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Introduccion

El objetivo principal de la generacién de vapor es producir vapor a una presién mayor a
la atmosférica, de manera de aprovechar la energia que posee en tales condiciones y
cubrir las necesidades de la empresa.

El calor necesario para evaporar el agua proviene de la energia liberada en el proceso de
oxidacion de un combustible. Dicha liberacion de energia se manifiesta en forma de
calor (calor de combustion) y se transfiere al agua por mecanismos de radiacion,
conveccion y conduccion.

La importancia de conocer la eficiencia térmica con que operan los generadores de
vapor, también denominados calderas, radica en evaluar el grado de aprovechamiento de
la energia del combustible para producir vapor.

Ademas, se pueden cuantificar las cantidades de calor que ingresan y egresan de una
caldera.

El diagnostico de la operacion de un sistema energético consiste en descubrir e
interpretar los signos de un mal funcionamiento de los equipos que lo componen y
cuantificar sus efectos en términos de consumo adicional de recursos; es decir, saber
donde, como y qué parte del consumo global de recursos puede ser ahorrado,
manteniendo constantes la cantidad y especificaciones de los productos del sistema, asi
como los condicionantes externos que afectando a su comportamiento no pueden ser
manipulados por el operador.

El diagnostico de los sistemas energéticos forma parte de las estrategias de
mantenimiento correctivo. Una vez que se conoce, a traves del diagnéstico, el mal
comportamiento de ciertos equipos y su efecto individualizado sobre el consumo
adicional de recursos del sistema con relacion a una referencia, cabe aprovechar esta
informacidn para mejorar la operacién tomando las acciones correctivas pertinentes. En
el caso de las centrales termoeléctricas el mal funcionamiento de ciertos equipos como
las calderas comienza a tener un gran impacto econdémico incluso para pequefias
desviaciones de su comportamiento con respecto al esperado por disefio. Por ello deben
buscarse unos resultados del diagnostico que tengan la maxima certidumbre compatible
con la cantidad y calidad de medidas disponibles. También resulta deseable que el
diagnostico sea en tiempo real para facilitar el mantenimiento rapido de la central tras
detectar los primeros sintomas de degradacion del comportamiento de los equipos. En
definitiva, un buen sistema de diagndstico deberia aprovechar toda la instrumentacion
disponible en planta y en todo momento.

Los procedimientos normativos, como por ejemplo las ASME Perfomance Test Codes
4.1 fueron concebidos, sobre todo, como test de aceptacién de los equipos, y son fuentes
de informacién muy utiles para disefiar los procedimientos de diagndstico en tiempo real



de los sistemas energéticos. Pero padecen de dos inconvenientes serios: uno es la rigidez
en el tratamiento de la informacion, que puede ser superado utilizando técnicas de
reconciliacion de datos; y otro su caracter aislado y local (equipo a equipo) que impide
un andlisis directo del efecto de la degradacion del comportamiento de los equipos en el
conjunto del sistema (ASME, 1993). Para superar esta limitacion se han propuesto en
afios recientes distintos métodos de diagnéstico que se han aplicado tanto en centrales
termoeléctricas convencionales como a centrales de ciclo combinado con turbina de gas.
Entre ellos se encuentran los métodos de diagnostico termoecondémico que utilizan el
concepto de coste exergético, para valorar el consumo de combustible debido a las
irreversibilidades locales.



CAPITULO I

1.1 Aspectos generales de la empresa

A continuacion se presentan unos topicos generales, que brinda informacion de la
ubicacion, y propésito de la empresa donde se desarrollo el proyecto del cual nace el

trabajo de tesis.

1.1.1 Reseina Historica
La historia de la electrificacion en Venezuela inicia cuando se instalé en

Maracaibo el primer sistema regular de alumbrado publico un afio después valencia pasa

a ser la segunda ciudad en disfrutar de este tipo de servicio.

Para 1946 la corporacién venezolana de fomento el sistema eléctrico venezolano
se encontraba fragmentado, evidenciando la necesidad de emprender de inmediato un
estudio a fondo de las posibilidades y potencialidades del sector, CADAFE compafiia
anonima de administracion de fomento eléctrico, fundado el 27 de octubre de 1958
como la union de 15 pequefias empresas, adquiridas por el gobierno nacional a través de
la corporacion venezolana de fomento, como una solucién a la necesidad de contar con

un servicio eléctrico a escala nacional que sirviera de soporte al crecimiento del pais.

