
ghostly. It normally happens without anybody actually
seeing it. In the above example, when the shower sturts,
the ends move up and possibly tear off sorme supports or
small connections. Howsver, when the rain stops or
when the temperatures even out, the pipe refurns inno-
cently to its initial pesition. 14 leaves the damage with-
out giving any clue of Lhe cause,
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‘oward more consistent
ipe stress analysis

Presented are some guldelines In applying stress
intensification factors to piping weight loading and small
branch connections. it is hoped this information will
alleviate the controversy and lead to standardization

. Peng, Consulting Engineer, Houston

I MMNG DESIGN RISTORY, 1955 is a monumental year.
hat year the stress mnge concept was formally recog-
by the Code for Pressure Piping® as the basis for
wating thermal expansion stress. Although the cede
heen expunded and clarified over the years, there
¢ still unsettied arguments regarding application of the
1 in certain aveas. Two areas where inconsistencies still
are stress intensification factors for weight and
r steady loadings and stress intensification factors
swhall branch connections, These areas will explored
% with suggestions for applying the code.

tress Intensification factor for woight and other

ndy loadings. The stress intensification factors given
he code are intended for flexibility analyses. No
iic intensification factor for weight and occasional
ings is mentioned in the Chemical Plant and Petro-
' Refinery Piping Code.® Due to this tacit position

€1 code, piping designers are divided in actual prac-
Some designers will apply the code stress intensifica-
factorx 1o =l catcgories of loads, while many other
Wers tend (o ignore the stress intensification factors

© pletely in steady load analysis. One component ac-
able 1o one designer can be rejected by others due
Ulerent apinions in the interpretation.

JROCARNON PROCESSING May 1979

e Small branch conneclions. The stess intensifica-
tion factors given in the code for branch connections are
derived from [ull size branch conncctions, These factors,
although applicable to small branch connections, can
become excessively conservative for sinall connections on
big pipes. Because of the apparent overconservatism,
designers often ignore stress intensification [factors at
small branch connections. However, practices are never
consistent, For instance, it is easy to sce that the stress
intensification due to a ¥4-Inch connection can be ignored
in the analysis of a 20-inch header, but for a 3-inch con-
nectivn, the factors to apply will differ among designers.

Stress intensification factors
given in the code for branch
connections can be too
conservative for small
connections on large pipes
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#: ~-Stratching a bar with a small hel

nese two examples are related to the application of -

3 3 ntensification factors. Apply or not te apply very
) means several times difference in the allowable loads.
i are determnined solely by designers' personal pre-

foaces and inclinations. A more consistent approach
s to be developed and adopted.

STRESS INTENSIFICATION
hien a structural member is siretchied, stress in the
1 uniformm section can normnally be caleulated by sim-
formulas, but the stress in a locally notched ar stif-
1 discontinuous section is either very complicated or
wsible to calculate. For practical design  purpose,
s at the discontinuous section s estimated by applying
ress intensificution [actor over the stress calculated
e main uniflorm section. This swess intenstfication
be derived theoretically or determined by test,
: a structural discontinuity, stress intensification can
wite different for different types of loading. I'ig. 1
s a long rectangular bar with a amall hole in the
ils of the section. At Section A-A outside the influence
nd fixtures and the hole, the stress is. uniforinly dis-
ited at a aagnitude of §=F/(bt). But at Section
v due to discontinuity in strain flow, the stress 18 un-
ly distributed. A maximum stress, Suqe, of about three
'8 the uniform stress occurs.at the edges of the hole.
stress clecreases very rapidly at points away from the
of the hole. Theoretically, the hole has created a
¢ intensification factor of three, but its significance
Herent for different materials.
w a brittle material such as glass, the hole will degracle
sar to one-third its original strength becanse it fails
+ou as the maximum stress reaches fuilure steess, Prping
wials, on the other hand, are normally very ductile,
a considerable amount of yickling takes place before
member [ails. With ductile materials the stress in-
fcation needs to be interpreted in two different
gories, namely steady und eyclic.

ady loading. Under steady loading the highly local-
stress concentration will be redijtributed to the ad-
it wrea once the local stress reaches the yield paint,
*Mually the load will spread evenly to the whole cross-
on hefore the bar [ails. The Lnportant stress is the

"when an elbow is bemt as shown in [y,

Elbow Mher bung

—

redisteibuted stress prioe to the [ilure. Singe the re-
chstributed steess is easentially the average suruss, the stress
intensification factor for steady loacling s
o P b .
T F by (b - d th)

which is entirely due to reduction of the crass-sectional
areu.

Cyclic loading. Undur cyclic louding the member fails
due to faugue. Since the primary tieusure: of fatigue {ail-
ure i8 the lacal strain range per cycle, redistnibution of
stress due to plastic flow iy not very hmportain, Therelore
the stress intensihcation factor for eyclic loading is

(2)

which 15 the measure of the maanum Joval steain, Sy
15 the maximum equivalent elastic stress rather than the
actual stress.

Elbow stress intensification factor, In piping stress
analysis, the elbow stress intensification factor oy pacticn
tarly important not only because the elbow cdnstitutes a
major portion of the systeir but alko because o ois the
basis for deriving the stress inteasitication faclor far other
component shapes. For instance, Murk)* suecessfully used
clbow analogy to corvelate his [atigue st resulls on tees
and niter bends. Using the equivalent clbows as shown
in Fig. 2 and making adjusunents foe actual crotch vadius
and thickness, a set of stress intensification factors wis
constructed using a single flexibility characteristic para.
meter, A A detailed discussion on clbow characteristics
is beneficial in undesstanding the geneval tend of all
components. - : ‘

An elbow behaves very differently fron a stiight pipe
in resisting bending woments. When a straight pipe s
bent, its cross-section remang circular and suess mortases
linearly- with distance from the neuusd axis. Howeves,
3, the oros-
seetion deforms to an oval shape, This ovidizdion is doe
to less rigdity at extreme fibers i the angemial 14
direction, and less energy being necded (or the clbow 1o
assume an oval shape than to maintmn a civeular cross-
section. Top and bottom portions of the pipe wall simply
buckle tin 10 escape from carrying thetr proper shan
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§ection A-n

0. 3—=Slrass doformalion of an elbow

" the Joad. The bending morent is resisted essentially
¥ the shaded effective section. The mayimum stress
oint is shifted from Point A to the effective extreme
oint B. As the cross-section ovals, a Jocal bending stress
'also produced around the circumfercnice. The maximum
reumferential stress occurs at Peint C where the radius
[ curvature is the amallest.

Mathematically the maximum longitudinal stress and

tumferential stress can be calculated by using the
Alowing stress intensification factors:*

Bi = 0.84/ 30 }

yi = 1804t in-plane bending (3)

s 4
Bs = 1.08/k } out-plane bending  (4)

Yo = 1307434

The experimentally measured  distributions of  the
mgitudinal and circurmnferential stresses of a 30-inch
ipc elbow subject to in-plane bending® are shown in
A 4. Maximuom ciccum(crential stress is novmally greater
nan the maximum longitudinal stress, However, the
ature of the twa stresses ig quite different. The loagi-
adinal stress is a membrane stress working directly against
- mowent, while the circumiferential stress is a skin
ending stress resulting from local defarmation,

‘ode stress intensification factors. The stress in-
nsification factors given in the code® are intended for
wermal expansion and other displacement loads. The
ature of thermal expansion lead is different from that
f weight and other sustained loads. Thermal expansion
. sell-limiting. 1t iy a strain controlled ltmding such that
hee the stein reaches a paint large enough to com-
tavate for the expansion, growth stops regardless of
¢ actual stress developed in the systen, It ean net sor-
Wiy cause any structural damage in ene single applica-
‘o, but can cause {atigue f(ailure through repeated ex-
ansinn and contraction cycles, Therelore, for evalunting
wrnal expansion, the stress intensification factor is do-
rmined hy the mtio of the stress causing failure over a
ven munber of cycles in a straight pipe to the stress
jausing failure at a component subject to an equal num-
er of stress cyeles, Code stress intensification factors are
“lic or fatigue siress intensification factors in which
he loral peak stress is moverning,

May 1979

Theoretically these intensifications arc equal to the
maximum stress intensifcation existing in any region and
direction within a component. In an elbow, {or instance,
the ctrcumnferential stress intensification factors 1.80/h%°
and 1.50/A%* for in-plane and out-of-plane bendings,
vespectively, should be used. However, intensive fatigue
tests on various components® have shown that by using
unity as the fatigue life of girth welded or clamped pipe,
the effective stross intensification Jactors of elbows in
berding fatigue were about half the theoretical value.
By dividing the thearetical factor by two, the code siress
intensification factor for elbows is as follows:

In-plang stress intensification faator

| i = 0.90/ ¥ (5)
Qut-of-plane stress intensification {actor
iy = Q.75 k3 {6)

The stress intensification (actors for other components are
derived by using elbow analogy correlated with test
results.

STRESS INTENSIFICATION FACTORS

FOR WEIGHT AND OCCASIONAL LOADS

No stress intensification factor is explicitly stited in
the Chemieal Plant and' Petroleum Refinery Piping Code
for weight and accastonal loads. Weight and wind are
sustained loadings. They are not sell-limiting, and always
require a static equilibrivin between the stress developed
in the component and the load applicd. Once yield point
or collapse lead is reached, the component will fail
regardless of the amaount of defermation that has occurred.
Therefore, the stress to be considered in weight and other
sustaincd loadings should possess the lollowing charac-
teristics:

® The stress is in a direction dicectly apninst the
loading. Only the stresses acting against the Joad ave
load-carrying strosses.

P Tl stress is the average stress aeross the wall thick
ness. The average stress is actually the remaining stress

available for external cquibbrium after the internal mu-
tual cancellation.

Theory and experiment indicate
the same code stress
intensification factors intended
for flexibility analysis should

be used in weight, occasional and
other sustained load analyses
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ARD MORE CONSISTENT PIPE STRESS ANAL'?’!S
N

inherent round-nouse stress-strnin cuive of the neaerial

Circumbarentisl Sirass Longltudinal stress s . .
it ﬁ“ . ¢ : —_ which flattens the load-deflection vurve w an carlier
S EEER TR Oulsusg aurfaca stage.

STRESS INTENSIFICATION FACTORS

FOR SMALL BRANCH CONNECTIONS
The code stress imensificadion factais for e aod
branch conhnections were derived from full-sized branch
connections. In applications where the hranch stze is muoeh
smalter than the run size, application of Guse etors can
be grossly too canservative, Althaugh Coce Case Nu, 93,
which was subsequently incorporated i the code, pro-
vided some relief to the branch itself, 11 did nothing

HEE 4

EPS—.

S 13 qhour HE Lorst for thivafh Semd

b recn . for moments #hrouwsh branches

:} " 8 rehieve the moment load 1ransferred tiough  the run

by :.: pipe. Thevefore, when tt comes 10 the squ nwnent, the

! T current pructice is 1 completely gmore the very sivall

I l‘ L] L ‘r’ .1 w branches which are deflined rather arbitrardy by iudivi-
. - g -4 gg dual designers.

Td‘ e :*} ’l B 1; 1 “?\g Rasically, the present code re aives that a umifornn siress

; A mtensification factor by used lor monients acting botly

3

B0 a0 w0 e %0 120 w0 wo Ry through the branch and througn the ron. Far o redaced
Positian angie O, dagrevs £ outler the section madulus wsed w deteniiing branch
—Variatlon of stress around the clicamierence of an%{;trﬁcs can use so-called ellective braonel wall thickiess
wih a 30-inch 0D, 0.515-inch wall and .a 45-inch bead ’lé mstead of  the actual thickaess, The offective brawh
thickness, 77, 18 the lesser ol v tackness, 770 ad the
}'3; product of out-of plane stress intensiication anel branch
€y thickuess 4,75 In other words, the stress intensilication
n these two rileria and N:ferz'in_g to Fig. 4, it can ‘2: based on %)r'::x'urh svmmn' moclulus cion b l‘u\i‘{uu‘ud‘ !J)' i
cluded that in an elbow the siress intensification € .hm'f” gl 74 f‘.m RIDCALS actiug eueh t"‘:"“rh ”.“W
ight and other sustained loads should be APPrOXi- 3% :s. still no mla,\'auor.\ given to the moments carvied stengh

'equal to the longitudinal stiess intensification. The 3§ thro “g}} the run pipe. ‘ .
intensification in the circumferential direction is .N Empinieally, the stress intensilicauon factor for an ol
iportant here, because it is not i the toading dirge- NYol-plane bending mowent applied o the bianeh pipe

nd has very small average stress. % %v.an be expressed ast

¢ the swress-raising factor in a girth weld will not '

wndy affect tie load-carrying capacity, the theere- )
! stress intensilication [actors shown in Lquutions . . ) . . -

5 can be used directly c.en in reference to girth ixeut for the (r/r) € v, fation 8 i Hit BNl
! pipe. By comparing Lquations 3, 4, 5 aud 6 it «xpression of code reguireinents, The ter A 3‘--:’
r that the code stress intensification factors can alse 18 the cede stress intensification factor with = 0.5
d for weight and other sustuined loadings without for a welding we and so Torth, and {75,747 & the l‘”l;fl'
much accuracy. tiva thickness factor stipulated i Code Cise Nooo 53,

Since the (TH/T) factor has been incuded 0: e cade
definition of effective hranch wall thickuess, e can be
removed from the eguation, By reamanging the equation,
we have

4ae are purely machanatical deductions which need
Jubstantiated by experiments. The stross intensifica-
easure of a component subject to a sustained load-
its collapsing strength, Bolt and Greenstuer® have
substantial tests in deternmuning the collapse loads
ows. Schroeder,” on the ather hand, has done ihe
for branch cannections. Some of their test resulls ‘ B .
muarized in Table 1. The elbow collapse momonts where ¢, is the code stres intenmlication lactar. Withon
wn the lable are taken at the cemer ol elbow the effective chickaes. factor, Equation 10 can abo L
ther than at the loading end of clbow edge as in  used for moments actiney through the suaight mis This
ture cited 6. The code stross intensification factars  equation ean serve ag o grsdunl tansition from toli-sized
e tested specil leos wre calculated by assuming a autlets Lo simall connectians,
t reinforcing piad having a diagonal dimension the

2107

as the throat dimeusion of the crotch radius. CONCLUSIONS
m Table 1, again it iy appuarent that the stress Currently there is no exphicit statenwent ne the Chenieal
ication factors s represeuted hy M /M. are very Plant and Yetroleum Piping Cade vequiving the applica

10.the code stess wtensitication luctors ntended for von of a stress intensilication factor s weght wed ather
loadings. “I'ie somiewhat Larger factar experienced sustained load analyses. Applicaton ol those cions s
rl-‘ stainless steed elbaw appears o be vaused by tha therefore detevmined by the design speeshicating prpared



TABLE 1-——Collapse moments on elbows and tees

Yield Test piece | Straight plge c‘l‘r?t.é:ts.i? :
¥ plece Material stress (ksi) | Moment direction h: ’ﬂ‘. M. /M i
6 Sch.40LRelbow... .. . ... ... ASTM A-106B 50.0 In-plane apen 235 964 24 221
6 Sch. 40 Relbow............. .| ASTM A-.1088 50.0 lenplane close 28 564 21 2.2
6..Sch. 4D LR elbow... . ASTMAI0S8 |  50.0 | Ool-plane 23 s | 24 189
G Sch.8OLRelbow............ .. ASTMAJ068 | 378 | Inplsecpen | 435 61 | 148 164
6. e 80 LR elbow. ... . “ASTM A-1068 78 | \n-plae close B @ | s Ties
6 5ch 80 LRelbow... .. ......| ASTMA1060 V3 Out-planc s 627 153 17
& Sch O SRelbow................; ASTMA.106B kK In-plane apen 184 447 243 2.95
6 Sth A0SR elbow... ... .| ASTM A-L06B 1§ nglane chse | 1% W s | 2%
& Sch 40 SRelbow.. .. ....... .. I aTM A 106 6. | Oulplane 1% 0 228 243
& Sch 40 LRelbow... ... . ... ASTM A-312 ¥1 fn-plane close Tt 26 1Y 227
3 00 0D O.Jin e, .. .. AIS) 16200 20 In-plane 7 | a5 | & |
3000 0o tie. AISI 10206 a4 Out-plane 28 54 1.93 1%

1 the owper or it agent. However, there are widely
<ided opinions regarding the magnitude of the f{actors
e used. From the discussions preseated in this article,
2 ppenrs that both theory and exporiment have indicated
€ same code stress intensification Tactors intended for
diibility analysis should also be used in weight, oc-
Sonal and other sustained loud analyses?

or branch counncctions, the code stress intensification
£ors were basically obtuined from tests on full-sized
it connections. In small-sized outlet connections, the
Ce has provided some relicf for moments acting through
Enches but no relief is given fov moments aeting through
€ stright runs. Although common practice is to ignare
R intensifications at very sumall branches, a guideline
i2 eeded for making the decision. With the unresolved
%-ation that exisw, a designer’s rather arbitrary decision
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can artifically make a companent several times weaker
or stronger. This inconsistency can be greatly mitigated by
nultiplying the code stress intensification factor with a
gradual size reduction factor (ry/r) % This factor has
been adopted in the Power Piping Code® for certain
hranch connections.

NOMENCLATURE

B = S wae/S, longitudinal stross intensilication {actor
T = Senea/S, ciccumfcrentinl stress intensification (acter
Stwee = Maximum longitudinal stress, psi
Seoee = Maximum circumferential stress, psi . ‘
S = M{Z, eguivalont bunding stress developed in o straight
pipe of identical crosssection, pst
M = Bending moment, in.-lb,
# = Section imedulus of the pipe scction, in.'
A= T/, e esibility churacteristic
R = Bend radius, in,
T = Wall thickness of the pipe, in.
r = Mean radius of the plpe eross-seciion, in.
s = Stress intensification {actor {or braach connection
s = Mean radius of branch pipe, in,
T = Thickneas of branch pipe, in.
A = Empirical covrelation constant,
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Quick Check on Piping FlexIbllity

v Co Peng. PE
'eng Engineering, Houston, Texas

.BSTRACT

me major requirement in piping design is to provide adequate flex-
bility for sbsorbing the thermal expansion of the pipe. However,
ue to lack of quick method of checking, pipings are often laid-out
0 be either too stiff or teoo flexible. In either case, valuable
.ime and material are wasted. This paper presents some of the quick
“ethods for checking piping flexibility. These methods include
isual, hand calculation, and micro computer approaches. They are
1l quick and easy for designers to use 1in planning their layouts.
nee the designers have taken care of the flexibility problem, the

'terative procedure between the stress engineers and the designers

ecome simpler. The project schedule can also be improved.

‘IPING FLEXIBILITY'

8 the pipe temperature changes from the installation condition to
‘he operating condition, it expands or contracts. In the general
erm, both expansion and contraction are called thermal expansion.
hen a pipe expands 1t has the potential of generating enormous
orce and stress in the system. However, if the piping is flexible
nough, the expansion can be absorbed without creating undue force
T stregs. Providing the proper flexibility is one aof the major
'ag8ks in the design of piping system.

iping 1is wused to convey a certain amonut of fluid from one
oint to another. Tt is obvious that the shorter the pipe is used
he lesser the capital expenditure is required. The long pipe may
lso generate excessive pressure drop making it unsuitable for the
roper operation. However, the direct shortest layout generally is
ot acceptable for absorbing the thermal expansion.

‘igure 1 shows what will happen when a straight pipe 1s directly
onnected from one point to another. First, consider that only one
nd is connected and the other end is loose. The loose end will
xpands an ampount equal to

A=¢el

iowever, since the other end is not loose, this expansion is to he
bsorbed by the piping. This is equivalent to squeezing the pipe
0 move the end back an A distance, This amount of squezzing
reates a stress of the magnitude

S = E (A/L) = E @



™

Where,
j ' B A z thermal expansion, in
A e = e;pansion rate, in/in
l £ 'L 4 L = pipe length, in
1 S = axial stress, psi
i Jo—r E = modulus of elasticity, psi
A = pipe cross section area, in2
F = axial force, lbs
Figure 1

T: force required to squeeze this amount is
F=-AS8S=AEe

Tie a 6-inch standard wall carbon steel pipe for instance, an
i:rease of temperature from 70F ambient to 300F operating creates
& axial stress of 42300 pai and an axial force of 236000 lbs in
t: pipe. These are excessive even though the temperature is only
3)F. It is clear that the straight line direct layout 1is not

reptable to most of the piping. Flexibility has to be provided.

'ANSION LOOP

Piing flexibility are provided in many different ways. The turns
. offsets needed for running the pipe from one point to another

Pvides some flexibility by themsalf. This inherent flexibility
" or may not be sufficient depending on the individual cases.
‘itional flexibility can be provided by adding expansion loops
‘expansion Joints. In the straight line example discussed above

L: stress can be reduced by a loop installed as shown in Flﬂure 2
o by an expansion jolnt as shown in Figure 3.

T idea in Figure 2 is to provide
pipe perpendicular to the

‘action of expansion. In this 1 ~

" when the pipe expands it bends Vol |eooo censrr

L loop leg first before transmi- ) o
ng any load to the anchor. The ——
iger the loop leg the lesser the
‘ce will be created. The force
&ted is inversely proportional
t the cube of the loop length and
! stress generated is roughly
‘ersely proportional to the square of the loop length, The loop
'®times can take considerably more gpace and piping than what is
ilable, or economically Jjustifiable. This 1s especially true

large high temperature low

'Ss8ure pipings. In this case the _ } R
ter method is to use expansion J 1[”1 o i%
nt.  Expansion joints are more 3 . K
histicated than the pipe loops
ch are Jjust extra lengths of ‘

same piping. For this and Figure 3

N

~ b Expansron

uy

2




ther reasons, engineers tend to favor piping loops over expansion
oints. However, expansion Jjoints can be used effectively in many
rpplications when they are properly designed. One of the major
equirements in the design of expansicon joint system is to install
ufficient restraints for mainteining the stability. This article
eals mainly the loop approach.

‘HE CRITICAL PATH
n designing a plant, the piping i3 generally routed or laid-out

'y the piping designers then checked by the stress engineers as
hown in figure 4.

Piping Designer Stress Engineer Piping Designer
TInexperienced) ' ~ {Experienced)

Not

I_ No ERevisian

N

Figure 4



T re is a marked difference in the layout done by the experienced
a. the inexperienced designers. The experienced designers know
t Iimportance of the flexibility. However, they tend to provide
t much flexibility in contrast to the inexperienced ones wha
td to provide little flexibility. Tn either case, the resulu is
a over priced project.

T- layout done by an inexperienced designer is normally too stilf
piause the designer does not know how or too timid to add loops
orcffasets, If a piping system is too stitt, the stress engineer
wil almost certain to find it out. The stress engineer will send
t design, with recommended loops, back to the designer for
rvision. At this time, the designer have made some more layouts
i:the same area making the revision very difficulty. On the other
hid, a layout done by an experienaed designer often contalns

t. loops which are excessive or not needed. The excessive loops
a normally maintained without revision, becuase it 1is a common
p'tice not te change something which works. The experienced one
m ht have saved the manhour needed far the revisien., The cost of

L' excessive loops can be prohibitive.

' cost of the project can be reduced substantially if the right
a.unt of flexibility 1s built in the piping at the initial layout
s ge, This requirea some quick mathods which can be wused by the
d igners to check the piping flexibility.

V UAL CHECK

-3
koa

visual check is the first important examination on anything we
If the Qesign lcoks strange, then most likely something is
ng with it., By now we at least know that we can not rcun a
ing straight from one point to another. This also applies to
situation when there are two or more line stops installed at a
aight header as shown in Figure 5. The line stop or axial stop
8 directly against the expansion of the pipe. When twou axial
P8 installed on the same straight leg, the thermal expansion of
Pipe located between the stops has no place to relieve.

0 @ ® T T 2
ad

Figure §

visual check of the piping flexibility is to look for thec pipe
'S located in the direction perpendicular to the line connec ing
two anchor or other restraint points. The length of the leg 1s

¢r ~

4



he direct measure of the flexibility. Therefore, the key 1is to
ocate the availability of the perpendicular leg and to determine
'f the length of the leg is sufficiant. The required leg length
‘an be estimated by the rule of thumb equation (1) derived by the
uided cantilever approach, for steel pipes.

d = 5.5 ﬁDA (1) where,

i = leg length required, ft
D = pipe outside diameter, in
A & expansion to be absorbed, in

> use Equation (1) efficiently the expansion rate of the pipe has
2 be remembered. Table 1 shows the expansion rates of carbon and
tainless steel pipes at several aperating temperatures. The rate
t other temperature can be eastimated by proportion. By combining
quatiaon 1 and Table 1, the designer can estimate the leg length
‘2quired without needing a pencil. For instance, an 80 feet long
-inch carbon steel pipe operating at 600F expands about 4 1inches
1ich requires a 30 feet leg to absorb it. It should be noted that
1 expansion loop is considered as two legs with each leg absorbs
ve half of the total expansion,

able 1
Expansion Rate, in/100 ft pipe
Temp,F 70 300 500 800 1000
irbon Steel 0 1.82 3.62 6.7 8.9
ainless Steel 0 2.61 5.01 8.8 11.8

AND CALCULATION

lere are several simplified calculations can be performed quickly
.th hand., The most popular one is the soc called guided cantilever
proach. The method can be explained using the L-bend given in
.8ure & as an example, When the system is not constrained the

dx, a8
rﬂB
:‘i 5 B’ ﬂA TR T ~"'=- df
3 - T . 7
' F— !

rn
dy; 1¢
dx M

(a) Free Expansion (b) Constrainecd Expansion

Figure 6
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ints B and C will move to B' and C' respectively due to thermal
rpangion. The end point C moves dx and dy respecotively in X- and

directions, but no internal force or stress will be generated,
iwever, ln the actual casaea the ends of the piping are always
tnstrained as shown in Figure 6{b). This is8 equivalent in moving
e free expanded end C' back to the originsl point C forcing the
siint B to move to B"., The dx 1is the expansion from leg AB, and
¢ from leg CB. The deformation of each leg c¢an be assumed to
'llow the guided cantilever shape. This is conservative because
g end rotation is ignored. The force and stress of each leg can
tw be estimated by the guided cantilever formula. The leg AB is
1guided cantilever subject to dy displacement and leg CB a guided
¢ntilever subject ta dx displacement respectively.

lom the basic beam theory, the moment and displacement relatian
+ a gulded cantilever is

6 ET 2 M
L L

2r thin wall pipes, Equation (2) can be further reduced. By using
S erd® t and S=M/(wrf® t), the above equation becomes

6 Er EDA
S = = L T e (3)
e 18 4}
lere, S = thermal expansion stress, psi

B = modulus of elasticity, p=i

r = mean radius of the plpe, in

& = total expansion to be absorbed, in

L = length of the leg perpendicular to y in

£ = length in feet unit, ft

D = outside diameter of the pipe, in

Juation (3) is a convenient formula for the quick estimation of
"¢ expansion stress. By pre-setting B=29.0x10 psi and S=20000
11, Equation (3) becomes Equation (1) used 1in finding the leg
-ngth required for steel pipes.

“e other formula can be used for the quick check is the one given
© ANSI B31 Piping Codes. The Code uses Equation (4) as a measure
: adequate flexibility, subjects to other requirements of the
de,

Dy
¢ 0.03 (1)
Yere, D = outside diameter of the pipe, in ‘
¥y = resultant of total displacement to be absorbed, in
L = developed length of piping between anchors, ftt
U = gtraight line distance between anchors, ft
Juation (4) i1s actually equivalent to Equation (1), if (L-U) 1s

tnsidered as the perpendicular leg length.



quation (1) has to be used with great care, because the same extra
ength of pipe can have very diferent effects depending on the ways
he pipe is laid-~out, Normally more flexibility will be achieved it
‘he pipe is placed farther away from the elastical or geometrical
enter., For instance with the sume extra length of piping, when it
8 laid-out as shown in Figure 7 (a) it has much higher flexibility
han when it i’ laid-ocut as in Figure 7 (b). Designers often have
‘he misconception about the amount of flexibility c¢an be provided
y the zig-zag arrangement. Due to the extra elbows placed in the
ayout, one tends to think that additional flexibility should have
2en created. Unfertunately, the additional flexibility from the
lbows 1s not enough te compensate the loss of flexibility due to
he placement of pipe toward the geometrical center.

a4 | &4’

l_-' -
0 y,
. I y 1
: a
S y
4'
a' Geometrical 3
Center ‘
\r{ J_
{a) Stress = 13764 psi (b) Stress = 8226 psi

Figure 7

[CRO COMPUTER APPROACH

arrently most large engineering companies use CAD system to do the
lping design. It is possible that one day the system will be able
> tell you 1f you need any extra flexibility, as soon as you place
¢ line on the screen. However, before that time comes, we still
ive to survive the current situation to be able to see the good
1ing coming. Nevertheless, the technalogy of the micro computer
18 advanced enough for us to perform accurate flexibility analyses
(ght beside the drafting board. '

1e micro camputer programs are normally so user friendly that it
1kes only a couple of hours to mester their uuage. With respect
b the flexibility oheck, a piping designer can do almost as good
Job as a stress engineer can. What it is needed is to enter the
lpe and geometrical information to the program which will almost
stantly give you the forces and stresses expected in the system.
rom that information, the designer can then decide if additicnal
20ps or coffsets are reqQuired.

b& use of the micro computer differs substantially depending on
‘e individual program setup. Each program has its preferred
‘thod of entering the data and generating the output. Appendix A
10ws the sample operating procedure using PENG.QFLEX progranm to
halyze the simple system given in Figure 8.
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FEASIQLE Loor
LOCARTIONS .

Figure 8

€ce it is determined that an expansion loop is required, the loop
tn be placed at one of the feasible locations before the area is
tngested by other layouts. Thils also saves the iterative process
Ttween the piping designers and the stress engineers.

UNCLUSION

‘& traditional piping design procedure depends heavily on the
iress engineer to check piping Flexibility. With the availability
' quick methods in checking the flexibility, the designer can now
<Yout the pipe to provide the proper flexibilitLy at the very
‘iginning. This sgubstantially reduces the number of iterations
“Quired between the piping designer and the stress engineer., The
‘'8t of the plant can be reduced by the shorter schedule and less
Inpower required.



QUIPMENT RELIABILITY IMPROVEMENT
HROUGH REDUCED PIPE STRESS

.C.PENG, PE
'ENG ENGINEERING, HOUSTON, TEXAS, U.SA.

The load and stress imposed from a connecting piping system can
‘reatly affect the reliability ot an equipment. These loads, either from
xpansion of a pipe or from other sources, can cause shalft
usalignment, as well as shell deformation, interfering with the
‘ternal moving pans. Therefore, it is important to design the piping
ystem to impose as little stress as possible on the equipment.
leally, it is preferred to have no piping stress imposed on an
quipment, but that it is impossible. The practical practice is for the
quipment manufacturer to specify a reasonabie allowable piping load
nd for the piping designer to design the piping system to suit the
llowables. The aliowable piping loads given these days are generally
etermined solely by the equipment manutacturers without any
articipation irom the piping engineering community., The values so
etermined are usually to low to be practical.

The low allowable pipe load given by the manufacturer results in

weaker machine for enduring the day to day operating environment. It
lso complicates the layout of the piping system in meeting the
llowable. Unusual configurations and restraining systems are. often
sed to make the calculated piping load satisty the given allowable.
lowever, all these efforts are very often just exercises of computer
wchnology. The main reliability problem has not been solved. A better
esigned equipment with some common sense piping arrangement is the
asis for Improving reliability.

LLOWABLE LOAD

Pracess equipment, especially the rotating equipment, generally
'ave a very low allowable piping load. Piping engineers often think the
ranufacturers give low allowables to protect their own interests.
his notion is not necessarily true, because many equipment indeed
annot take too much a load. The problem is that a weak link exists
\at is often overiooked in the design of an equipment. Figure 1 shows
typical pump installation which can be divided into three main parts;
‘e pump body, the foundation, and the pedestal/base plate. Without
'€ input or threat from the piping or equipment engineers, the routine

‘oceedings of the 1993 Improving Reliability in Petroleum Refineries and Chemical und Natural Gas Plants
mvg’ﬂing‘: Copyright 1393 b gGa{f Fublishing Canspany. Al rights reserved. This document may not be
reproduced g& any form withaut permission from the copyright awners.
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Figure 1, The Weak Link
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Figure 2, Allowable Piping Loads



jsgn of the pump assembly can have different significance on

itffient parts of the pump. The pump body is designed to be as strong,
| mt stronger, than the piping so that the body can resist the same
nt€1al design pressure as the piping. The foundation, normally
legined with the combined pump/motor assembly weight, is also
native and stift due to the limitations of the soil bearing capacity.
wvaver, the pedestal/baseplate is a different story. Without
onidering the taking of any piping load, the pedestal/baseplate is
errally designed only by the pump weight. This design basis creates
' wry weak pedestal/baseplate which can take very little load trom
he)siping, hence the tamous story of the vendor who claimed his
qusment cannot take any piping load. Nowadays, most vendors have
101 sense than to claim such a thing, but the allowable piping load is
ot large enough to be desirable. The weak link, of course, is the
ac:stal/baseplate assembly.

By understanding the situation, the problem can actually be
eied very easily. Improvement has already been seen in pump
pEcations.  Pump application engineers who long realized the low
Ieiable piping load problem customarily specified double (2X) or
ipd (3X) base plates to increase the allowable piping load by two or
f€ times, respeclively. Surprisingly, 10 most engineers, the cost of
2 or 3X pump was only marginally more than that of a regular pump.
Gtally, it should not have been the least bit surprising, since all a
‘Ror has to do to make it 2X or 3X Is 1o provide a couple of braces or
if2rs. Recognizing the popular demand for the 2X or 3X baseplate,
' \Pt formally adopted it to its pump standards. Since the sixth
ditn of the AP| Std-610 1, the allowable has been increased to a
V€ that makes the 2X and 3X specification no longer necessary. In
e words, the strength of the whole pump assembly has become
Il uniform that no additional allowable can be squeezed out without
d2ig a substantial cost. Unfortunately, at present this philosophy has
tieen shared by other manufacturers. For example, the 1956 NEMA 2
e allowable load is probably the most unreasonable of its kind.
"AP| Std-817 3 centrifugal compressor and the ASME/ANSI B73.1 4
Ut are not tar behind. The AP| Std-617 uses 1.85 times the NEMA
"C!able, and the ANS!| B73.1 vendors often use 1.30 times the NEMA
a't;js for the allowables. Figure 2 shows the comparison of the pipe
:’Egth, the allowable AP! S1d-810 piping load, and the NEMA
Bable piping load. The pipe strength curve is based on a 7500 psi
“Ing stress. 1t should be noted that the allowable pipe stress

g?lst thermal expansion can be as much as three times higher than
W psi.



Looking at Figure 2, it is clear that the piping load that can be
apjied to an equipment is much smaller than the strength of the pipe
itsef. Therefore, in designing the piping connected to an equipment,
the eguipment allowable load is the controlling factor. For low
alkvable iterms, such as a Jarge size sleam turbine, an extensive
exginsion loop, and a restraining system is generally required. This is
a {ct and should be understood by all parties concerned.

Because of the elaborate design of the piping system attached to
a unsitive equipment, engineers may sometimaes get too trapped in the
cdtpuier maze and overlook engineenng fundamentals. Typical

exinples that can cause unreliable operation are discussed in the
lodywing.

EXESSIVE FLEXIBILITY

Adequate piping Hexibility at an equipment is required to reduce
hepiping load to the acceptable value. However, a good design should
03ider the realistic flexibility from the support structure and the
preser use of the protective restraints.  Without the properly located
w€raints, a piping system |, no matter how flexible it is, has difficulty
meting the allowable load imposed by the equipment. Figure 3 shows a
Pdip piping system which was designed without any restraints
nsiled. This is a common mistake made by inexperienced engineers
" think that a restraint can only increase the stiffness, thus
Nc:asing the load. It is true that a restraint will tend to decrease the
B3bility of the system as a whole and will increase the maximum
Sirss and force in the system. However, a properly dasigned restraint
AL shift the stress from the portion of piping near the equipment 10 a
Wion further away from the egquipment.

Aithough exiensive loops are used in the piping given in the
'Jtie, the piping load still may not meet the equipment allowable due
0 g lack of a restraining system. The excessive flexibility makes
hesystem prone to vibration, because it is easily excited by small,
iistrbing fluid forces. In addition, the piping loops enhances the
"¥nal fluid disturbance by creating cavities and other flow
lISantinuities due to excessive pressure drops. A system similar {0
he shown in Figure 3 experienced very severe vitrations in one
®Wlchemical plant. The operational engineer had to put a large Cross
¥in to anchor all the lcaps in the field to suppress the vibration to a
MB8ageable level. This shows that the function of the original lcops
“&: tost by the anchoring system. The piping still experiences larges
"& normal vibrations due to flow disturbance caused by the loop
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shin is structurally fixed, but hydraulically stil open to many
jiretional changes,

A properly designed piping system generally has some restraints
o snirol the movements and to protect the sensitive equipment.
jovaver, there are also restraints which are placed in desperation my
Ipig engineers trying to meet the allowable load of the equipment.
hee so-called computer restraints give a very good computer
ngrgis result on paper, but are often very ineffective and sometimes
ve harmful. Figure 4 shows some typical situations which work on
he computer, but do not work on a real piping system. These pitfalis
raizaused by the differences between the real system and the
omuter model. Some important discrepancies are described in the
iltwing.,

FRICTION is important in the design of the restrainl system near
' quipment.  Figure 4 (a) shows a typical stop placed against a long
-daction line to protect the equipment. In the design calculalions, if
@ riction is ignored, the caiculated reaction al the equipment is
lte very small. However, in reality, the friction al the stop sudace
il revent the pipe from expanding to the positive X-direction. This
ichn effect can cause a high X-direction reaction to the equipment.
- ticulation including the f{riction will predict this problem

ehand. A proper type of restrainl, such as a low friction plate or a
i would then be used.

An INEFFECTIVE SUPPORT MEMBER is another probiem often
NCuntered in the protective restraints, Figure 4 (b) shows a popular
"aigement to protect the equipment. The engineers direct instinct is
) dways put the fix at the problem localion For instance, if the
Muter shows that the Z-direction reaction is too high, the natural
K 10 place a Z-direction stop near the nozzle connection. This may
& H right on the computer, but in reality it is very ineftective. For
' ‘upport to be effective, the support member A has to be at le st
"Border of magnitude higher than the stiffness of the pipe which is
e"’! stiff in this case due to the support's relatively short distance
T the nozzle.
| A GAP s generally required in the actual instaliation of a step.
hesore, i a stop is placed too close 1o the nozzle connection, s
. liveness is questionable due to the inhereni gap. As shown in
! 'e 4 {c), because of the gap, the pipe has to be bent or moved a

ce equal to the gap betore the stop becomes active. Due to the

~ness of the stop to the equipment, this is almost the same as



be ling the equipment thal much before the pipe reaches the stop. This
I3 ot acceptable, because the equipment generally can only toleiate a
mvh smaller deformation than the construction gap of the stop.