En 1964 se inicia en Venezuela la construccion de Planta Centro la mayor planta
termoeléctrica de América latina, con una capacidad proyectada de 4000 MW, en 1978
inicia su operacion comercial, cuya construccion se desarrollo en 2 fases de las cuales la
primera colocé en funcionamiento la unidad 1 con una capacidad instalada de 400 MW,
en 1979 se duplico la capacidad de la planta con la puesta en marcha de la unidad
numero 2, ambas construidas bajo la contratacién, llave en mano, KRAFTWGRK
UNION (KWU), empresa que fabrico en sistema de turbina y generadores y la compafiia
BORSIG del grupo Aleman BABCOCK que se encargé de la fabricacion de las caldera,
el desarrollo de las unidades 3,4 y5 se realiz6 en la segunda fase cada una con la misma
capacidad de instalacién que las anteriores, pero se construyeron basandose en un
proyecto multicontrato con un aporte de la ingenieria venezolana en septiembre de 1981
se inicid la unidad numero 3simultaneamente con unidad 4 iniciando sus operaciones
comerciales en 1989, actualmente planta centro posee una capacidad instalada de 2000

MW que representa el 50% de su capacidad proyectada.



Ocupa un area de 207 hectareas, ubicada en punta moron estado Carabobo, para su
construccion se realizo un estudio detallado sobre su efecto sobre el medio ambiente,
para conseguir un minimo de distorsion ambiental, la planta termoeléctrica planta centro
es una de las mayores realizaciones llevada a cabo por el gobierno nacional, siendo su
funcién principal la produccion de energia eléctrica para el suministro de energia
continuo y confiable para el desarrollo social e industrial del pais y el desarrollo integral
de todo nuestro territorio.

1.1.2 Ubicacion de la empresa.

La compafiia anonima de administracion de fomento eléctrico CADAFE, Planta
Centro estd ubicada en punta moron carretera nacional moron estado Carabobo litoral

central de Venezuela.

1.1.3 Misién.

Prestar un servicio eléctrico integral eficiente, de calidad técnicamente confiable, a
precios que nos permitan cubrir los costos operativos y efectuar las inversiones
requerida para el mantenimiento, mejoramiento y aplicacion rentable del sistema,

estimulando el desarrollo del pais y con ella la calidad de vida de la poblacién.

1.1.4 Vision.

Ser una empresa de caracter corporativa, no burocratica, organizada
funcionalmente para prestar un servicio eléctrico integral eficiente de calidad
comparable a las mejores empresas del sector eléctrico tanto nacional como

internacional con tecnologia eficiente.

1.1.5 Objetivos de la empresa.

1. Producir energia eléctrica en condiciones seguras, confiable a bajos costos con
personal motivado y productivo dentro de un clima de trabajo sao a través del
sistema de generacion y distribucion de electricidad, garantizando en suministro de
forma permanente a través de una extensa red que abarca el oriente, occidente y sur

del pais.



Satisfacer la demanda de energia eléctrica, de toda la estructura productiva industrial
y los requerimientos del desarrollo urbano y rural, manteniendo disponible el 75% de
la capacidad efectiva instalada.

Mantener la disponibilidad de energia necesaria, para cada unidad.

Proporcionar un clima laboral sano en condiciones 6ptimas con el personal motivado
y productivo en un sistema de generacion y distribucion eléctrica.

Establecer beneficios socioecondmicos para satisfaccion de las necesidades del

trabajador.



1.2 Planteamiento del problema:

En la actualidad, las compafiias de generacion y distribucion de energia eléctrica
se ven sometidas a grandes presiones para dar una mejor calidad en el suministro, lo que
les exige poner en marcha proyectos de investigacion y desarrollo encaminados a
implantar tecnologias y métodos de explotacion que solventen las deficiencias en la

continuidad del suministro de energia.

Venezuela es un pais que cuenta con grandes cantidades de recursos, derivados
del petréleo, como Fuel Oil y gas natural, los cuales son utilizados como combustible
por centrales termoeléctricas como Planta Centro CADAFE, para aprovechar la energia
calorifica y transformarla en energia mecanica, que posteriormente se trasforma en
electricidad; Ver figura 1.1 Planta Centro ubicada en la zona costera de Moron,
municipio Juan José Mora estado Carabobo, tiene una capacidad instalada de generacién
de 2000MW, a través de 5 turbinas a vapor con la capacidad de generar 400 MW cada
una, estas trabajan bajo la modalidad del ciclo Rankine regenerativo con recalentamiento
intermedio;  la energia producida en Planta Centro, es aportada al Sistema
Interconectado Nacional (SIN), a través de las subestaciones El Isiro (Estado Falcon),
Cabudare (Estado Lara) y La Arenosa (Estado Carabobo).

En cuanto al uso de la energia eléctrica, Venezuela se encuentra actualmente en
el primer puesto de América Latina con 4.126 kWh per capita, por delante de Chile,

Argentina, Uruguay y Brasil.

Por lo tanto la demanda de generacién de energia eléctrica va en aumento, por lo
gue se tiene que garantizar el suministro y la cobertura de energia eléctrica,

principalmente en el &rea rural a corto plazo.

Actualmente el complejo, termoeléctrico Planta Centro CADAFE no esta
generando su capacidad instalada, las 5 unidades que la conforman estan en un estado no
eficiente, presentando numerosas fallas que impiden su plena produccién y que con el

correr del tiempo estas se incrementan.

Hoy dia las unidades, operativas son la 1,2 y 3 generando un promedio de 300

MW cada una, tal situacion de las citadas unidades, ocasionan un déficit de energia



eléctrica en la zona central del pais, por tal razon la empresa CADAFE se ve en la
necesidad de realizar una revision mayor a la unidad nimero 2 que se llevara a mediados

del préximo afio, para recuperar la capacidad instalada de la misma.

Siguiendo este orden de ideas, la unidad nimero 1 es la menos eficiente, de todas
las unidades operativas, ademas ya que sobrepaso holgadamente, el lapso de las 50.000

horas, equivalentes de servicio, lapso recomendado por el fabricante.

Después de todo lo expuesto, es imperativo tomar acciones que contribuyan de
manera concreta, al incremento de generacion de energia en las unidades de la central
Termoeléctrica, mediante un estudio de ingenieria, que solo se realizara en la generadora
de vapor y sus subsistema de generacion de la unidad nimero 1, con la finalidad de
recuperar la potencia perdida de esta unidad, y asi cumplir con todas las exigencias

energéticas, demandadas de la industria y de la poblacién de la region central del pais.
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Figura 1.1: Esquema de Generacion eléctrica.



1.3 Justificacion

La empresa CADAFE comprometida con la produccion, distribucion de energia
eléctrica de toda la region central de Venezuela, se ve en la necesidad de implementar un
plan de recuperacion para todo el complejo termoeléctrico Planta Centro, con la
finalidad de identificar y solucionar, todas las fallas y asi poder recuperar su capacidad
instalada, iniciandose con un estudio integral, de la unidad namero 1 de dicho complejo
energeético.

1. Este estudio pretende dejar una serie de beneficios para la empresa CADAFE, como
son recuperacion de la potencia generada en la unidad namero 1.

2. ldentificacién y solucion de los problemas mas criticos existentes en la unidad
generadora de vapor y sus subsistemas de la unidad namero 1.

3. Con este estudio se pretende, presupuestar todas las mejoras a realizarse y asi poder,
destinar el presupuesto necesario, para llevarlas a cabo, ademas de adelantar todos
los tramites administrativos respectivos.

4. Este estudio servira de modelo, para futuros anélisis de las deméas unidades de
generacion de vapor, que conforman la central termoeléctrica Planta Centro.

5. Con el perfeccionamiento de la unidad numero 1, se optimizan las condiciones, del
sistema interconectado, y con ello la poblacidén, de toda la region central de
Venezuela gozara de un mejor servicio eléctrico, reduciéndose las fallas en sistema.