- CHOKING is another problem relating to the gap at the stop. Some
emneers are aware of the consequences of the gap at the stop
mgtionsd above and iry to soive it by specifying that nc gap be
aived at the stop. This gives the appearance of solving the problem,
butanother problem is actually waiting to occur. As shown in Figure 4
@y when the gap is nol provided, the pipe will be choked by the stop as
5041 a5 the pipe lemparature starts to rise. We all know to pay
att ition to the longitudinal or axial expansion of the pipe, but we
oty forget that the pipe expands radially as well. When the
lerderature rises to a peoint when the radiai expansion is completely
:ht ed by the support. the pipe can no longer slide along the stop
suiace.  The axial expansion will then move upward, pushing the whole
: apment up.

ANSION JOINT

An alternative sofution to mee!l the allowable pipe loading 0 an
:Jipment is the use ol bellow expansion joints. Regardiess of the
tant objection from plant engineers, the beliow expansion joint s
'¢1 popular in the exhaust system of a steam twbine drive which has
it :xtremely low allowable pipe load for pipes 8" and above. The
ehw joints are also often used for fitting the large multi-unit
$hmblies as shown in Figure 5 (b). Aithough a properly instalied and
énained bellow expansion joint should have the same reliability as
MMt components, such as flanges and valves. In real applications, it
s ften found to be very undesirable due to the difficulty in
"8itenance. For instance, when covered with insulation, the
> .nsion joint looks just like a pile of blankeled scraps. Naobody
Mivs exactly what is golng on inside the mixed fayers of covering.

U to blindness anxiety, many installers have resorted o an
! isulated arrangement. This not only creates an occupalio al salety
tern, bul it can also cause cracks due to thermal shock trom the
ronment and/or weather chaneges.
One important factor often overlooked by engineers in the
" diation of a bellow expansion joint is the pressure thrust for-e
" le the pipe. The bellow is flexible axially. Therefore. the bellow s
' 1able to transmit or absorb the axial internal pressure end lorce.
 pressure end force has to be resisied either b‘y the anchor at the
 thment or by the tie-rod straddling the bellow. With the exception
of 3ry low pressure applicators, such as the pipe connected to a

s
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Figure 5, Tie-Rods on Expansion Joints



s rage tank, most equipment are not strong enough 1o resist the
pssurs end force equal to the pressure times the bellow cross section
a@a. The pressure thrust torce has o be taken by the tie-rod.
Smnehow this idea is not abv'ous to many engineers, resulling in some
orational problems. Figure 5 shows two actual problems. Figure 5
(¢ shows cone of many steam turbine exhaust pipings installed al a

p rochemical plant. The expansion joint layout scheme appears 1o be
sund, but the construction was not done properly. The actual
Irtallation had a sliding base elbow ancnhored with four bolts.  This
piblem often escapes the eyes of even experienced engineers. When
tr base elbow is anchored, the tie-rod loses ils function as soon as
th pipe starts to expand. [n this case, the pipe expands from the
achor toward the bellow joint, making the tie-rod loose and
inflective. The large pressure thrus' force pushes the turbine,
cusing shaft misalignment and severe vibrations. Figure 5 (b) is a
shilar situation. The bellow expansion joints were used solely for
fing up the conneclions. The tie-rods were supposed tc be locked.
Hwevar, before the start-up opecation, one engineer had loosened the
tirrod nuts, apparently thinking the tie-rods defeat the purpose of the
enansion joint. The starl~-up was very shaky and had to be quickly
hited. It took quite awhile before anyone discovered that the problem
w3 caused by the leose tie-rods. When the nuls are [oose, the

P ssure end force simply pushes the pump way out of alignment.

Q4ER PRACTICAL CONSIDERATIONS

As discussed above, the reduction of pipe stress is not at all
shight forward. Especially when dealing with the low allowable of
tne equipment, the technique becomes tricky and very often only
¥ ks on paper. Other practical approaches may be explored to further
mirove overall reliability. One very impontant resource often ignored
IF'higs country is the experience found in operating plants. We often
€ a good, simple working fayout changed to a complicated, shaky
lasut only because a computer liked it that way. Undoubtedly,
Caputers are important tools, but they are only as good as the
Tirmalion we give them, Since there are so many things, like
frition, anchor flexibility, etc., that cannot be given accuralely,
Cénputer results need to be interpreted carefully. it is time to realize
At if something works well in a plant day in and day out, it should be

isidered good, regardless of whether or not the computer predicied il
©re good. The procass of evolution is very important in designing a
bd, reliable plant.
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Other ideas, such as the use of sliding supports, spring supports,

i « more compact in-line arrangements as shown in Figure 6, can also
be sariously considered. It is understoad that enginears do not teel too
jatident on the movable assembly, butl it is important to distinguish
he difference between the movement of the whole assembly and the
ncement of only the pump or turbine. When the whole assembly
nces, the shaft alignment can still be maintained if the distortion of
heiequipment is not excessive. That is, if the piping load is stil
vitin the allowable. It should be noted, however, that these movable
1 smblies are just potential alternatives. One should not be oversold
) he idea and blindly use it in a plant. To make the sliding base or the
v Ang support scheme workable, an extra strong baseplate is required.

1 again, i¥ we have that strong of a baseplate in the first place, the
iltvable piping load would have increased substantially.
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FLUID FLOW AND ROTATING EQUIPMENT

piping, systems before the piping is installed in an industrial

planr, It is intended ro ensure plant safety and, thus, prorect the
interests of the owner and the general public, Due o availabilivy of
powerful software packages, the analysis hay become sunple und rou-
tine. However, improper piping analysis mmay sctually create a haz-
ardous situation rather than ensure plant safety.

Improper piping analyses stem from many areas. Misunder-
sranding of the saftware appraach, input etrors and wrong boundary
conditions from CAD data are some comamon ones. These com-
mon miseakes are easy to detect and check if proper isometrics and
input data echoes are provided. However, some aseas of improper
Analysis are notas ebvious and may even be misconstrued.

One area of improper analysis, which is openly mishandied by
some saftware packages, warrants special actention. This improper
analysis involves the so-called piping resting or single-acting sup-
port. The resung suppore allows the pipe t move up without restric-
tion, but will support the pipe preventing it from meving down-
ward. Itis obvious that when the pipe moves up and off the contact
poin, it is 5o longer being supported. This very fiindamental fact
somchow is not recognized by some popular software packages and
their users. They treat the pipe as being supported in the hot condis
tion simply becsuse it is supported during the cold condirion.

To ensure structural integrity of the pipe, at least two seress cawes
gories normally have o be evaluated. One i sustained suress chat is
coutrolled by the pressure and weight. The other is expansion ox
displacenent steess that is determined by thesinal expansion of the
pipe and movement of the connecting equipment. The sustained
stress maintains the same magnitude through plant aperating lite.
Tes allowable is determined by the pipe’s yield. rupeure and ereep
strenigeh at operating empessiure,

On the other hand, the displacement stress relaxes once the mare-
rial yields or the temperawure reaches a certain point. Its allowahle
is determined by the strain raage that is conveaiently measured by the
strength at cold condivion, adjuseed slightly by the sirength ar aper-
ating temperature. Treating a pipe char litts off its support ay being
supported can greatly underestiinate the sustined stress. It may not
create a noticeable problem in the beginting, but the seemingly sat-
Whactory piping systern may actually have a safe operating life of only
@ small fraction of whac is intended. This situation can beter be
explained by a typic exunple.

P iping flexibility wnd stress analysis is required in design of most

Piping system example. A typical piping system is commoniy
placed directly on the suppart structure as shown in Fig. [ This is the
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Hazardous situations created
by improper piping analyses

Some computer programs do not handle
hot condition calculations correctly

L. €. PENG, Peng Engineering, Houston, Texas

Hat gas piping
12 in. std, wall
Long-radius elbows

S I 1,000 °F at 200 psi
8 e VSIS E ' - AI3S, grade P14
Movements at point 5 113 Cr, 13 Ma
Dxwm 025, Oy =05 1n,
Mavements at point 70

" Dx=-0.31n,

FIG. 4.1 A typical piping system [s commonly placed direetly on
4= Sy the suppurt strucluie,

most economical and direct approach of inscaliing a piping system.
Depending on operating teraperature and pipe size, madificatians e
often required to ensure piping safery and operaring life. In this par-
dcular example, beeause of the 12-in. size and 1,800°F cerpenarire
an experienced engineer will invcall one or more spring suppors to
ensute dhat the susuined steess due to weight 2ud pressure is not
excessive at operating emperutuse,

However, the sttuation may appear to he different to a comnpurer
oriented engineen because the system as it is Jaid out will meer pip
ing code requirements when run threugh some papular compuster
programs. Accarding ro these compurer programs, no spring sup-
porr is required. This, on paper, suves substantial money for che
owner. But in teality, it puts the plantin great Janger. [o under-
stand dus siciagion, Guding out how a computer progian: handles et
INg SUPPLrL is necessary.

Computer programs have become an essential part of piping
stress amalysis. As the technology progresses, these compurer pro
gramis also get mote powedul and saphisticated. The capability of han
dling reseing supports and other single-acting restraing has been
available for aver two decades. 1o analyze the resting support, a good
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2.} Larson-Miller graphs can he used to estimate piping life

at high temperatues,

nputer program will first check the narmal operating candition to
ifthe pipe will lift off a support when aperating. If the pipe will
:off from a support, then thar particular support will be unable to
apart weight during operating conditions. Thae suppoct will be
wred in calculating sustained stress. Therefore, with the Fig, 1
wuple, the program will show thacsuppores at points 15 and 20 are
tactive. Without these supports, the piping is greatly oversatressed
der weight and pressure, This in turn signals the enginecr 1 add
"€ Spring suppores:

This kind of simple logic. however, is not adapted by all com-
®r programs. Some popular cor puter programs instead use a
hpler, but tricky, approach by caleulating the sustained seress at
K condition assuming all supperts are active. 1hey then caleulate
¢ thermal expansion sreess by allowing, the pipe ta move up on all
ting supports. This erroncous approach completely ignores the
sained stress at aperating condirions, when the phnt life iy counted.
1 piping may be all right by cheir account, bue this simplified
proach of culeulating sustained stress has already greatly short
ed the piping life.

~ To estimare piping life a¢ high temperarure, Tarson-Miller graphs
‘0 be used. Fig, 2 shows the Larson-Miller graph for 1X Cr, ¥ Mo
el The graph shawsthatar 1,000°F for an 11,700 psi stress (point

» the ruprure time s 100.000 he. MNowever, for a stress of 28,500 psi
ot B), rupture time is only 1,000 by, According @ ASME piping
de, allowable sustainied stress is wken as 679 of the average creep
Prure stress at 100,000 he. In other words, if the piping is designod
thin the altowable stress, it shonld lase 100,000 hr at full cemper-
e with a safety facror of 1.5 applied ta the stress value. As given
wve, for 1% Cn % Mo steel at 1,000°F average ruptuee stress at
10,000 br is 11.700 psi. Therefore, the allowable is 11.700 X 0,67
7800 psi, This allowable stress value is revised periodically based

on the lategt available data. The current allowable is 6,300 ps:.

With the piping system in Fig, 1. the correct marimum sustained
aress, considering the inactive supporrs remaved, is 18,000 psi. This
greatly exceeds the code allowable, However, maximum sustained
srress calenlated assuming all suppores are active, as pecformed by
same popular computer programs, is only 5,800 psi, which is within
the piping code allowable, The difference between these two results
is verysignificaat. The piping may have been checked w be in cam
pliance with the eade by sane computer programs, when in reality
it is highly overstressed.

With an 18,000 psi aceual sustained seress, the pipe will o pture
in about 20,000 hr (Fig. 2, painr ) withour any safery facear applicd.
If a safety factor of 1.5 is applied to the stress, then piping safe aper-
ating Like is only about 10 thousand hi. This is rouch less than the
100,000 ht intended by the code, It is apparent hece thar the piping
analyzed by assuming all the resting suppotts e active, as ia the
cold condlition, can create a real hazard to the plant.

Evaluating supports correctly. When piping lifis off fram the
suppore during operation, its sustzined weighe seress should be cal-
culated considering the support as inactive. This common seise is not
recognized by many enguests. It is even more puzeling chat this sit-
uation is nue handled cotrectly by some popular computer prograscs,
Sume engincers have wrgued thar the pipe will eventually setde to
the suppart eithee by yiclding or by creeping. This nray or nway not
be true, depending on the amaunr of uplift and the piping config-
uration.

Even if che pipe eventually setiles o che support, it suil raises
theee major issues: The piping is still not in compliance with the
piping code, which requites thar the sustained srress be wichin che
allowable all the time, not just seme of the time: before the pipe is
eventually supported, it mey already have been sufliciently dasw-
aged; and when the pipe setdes to the support at operating temper -
ature, ususlly huge stresses and loads will be genetaed during the
cool down. T'his is beeause the suppart will prevent the pipe fiam
moving dewnward as required by the shrinkage due to cool dewn.

The most common and cconomical approach in dealing with
the counless piping in a process planc is to rest the piping on pipe
racks and orher support struetures. Using this approach, combined
with some commonsease engineering, many safe plants have been
constucted, However, since the use of powerful software packages.
these resting supports have been misineerpreted o have some magic
functions char de nar exist. Validared by the computer, enginears
have heen improperly designing many piping sysrems with resring
supports. They mayhave already created numerous hazsardous siu-
ations waiting to comprumise the plant safety. Therefore, itis imper
ative thatewners and opeeators of these plants evaliate these suppare
sititations thoroughly to ensute that the investment and satery of
the general public are protected. wp
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Boiler Fitness Survey for Condition Assessment of

Industrial Boilers

G.J. Nakoneczny
Babcock & Wilcox
Barberton, Ohio, U.S.A.

Abstract

In today’s markets, reducing costs and optimizing the pro-
duction of installed capacity is essential. The electric utilities
have depended upon life extension of existing boilers since the
early 1980s to meet generation needs. Similarly, general indus-
try faced with competition and cost control are looking to ex-
tend the lives and in many instances upgrade the capacities of
existing boilers. The Babcock & Wilcox (B&W) boiler fitness
survey has proven to be an effective program for analyzing the
condition of aging boilers. The extent of the fitness survey is
geared to the level of cost and effort that will provide the plant
owner with the information needed to make decisions for future
operation of the boiler(s); as such, the survey can be tailored to
the needs of the customer. The following describes the method
of developing the scope of the boiler fitness survey as well as
the key components, damage mechanisms, nondestructive ex-
amination methods, and techniques for determining boiler re-
maining useful life.

Introduction

For many years condition assessment and life extension pro-
grams have been common in the electric utilities. Much of the
emphasis in the utility generating stations has been on compo-
nents with expected finite lives where degradation and failure
are assoclated with creep and creep-fatigue. Components such
as steam outlet headers, main steam and reheat steam piping,
and steam turbines are all subject to eventual material failure
from operating at high temperatures and stresses. As a general
class, industrial boilers typically operate at much lower tem-
peratures and pressures. As a result, the life of these boilers is
not necessarily defined by a finite material life. In fact there
are numerous examples of very old boilers (>50 years operat-
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ing life) which can still be operated. Many times these older
boilers are retired for reasons other than reliability or safety.

Today, the need to establish formalized progrars for assess-
ing the condition of boilers in industrial plants is bccoming in-
creasingly important. Industrial installations are under the same
pressures to reduce costs as are the electric utilities. Addition-
ally, boiler upgrades and capacity increases are potential lower
cost options for plants anticipating expansions. Babcock &
Wilcox's bailer fitness survey is a comprehensive program for
assessing the integrity and fitness of aging boilers. Boiler fit-
ness surveys combine the knowledge of B&W's field service
engineering with the specialized inspection technologies and
experience that have been developed by B&W for boiler condi-
tion assessment. Presented in the following paper is the pro-
gram and methods recommended by Babcock & Wilcox tor the
assessment of industrial boilers.

Industrial versus Utility

The condition assessment program for industrial boilers is
not unlike the approach used forthe electric utilities, exccpt for
the primary mechanisms of failure and the inspections methods
that are used. I[ndustrial boilers come in all shapes and sizes
and can be found in a variety of industries and institutions. For
purposes of condition assessment classification, industrial boil-
ers are those units designed for outlet steam temperatures ot
900 F (482 C) or less with design pressures that typically do not
exceed 1500 psig (104 bar). By contrast, the modern era utility
boiler is designed for outlet steam temperatures of 1000 F to
1050 F (538 to 566 C), with design pressures ranging from 1800
to 3850 psig (124 to 265 bar). Utility class boiler designs can
be found in non utility plants: however, the discussion presented
below will focus on the industrial class boiler designs.



Components that are more likely to have adverse effects on
boiler performance as they deteriorate with age include:

* Air heaters - recuperative (tubular), regenerative (Ljung-
strom), steam coil

* Fans - induced draft, forced draft, primary air (pulverized
coal firing)

* Bumners

* Fuel preparation equipment (especially coal firing, i.e. pul-
verizers)

* Boiler settings such as casing and BRIL (brickwork, re-
fractory, insulation and lagging)

* Structural supports

Nondestructive Examinations (NDE)

NDE can be an important part of the boiler fitness survey.
NDE is done to obtain sufficient data to allow the engineer to
assess and make decisions regarding the integrity of the com-
ponent. The choice of NDE methods will depend upon location
and type of potential damage as well as the limitations caused
by the arrangement and geometry of the component itself. NDE
methods that have been used by B&W on industrial boilers are
visual examination (VE), magnetic particle testing (MT) and
wet fluorescent magnetic particle testing (WFMT), liquid dye
penetrant testing (PT), ultrasonic testing (UT), remote field eddy
current testing (RFEC), electromagnetic acoustic transducer
based testing (EMATs), metallographic replication (MR), and
acoustics or acoustic emissions (AE) testing. Radiography, an
important NDE method for field testing of welds, is primarily
used to test welds following boiler erection or repair and is not
normally used for fitness surveys.

NDE methods have advantages and disadvantages and it is
important to select the correct method for each component. The
extent that an NDE method can be used depends on the access
to the component as well as surface preparation. Described
below are the types of problems found in the various compo-
nents as well as the recommended NDE methods. In general,
visual examination, the most basic of NDE, is done for all com-
ponents. [tis common to photo-document the inspection to pro-
vide a permanent record in the report. Internal inspections are
frequently done by video probe and recorded on tape.

Drums: The steam drum is the single most expensive com-
ponent in the boiler. Consequently, any assessment program
must address the steam drum as well as any other drums in the
convection passes of the boiler. In general, problems in the
drums are associated with corrosion. In some instances, where
drums have rolled tubes, rolling may produce excessive stresses
that can lead to damage in the ligament areas. Problems in the
drums normally lead to indications that are seen on the surfaces
— either ID or OD. Assessment: Inspection and testing focuses
on detecting surface indications. The preferred NDE method is
WEFMT. Because WFEMT uses fluorescent particles which are
examined under ultraviolet light it is more sensitive than dry
powder type MT and it is faster than PT methods. WFMT should
include the major welds, selected attachment welds and at least
some of the ligaments. Lf locations of corrosion are found then
ultrasonic thickness testing (UTT) may be performed to assess
thinning due to metal loss. In rare instances metallographic
replication may be performed. Replication is done by polish-
ing the surface of the drum to a mirror finish, etching the pol-
ished surface with a nital acid, and then lifting an image of the
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metal surface by applying a softened acetate tape (the replica).
The procedure, analogous to finger printing, allows the metal
grain structure to be examined under a microscope.

Headers: Boilers designed for temperatures above 900 £ (482
() can have superheater outlet headers that are subject to creep
— the plastic deformation (strain) of the header from long term
exposure to temperature and stress. For high temperature head-
ers, tests can include metallographic replication and ultrasonic
angle beam shear wave inspections of higher stress weld loca-
tions, as well as B&W’s bore hole Hone & Glow™ test of liga-
ments to detect damage associated with creep and creep-fatigue.
However, industrial boilers are more typically designed for tem-
peratures less that 900 F (482 C) such that failure is not nor-
mally related to creep. Lower temperature headers are subject
to corrosion or possible erosion. Additionally, cycles ot ther-
mal expansion and mechanical loading may lead to fatigue
damage. Assessment: NDE should include testing of the welds
by MT or WEMT. In addition, it is advisable to perform intec-
nal inspection with a video probe to assess watersidc cleanli-
ness, to note any buildup of deposits or maintenance debris
that could obstruct flow, and to determine if corrosion is a prob-
lem. Inspected headers should include some of the water cir-
cuit headers as well as superheater headers. If a location of
corrosion is seen then UTT to quantify remaining wall thick-
ness is advisable.