6. Ademas la Universidad de Carabobo, obtendra una serie de informacion dtil, ya que
se esta trabajando con temas, de suma importancia para la ingenieria mecanica, como
lo es el caso de una unidad generadora de vapor, de la empresa CADAFE, del
complejo Planta Centro.

7. Por ultimo el autor obtendra una serie de conocimientos, en el &rea de suma
importancia, para la carrera de manera préctica ya que esta es una empresa donde se

pone en ejecucion, muchas tareas de ingenieria.
1.4 Objetivo General del Trabajo:

Evaluar la factibilidad del incremento de eficiencia de la generadora de vapor y su
subsistema de generacion que permitan la optimizacion de la potencia en la unidad

ndmero 1 de la Central Termoeléctrica de Planta Centro CADAFE.
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1.5 Objetivos Especificos:

Analizar como se esta generando el vapor en la Caldera de la Unidad nimero 1y las
condiciones de funcionamiento de sus componentes

Identificar los factores que influyen en la generacion de vapor.

Establecer una relacion entre los resultados obtenidos de la investigacion y la
problematica que presenta la unidad numero 1.

Proponer soluciones a los problemas existentes en la unidad generadora de vapor de

la unidad nimero 1.
1.6 Alcance:

e Se pretende identificacion y presentar propuestas para la solucion de los
problemas mas criticos existentes en la unidad generadora de vapor y sus
subsistemas de la unidad namero 1.

e Este estudio servira de modelo, para futuros analisis de las demés unidades de

generacion de vapor, que conforman la central termoeléctrica Planta Centro.
1.7 Limitaciones:

e Tiempo establecido por la empresa para desarrollar la investigacion.
e La informacién que hasta ahora se mantiene en alta confidencialidad, debido a
las politicas de la empresa.



CAPITULO II

2.1 Antecedentes preliminares:

El estudio de la eficiencia de una caldera permite, obtener informacién de cémo
estan trabajando los componentes, que conforman dicho equipo, permitiendo realizar un

diagnostico antes de que se presente alguna falla.

En los Ultimos afios, la investigacion se ha centrado en el logro de avances
tecnologicos para mejorar e incrementar la eficiencia de las calderas, cuyos hallazgos

mas relevantes se citan seguidamente.

Remiro et al., en el afio 2007 presentaron como el diagnostico termoecondémico
ayuda al ingeniero a detectar las anomalias de funcionamiento que disminuyen la
eficiencia de una central termoeléctrica, e identificar los equipos en que se produceny a
estimar su impacto en consumo adicional de combustible segin dos métodos

complementarios.

Cada uno de estos métodos determina el impacto de combustible debido al mal
funcionamiento de los equipos. Los métodos se aplican al diagnostico de la operacion
de una central y se analiza la calidad de los resultados tomando en consideracién las

incertidumbres de los datos.

Golato et al., en el afio 2008 desarrollaron un método matematico deterministico
de procesamiento de registros experimentales, aplicable a un sistema generador de
vapor-precalentador de aire en estado estacionario, que opere con uno 0 dos
combustibles simultdneamente, para determinar la eficiencia térmica del mismo y la
eficiencia con la que se oxida el combustible, como asi también el rendimiento del
intercambiador de calor. La mecanica de procesamiento se basa en la resolucion de los

balances de materia y energia sobre los diferentes equipos que conforman el sistema.

Eoff et al., en el afio 2008 midieron la eficiencia de una caldera de vapor y

demostrd que la reduccion de la temperatura de los humos de la chimenea aumenta la
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eficiencia, ya que por cada 40 °C que baje la temperatura de los humos de la caldera
conseguimos un incremento en la eficiencia de un 1 %. Un economizador tipico puede

incrementar la eficiencia de la caldera en un 4 — 6 %.