Piping — Main Steam: For lower temperature systems the
piping is subject to the same damage as noted above for thc
boiler headers. In addition the piping supports may experience
deterioration and become damaged from excessive or cyclical
system loads. Assessment: The NDE method of choice for test
ing of external weld surfaces is WFMT. MT and PT are some
times used if lighting or pipe geometry make WFM'T impracti
cal. Non drainable sections such as sagging horizontal runs arc
subject to internal corrosion and pitting. These areas should be
examined by internal video probe and or UTT measuremcnts.
Volumetric inspection, i.e. ultrasonic shear wavc, of selected
piping welds may be included in the NDE; however, concerns
for weld integrity associated with the growth of subsurface
cracks is a problem associated with creep of high temperature
piping and is not a concern on most industrial installations

Feedwater Piping: A piping system often overlooked is
feedwater piping. Depending upon the operating parameters ot
the feedwater system, the flow rates, and the piping geometry,
the pipe may be prone to corrosion or flow assisted corrosion
(FAC). This is also referred to as erosion-corrosion. If suscep-
tible, the pipe may experience material loss trom Internal sur-
faces near bends, pumps, injection points and flow transitions.
Ingress of air into the system can lead to corrosion and pitting.
Out-of-service corrosion can occur if the boiler is idle for long
periods. Assessment: Internal visual inspection with a video
probe is recommended if access allows. NDE can include MT,
PT or WFMT at selected welds. UTT should be done in any
locations where FAC is suspected to ensure there is not signiti-
cant piping wall loss.

Deaerators: Overlooked for many years in condition as-
sessment and maintenance inspection programs, deacrators have
been known to fail catastrophically in both industrial and util-
ity plants. The damage mechanism is corrosion of shcll welds
whichoccurs on the ID surfaces. Assessment: Deaerators’ welds
should have a thorough visual inspection. All internal welds
and selected external attachment welds should be testcd by
WEMT.



Attemperators: The spray flow attemperator, a device tor
controlling superheater outlet steam temperature, is normally
located in the piping system between the primary (1st stage)
superheater outlet and the secondary (2nd stage) superheater
inlet. The attemperator is subject to failures associated with
thermal fatigue cracking of its components and welds. Since it
is in a closed loop of the boiler, failures may go undetected un-
til pieces of the attemperator lead to other damage, such as su-
perheater tube failures. In addition to the B&W attemperator,
condensing-type attemperators (commonly called “sweetwater
condensers™), have experienced failures associated with fatigue.
These steam temperature control systems should also be part of
the boiler fitness survey testing. Assessment: For the B&W spray
attemperator, inspection is recommended by removal of the spray
head assembly. The spray head is inspected visually and tested
nondestructively by MT/PT methods. Following removal of the
spray head from the body of the attemperator, the attemperator
thermal liner can be internally inspected with a video probe.
Sweetwater condensers are subject to damage primarily from
water hammer leading to cracks in the condensershell. All welds
on the internal surface of the condenser shell as well as shell
connections and auxiliary piping should be inspected by MT,
PT methods. If internal access to the condenser shell is not
possible then ultrasonic angle beam shear wave testing can be
done to detect shell cracking.

Tubing: By far the greatest number of forced outages in all
types of boilers are caused by tube failures. Failure mecha-
nisms vary greatly from the long term to the short term. Super-
heater tubes operating at sufficient temperature can fail long
term (over many years) due to normal life expenditure. For these
tubes with predicted finite life, B&W offers the NOTIS® test
and remaining life analysis. However, most tubes in the indus-
trial boiler do not have a finite life due to their temperature of
operation under normal conditions. Tubes are more likely to
fail because of abnormal deterioration such as: water/steam-side
deposition retarding heat transfer, flow obstructions, tube cor-
rosion (ID and/or OD), fatigue and tube erosion. Assessment:
Tubing is one of the components where visual examination is
of greatimportance because many tube damage mechanisms lead
to visual signs such as distortion, discoloration, swelling or sur-
face damage. The primary NDE method for obtaining data used
in tube assessment is contact UTT for tube thickness measure-
ments. Contact UTT is done on accessible tube surfaces by
placing the UT transducer onto the tube using a couplant, a gel
or fluid which transmits the UT sound into the tube. A new
raeasurement technique developed by B&W under an EPRI-
sponsored project is the FST-GAGE™ Bl which utilizes EMAT,
ElectroMagnetic Acoustic Transducer technology. EMAT uti-
lizes electromagnetic induction to produce the ultra frequency
pulse in the tube; this eliminates the need for a couplant. Con-
tact UTT and the FST-GAGE have very accurate measurement
capability which gives a measurement within plus or minus
0.0051in.(0.127 mm). The FST GAGE’s UT accuracy without
need of couplant makes it excellent for scanning tubes where
isolated damage is a concern. Variations on standard contact
UTT have been developed due to access limitations. Examples
are IRIS-based techniques (internal rotating inspection system)
in which the UT signal is reflected from a high RPM rotating
mirror to scan tubes from the ID - cspecially in the area adja-
cent to drums; and B&W’s immersion UT where a multiple trans-
ducer probe is inserted into boiler bank tubes from the steam
drum to provide measurements at four orthogonal points. IRIS

and immoersion UT require tubes to be flooded with water. Re-
mote field eddy current (RFEC) probes have also been devel-
oped for internal inspection of tubes. RFEC has the advantage
of not requiring a tube to be flooded or have a column of water
but it has the disadvantage of not providing the measurement
accuracy of UT. Tube inspection systems based on laser
profilometry have been developed that provide for inspection
and mapping of tube surface topography. These systems can be
advantageous in the assessment of pitting.

Remaining Life

Various methods have been developed for assessing the re-
maining usefullife (RUL) of key boiler components. For thin
wall high temperature components, such as superheater tubing,
failures are associated with creep rupture. Analysis of RUL is
done using well established life fraction theories and creep-rup-
ture material data bases.|*! For heavy section components such
as headers and piping that operate at high temperature, failures
are characterized by the initiation and growth of cracks under
the influence of creep and/or fatigue. Analysis methods have
also bcen developed which consider time dependant fracture
mechanics (TDFM) and that allow quantification of component
life based on crack growth.’] These creep related life predic-
tion methods are not normally needed for the industrial boilers
because of their lower operating temperatures.

For the industrial boiler the most common tool for RUL as-
sessment is analysis of corrosion and erosion rates and com-
parison of actual component wall thicknesses versus American
Society of Mechanical Engineers (ASME) Boiler Code calcu-
lated minimums. Since tube life and tube failure tend to be the
major cause of forced outages in aging boilers, RUL of low tem-
perature tubes is a large part of industrial tube RUL assessment
In 1985, B&W developed a guideline that boiler owners could
use for setting a flag or bench mark thickness in assessing tube
wall measurement data. The guideline, released as B&W Plant
Service Bulletin PSB-26, Tube Thickness Evaluation Repair or
Replacement Guideline, was intended to help boiler owners by
giving them guidance, while not being overly conscrvative. For
many boilers, tube failures most often have economic conse
quences such that the owner/operator will operate existing com-
ponents as long as it is economically justified compared to the
cost of replacement. For these units, many years of component
life may exist in the margin between ASME Code minimum and
the absolute minimum where failures occur. For water-cooled
tubes, B&W guidelines established 70% specified wall thick
ness for the flag point below which the tube should be replaced
This guideline assumes that specified wall is approximately
ASME minimum - a valid assumption unless the original dc
sign included tube wall thickness with a corrosion allowance
over and above ASME minimum. The guidelines are set so that
tube replacement is planned before tube stresses reach the yield
strength of the tube. The PSB flag point guideline only applics
to boilers where tube leaks occur internal to the boiler settings
as a result of fire-side wall loss from erosion and corrosion, and
tube failures do not pose an unusual safety risk. Failures that
occur external to the boiler setting from mechanisms such as
acid attack or corrosion fatigue must be treated with greates
urgency and caution if the tube leak can cause injury to person
nel. In addition, special circumstances dictate necessarily con
servative guidelines. For example, process recovery boilers in
the pulp and paper industry can experience an explosive smelt

Babcock & Wilcox



water reaction if tube leaks occur in the water wall tubes. For
these boilers, tube replacement is recommended when the tube
wall drops below ASME minimum thickness.

Summary

Extending the life of industrial boilers which operate at lower
temperatures and pressures is a viable option to support plant
steam production needs. The boiler fitness survey has proven
to be an effective program for determining the current condi-
tion and remaining useful life of aging industrial boilers. Ex-
tensive visual examination by an experienced B&W Field Ser-
vice Engineer complemented by NDE allows comprehensive
assessment and provides the owner with the information needed
to make long range decisions regarding the subject boiler.

Babcock & Wilcox
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ABSTRACT

Ihrs pdpér deéscobés thé implkméntdton of 4 psk-biséd
nspécton progrdm for procéss dnd ub by stédm bnés in 3
Urge chemedl procéss Tao by, The pipér dddréssés Prst the
dévelopmént oF dn RBY mitox, the bkebhood pbuwes, the
conséquéncé scorés; dnd thé ovérdll o'sk in t€mms of pérsonnél
siiety dnd costs. Systéms dre pbitéd on the RBI mitvk o
4€velop nspecvon poovves. The RBY rdnking r's followéd by
nspécton plinwng, Accépidneé coend, dnd wall thicknéss
nspécton chniqués; 'nclading UT, paulséd eddy carrént dnd
@l rddogriphy.

INTRODUCTION

Brocéss dnd ﬁil'h‘iy stedm systems dré 4n l‘mpbi'{ﬁni péd of
chémredl procéss plint opérdvon. The ymégoty of somé stedm
3ystcnas ¥s ésséntdl to sdTe ind rébibke opcrﬁiton dnd thésé
systéras must b Inspéctéd dnd mAntdinéd regulrly. The
chiléngé of every opérdtion is to implemént 4 necessdry dnd
safforént mspcctl on stdiegy. Thsis dchéved by sk rﬁnklng
e Sys téms dcross the plint focus) ng lnspccimn TESDUTCES
‘on lgh sk systérs. Théré dré séverdl good w@ehniqués Sor
dsk-biséd Inspectons (RBY). Thé RBI méthod sélectéd and
méséntéd heré vs genérdlly bdséd on thé pondplés of the
Améoedn Phrokum Insvtaté’s API REComméndtd Pricvce
%580 Ry sk-Bdséd !nspccii 'ont'! dddpted 1o réflkct thé specl’ﬁ ¢s of
stedm sysicms In procéss pb}rﬂs Thé stédm systéms ¢onvéy
'sitardted stédm From 15 p3 ap 1o 1o 350 pst.

‘FIVE STEPS

.Thé RBY procéss consists of $vé stéps, 4s outhndd in Brgure 1.
ths paper ddiréssés 1he Frst two blbocks of Pgure 11 Risk
Anling 4nd Inspécvon Plnning: How we deoded wheh

!’Yﬂcms 1o Inspéct dnd why, wheh ynspécvon t€chniqués to

Apply, dnd whch dccépldnce epiénd 1o usé 1o maké ran-or-
epdt dé 9 ons.

2 |
Inspection L |
\ Planning

|
v

3
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* |
: |
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Run-or-Repair




>ODES & STANDARDS

Thé désfgn ind ¢onstructon codé Tor fé’él'b"ty stédm ppng
ystéras ’s ASME B31.1%) for min stédm hidders dnd
insmisson 1o thé fEo bués dnd ASME B31.3% for process
t6dm Wt n thé procéss Aréds. Non-manddtory ApPéndik V of
\SME B311 réfers to “convnuéd éxdrindvon” to bé
‘onductéd it 'ntérvals biséd apon thé résuls oF the ypvil
nspéction, but not to éxcéed § yedrs®, 3nd the pricvcé n
\SME B31.1 fossl powér plints Js to Jndeéed Inspéct
o cdlly Wgh psk systéms such ds mdin stédm dnd hat
éhedt. ASME B31.3 doés not Addréss pén odlc Ynspéctons or
adinténdnce.

v 576011 ¥s 3 p'p'ng YnsPécton ¢odd WdEly astd in the
c?nlng dnd pcu‘ochcmlcﬁllnfimsmcs 1o inspéct TAmmab & dnd
K¢ systcms But 1t doés éxchwdé “Witér Onclading Pré
ndlecton systems), siédm; stédm-condénsdte, boler Tead
xiter, And Chtegory D Thed sérvices, ds d8¥ned m ASME
331 3* Thé ynspéct'on intérvdlin AP 570 1s biséd on sk
hi Viébhood of T laré biséd on corrosion rite, dnd thé
dnséquence oF ) bt bdsed on the systém “clAss™, From ¢liss
(most cnit'cd) to cldss 3 ¢ léss covedl).

7hé Navondl Bodrd Inspéction Codé ANSI-NB-234, 15 3 coué
ommonly Yrmposéd by Stdté er locdl jupsdictons For
adntdwng 1hé sI¥ opérdton of bot lrs dnd cétdin préssuré
itsséls dnd p*p}ng systéras. Séction RB Addréssés “Insérvieé
nspéction of Présswre-Rétdning Héms” incladng lnspccil on
Fppng systéms. The NBIC récognizés thit “fréquéncy of tést
ind 'nspEcton of 11, Ppng sérvicé Vs grédtly dépéndént on the
WJtaré of the conténts dnd opérdtron of thé systém dnd only
ienéril récommeéndadtions cdn b& @vén”. Tt doés récommeénd
in dnnadlinspécton oY stédm prpng systéms (NB-23 $éch on
B-8216).

AP récommeéndéd pracicé RE 580" dnd pubbedvon 5811
wowrie gwiance for 1hé dévélopment of osk-baséd ynspécton
RBY) progrims. WhE thesé docaménts 4ré 'nténdéd for
setro Kam And pétrochérmcal Appbcdvons, the concépis of RiBY
we reddly dppbcdble 1o othér procéss systéms, ind &ré
wréntly bong 3ddped by the ASME -Post-Constracton
“ommittéE in 4évéloping dn 'nspéction pldnning stAnddrd.

USK RANKING — THE RISK MATRIX

Usk rinking 1s Achéved through 3 5x§ mito'k of bkethood
i‘in;%i constquénce; e §x§ forrndt 's 3ddped Srom APY 58O
Usk-Biséd Inspécton dnd AP1 581 Risk-Biséd Inspécuon
34se Résourceé Pocamént. Wihtwo mod $cdv ons:

o Thé $vé chidgones dré rdnked VE (véry bwy, L (low),
M ¢médram), M (Wghy dnd VH (Véry Dghy, whzhis

moré évidént thin § 1o § or A 1o F aséd in 1ha AP
matk.

e Thé APY mitik wis modr§24 1o éxténd 1hé “Low
Rsk” regi on to éncompdss A1l “Very Low”
conséquAnce Avants, ds shown in Biguré 2.

A jont mandgémént dnd én@néépng tedm wis ¢onvénéd to
dévelop the bues of Ingwoés whch woall #&¥né thé
biebhood And conséquénceé scords, And popsldtd thé sk
it k.

Ll
HIEH RISk
H
MEQILAR RISK
frovanaie
L
cowfriss |
AU |
VL— L v b - Vit

LIKELIHOOD OF FAILURE

Stédm systéms dré ds9gnéd & bkébhood of I8 luré scoré, from
VE (very law) 0 VH (véry high) Yollwing bnés of ingwry
reldted 1o P laré Wstory, comowsn pa{em)il Procéss upséts,
3nd 4gé. Scorés Aré Asoignéd ndvidwdlly 1o tAch Attn bute And
thén Avérigéd to providé the totdl bkébhpoi of e 1he
Attn butés And corrésponiding scorés Aré:

(1) Boyor 13 laré
Noné = VI
in s Br syslems n lndumy XY
n 9 lr systéms sn-91€ = M
in the pdiv'ca Br systém béing Asséssid = VH
¢2) Dégridat on mecdntsms
Noné = VI
‘Possible = M
Known = VH
(3) Nové by of Procéss
Noné = VL
Somé = M
Néw procées = VH
¢it) Abnormal lodds @n our ¢dsé, stedm hdmmén)



Noné = VI

Low possblty = L

Possble =M

Ant'opited to occar = VH
5) Systém Agé

Iéssthin 5 yédrs= VI

51015 yédrs =M

151030 yéars = N

©Ovér 30 yedrs= VH

Dkébhood pornts weré sélected And Asognéd For &dch
itobuaté; wihin thé fallowing rdngés:

VE = 015 20 ponis

L% 21 to 20 points

M = 24 10 66 ponts

H =61 to 86 pornts

VH £ 81 15 100 pornts

LEAK OR BREAK

ft becdmé évidént, édrly ¥n thé rdnking procéss thit wé wouwki
h3ve 1o FErénvdté betwéén the bkébhood of 4 ©dk s n
Bgwe 3 ¢not uncorarmon in stédm systéms), And & brédk
{raptasé) &s 'n Frguré 2 (rathér ancommon 'n stédm systéms).

Bor oir 130 bods, stédm bné Edks dnd 3 raptarés wérd
dswned the VieVhaod scorésin TabE 1.

Wb | .. Sie-Spiar e Rosuls of D112 hoos Scarea

_ Dkébhood Attobutes Fedk Ruptaré

1) 'Po or 3 Tnré 100 21

{2) Degrddav on mechdm sms 160 41

(3) Nove ky oY Prockss 0 0

(4 Abnorma l ladis 56 P

£5) 8 sxtem A 160 81

Averdgé Scoré 70 (Hgh) 33 (Faw) |

The scoré on dbnormd | lndds ¢ stédm bubblk colldpse witer
himmér) réflécts the plAm éxpénénce, where Brge witer
hdrarnérs cduséd ledkags but not raptere. I oné sweh aven,
the stédm hdmmeér shedred off ovérhedd sappoits, B guré 5,
And buckled &n éxpans'on jormt, Py gure 6, bt néthér the
cArbon stéé 1 bné nor the jaint raptaréd.



CONSEQUENCE OF FAILURE

Stédm systéms aré ds9gnéd 4 conséquénce oF i laré rdnk from
VE to VH, follaweng bnés of inqury réldtéd to pubbe dnd
worker hedkh dnd sdfty, énvironménidl dimigeé, production
'mpact, And récovery costs. Unbkeé Viébhood, the conséquénce
seoré ¥s not An Averdgeé, Instédd; 11 Vs Aswgnéd the worst
rdnkong o7 All conséquénces. Thé conséquénce it buies Aré:

{11 Pabbc hédkh dnd sdtéry
Noné = VE
Réportdblé = i
Pangérous = VN
(3) Worker hedkth dnd siféty
Noné = VI
Potentral lost vme = L
Probabi lpst ¥mé =M
Poténvdl htddiy = H
: Probib e ftdlty = VN
3) Environmeénta i mpict
Noné = VE
Alest (dégriddvon of covedl controls) = 1
81 émérgéncy =M
Générdl émérgéncy (beyond 91té bounddry) = N
(1) Opérdv sn ympdat
féss thin 1 months= VE
1103 months = £
3 1o 2 months = M
110 6 months =N
©Ovér 6 months = VN

¢5) Récovery costs (¢ lednap And répdrs)
Tessthdin $ 0.5 M = VI
$051IMEE
$ltoaMEM
$2to5M=H
Ovér $ 5M = VH

THE DANGERS OF STEAM

Thé isséssméml »f conséquéncé @épénded sn wheéther the
stédra bné B4k or raplaré wisn 4 con¥néd spacé, dn éncloséil
spicé or omtdionrs. A ¢on¥inéd spacé is A perrmiited entry space,
consistént vath OSHA 29 CHR 1920-146 wnléss 11 s dmply
vént l3téd. An éncloséd spdce, for thé purposé of1hé stedm bné
éviladUons, 's & spdcé sach 3s dn o¥#cé, conjeréncé room,
Tanch room, &tc., unléss 1t ¥'s dmply vénv lted. The rédson A
stédrn 18dk s énvcdlin & conPnéd or éncloséd spdce hds to do
with 1ts bamn poténtidl 1o skin, throdt 3nd lang. Barn from
stédm ¥'s ekpectid to occar andér two condlb ons:

e ¥51hé Ambént 1Empérdtare redches T > 120°F, dna
o Muotstuit Is akcééils 12% stédm by volamé

For & % hole l2dk, thésé condtons 3ré dchévéd withn |
m¥naté; 'n dn an-véntéd room of the volamé bstéd rn TAbLE 2.

] | 360 200 _‘
K I 1 EH 9 5 50

©On thé big's of the 3bové fActs, dnil thé 1eAm’s fkpénénce, the
1o llowtng condivons weré 1dént ed Ior inclag on n thé psi-
rdnking procéss. Condons othér thin 1hést would be oF low
sk

Conévon 1, OSNA confnéd spdceé, éntry penvl reqw red.
Condion 2, Fncloséd spidce, with bule vénu Buon (offea,
sirwsll &),

Condivon 3, @utdoor; P> 150 ps, 2V &nd Brgér ppe, wiihin
3 oY wdlewdys dnd rodis.

Condvon 4, Owtdoor, B < 150 po, ppé smaller 1hdn 37 wirhi
3 of wilkwdys 4nd rodds.

Con#bbon 5, Stédm ppng wiln 3 of eleviiad walkwdy
ladaér, wthout cdgé or rd 1

The conséquéncé rdnk wis estdbbshed on the biss of these
$ve ¢onditrons, ds samaman zéd in TabIA 3.
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1RISK RANKING
Thé Dkébhood dnd conséquénce NAving beén dsvgnéd; stédm
systéms cdn now bé plotiéd on the 5k 5 n'sk mitsk, Bguré 7.
Thé noménc Bturé Tor P guré 7 1's déscnbéd in 13ble 3.
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HIEH RISK
®) = -
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@ T LT
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RISK INSPECTION PRIORITIES

Only oné cdtégory of stédm sysicms (Ll) éndéd wp 'n thé hgh
sk cﬁtcgm’y Thésé Wnés wéré poopbzéd for manditory
inspécy on.

Stedm sysiéms ¥n cdtégonés R1; R2, R3 dnd RS, weére dlso
Vitnv$&d Tor manddtory Ynspéctons.

The y mspccv on of lowér psk ciicgm’tcs (L3 1o £5, R2) wis Ef
1o thé @ scrévon o5 é4¢h dpérdong amt.

CHECK
The sésu ks of the dbove o'sk rdnkeng dré qwité log el
e Thé RBY mitok just$3bly dfferény dtés bétweén
ledks dnd brédks, both on bkébhood dnd conséquénce.
o The mitok Wghbghts the pArvcu lBr sk dssoo dted
~ath énclosédl dndl conPnéd spdces;, whichi's wéllin
bné withindustry éxpénénce ré Btéd 1o stédm
fHidbves.
e The RBY procéss wis dlso An opportanity 1o béttér
quint Ty the rdpd hedl-wp o7 dn éncloséd spdee,
qwckly Bading to & ¥Atdl énvironmént.

[EXCEPTIONS

BEcdusé opéravondl expénénce 1s pdrdmoant 'n éstdbbshing
Usk oY Fhkue, édch opérdvng Robty wids provrdéd 1hé
(opportunity 1o réview dnd dpprové thé osk rdnking or sabrt
finsv$cdvon For excéptons, or disséndon From thé RBI

iﬁnkfng, to 4 Manidgément Coordindtng tedm. Ths &d no
occur; ds edch vpcréilng 20 bty judged 1he RBY rdnkng 1o b
Apphecdblé 1o 1thé1r opérdtion.

As in dkémav vé 1o thé Inspéction of stédm In confFned spaces,
RI/LL; ddminrstrdbvé controls mdy bé put ’n plBcé 1o prévént
con®ndd spdce éntry whéré stédm bnés &ré vn sérvice. Thatis,
R1/E1 locavons could bé ébrmndtéd from Inspéct ons 7 thérd
aré ddéquité controls And protécvons, or siédm )sisoldlEd pior
1o éntry 'nto conPnéd spdces.

INSPECTION PLANNING
inspécton pldnning cons'sts afthe following dct wivés:
e Sélcvon oilnspcdinn locdt ons
e SElEvon $¥rnspéctisn téchn qué
e Selecton of Scccpﬁncc cntén d And method Sor
Pinéss-Sor-sérvice dsséssmeént

INSPECTION LOCATIONS GUIDE

Niving rdénv¥ed thé poonty lnspedl on systém Ao bwiés,
edch stédm éngnéér wis 1cqucstcd to seleat & mnmum o3 10
inspéction locdtons in édch o bty in the bgh sk cdlegonés
Ri/E1, R3, R3 dndt RS. Th's résukéd in ¢losé 1o 160 1nspéction
Incat ons.

The dégradavon méchdn'sm for wall loss 1n cdrbon stéél stédm
bnés, ¥n siterdtéd stédm sérvicé, 's éroston comwosion (flow
dccélerdtéd comrovon FAC). Gwddned for séketon of
Inspécton ponts Inchadéd:
e Aréds of prior épdis And knawn eoirosion
e  Brdnch connéctons, 4t 9iiés dnd bottom of pipe
o  Outér drc (ekirddos) of é Baws
e Upitd10-4bidmeteérs downstrédm of & Bows Andl o St
p Btés
Dedd Egs
At 9gns oY ddmage 1o Bgging wth bigdch of
s A0 'on
At $'gns of welnéss or BakAge
e At lowpontsin vérbedl legs or sdgging spins were
condénsité could dccumuldte
o Wheéré witér dnd stédm myk (popp'ng sownds fram
babblt collipse)

e Changésin cross sect on (rédwecén

INSPECTION TECHNIQUES
Thé chycé of Insprcvon téchwqués hds to Fédress two
chillenges:
o  Bécduse the rnspecton wi lldié pldce in wintér hmé.
thé inspéct ons w H1dké plicé with stédm boesin
SErvicé.
e Many stédm dnés #4té bdck to 1he 1956°s dnéi hdve
isbéstos 'nsa 4 on.



tn ¥ght of thésé di¥fcalvés, thréé Inspécton téchm ques hivé
béen evaludted: stinddrd sudght bedm whkidsome 1©svng
(palsé Echo), pulséd eddy cwrént, Piguré 8, 3nd @gital
(rddogriphy, Brgure 9. Bécdusé the bnés hdi to be inspected
Wh'g In-sérvicé, Avoding rémoval oF insuldvon, palséd éddy
carrémt And d @131 rdd ogriphy wére 1he préferréd 1chn qués.
Pakéd éddy currént Fnspéct ons hdd béen conrdctéd two yedrs
- trber, with godd résults. Th's ¥mé; 1he ynspécty vn 18chn qué
selctéd wis ir@1dlrdd ogrdphy.

Bigure 9 1s & @pidl rdd ography of 4 1¥ schaduk 80 stédm
#pé, 1t shaws langtadndl stodvons ds the Slow éntérs thé
Biduceér secton, 3nd mirked wAllilbnng rn thé wé W rise i,

INSPECTION ACCEPTANCE CRITERIA

‘Pryor to ’nspéction, 11 I's Essénvd | 1o de¥ne dcceplaned cotend.

Thé dés gn bds's Yor the sité pping systéms s ASME B34 1 for
stédm producton And & stobwon, dnd ASME B3 2 for sttdm
wsé 1n A0 bués. A thréé Bvel dccéptdnee caténon wis dédnéi
in térms of mn' mum wa ll 1B cknéss:

Gréén, stédm bné dcceptdbl for continwéd sérvice, ré-nspeel
'n 5 yedrs, ¥

.l{min > tiwa £ 50 mu ls, And
Y > 20% t0m ¥ 50 i s

The Gréén coténon dbové 1s bdsad on (3) compddned wiihihe
ASME B34 réqwréd mnimum will ¢(b) providing & fatere
corroston Allowdncé of 10 mpy k § yédrs, v l11he nékt
ynspéction in § yédrs, And ¢¢) dssup ng that théré is no
exkcesove will loss, not 1o éxceed 80% of the wall The B
¢p1Epon (¢))s ¢Ons stém with B31 G or o 1 dnd gds
p'pédnés, dni 1's 91 1drin concépt tn API 579 Pinéss-tor-
sérvicé rulés for générdl willibvnnng.

tm > o, AN€
1 > 20% a0

Thé _y_'c'”m_'a(' coieror dbove is bdsed on ¢4) compline with the
ASME B31 réqwréd mynmum wall wihowt 4 fateré corosion
Allowadnce; dnd (b) dssuiing 1hat thére s no exkcissve will bass,



R&d; Immed ité Asséssment, sdiegudrdng And shatdown 1F
nécéssdry, ¥

tam = MY mam médsured wall i cknéss
twp = 1 W it Wi lltrekmess rcqwrcd by ASME B3} code
tom = nom ndlwd lth¢lnéss, 1n

For moré #4612 164 Asséssténts, ’n parten Br far thé évd ladv'on
of yéllow 4nd gréén réddings; thé ralés of AP 579, miy be
'Appbed to évakadté the Pinéss-Tor-sérvicé dnd rémdwng VR of
the corrodéd stédm bné.

CONCLUSION
A Bsk-baséd ynspéction (RB1) pragrim wis <‘icvclnpm’i And Js
b&ng ymplmentéd to prcvcm stédm Acodénts thit could
JEopAre z6 séiéty or producton. Stédm systéms wéré rAnkéd on
the bas's of Vkebhood and conséquénce of 3 laré. Inspécton
tEch qués dnd Accéptdneé coténd weré devé loped dnd w1l be
dppbed to Inspéct wh bty And process stedm bnés, ste-wade.
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THE ART QF DESIGNING PIPING SUPPDRT SYSTEMS
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ABSTRACT

The stondard approach to pipe support design is to
follaw well known, accepted, practices: the art of de-
signing support systems s te go beyond these comman
practices,

This paper uses specific examples to demonstrate that
the use of some coamon practices can Yead to real pro-
blems in some sitvations. Support type based on vertl-
cal thermal displacement, spring loads sat to balance
the weight at hat condition, anchors at expansion

joint installation, springs sized to minimize the ver-
tical load at equipments are amoug the specific items
discussed. The potential of utilizing feiction farces
to replace the expensive snubbers 1s also presented.

INTRODUCTION

A basic design Is novmally created by following common
rules foermulated from the past experiences of the
industry as a whole, [he common vules are essential
for the day to day design practice. However, the
rules passed from generaticn to generation are only
those which are broad enough and simple enough to
warrant a space in tha company standards or iechaical
books. These rules are valid for most of the situa-
tions, hut invalid for certain cases, The exceptions
ere often so inconspicuous that they can be overloeked
even dy experienced engineers. o deal with these 1s

an art which requires axcaptions to the rules,

An art {s undoubtly abstract. Therefore, instead of
presenting principles, this article will use some
specific examples to demonstrate the ideas. For
instance, what can go wrong by (1) selecting the
support types based on vertical thermal expansion
displacement, (2) by waking the aguipment noazle take
no direct weight lead, (3) by setting the spring to
balance the weight at hot condition or (&) by install-
ing anchor 1iberally at expansion joint iastallations.

With the advance of the computer technique, almost all
the calculations today are done by combuters. Howeyer,

the o1d maxim “garbage in garbage eut" is still true,
In order to provide better data for the computer, a
couple of practices have been evolved. First, all

the support members and attachmants are designed to be
super stiff, Secondly, friction forces are greatly
reduced by using teflon sliding plates or ball jointed
struts. With these painstaking arrangements, analysts
Can now bodsi of the validity of their amalyses. MHow-
ever, few have realized that the brute force approacn
has thrown away two of the major ingredients that have
helped preserve the structural integrity of Lhe design.
These two {ngredients are Piexibility and friction, and
they should be once again put to work to our advantage,

SUPPGRT TYPES

The types of supports are norwmally selected based an
the vertical thermal dlsplacements expected at the
support locations. Rigid supports are used at placus
where the expected thermal displacemant {s very small,
variable springs are vsed for medium displacements,
and constant effort supports are used when displace-
ments are great. The practice is very logical, but
problems arise occarienally. Oddly enough, the use of
springs and constant supports create more problems
than the use of rigid supports, Although it 1c true
that a rigid suppert should not be used even at a place
having a4 small expected thermwl displacement., the mis-
application cf rigid supports will be detacled s oan
Qs an analysis s perforsad. On the cther hand, the
analysis on a spring or constant affort supported
system cannot readily tell the mis-application af th
springs,

Figure 1 shows one situation that might end up with a
probiem. A free thermal expansion analysis shows a
vertical displacement of 11 inches (280 wm) at the
middle of the span due to arching effect. The dis
placements at other support points are 3l greater
than 3 inches (76 wm). By using the free thermal
displacement as @ gquidance, constant effort supp rts
will be used for the entire system as shown in Figure



.2:&2'& 7§-?"”)
(a)

Flg. 1

a). Some saubbers might also be addad {f the

tem is to be desiyned for garthquake. Aside from
hardware cost, the arrangement appears {g have no
blems. The computer analysis shows perfect results,
the installation will have no problem efther. The
blem nevertheless occurs when the system is ready
gperation and the travel stops are removed, It
ldn't have come at a wovse timg,‘but that is the

ure of most the problems.

s system may collapse if the actusl pipe, insula-
n, and attachment weight is considerably heavier

n the theoretical or assumed weight used in the
igh, The system may weigh as wuch as 15 percent
® than the design capacity of the supports and this
make the field adjustments almost impossible. One
argue that the weight should have been estimated

8 gonservatively, but the polnt 13 that the systenm
1gned 1s vanble to absorb the uncertainty due te
ufacturing tolerance. The system cam also be under-
ght making the field adjustment equally impossibls,
n with 2 properly adjusted system, because of the
ction assoclated with the 1inkages a lot of banging
be expected during the start-up and shut-down.
movement tends to be stuck for a while them an
emittent suddan relesse.

ure 1 {b) shaws a better design by placing rigid

parts at thae middle spans where the free therwa)l

Placemants are the greatest. This system s wmuch
e capable for absorbing the weigh variation dis-

avded by the computer. Jt alse costs a lot

s than the one shonw in 1 {a).

BALANCE

3 high temparature system, in order to minimize the
€p, the spring is set in such a way that the spring
Ce and the system weight will balanca out each qther
er the hot operating condition. It ts important

t the sustained stress be reduced to minimum at

8P temparatura. For a low temperature ?1ping

*e 1ittle creep {s expected, it is still a good

8 to do the same so the unbalanced load i3 mini-

ed under the operating condition. Hot balence

Such 3 good practice that is considered as one of
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(b)

Free Thermal Displacement

the basic principles of piping engineering.

By adopting the hot balance approach, the springs
have to be locked in place during installation., The
locks or stops are removad when the system {is ready
for operation. The problem is that in many cases
severe twisting and jerking nccur when the stops are
removed, This 15 somewhat expected because the soring
torces at cold condition are different from thuse
required for balancing the weight. This calculated
preloading is alright if everything is as idea) as
calculated. As mentioned previously the pipe weight,
insulation weight, clamp welght and so forth can vary
considerably from the theorectical values. Therefore
the actual loading applied to the system can be quite
different from the one calculated,

The deviations of the welght and the analytical model
are so difficult to predict that the hot balance
approach intended to minimize th hot load is ia lact
applying unpradictable loads on both cold and hot
conditions. Alignment problems have frequently
occurred on large votating equipment, The theoretical
minimum hot load is actually only a paper promise. It
hits the target some of the times and is off the
target at ather times, This kind of incertainty is
simply too much of & risk to be taken on an expensive
delicate machine which is often the heart of the en
tire plant. Therefore, a8 more reliable approach is
weeded. Contrary to the common practice, the reliable
approach is the cold balance approach,

In the cold balance approach, the fit up of the piping
to a compressor or turbine 1S normally done with
springs unlocked. The construction enginger will ther
try to adjust the spring load to bring the pipe con-
nection to the equipment nozzle with 2 minimum help

of outside force. In this way, it is sure that the
piping load at cold condition 1s alwost zerv, although
some 1oad is expected under the operating condition,
However, this hot 10ad caused by spring force variation
is highly predictabla. The cold balance has become
more and more popular lately. Designers who fail to
undevstand the situation will make the field adjustment
very difficult and will also create unnecessary argu-
ment with the construction engineers. The systowm



,Fi?ure 2 shows 4 typical pump discharge pining,

designed intentionally to balance the weight at ccld
cendition wiil make the field adjustment much aasier,
With this urderstanding, the designer can simply in-
struct the fieid to set the soring at calculated hot
icad instead of the shifted cold load.

2ERO WEIGHT L®AD ON NOZZLE

It is 2 commop practice to adequately support a piping
system that no weight is imposed on rotating aquip-
ment. This can be done fairly Rasily by placing
preper supports at proper locations, The only problew
associated with this practice is the blind dependence
on the computers.

Some piping stress computer programs used in the in-
dustry today have an automatic spring selection cgpa-
lb\l1gy. They also have the option of releasing the
vertical translational constraint at certain anthors
Iduring the spring selection process. This optian will
force the springs to carry all the weight leaving very
\Vittle direct weight load on an equipnent nozXle.

lhis option is useful if it 1s applied correctly.

Tor instance, many designers da not recognize that the
scheme reduces only the direct weight load but not
necessarily the weight moment. To have the scheme

'do the job right, springs have to be located at
Suitable locatiens. Otherwise, the springs selected
by this anchor velease aption can maks the system
worse than the gnes selected witnout the anchor re-
Teage aption.

Ir
a), since there is a spring directly over the valve
assemhly, the spring selection process with the anchor
release option will force the springs to carry the
entire weight jeaving very 1ittle load to the pump
nozzle, If the anchor release option is not used,
Lhen mest 1ikely spring A and pump nozzle will each
tarry about one half of the assembly weight, This
of course happens only when the springs are selected
by computer program

The situation will be different 1 the spring A is not

&8

available as shown in Figure 2 (b). In thiy ase, iFf
the spring is selected with the anchor ralease option,
the spring 8 will be forced to pick up the entire
weight including the whole volve assembly. This will
leave very little vertical force an the nezzie but will
create a huge dending moment on the nozzle. Usfortu-
nately, this huge momant may escape the attention of
the analyst in some cases. Some computer programws, in
an attempt to spesd up the process, give the weight
load case results taken from the ones obtained with
anchor released. By doing sa, the high noment ot the
nozzle will not shaw wp in the output report. TYhe
only clue to this problem is the significant vertical
displacement shown at tha anchor point, This vertical
displacement is not very abvious and is often over-
toqked or ignored, A praperly designed computer pro-
gram will apply the spring farce selected and the
anchor fixed to recalculate the wei?ht result. With
this type of proper analysis, the high moment will
appear at the nozale together with an upward di.place-
ment at the spring Tocatfon. With systems as shown in
figure 2 {b), it wil) be more favorable to select the
spring with the anchor fixed. In this way the ancher
will absorb some vertical weight force but nat the
huge bending moment,

EXPANSION JOINT ANCHOR

One of the mwost jmportant requirements in designing bel
low expansion joint system is to install sufficient
anchors for resisting pressure end forces. Figure 3
(2) shaws the potential pipe movement when no proper
anchor is installed. Ffigure 3 (b) represents the
systam stabilized by the anchar. The anchor normally
reeds to be designed to absorb only the vectorial sum
of the two end forces. However, if the sy tem is
expected Lo experience flow surges, Lhe unegualiity

of the two end forces at any time instant aiso neds
to be considered. It 1s also possihble that a valve
is located at one side of the anchor as showt in
Figure 3 (c). In this case the anchor has to be de-
signed also for the condition when the valve is
closed, 1if this valve shut«off condition is not de-

signed for, the angchor can fail dup to tnadequate de-
slgn. espeéia??y whon the ben 1ang?e ?s sma???



re are a)so cases when ancrors should not be used.
ure 4 shews @ tied expansion joint which is used
absorb the lateral diffaerential expansion. 8y com-
ing with Figure 3 arrangement, it is tempting tg

an anchor at the base suppert to resist the bel-
end force. This anchor Appesars SO natural that
biems are often overlooked eveon by an experienced
cker. The problem of the anchar can be explained

m the start up sequence. whan the pipe is heated
bath 8 and C ends expand into the tellow leaving
ck at the tie-rods. As soon as the tie-rods get
se, the pressure end force pushing the turbine is
balanced. This pressure force normally is suffi.
nt to push the turbine off alignment causing severe
rationdl problems. In a corract installation, this
nor is nat used. The pressura will push the base
part ocutward ensuring a batancing force on tha tie-
;‘to cance! the pressure end force acting an the

ne,

EE HINGE SYSTEM

metry and balance are normally cansidared two major
nciples in a good design., However, there are
,astons when sywmetry can also mean handicap. The
‘e hinge sysime frequent1y used in solving plane
ansion problem is one of the examples.