En el afio 2009 se han realizados estudios para mejorar la calidad de los
materiales con que se fabrican los componentes de las calderas, Hisham et al.,
presentaron un estudio de nuevas resinas como alternativa a los componentes metalicos
de las calderas; en las calderas de condensacion colgadas en pared y para uso
residencial, las resinas Noryl, Ultem y Cycoloy pueden reemplazar los metales
tradicionales como cobre y laton usados en los componentes de la caldera, incluyendo
carcasas del condensador y conectores. En calderas de condensacién de alta eficiencia,
las resinas Noryl PPX ofrecen una ventaja sobre las carcasas de los condensadores de
acero inoxidable por su resistencia quimica y capacidad para resistir el calor requerido
desde el condensador. Los accesorios de la caldera se fabrican tradicionalmente de tubos
de cobre y piezas de laton, pero actualizando a estas resinas puede permitir a los
fabricantes disminuir el nimero de piezas, reducir el peso, y ahorrar en costes de

fabricacion y ensamblaje.

En este mismo orden de ideas, Frederic A. Hooper, Jr. y Ronald D. Gillette. En el
afio 2010 realizaron un programa que modela un sistema de distribucion de vapor,
calcula un valor para la eficiencia del sistema y permite calibrar el modelo. También
calcula el coste ideal del sistema, divide los dos nimeros, y da el porcentaje resultante.

Esto representa exactamente el sistema de distribucién de vapor.

En el afio 2010, Stephen Hall. Jack Lyons, demostraron que cuando el hogar de
una caldera envejece, aparecen pérdidas de aire en los pequefios huecos que se forman
entre las penetraciones del tubo, envolvente, aperturas del soplador de hollin, puertas de
observacion, y los espacios de aire muertos comienzan a contribuir al aire total
suministrado al hogar. Sin embargo, cuando ocurren pérdidas entre la salida del hogar y
la salida de la caldera, el aire no contribuye al aire total requerido para una apropiada
combustion. Simplemente se diluye el caudal de gas y artificialmente se eleva la

indicacion de oxigeno en exceso.
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2.2 Fundamentacion tedrica

Cuando se busca en un diccionario el significado de la palabra caldera, entre las
diversas acepciones que aparecen, se encuentran: recipiente metalico, grande y méas o
menos redondeado vy cilindrico que sirve para hervir un liquido y generar vapor que sera
empleado para producir energia o como sistema de calefaccion. Viendo esta definicion,
ya se puede saber en que radica su importancia en la industria, que en definitiva es el lo
que se va a estudiar; una caldera es el punto de partida en la produccion de energia en la

inmensa mayoria de las empresas.

Una caldera es un intercambiador de calor; transforma la energia quimica del
combustible en energia calorifica. Ademas, intercambia este calor con un fluido,
generalmente agua, que se transforma en vapor de agua. En una caldera se produce la
combustion que es la liberacion del calor del combustible y la captacion del calor

liberado por el fluido. Ver figura 2.1

VAPOR

MEZCLA
AGUA-VAPOR

AGUA

CALOR

DEFLECTOR

Figura 2.1 Cambio de fase del agua bajo la accion del calor.

La caldera es necesaria para poder realizar la gran mayoria de los trabajos y a su
vez, también para el confort de las personas ya que gracias a ella las personas reciben
calor en todos los lugares que posean una caldera. Este calor recibido de la caldera viene
dado por los mecanismos basicos de transmision de calor: la conduccidn es el calor que

pasa de una parte a la otra de la pared del hogar, o de los tubos de humos; la conveccion,
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los tubos de humos se calientan al contacto con los productos de combustion y, por
ultimo, la radiacion se produce un intercambio de calor de la llama, a las paredes del
hogar.

Hasta principios del siglo X1X se usaron calderas para tefiir ropas, producir vapor
para limpieza, etc., hasta que Papin cred una pequefia caldera llamada “marmita”. Se uso
vapor para intentar mover la primera maquina homoénima, la cual no funcionaba durante
mucho tiempo ya que utilizaba vapor himedo (de baja temperatura) y al calentarse ésta
dejaba de producir trabajo atil. Luego de otras experiencias, James Watt completé una
maquina de vapor de funcionamiento continuo, que uso en su propia fabrica, ya que era
un inglés muy conocido. La maquina elemental de vapor fue inventada por Dionisio
Papin en 1769 y desarrollada posteriormente por James Watt en 1776. Inicialmente
fueron empleadas como méaquinas para accionar bombas de agua, de cilindros verticales.

Ella fue la impulsora de la revolucion industrial.

Maquinas de vapor alternativas de variada construccion han sido usadas durante
muchos afios como agente motor, pero han ido perdiendo gradualmente terreno frente a
las turbinas. Entre sus desventajas encontramos la baja velocidad y (como consecuencia
directa) el mayor peso por KW de potencia, necesidad de un mayor espacio para su
instalacion e inadaptabilidad para usar vapor a alta temperatura. A lo largo de la historia
se han construido calderas para traccion, utilizadas en locomotoras para trenes tanto de
carga como de pasajeros; una caldera multihumotubular con haz de tubos amovibles,
preparada para quemar carbon o lignito. Para medir la potencia de la caldera, y como
dato anecdotico, Watt recurrié a medir la potencia promedio de muchos caballos, y
obtuvo unos 33.000 libras-pie / minuto o sea 550 libras-pie/seg., valor que denomind
‘Horse Power’, potencia de un caballo. Posteriormente, al transferirlo al sistema métrico

de unidades, daba algo mas de 76 kgm/seg.

Pero, la Oficina Internacional de Pesos y Medidas de Paris, resolvio redondear
ese valor a 75 mas facil de simplificar, llamandolo “Caballo Vapor” en homenaje a
Watt.

13



2.3 Partes de una caldera

Una caldera estd compuesta principalmente de:

>

Hogar o camara de combustion, en el cual tiene lugar la combustion del
combustible, su forma y tamafio depende del tipo de combustible.

Un cuerpo intercambiador en el que se absorbe parte del calor liberado en la
combustion. Es la zona donde se encuentra el agua; forma la caldera.

Una envolvente que aisla térmicamente el hogar y el cuerpo intercambiado.
Hogar holandés es el hogar suplementario exterior a la propia disposicion de la

caldera y usado para aumentar el volumen del hogar.

Para apreciar mejor las partes de una caldera Ver figura 2.2
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2.4 Tipos de calderas
Las calderas se pueden clasificar en:
» De acuerdo a su posicion

e Vertical.

e Horizontal

» de tubos de agua o acuotubulares:

» Calderas de acero:
v' de hogar en depresion.
v de hogar presurizado.

» de tubos de agua y humos.

» de tubos de humo o pirotubulares.

> Calderas de fundicion.

2.4.1 Calderas de tubos de agua o acuotubulares:

En las calderas acuotubulares, el agua circula por dentro de tubos, en vez de
alrededor de ellos (pirotubulares), pasando los gases calientes alrededor de los tubos. Estos

tubos estan situados en el exterior del calderin de vapor.
Las ventajas de este tipo de calderas son:

» Puede obtenerse mayor capacidad aumentando el nimero de tubos, independientemente
del didmetro del calderin de vapor.

» El calderin esta expuesto al calor radiante de la llama.

» Lamayor ventaja es la libertad de incrementar las capacidades y presiones.

Este tipo de caldera facilitan el montaje de la misma, da mayor de calidad en fabricacion y

€s mas econdmico.
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2.4.2 Calderas acuotubulares compactas:

Este tipo de calderas pueden quemar todo tipo de combustible variando las

caracteristicas del hogar y los equipos de combustion y posee una serie de ventajas:

> Al instalar maltiples unidades en lugar de una sola caldera grande, el calentamiento se
basa en la carga por caldera, suministrando una gran elasticidad durante los periodos de
demanda baja de vapor.

> Los pequefios generadores de vapor pueden colocarse cerca de la carga de vapor
evitando pérdidas y reduciendo el tamafio.

» La capacidad de reserva puede suministrarse con un sistema de calderas multiples.

Dentro de estas calderas se diferencian dos tipos, de hogar integral pequefias que se
utilizan cuando se requiere una rapida instalacion y se dispone de poco espacio o puede
ser necesario el traslado de la caldera; y de hogar integral grandes las cuales se utilizan
para la produccion de vapor de energia y cuando los problemas de espacio obliguen al

aprovechamiento de este.