(a)

(&)

Figure & shows 2 three hinge system to Le instailec 19
large diameter piping connected betwaen two major
pieces of equipment. Figure 5 (a) ts the perfect
symmetric layout favored by many  Jesigners, inclug-
ing exgerienced cnes. The only problem with this ‘ay-
out 1§ that the thre@ hindes ave lined ip in a cerfect
straight lTine, For tne hinge 2 to be active it has Lo
move when the system is heated up. However, this is
almost impossikle due to the perfect symmetry. For
instance, If a 7ine is drawn between hinges | and 3

to divide Lhe space intc two half spaces 1 and TL, i%
is ¢lear Lthal any given point % in half space | there
is a corresponding symmetric point xx in half seace 11
In other words, if the hinge 2 can move to X, it can
certeinly move tu xx Yoo, Since it canwt be ¢t twa
different locations at the same time, thne hinge will
be simply stuck without moving anywrere. 1his is an
example of pure symmetric care, In reality certain
unsymeatrical effect will be buili-in In the system to
allow the hinge tec move,

Figure 5 {b) shows the movement of hinge 2 which is
located slightly of f the symmetric line due =0 con-
struction deviation, The hinge & in this case wil)
wove toward the nalf space I1{, bul the magnitude af thre
rovement can be unexpactadly high. For In§tance, withk
the dimension and the temperature shown, the caleulated

Flg. 3 Adequate Anthor ls Cssential




(e)

Fig. % Symmetry Can Also Mean Problems

vement of hinge 2 is 65 inches (1651 mn), and the
Ne of hinge rotation is 12 degreas. This movement
tov mych to be accommodated by support system. The
fetion on the support will 2150 have very great

fect on the equipment loading.

s system can be greatly improved hy locating the
nge 2 away from the line connecting the end hinges
ind 3 as shown in Figure § {e). With this alter-
tive Tayout, the expected hinge 2 movement ic ra-
sed to about 5 fnches (127 mm) with a hinge rota-
in of only about one degree, This order of magni.

fa 15 wel) within the narmal support system capacity.

ICTION RESTRAINT

* systems which nead to be designed for shack loade
15 the common approach is to ingtall snubbers,

ther nydraulic or mechanical, at points where rigid
ttraints are not permitted due to thermal mxpansien

Juirement. It works fine except there are also
fficuities. These snubbers are not cnly expensive

t also vequire constant maintenance. The znubber
50 has a built-in play that allows the restraint
int to move a certain amount befora balng stopped.
is slack makes the snubber a poor restraint for

Y amplitude, steady state vibrations, A fric-
mal restraint may be more suitable for some cases.

gure § shows a herizontal loop system whose vertical
ton can be easily restrained with rigid supports.
B horizontal motion, however, i3 somewhat complicat-
Each leg of the 1oop needs an intormediate hori-
ntal pestraint to rvesist the earthquake load. How-
Br, because of the thermal expansion, a rigid hori-
ntal restraint will createc too much thermal €xpan-
on stress. In this case the straight forward ap«
sach 1s to install a snubber. The question here is
there is an alternative approdch. The main reason
€ loop needs the horizontal restrainis is hecause
¢ unrestrained system will shaka in the ngighbarhaod
the peak response spectra. Once the horizental
Straints are installed, the natural frequency will
¥t upward to a more favorable snectra range.
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Therefore, it is interesting to note that the horizon-
tal restraint force required is only about 308 pounds
{2224N), This magnitude of force {s normally tolerable
to an 8 inch (219 mm outside diameter) pipe. By
using frictiongl sway braces adjusted at 500 pounds
force, tha braces will act as ri?id stops during
earthquake event, while putting limited restraint
force against thermal expansiom movement. Table 1
shows the stresses for different support scheme used.
The table is constructed by assuming that the snubbers
impose no resistance to thermal expansion. In reality
because of the tight seal requirement, the resistance
imposed by 2 saubbgr can be significant.

Table 1, Pipe Stress Generated Ly Different Support
Schemes

Pipe Stress(psi), ) psi=6.789 KPA

Restraint Thermal Expansion Earthgquake
Without Restraint 8950 8030

Rigid Restraints 38390 qugd-““.
Snubbers 8§50 B _}3é0 .ij
Fric;ionéi Bracu 14400 1__3386

The above discussion demonstrates the use of fricticnal
brace to stop a dynemic motion, The frictioanal
restraints can also be used to absorb the dynamic
motfon. For energy absorption, the support point

hat to be allowed to move a small amount. Tha small
movement coupled with a firiction force can effectively
absorb the vibration eneryy thus increases the damping
af the systea.

CONCLUSION

Piping support systems are generally designed by two
major rules. The suppart Yocations ave determined by
the guidance of the maximwm allowable spans, and the
support types are selacted hased on the ¢xpectad verti-




| therma) displacements. There are also rules and
ictices adopted to facilitate the dasign and to

yid common errors. However, as demgnstrated {a the
sve discussions, there are always axceztion to each
the rules. These exceptions, {F not handled pro-
1y, can cause difficuities in installation and
wate problems during operation.

8" scH 40
FEEDWATER &50°F
& THICK INSULATION

2o

1"= 254 ;mm
203048 m
&50F = 343°%C

S N

" o o.3
PERIOD, (SEC)

Q+—

Fig. 8 Friction Restraints at vork
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COLD SPRING OF RESTRAINED PIPING SYSTEM

L. G Pony
Pang Enginwering
Houston, Texas

IABSTRACT

Power piping is often installed with cold spring
to control the initiul uot reaction and to protect the
connected equipment. However,.cold epringing of a
ireatrained or a branched aystem is u very sophis-
ticated procedure which can lead to an unpredictable

result if it is not done properly. Thias paper discus«

aes the procedure and the problem asseciated with
the cold spring process. It also presenta the method
|adoptad by corapuier programs in analyaing the cold
(apring affect and in preparing the cold apring data.

INTRODUCTION

Cold apring, prespring, and cold pull are all
referring to the process which stressea the piping
at the insetalled or cold condition in order to reduce
the siress at the operating or hot condition. The
procesa involves laying out the piping somewhat
(shorter than the installing spuce. Thig creaies a gap
rat the final weld location when the systemn is eracted
The system ia thea pulled ar pushed according to a
predetermined procedure to«lose the gap and to
finish the final weld, The gap ia sized dspending on
the cold spring factor desired. A 180 percent cold
Isprang system will have the gap adize equal to the
amount of the syatem expansion minua the different-
vial anchor movements. By the same token. in a 80
percent cold aprung syotcrn the gap siev is set to
jone half of the system expansion minue the differen-
tial anchor movements. A 100 percent cold sprung
ayatern, if installed properly,will have the ex pangion
stresa reduced to mero when the sysleta rcaches the
operating temperature. It will be free of any thermal
expansion stresa undar tha hot operating ¢eudition,

Cold spring is often gpplied to a piping sysetem
to, 1) reduce the hot stress to mitigate the reep
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damage, 2) reduce the initia) hot reaction force on
connecting equipmaent, and 3) control the movement
apace. However, ai the creep range tha stress will
be relaxat¢ed io the relaxation limit even if the pipe
i# not cold sprung. The general belief is that the
additional creep damage caussd by the initial thermal
expahgion streas is insignificant if the total expan-

Bion atress range is checked within the allowable

limit. The veal gain of the cold spring has become
the ruduction of the hot reaction. Tha coutrol of the
movement space is sevoudury.

The general philosophy and the Ceode rules of the
cold spring have been discuased by many writers
[1.8,3,4). The detailed oold apring provedure has
also been discussed fully (5,8,7,8] in one of the
special seasions given in the 1981 ASMFE Pressure
Vossel and Piping Confevcace. Thie paper will foous

‘an the discussion of the wystews with ntermediute

restraints. Since the intarmediate restrainly are
used for different purposes, each differant system
muy have 1o have a diffexemt approsch in cold sp-

ringing.

LOCALILED COLD SPRING

Cold spring is used mostly te revduce the n

.reaction. The Code [9] atipulates that the hot reac

tion can be calculated by Equation (1),

(1)

where, Rp» maximam reactlon estimated to aecur
in the hot condition

C = cold spring {actor varying from zero
for no cold spring to 1.00 for 100%

cold spring.



Ep s modalus of elasticity in the hot con-
dition.

E. = modulus of elasticily in the cold con-
dition,

R = maximum reaction calewlated for full
expangion range based on cold modulus
of elasticity and without considering
the cold spring.

Equation (1) is applicable only when the sntire
ytem ig cold sprung uniformly in all the dircetions.
achieve this uniformity,
to he fabricated with cut short, Each branch of
system hus te be erected with a celd spring gap
ghown in Figure 1-(a). Although in wmost turbine
aections the GAP-2 and GAP-3 are not required,
theory each branch has to have a cold apring gap
the system can be sprung unifoprmly.
A8 demonstrated in Figure 1-(a), in order to
ieve the uniform cold spring the entire systeimn is
‘1ect to the so called cold spring engineering. All
drawings have to be dual dimansioned with
.degign or spatial coordinates along with the cut
rig or erection coordinates, The expected cold
ing movements alsa have to be aspecified in the

every lag of the piping

same drawing or on another set of drawings. These
all add up to the complexity of the design and the

cost of the plant. To simplify the procedure, a leeas
elggant approach of springing only one certain direc-
tien may be adopted. This unidireciional local cold

spring often achieves the same effectiveness as the

uniform ecld spring, but a3t a much reduced cost.

In the system shown in Figure 1-(a), the spatial
dimensions betwaen the two fixed end points are :
X=92'(28m), Y=131'(40m), and Z=15' (¢.6m). From
ths bagic beam theory it can be casily shown that at
a given displacement or expansion, the Qisplacement
stress produced in the pipe 18 roughly inversely pro-
pertional to the square of the length, Furthermore,
the displucement imposed on a given leg la propor-
tional to the length of the lateral leg. By combining
the abave, it ls clear that the stress produced by
each leg is pruportional to the cube of the length of
the leg., In the piping aystem shown, although the
Y-leg is only about 42 percent longer than the X-leg,
the stress created Ly ihe Y-leg is about three times
of the stress created by the X«leg. Tharefore by 100
percenl cold dpringing only the Y -direction as shown
in Figure 1-{b), the expected hot stress will be re-
duced to ahout one third of the design Stress range.

PIPE: 24" Sch-120 (610umnm O.D,, 48iwm Thick)
ASTM AZ18,TI1 {1-1/4 Cr - 1/2 Mo)

1000° F (838° C )

B

{a) Uniform Cold Spring

Thermal Expangion Stress:

Ne Cold Spring (hot): 8718
Local Cold Spring (hot): 2016
Local Cold Spring (cold): 9236

{b) Local Cold Spring

Figure 1, Cold Spring Gapsg
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actaal calculation shows that the stress will be
:ed to about one fifth of the design stress range.
is approaching the expected reduction fram the
rm cold spring in view of the [act that the uni-
cald spring ia much more difficult t¢ accom-

¥ comparing both. Figures l-(a) and 1-(b), it ise
sant that the dual dimensional drawing i€ not

id for the unidirectional lacal cold spritg. The
ary layout drawing can be used with little madi-
on. The only additionsl dimension required is
ap locution und the gap sire. 1t should be anated
the gap location shown may not be the best loca-
available. It is only used to demonstrale the
lieity of the method.

2 SPRING PRACTICE

eld springing iv beneficial {1 reducing the hot
don and in assisting s aystem to reach the re-
stage quicker. When a system reaches the
‘ed gtage quicker, it mitigates the creap damage
id by the hat stress during the initial operation
d, Though with all these benefitw, the practice
1d spring varies from industry to industry, In
ogsil power industry, due to the turbine manu-
rers’ iusistence und the industry's long time
lion, almost all the mair steam and reheat

a pipings are cald gprung. This Is miainly be-

) these lines are always operating ai the creep
» and the cold spring has been reaognized to be
to reduce the creep damage. Alsa bacause the
ispring 18 a rather expensive procedure, once
ieeision 18 made (o spring il ia generally set te
ve the maximum benefit fram it, That Is if the
i8 to be cold sprung, it is almost always done
(100 percent. Other lines arc vel'y &cldow cold
Ag dug lo the luw operaling temperature. Cold
€ can be used at low temperature lines in re-
i the hot reaction, but the benefit is ool as

» %8 1o high tempexrature lines. The hot wllowable
lon and the cold allowable reaction normally

» very little. This mukes the shifting of the re-
' from the hot condition 1o the cold condition
ery attractive. In the nuclear power industry
iping i3 not cold sprung again because of jts
br low operating lempetrsture.

nglnvers in the petrocttmical industry are nor-
7 nat very keen in cold springing, ulthough many
bmga in the proceas plants aperaté in the creep
% This i8 partly due to practicality and partly
.0 the opinions of thelr pioneers (1,3,3). The
g in & process plunt is generally more complex
the piping in a power plant, Also the engincer-
hd congtruction schedule is generally very
» This cotbination makes the cold spring very.
actical. However, that does not mesn that the
128 indusiry does not want to take the advantage
1d gpringing. It i3 just a matter of the cast
tiveness. The cost of the additional engineering
he extended construction schedule outweighs the
,&d reduction in creep damage at the initial ope-
g period. Cold spring is occasionally used to
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reduce the cquipment losd in & process plant, but
that is only limited to lotalized springing. The cold
spring factor in this case seldom exceeds 50 perceuat.
1t should also be aoted thut normally special approval

" i3 required to perforin s cold apring in a process

piplng. There are a lot of places where cold spring
is not 3llowed. These are at the areas where cold
spring is mest logicully needed. For instance, one
of the mast difficull piping to design is tha compre-
asor piping which has to meet the very low allowable
nozzle load imposed by the manufacturer. If cold
apring can be upplied judicivuely, the load would be
ea8ier to mweet. But cold springing on those pipings
is generally nol allowed., QOue of the reasons which
prohibits the cold spring iy the low operating tem-
perature involved in those pipings. The theoretical
oold spring gap and the springing movement involved
are all very msmall. Since it is very difficult to mea-
sure and control these small displacements up in the
air in the field, the effectiveness of the cold apricy
is unpredictable. It might even produce a load which
is damaygingly high to the equipment. In any case if
@ ¢old spring is desired, then a 8pecisl procedurce
has to be invoked to engure the intended result,

ANALYTICAL PROCEDURFE

With the advantage of the computer technology
nowaday altnost all the pipe sirews calculations are
done by digital computers. Therefore, Il i8 impor-
tant to see how a cormputer program i implemented
to analyze the cald spring effect. In a wmedern pipe
Stress computer program the cold spring is aualy-
zed by the combination of the cold spring gap element
and the support displacement, Of course, if the cold
spring 18 uniform, the systemy can be wnalyzed by
adjusting the expausion rate lo malch the coid spring
factor desired. However, by adjusting anly the
expansion rate will not be enough to produce the data
needed Jor celd springing a system with intermediate
rvegtraints,

The cold gpring gap element is used to pull duth
ends of the gap together. Jf the gap element is used
at the operating termporature, the analysis simulates
the ot condition. On the vther hand if the gap eleur
ent i3 used with the ambient temperatura, then the
analysis simulates the theoretical cold springing
process giving the pipe forces, displucements, and
stresses of the systermn after the pulll However, if
the systom has a rigid intermediate restraint as
ghown in Figure 2, the analysis is sumewhnl more
complicated. Since the compuler program eannot
automatically compensate for the restraint movement
adjusted duriug the cold springing, the analysis actu
ally considers the restraint as fixed boefore the cold
apringing. Thia of course does not represent the
actual case when the restraint is continuously adjus
ted during the springing. 'T'herafore, a valid analysiy
will need the input of the restraint movement in ad
dition to the cold spring gap. The movement of the
rogireint can be calculated as in Equation (2).



{a) Erected Position

(b) Gap Closed

(¢) Rastrain? Installed

Figure 2, Restraints Inatailed after Cold Spring

(2)
hexe, D = restraint displacement adjusted
during the cold springing.
D¢ = cold gpring displacement without
including the restraint,
C = cold spring factor

Dp = bot displacement without congidering
the gap and the restraint.

The displacements given in Equation (2) are all
reference to the erected position juat before the
‘ringing. Equation {(2) can be obtained by performing
o analyaes. One for D¢ and the other for Dh. It
@ also be achieved by a single combined analysis
ing an expansion rate equal& to the actual expan-<
an rate modified with the cold spring factor, com-

ned with the cold spring gap. ‘Fhe linal stress
elysiu {8 done with three differant computer runs.
le Code stress compliance theck is parformed
thout considering the cold &pring. The Code does
t give the cold spring any credit in reducing the
'+ stress, The hot reaction is calculated by using
13 of the design cold spring gap plus 3/3 of the
@traint displacement as calculated in Bguation (2).
w Code only gives 3/3 of the credit in lculating
* hot reaction. Finally, the cold reaction is cal-
lated by using the ambient {emperature plus tha
ill cold spring gap plus the full reatraint displace-
mt, ‘The cold reaction caused by the self apringing
e o the stress relaxation also needs to be chocded
ing the formula given in the Code [Y].

ISTRAINT INSTALLATION

Restraints are used for: 1) supporting the weight,
¢ reslsting occasjonal loads such as earthquake and
am hammer, and 3) controlling the pipe force to
‘otect gensitive equipment. In sach application a
ecific way of cold apring procedure is normally

called for,

In a cold sprung system, the weight is norwally
gupported by spring and constant supports to reduce
the expansion stress. However, at places where the
expected thermal displacement or the expected rea-

. traint force is small, the rigid supporis are used t«
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reduce the plant cost and also to help atabilize the
system. Rigid supports also serve to resist the
ocecasional load. Since rigid supports are normally
those of adjustable type, they are used to support
the welight as usual during the cold springing. The
support points are adjuated constantly throughout the
cold springing process. The final location are set o
the values as calculated in Equation (2).

In addition to supporting the pipe weight, restr-
aints are often required in resisting occasionalloads
Restraints which are deasigned solely for the occa-
sivnal load can be installed after the cold springing
is campleted., For instance, in a uniform 100 percen
cold sprung system the restraints can be installed
when the sysiem is hot at the uperating tesnperature
Since the stiresses and the rewsiraint forces ure zerov
at hot condition, the restrainta can be installed ver)
easily without any springing. The force and stress
at cold condition can be ealculated either by using a
negative expansion rate (coatraction rate) or by
8imply roversing the quantities calculated with the
operating temperature without cold spring gap. In
aither case the restrainta have to be included with
no displacements,

For systems which are designed for non-uniforn
cold spring or for less than 100 percent cold spring
the restraints are normally installed right after the
c¢old springing at the cold condition. The restraints
are then adjusted to move an amount which 18 given
in Equation (2). The support adjustment displacemen:
given by Equation (2) is to be done in reference to
the erected poaition before springing. If the refer-
ence i8 to be taken bawsed on the cold sprung pesi-
tion before any restraint is installed, then the

adjustment displacement CD}p should be used. It



auld be noted, however, that once the aystem ' ia

led by any one of the restrainta the entire system
sition will be shifted from the original cold aprung
sition. The reoference points will be changed dus to
¢ shiftisg, I appears thal it i’ easivr 10 use the

scted position a8 the reference. Because the erect-
pogition 18 either the swe a8 op ia parallel tQ the
sign spatial position.

Another category of restraints are those used in
¢ protection of the sensitive eguipment. Mast pipe
‘e88 engincers know that the moat diffieult part of
e stress analysis is to meet the allowable loads
ren by the vendors of the rotating and other types
i genaitive equipment. To meet the allowable, an
fenious layout coupled with strategically located
strainta are generally called far as shown ia
gure 3. QOccasionally & localized cold spring ir
d0 applied to split the expansion foree into, cold
J hot, two paris. In this case, the resiraints bave
he installed before the cold springing. Qtherwise,
? cold oad due to cold spring would be too much
most of the syatems. This is due o the fact that
thout ihe restraints the load acting on the mmachine
n be ag high as one order of magnitude over the
ad of the restraint protected system. The cold
ring factor used under this type of application is
rmally set at 30 percent. The rpaximum value
ed ie 79 percent. With 78 percent cald spring, the
t and cold !oad can be calculated based on the code
le us in Equation (8).

Ry =« [1.0 -~ 0.75(3/3)]J R = 0.6R

Since most of the venders will allow 50 percent
ire load when the machine i idle, the above hot
i cold loads have the same squal significance, The
ld epring in effect reduces the piping loud by &0
rcent in relation to the equipment allowable.

The calculation in this situation is very straight
‘ward, The cold load and strees are calculaied by
tluding both the gap and the restraint, at ambient
W temperature, The theoretical hot load and &tress
3 culoulated again by including both the gap and
! restraint, but at the design pipe temperature. In
8 application, since the supporti i& statlonary
ring the cold springing, v sappoct displacement
eda to be included. As the Code only allows 2/3
the cold spring credit, the gap shouid be reduced

2/3 betfore being used in the hot load calculation.

gure 3, Rastraints Installed before Cold Spring

1?7

CONCLUSIONS

Although the Code [8] does not allow any cold
Spring credit {n evaluating the thermal expansgionr
streas, ceold spring of a piping system has a defi-
nite benefit in mitigating the creep damage, Cold
spring is a sophisticated process requiring well es-
tablished design and installation procedure which can
increase the plant cost and delay the construction
schedule. Engineers should also be aware the fact
that different industries have different cold spring
practices, If a given industry i8 wot prepared o do
the cold spring for economic or other reasons, then
it ahould be aveided.

With the analyticak tools available today, the cold
3pring effect can be analyzed as easily on nonuniform
cold spring as on uniform cold spring. In view of the
complexity associnted with the wiform cold apring,
now may be the time to slart thinking aboul the non-
uniform apringing, A localiged unidirectional cold
spring, which is much simpler to apply, an he used
to achleve the same effectiveness as the umform
cold spring In many cases,

Intermediate restrainta are used 1w piping sysiem
to; 1) suppert the waight, 2) resist occasional ioad,
and 3) protect eguipment, Each application has its

‘own cold spring procedure. The weight support is

normally installed before the cold springing wilh the
support element constantly adjuated throughout the
springing procegs. The resiuralnte designed solely for
reswsting occasional load are nermally install d alter
the cold spring 18 completed. If the system is 100
percent unifermly cold sprung, then these vestrauts
can be installed when the systern is hol. This wvoiuy
the springing of the restraint element. Tf the system
is not 100 percent uniform sprung, then restraints
are inastalled al cold conditien with a displavement
applied to schieve the required springing. Tfor those
restraints used in protecting senailive eguipivent,
they are installed before the cold springmng, aud are
fixed In place from the very beginning. Recause of
thote different procedures, the unalysis method is
alao different for each application.
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TREATMENT OF SUPPORT FRICTION IN PIPE STRESS ANALYSIS

Liang-Chusn Peng
Pang Engineoring
Houston, Texas

TRACT

The friction force at the pilpe support has a
ificant effact on the behavior of a piping system.
lika an analysis without including the restraint
@, an anelysis without inclading the aupport
ion may be meaningless in gome cafes, The
tment of support friction in the pipe sirees
ysis is not yel well defined in practico. This
r will try to outline the procedure to be used in
analysis. The paper firsi presents a typical
jem to show the significance of the support fric-
Ik then discusses soma tachniques used in the
1ision of the friction in a computer pragram.
dled discussion is given in the arrangement of
analygie to comply with the piping code reguire-
18 of separating the sustained stress from the
-lirpiting stress, Speciel treatment of wind and
hquake loads are also discusged. The paper deals
with the static aspect of the analysis.

RODUCTION

Support friction in a piplag syatom can prevent
pipe from free expansion thus creating a higher
88 in the pipe and a higher load on the connecting
ppient. However, in certain instanees the friction
help slabilize the system and reduce damage.

1 in dealing with pure thermal cxpansion, the
ilon can gerve as guides thus prevanting a large
from being tranamitted to tha rotating egquipmeant,
"afore, there is no rule of thumb as to whether

¢ panconseyvative to ignore the friction. In gene-
when dealing with the dynuimnic load, the [riction
8 to reduce the wmagnitude of both the pipe streas
the equipment load., la this cuse, the omission
1 {riction is conservative. However, there ia no
'ral rule goveraning the static loud. In this case,
effect of the friction need to be investigated to
late as closaly as posuible the raal situation,
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The effect of the Iriction is more umportant in
same areas. In the analysis of the long tranamission
pipeline {1], it i® entirely the balancing of the friction
force against the potential expansion force. Without
inclading the friction the analysis would have been
meaningless. Another area of importance is the
piping connected to the rotating equipmenl. The rata-
ting equipment 18 notorious for its low ullowuble
piping louds. Sometimes the friction at one support
can complctely change the aceeptabilily of the piping
sysiem, Take the systewmn shown in Figure 1 for
inatance. The restarint at 26 is installed to protect
the compressor at 10, The affect of the friction at
35 iz demonstrated by comparving the analysis results
of the cage with friction againat the cuzse wlithout the
friction. It i8 clear that the friction at resiraint 2§
i8 significant, By applying API STN-617 [7] cviteria,
only the load calcwlated with the resatpaint but without
the friciion i8 acceptable. The API crilerw w cvala
gted separately and dg not cluded in this paper.

Pipe Data :328.9mm O. N, (12" nominal), 4.5 mmtk
{5td), 150°C, PF=1923860 MPa,
exp rate © 1,.53mm/im, wWi=75.5 kg/n
friction factor at 25= 0.4

Filgure 1, kifect of Friclion on Compressor Piping
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By including the Iriction in the analysis, the

rer will appreciate the requirement of using low
sn type sliding plates or strats. Same might
that low friction sliding plates should have been
in the first pluce. The truth is that the friction
ry often needed for the smooth operation of the
e, Rt stabilizes the piping and dampens out the
Jdal vibration. Furthermore, the popular low

on sliding plate adds s cousiderakle nrublem in
saration and rmaintenance of the plant,

LINEAR RESTRAINTS

In & finite element computer program the fric-
s haandled by the {riction element. However, to
the input more efficient auud the inferwection
direct, the support clement wml the [riction
mt are often co:mbined into one three dimea-

| interface element |2]. In piping it 19 called by
sneral tarm, Won-Linear Restraint [3}.

The non-linear restraint defines the restraine
tion which is perpendicular to the aliding surface,
L non-linear restraint to be able to include the
on, it haa tu have the capahility 0 petform the
ons as shown in Figure 2, amd as deseribed in
)Nowing :

{1). Create a friction vactor in the sliding sur-
Normally this is defined by two local rowtually
ndicslar vectors which are perpendicular to the
siat direction., In a ¥Y-direction resiraint, the
on vector is to be determined by the X- and
retors,

(@), I the potential friction force is suificient
jp the pipe from moving along the restraint

se, the pipe will be stopped, The raguliant

an force created is less than the potential fric-
‘orce, It is equal to the force required to clag-
» stop the pipe frow moving.

(3). U the potentinl f{riction force is not laryge
M to stop the plpe I[rom moviag along the res-
© #urface, the pipe will move, The resuliant
on force treated ig the product of the normal
’int force and the coefficient of friction. Tha
on applied to the pipe i8 directly oprosite to
ipe movernent,
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f = Friction force

I'= Normal restraint force
u - Caoefficient of friction
d = Pipe digplacement

The poiential frviciion force is the produet of the
ragtraint normal force and the coelficient of friction.
In the calculation, a small displacement is assumed
to be required o develop the full potentizl friction,
This displacement is taken asg so small that {ts exim-
tence will not affect the vesult of the analysia.

Theovretically both staric and sliding friction
coefficients have to be used. Howevor. even if the
trapsintional pipe motion is beiug stopped, the roia-
tion and jerking of the pipe male it difficult 1o mwin-
taln the static coetficient. In practice only the sllding
or dynamic coefficient i used.

In addition to the friction handling capability, a
non=linear rextraint can also bandle gap, initial load,
and plasticily aof the restraint clerent,

PIPING MOVEMENTS

When a plping aystem expands, its movemant
at a given support is not likaelv to be in a straight
line. ‘Therefore, the friction at the support does
not maintain the same direction throughoutl the whole
expunsion procesds, ‘T'he situntion ig even more pro
nogneed in a system which is resiruined by limit
stops, The pipe can siaurt oul i vee dipeclion, then
make & sharp change after reaching the stap, In this
cage, the diraction ot the triction would al!so have to
be adjusted constantly throughout the expansiun pro-
cesg. This type of analysis can be done with a
geries of analyses at Incremental steps. At cach
step the expansion is increased hy a certain nere-
ment with the fiiction foree balanved at the end of
vach step, The force and moment al cach glep are
recorded and enveloped to ensure that the most se-
vere result is obtained.

Although it is preferabla to perform the incre-
mental analysis tc ensure that no extrene load
overlooked, the current practice is to make a2 one
step analysis. The pipe at the support location s
aggsumed to move in a &traight line froin the initial

18



wsition to the final operating position. In this way
the friction is applied besed on the final displace-
ment. All the interinediate displacerments are ignored,
because their existence is temporary in nature. Hows
ever, sound engineering judgernent ghould ke exer-

cised to see if a more elaborated ansglysis ig juatitied.

COMPUTER IMPY.EMENTATION

The concept of the friction element 18 clear,
but the computer prograw implementation can be
different frem one sefiware package to another. Far
the sake of explaining the implemeantation detaii, a
general discuszion on the statlc probiam molution
procedure is in order. The static pipe atress probe-
lem is solved by first agsembling the equilibrium
oquation (1),

(K] X = F 1)

‘Where, (K] = Stiffness matrix of the pilping system
X = The unknown nodal digplacemeni
vector
F - The known nodal load vostor

The load vector ¥ inclwles weighi, thermal initial
loud, pressure. externwl force, wnd a0 forth, ‘The
anrknown displacewmeni can be solved by the inversion
af |Kl, or most likely by the decampasition of [K}
a8 in FBguation (3).

K] () o)Lt (2)

‘Where, [D] = A diagonal matrix

[£.] mnd [L]T are unit trigpgular matrices
being cach the transpese of the othor,

T x -y ()
or (L] Y s ¥ ®

Where Y Is an interinediate solution vector which 18
‘being osed ar a bridge of tha galution. A forward
‘aubatitution {s performed an Nquation (4) te solve Y,
“This Y i8 then usod in Equation (3) to solve the
digplacement X by back substitution. The decampoai-
tion step in Equation (2) takes a iot more corputer
e then the substitution stepu in Bgustions (8) and
(4). Tuis makes the avoidance of the decoraposition
step highly desirable.

The computer program implemanwation of the
support friction can be catagoriwced inte three groupe
boing discussed in the following, fhey all ueo the
intevative approach, but cach group huee ils strong
and weak poimts., Somme emphasize the saviag of the
computer lime, while others are more conceramed
aboutl the convergence and stability. In the long run,
the idea originally intended to save computer time
wight end ap using mors comnputer time due to
unexpecied slowness in convergence. A scheme has
very litile practical value if it deea ael counvurge, or

if it ie not stauble. The following arc the detailed
digeugsion on the chracteriatica of vach scheine,

{1), Direct Substiturion of Wrivtion Force

The most simple mathod is the direct subs&ti-
tution of the furces expwcted from (he friction. The
analysis starts out with no friction to find out the
potential moavenent of the piping., The friction forces
corresponding to these movements are then ncluded
in the load vector, T, for & pew anslysis. The pro-
cedure cvontinues iteratlvely until the convergence is
resched when no gigrificant change occurs between
two consecutive analysas,

This meathod is straight forward. It coquires
no additional decompesition of the stifiness murrx
at each amalysis. Therefore, it appears to bhave lhe
potential of saving some computer time. The wmethod
works fine in some rather rigid gysiems where (ha
friction does go! affect the direction of the movement,
but works very poorly for most practical piping sys-
tema which always have coaslderable flexibiiity to
sbgorb thermal expangion. This saheme daes nat
have the capability to stop the pipe whon the stop-
ping force required is less than the potential friction
force. Mstead il keeps applyivg the sawwve full fric-
tion force to the systew resulling i a back and
{oct oncillatory but no cnding iteratious.

Tais xwethad alse quickly becomes divergent
when applivd to tha syutem which hoe coneiderable
movements in the flexible direction. In this {lexible
direction, if the friction force ia spplwd agninst the
movement, a very large digplacement will be created
oppoaite to the original mmovement. The siluation
reverses during the next iterution with the displace-
menis randomly getting bigger and bigger in aach
aubseyguent ileration.

In this nethwod, eoaeh frictivawl resurand s we-
atgned twe factitious orthogoual rediraluls laying on
the plane perpendiculsr to the main supporting rues-
traint as ghown in Figure 3. The gpring rate of
thece two restrainis ave taken to be the same as
the autial slope given in Figure Q.

o Ee
= |

\L ri Factitious

Reatraints

Main Support
Resgtraint

When th» pipe moves along the suppoet pline,
resistance forces will be genorated on these two



titions restraints. These forces are the simulation
the friction effect. When ihe resuliant force from
we two resiraints i legs than the potentinl Iriction
ce, the pipe is being stopped by the friction, The
‘ces generated are the actual friction forces acling
the corresponding direclions. If the vesuliant force
reeda the potential friction forve, then the pipe ia
wing. In this case, since the friction farce gener-
d 18 greater than the potential friction force, an
justment needs to be made. The method applias a
serse externul force back to the systein to counter
ance the exceasive resistanve force generatvd., T
8 ie to muke the combined eoffort, frow the resige
ice of the restraiuts and the reverse exiernul force,
iivalent to the Iriction expected. The iteration coa-
ues until the combinead effect at each restraint
iches the friction expected.

Each iteration in this fixed stiffness method
nges only the load vector, ¥, Ne rodecomposition
the stiffness matrix is required. Yet it has two
‘titious stiff springs whien Be¢I've 1o atabilize
. gystem and to readily stop the pipe from moving
riy il i3 called for., This method has the advantage
the first method in preserving the decomposed
finess matrix, but has lesa tendency In getting inte
domain of diverpence. H is guita popular in the
ite element analysis [4]. Howeves, thea w:wthod does
e some undesirable behaviors. Again these unde-
able betiaviors are morg prounounced in flexible
stems. First, since the two luciitious restraints
¢ [alrly stiff in most cases, it can lake a large

rmbsr of iterations to have tha pipe moved to the
al degtination. Thea moatl disturbing part, however,
iwhen the movement reverses at a aertain point in
next itoration, the roverse oxternal force derived
im the previous itaration will tend to reinforce the
versal. This cun often lead to an instable analysis,

Variable Stilfness Method

The first two methods discussed are all based
the idea of preserving the most computer time
ensive martix decomposition process, However, in
ing stres8s analysis, the use of limit atops, single«
pig Testrgints, aud other non-linear featuwre’ have
owe common place, To account for thege noalinear
'turea, the revision and redecorvposiiuon of the
jffness matrix has become a necessity through each

iteration. Based on this premise the saving of the
docomposed stiffness matrix has bacome lose impar-
tant of a factor in pipa stress anaslysis,

Like the fixed stiffness method, the variable
stiffness method also assigns two facotitiovs rescraints
at each restraimt location to simulate the friction.
Only the stiffness or the apring rate of these facti-
tious regiraints are not fixed. Depending on the deva-
lopers, 8Some schemes start out with some stiffuess,
while others start out with zero resistance., The
stiffuness of these factitious restrzints at each itera-
tien ie estiumated fromn the previous iteration, The
stiffuess matrix is then revised for thesc updaied
spring rates and for the aclivily changes of other
uon-linear reatrainte. M is then redecomnposed lor
the new iteration. A more detailed digcussion on this
method can be found in Reference [5].

The variable stiffness method normally
converges to the raquired aeccuracy much quicker
than the other two methods digeoussed. This makes
the lotal computing effort required by this method
pot much different frow: those of the olher methods,
although the mawrix decoinposition 18 performed at
evary iteration. The convergence in this method can
also get quite slow if there are multiple lacations
where the pipe is being stopped by the friction in tho
gystom. The solution, howaver, 18 ulways stabls.

EXAMFPLE

All the above three methods have bwean in use
by diferent pipe stress computer programs. No
matter which method is adopted, there are refine
ments that nwed to he mada in the programming.
‘These include the mothods of inereasing the coover-
gence rate and the schewes for avolding an insaible
solution. These refinements are proprictary 0 the
program developer and exe not obwious 10 the users.
Their effectivencss can only be mensured by their
actual performance. T'he exumple gystem ghown in
Figure 4 with the partial results tabulated in Table 2
cRn #erve a’ a benchmark, This is a [lexible off-
site system with considerable movement in the flox-
ible direction of the system. [t {8 a typloul system
whaee solutiovu can evasily hecome ingtable when usiug
some of the less sophisticated iteration gchemes.

Twble 3 vompeares the analywis resulls o tha
cese with {riction against the case withoul { iction.

Figure 4, Example Off-site Piping Sysivm
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e 2, Partiul Results of the Example Analysie

CASE 1 TH + WT RESULTE LCAD: THR,NST, 348, FOR, UFR,ESP, PRES
FHUHITFHINE
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Ny 0 0 =248 8 2 ? I 5 ¢ 28 9 ~143.9 s WS
ay 58 0 -25446 ¢ ? 9 o -S89 ¢ 582 ¢ -161.7 -0 1928
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2144 bt} 0 -223% 0 0 ¢ 0 2610 0 MK 0 -226.7 -0 6732
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ny 123 0 -unk 0 2 9 & -2178 ¢ % d -183.8 -0 8426
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MY 13 9 -350 \J @ 0 ¢ -138 LI 2 433 -0 2t
NY 140 0 -36443 L) ) e L] b LU KN 0 7 -0 {745
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ny 150 0 -26429 ¢ 9 ¢ 0 a1 € sha? ¢ 89 -0 W0
NY 1SS 0 -26428 0 3 0 0 8238 C 4825 ¢ 253 -0 .0
XU 2] LI S¥ <] 0 L] ? o ¢ 303 € At =0 T4
ANCH 280 -1436898 13214 9e2s! SF008 ~28398¢ LBt 431 8 ¢ 0 ¢ -0 0 -0
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NET FORCES 76669 634174 96053 28891 0 38059 0

It is obviags that without the friction the axial anchor
load would have becn very small., On the oiher hand,
the friction tends to prevent the pipc frow wnoving

' 9, Somparjson of the Example. Analysis into the flexible lateral direction. This, in essence,
~Bend sarves a3 the guide preventing the anchor irom
Anchor Load at 5 :‘2 %%"Xem getting the moment created by the lateral movement
of the pipe. Because of the restrictlon on the lateral
™ (N) My (N-m) My (Nem) movement, the systews becomes more alulf Ihus
resulting in higher bending moment st the benel.
. 222600 10001 328480
R4 £
i In osrder to comply with the Piping Code reoqu-
2 !
ion AU Le L liAg464 irements, the analysis has io separate the sgustained

IRRNCES {cont.)
- Building Code Requiremaeants for Miniznum Design

L stress from the self-liiniting stress. The f{riction in
o piping system ia geunerally cuused by the weight
being pushed by thermal expansion, Weaight 18 susta

8, ASNT A58.1, American Nat. Std, Inst., N, Y.C,
Ap] Standard 617, Ceairifuga! Cowpressors for
ral Refinery Scrvices . Amerioan Ietroleum Inat,

ined loading but thermal expansion is sclf-luniting.

The [riction on the other hand is passive which by

iteelf dowvs not have the damaging potential. Ior the
convenience of the analysis, the friction can be

dngton, D. C.
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~reated as s¢lf-limiting same as in the case of
thermeal expansion. Te gatizfy the Code requirement
of sepurating the sirvsses, sSeparate load cases for
welght, thermal and oceasional loads have to be
perfermed. But withoul the weight the thersnal exp-
Aansion wiil hardly hawve any fruction resistance. That
is, if the $traight weight or expansion i applied {o
‘the corresponding load cases, the friction farce will
completely disappear frow the picture. Therefove,
®pecial arrapngements have to be made ga the frictjon
-effect can ba accounted for properly.

Que method to include the [riction yet atill be
able to geparate ihe susiained stress [from the sel-
limiting stress is to apply the weight louding under
the mormal oparating condition ag tha initial suppoprt
1oad. With this methad, the waight load under tha
normal operating condition is fivat determinad at eaeh
;support., This load is then used as the support initial
Joud for the analysis of the thermal and eccasional
load cases. That iz, if the aormal operating weight
load is 2000XN, and the thermal expansion lowd is
11900 N, theu the supporti {riction is included based on
the support normal force of 3000 N, Tae single-acting
regstraint activity status will also ke checked based on
the premise that the support initinl forae ia there,

The novmal eperating weight load is the balane
ced weight lord under the operating condition, M is
the weight load calculated by removing the inactive
restraintg al where the pipe 8 pushed off the suppoxt
hy the thermal expansion.

OCCASIONAL LOAD ANALYSIS

1he ovcagsional load. by piping corle criteria, is
to be combined with the sustained load. In theory it
can be divectly added to the waight load for the ana-
Iyzis. Howevor, be ause the Sustaived load has its
own separate requirements and the occasional load is
wlways csnsidered aa dual directivnal, the weight and
occusicnul loads aiv normally amalyxed with separaie
‘load cases in practice,

Tn. the occagional load analysis, the inittal wei-
ght load way alse be included in the calculation of
the friction effect, Although sooce wmpy argue ithat
the weight inilial load is already included in thermal
‘axpunsion analysis und should not be iacluded again
in the ovousional locd anulyais. Bat the {eictien due
'to welght is still there to resist the occasional load
motion whether the pipe has gone through the expan-
‘{ion proces’s or not, Neverthelegs, since the Iriotion
‘tandy to help the gystem in resisting the occasional
load, it8 inclusion to the occasional load analyuis
.\‘eqnires some juatification. The praclice varies due
{0 the different bheliefs in the nvailability of the indtial
‘weight load during the occazional lond condition,

The earthquuke and wind load unulyacs are norm-
‘ally done with the eguivalent static method given hy
(ANSI A58.1 |8]. In this method the piping is applied
with the hoxizontal load appropriate {or the locatiun
of the piping. 'The vertical load i8 not addressed ln
tacit racognition af the adequacy of the narmal sup-
iport structure in resisting the load, The vertical
lwoud may or may not be adequaiely sapported by the
‘aormal support siructure, but it does have a 8igni-

fieant effect on the initial weight load. During the
garthquake, bhecguac of the upward acceleratien
existing at a certain instant, the pipe way be lifted
up fully or partially from the support leaving very
litle weight lead on ihe support., Therelore, the
inclugion of the initial load w estimatiug the friction
will be noncongervative. The same, in u lessger
degree, is also trua during the hurricane coadition.
Bused on the above consideration, sone companies
vequire that the initial waight lead, if not the fric-
tion, scannot be included in earthguake and wind load
amnlysar, Othors huave allowed the initial weight lond
in the wind loud caese, but nol i the earthquahke load
case, In any case e magnitude of the occassonsl
loada and their method of analysis shall be clearly
defined in the Design Specification,

CONCILUSION

The support [riction an have o significant
effect on the plpe load at the comavcting eyuipinent.
It can mleo increave the thermul expansion stress by
several folds in gome cases. There are different
methods which can be used to implement a computer
program in handling the Support friction. Some ave
more effeciive in certain casgssy, and gome may not
give a atable regalt ander certain conditions. Owing
to the inherent flexibility in a piping 8y8&tem, the
gimple difect aubatitution of the fpriction force scheme
does not work well in the analysiy of piping syftems,

In order to comply with the ASME B&I'V and
ANSl1 B31 Piping Cude requiremments of separatiag
the sustained stress {rom the self-limiting siress,
separate load cases are perlormed tor weigh:. ther-
mal expansion, and occasional laads. The weight
suppoxt load is included in the thermal axpansion
analy®is for calculating the friction effect. Mawever,
the weight support load may or way not be included
in the occamionul load analygls depeading an the
individual despign specification. White it is geweirnlly
mare conservative in including the friciion in therinal
aexpansion analysis, a separale axp nsion analyis
without including the friction 18 alao rocommended
to check (he loading comiitfon alter the gystern has
gabs through a long period of opepation with the
frieion effect shaken off. Th» {nclusion of the initial
woight in the occanional load nualysis requurcen some
serious consideratlon, The initial welght should notl
be included i the pipe is likely to be lifted off the
support either fully or partially during the occurance
of the avent.
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ANALISIS VERACIONAL AUNEAMIEN IO CON RAYOS LASER BALANCEQ
OIRANITO ENBAYOS NO B STRUCTNOS LLTRA SOMIBO PARTICULAS
MAGNETICAS  RADIIGRADA HOUDAY OSEELCTOR TECNICAS
ANTICORROSION TINTES PENETRANTEY ANALISIS OF SOMBUSTOM
FOLOADURA BN FRIO RECT) ALIG IN-5TU  REPARACIONES
PABACACIONES CAPACTTACION Y VENTA DE EQUIROS

Lima, 19 de Mayo del 2006
AD/CI - 051 - 06

Att.:

Dpto. de Mantenimiento Predictivo

REF.: COTIZACION POR EQUIPOS END PARA PARTICULAS MAGNETICAS (MT)
ULTRASONIDO (UT).

Estimado Ingeniero Alca:

Y

Por medio de la presente, sirvanse encontrar nuestra propuesta econoémica por los equipos quc a
continuacion se describe.

ITEM DESCRIPCION COSTO
SISTEMA PORTATIL
1| YUGO MAGNETICO MAGNAFLUX Y8 BATTERY POWERED|  U> $1720.00
YOKE
LAMPARA DE LUZ NEGRA MAGNAFLUX ZB100F |
0 (produce mejor longitud de onda de luz ultravioleta) US $ 1060.00
Hand Held, 100 Watt, 230V/60Hz/ 1 WITH A CART

01-1716-72 #1 Gray MAGNAFLUX NON-FLUORESCENT DRY

03 | POWDER 12 - 1 Ib. Containers R RE LY
01-1780-72 #8A Red MAGNAFLUX NON-FLUORESCENT DRY

04 | POWDER 12 - 1Ib. Containers U JEIeA il L
01-1725-38 14A Aqua-Glo Wet Method Fluorescent Fluorescent

05 Magnetic Particle Inspection Materials (Premix of 14A MPI Powder US $ 280.00
+ Water Based Medium) Case of 12 Aerosol Cans &265 gr




ANAUSS VERACIONAL AUNEAMIEN D TGN BAYOS LASER RALANCEG
CBRAMICO ENSAYDS MO DESTRUCTNOS WLTRA SOMIDO PARNICULAY
MAGNETICAS  RaDIQORARIA  HOUDAY DLTECIOR TECNICAS
ANTICORROSION TINTES PENETRANTES AMALISIS 0OF COMABUSTON
FHBADURA BN FR-O MECTNCADO IN-STU  REPARACIONES
FABUCACIONES CAPACTIACION Y VENTA DE EQUIFOS

CONDICIONES GENERALES

» Emitir Orden de Compra a favor de ADEMINSAC.
Direccion: Calle Cerro Azul N° 479 Urb. San Ignacio de Monterrrico — Santiago de Surco. Lima.
Telf.: ++511-2750082 6 2751588 / Fax 2751589 Cel. ++511-97518809
Persona Contacto: Ivan Diaz \ Field Service Manager

» La forma de pago sera Factura a los 30 dias de la entrega de los Equipos.

» Tiempo de Entrega: Antes del 15 de Junio, Con orden de compra dentro de las 12 horas de recibida
la presente.

» Condiciones de entrega: Entregas parciales en Almacenes BHP Tintaya Lima.
> Los Precios no Incluyen el 19% del 1.G.V. y han sido calculados como “Precio Paquete”.

» La Garantia contra defectos de Fabricacion sera de 1 Arfo.

En esperas de sus gratas ordenes, quedamos de Usted.

Atentamente,
Ing. Alberto Reyna O. William Ivan Diaz D.
Senior Vibration Analyst Field Service Manager
NDT - Level Il - VA - TA NDT — Level I - PT, MT, UT, VA
ASNT Level III - UT, PT, MT ASNT & ASME member
CWI - AWS N° 121052

CIP N° 34856
Gerente



| ANOA0 DE ENERGR! Y WANTEARENTD SBUSTRAL 5.AC

ANAUSIS VERACIONAL, AUNTAMIENID CON RAYOS LASER BALANCEC
GRAMILO ERBAYOS NG DESTRUCTNOS ULTRA SOMIDO #ARTICULAS
MAGNETICAS RADIQGRANHA HOLDAY JETECIOR TECNICAS
ANTICORROSIDN TRSTES PENETRANTES ANALSIS OFf COMBUSTON
SAUBADURR € FRIO RECENCADO ik-STU  REPARATIONES

FABAICACIONES CAPACTACION T VENTS DE EQUIRDS

YUGOS PORTATILES ACCIONADOS POR BATERIA

Yok %8 Bamy Povernd Yake GNLY* (Part
#20748)
Wit chocse the apprcpnate volage Br e
Daswy chayges
118 Chanyer {Part #E207428)
230v Charger (Fart $620709}
Cusmen? Oraw: 4 amips @ & valts DC (Yoke Only)
Cusent Draw- 02 ampa @ 118 or 230v (Charger Ondy)
Demag: No
Yoke Weight: 7
Ley Capacye o = 12" (0-30 &m) acvoss poles
(@0 4 12 1, cored
BATTERY SPECIFICATIONS
Rechargeahie Bamery: & vah, 1261 hour
Battery Weoht 5 4 i

Undar normal dity cyche, badlery Jasts B Aaurs detwveen changes.

PORTABLE BATTERY POWERED
MINI CONTOUR PROBE"

The 8-310 BOC NMimt Contowr Froto from Farker Research
15 & very portable, balleiy-opetrated instrumen? for Maghetic
Partcle nspection. and s especially convenient where
awer 15 inuted o where operaios sifety s a concem

The B-310 BDC Magnetc Inspection Yoke s desianed 0
parform Magnatc Pamicie swapeactons dinrkiy g rolaidy
producanig highly detined detect indications The unt il
catmply with the 40 to 50 pound werght - it lest

The exclusive stram-relief faature allows the powsr cord to
enter rim the rear Or top aof the undt parmiting qrealer
access to confined work areas The overail length of the unhit
s only 7 257

As with att Parker Contour Propes. e new B-310 BOC huas

{ully adgusiable B9g5 permitting the DC heid o he apphied to
the fwatize area of inspectnn

The mgaed Body assembdly is wgsclon molcea of e same
gurablte matenial used :n heavy duty power 1oais 1115 shicpeadd
10 7l the hand comtortably b3 raduce oparolor 1ats e

Tra modal B-310 BOC may be ofdennd with ¢ conveimsnt
12V, taam . paddud ballary pack wilh belt loans and shouldar
strap Battenes are available a either 7 2 or 14 4 amp how
size and the rack inciudes a batlery charges  The battenac
are good 1or 150 1o 1900 mechargws Jependi®l on ine
amount yod discharge the batlery and stotage cobnditions

Tha B.210 BDC comes wth a 1Q too! coid and cab be
plugaexy o any 12V auviamolve c:garelte tihver okl



ANALISIE VERACQIONAL, AUNEAMIENTD CON RBATOS LASER BALANCEQ
TNANMICD ENSAYOS NOD DESTRUCTNOS LATHA SOMNIGC PARTICULAS
MWAGNETICAS  RADIOGRARA  HOUDAY DETECIOR TECNICAS
ANTICORRODION  TIMYES PEMETRANTES aPaLISIS OF COMBUSTOM
FOLDADURA EN FRIO RECTHCADO IN-STU REPARATIONES
FABAUCACIONES CAPACTACION Y VENTA DE EQUIFOS

LAMPARAS DE LUZ NEGRA
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ANAUSIS VERACIONAL, AUNEAMIEN D CON RAYGS LASER BALANCEQ
BNANTO ENSAYOS NO DESTRUCTVOS \WLtiA SOMIDO RARDCULAY
MAGNETICAS  RADIQGRAAA HOLDAY DRIECTOX TECMICAS
ANTICORROSION TINTES PENETRANTES aMNALISIE OF COMBUSTON
SOLOADURA ER FRIO RECTHICADO IN-STL  REPARACIONESL
FRAYCACIONES CAPACTTACSON Y VENTA DE [QUIrOS

ZB- 100F Hand-Hed, FanCooled Black Light

Parl &:
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2zi1ai
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1152 £D ha'lph svh canerzizd
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G407 wth coltsi’and
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ZB-100 Black Light
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Ledn # Russo Ingenieros S.A.

Surco 19 de Mayo de 2006

Estimados sefores:

Av. Cammos del Inca 1851 Oficina 301 Surco Lima 33
Tel: 51 | 275 0844 Fax: 51 | 275 0877
info@ndt-innovations.com

Cot-06-1580

Por medio de la presente nos es grato hacerles llegar la cotizacion de Pedido Directo de
nuestra representada PANAMETRICS-NDT (bussines of R/D TECH INSTRUMENTS), por

los siguientes equipos.

DETECTOR DE FALLAS POR ULTRASONIDO:

MODEL EPOCH 4 PLUS

ADVANCED DIGITAL MICROPROCESSOR-BASED

ULTRASONIC FLAW DETECTOR

Includes:

EP4-MCA (Mini Charger Adapter)
EP4-BAT (Nickel Metal Hydride Rechargeable Battery)
EP4-CAL-NIST (NIST Calibration Certificate)

EP4-MAN (Instruction Manual)
EP4-TC (Transport Case)

EP4-PS (Stainless Steel Pipe Stand)

EP4-HS ( Hand Strap)

Internal Alphanumeric Data logger with Editing Capability

Namowband Filters

Tum able Square Wave Pulser

RF Display Mode

Microsecond readout for Time of Flight measurements
Dual Gate with Echo-to-Echo Measurements

RS-232 and High Speed Parallel outputs

Analog output
VGA output
DAC and TVG Curve

Precio FOB:

US$ 9,750.00



ACCESORIOS SUGERIDOS PARA EMPEZAR A UTILZAR LA TECNICA DE

ULTRASONIDO:

1 EP4/RPC Rubber Protective Case

PATRONES DE CALIBRACION:

1 TB7541-1 Test Block IIW

1 F129 Hard Case Wood for IIW
1 2212-E 1018 Carbon Steel Block
1 2214-E 1018 Carbon Steel Block

CABLES PARA TRANSDUCTORES:

2

2

BCB-74-6

BCM-746

BNC to BNC Cable

BNC to Microdot Cable

TRANSDUCTORES NORMALES:

1 A106S-RM 2.25 Mhz. 13mm Contact Tranducer
1 A109S-RM 5 Mhz. 13mm Accuscan S Transd.
1 A104S-RB 2.25Mhz. 25mm Accuscan Transd.

TRANSDUCTORES Y ZAPATAS ANGULARES:

1 ABWM-5T 30° Accupath 30°

1 ABWM-5T 45° Accupath 45°

1 ABWM-5T 60° Accupath 60°

1 ABWM-5T 70° Accupath 70°

1 ABWML-5T 90° Accupath 90°

1 A540S-RM 2.25 Mhz. 13mm Angle Bean Transducer
1 ABWM-7T 30° Accupath 30°

1 ABWM-7T 45° Accupath 45°

1 ABWM-7T 60° Accupath 60°

1 ABWM-7T 70° Accupath 70°

1 ABWML-7T 90° Accupath 90°

1 A551S-SM 5Mhz. 10mm Angle Bean transducer

TRANSDUCTOR Y ZAPATAS AWS:

1 ABWS-845 AWS Snail Wedge 45°
1 ABWS-8-60 AWS Snail Wedge 60°
1 ABWS-8-70 AWS Snail Wedge 70°
1

A4325-SB 2.25 Mhz. 0.75x0.75” Angle Transducer

Total:

US$ 278.00

US$ 534.00
US$ 84.00
US$ 219.00
US$ 237.00

US$ 53.00

US$ 53.00

US$ 297.00
US$ 305.00
US$ 306.00

US$ 53.00
US$ 53.00
US$ 53.00
US$ 53.00
US$ 80.00
US$ 291.00
US$ 563.00
US$ 53.00
US$ 53.00
US$ 53.00
US$ 80.00
US$ 291.00

US$ 53.00
US$ 53.00
US$ 53.00
US$284.00

US$ 13,831.00



CONDICIONES:

PRECIOS:
FORMA DE PAGO:

PLAZO DE ENTREGA:

GARANTIA:

FOB Waltham MA. USA, Incoterms 2000

30 dias luego de recibido el equipo en los almacenes de su
embarcador en Houston USA.

4 semanas luego de confinmada la orden de compra.

Todos los equipos estan garantizados por un ano desde la
fecha de compra (baterias no incluidas).

Sin otro particular por el momento, quedamos a la espera de sus gratas 6rdenes.

Atentamente,

Gonzalo Arrieta M.Q.
Director Gerente



Stone & Webster, Inc.

100 Technology Center Drive
Stoughton, MA 02072-4705
617-589-5111

FAX: 617-589-2088

SHEW* Sione & Webstes i

Juan Cano Cordova January 09, 2006
EnerSur

llo Power Plant

llo, Peru

Re: NDE Services, Alloy Analyzer
Dear Mr. Cordova

Stone & Webster will ship an X-MET3000TX alloy analyzer to the llo Power Station this week for work
that will be performed in accordance with our caontract. The alloy analyzer is provided on a rental
agreement for the sum of $6500.

Stone & Webster's Francisco Morales our NDE expert is full qualified to operate the machine. Please

note that the instrument uses the latest x-ray technology and has no isotope. Page 2 of the attached
brochure describes that no licensing is required and there are no restrictions in travel.

If you have any questions or concerns, please contact me 617-589-7736.

Peter Lannon
Project Manager
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