2.4.3 Calderas acuotubulares no compactas:

Estas calderas son montadas en obra y constan de una parte de tubos y
tambores con sus conexiones y la otra de mamposteria en ladrillo refractario. Estas
pueden ser de tubos rectos o de tubos curvados, los cuales son mas flexibles que los

rectos; y permiten una mayor superficie de calefaccion.
2.4.4 Calderas acuotubulares de alta presion y alta temperatura:
Estas calderas poseen multitud de ventajas como las siguientes:
» Gran capacidad de almacenaje térmico.
» Ausencia de calor en la linea de retorno.
» No se necesitan purgadores, bombas de condensado, depésitos, de esa forma, el

coste primario es menor, menor mantenimiento y ausencia de pérdidas de vapor.

> No es necesario un sistema caro de tratamiento de agua.
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» Calderas tienen ladrillo refractario; estos ladrillos pueden variar en sus
caracteristicas:

Conductividad térmica a diversas temperaturas.

Densidad.

Difusividad térmica.

Calor especifico, que condiciona la cantidad de calor almacenado en el material.

YV V V VYV V

Emisividad que regula a la cantidad de calor radia o absorbida por las paredes, techo

y suelo.

2.4.5 Caldera de chapa de acero:

Este tipo de calderas son disefiadas para todo tipo de potencias y presiones de

trabajo. Pueden ser de alta o de baja presion y hoy en dia son de construccién soldada.

2.4.6 Calderas de tubos de humos:

La caldera de humos o Pirotubular, es decir, tubos de fuego, es aquella que
necesita transferencia térmica para que se pueda extraer del combustible y del material
la mayor parte del calor que las condiciones economicas permitan. El flujo de los gases
de la combustion se realiza por el interior de los tubos; los gases de combustién que
salen del hogar pasan previamente por el interior de un haz de tubos que se encuentra en
el cuerpo de la caldera bafiados por el agua con el fin de aumentar la superficie de

calentamiento de la misma, antes de ser expulsado por la chimenea.

2.4.7 Calderas de fundicién:

Las calderas de fundicién son unidades de calefaccion de baja presion
construidas por secciones de fundicién a presion de acero, bronce o latén. Los tipos
normales fabricados son clasificados por el modo en que se ensamblan las secciones de

fundicion por medio de conectores o niples, conectores exteriores y maguitos roscados.
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Hay tres tipos de calderas de fundicion:
» Calderas circulares de fundicién:

Es un conjunto atornillado donde el combustible se quema en el hogar central, con los
gases subiendo y fluyendo a través de diversos pasos de las secciones llenas de agua y

finalmente salen por la chimenea.

» Calderas verticales de bloques:

Son secciones ensambladas frontales con trasera, y en posicion vertical, atornilladas

0 unidas por medio de conectores roscados.

» Calderas por secciones horizontales:

Este tipo de calderas se utiliza normalmente con gas y un quemador para cada

caldera o seccion vertical multiple.

2.5 Calderas pirotubulares para combustibles liquidos o gaseosos:

Dentro de este tipo de calderas pirotubulares existen diferentes tipos, como de hogar
integral en la cual se obtiene una Ilama alargada por la parte baja del hogar; también puede
ser compacta con tubo de hogar, la cual esta formada por un tubo central sumergido en el
agua, el cual hace de hogar; en este caso la transmisién de calor se realiza por radiacion; el

rendimiento de este tipo de calderas alcanza hasta un 90%.

Las calderas pirotubulares tienen una serie de ventajas que son las siguientes:

» Bajo coste

A\

Bajo mantenimiento
» Capacidad de soportar fluctuaciones de carga grandes y bruscas, y variaciones de
presion

» Simplicidad de instalacion
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A pesar de las ventajas que presentan las calderas pirotubulares también tienen algunas

desventajas, tales como:

» La limitacion del tamafio por la resistencia de la carcasa
» Tensiones térmicas
» Peligro de explosion

» Dificil mantenimiento

2.6 Seleccion del tipo de caldera:

Lo primero es tomar en cuenta a que tipos de trabajo sera sometida la caldera.
Luego se debe tener el conocimiento de las cualidades que debe tener para ser empleadas

en las diversas funciones.
Entre los diversos datos debemos conocer:

La Potencia de la Caldera
El Voltaje que esta Requiere

El Tipo de Combustible que esta Necesita para Trabajar

YV V V VY

La Demanda de Vapor que se Requiere, etc.

Se puede decir que en realidad existen varios factores importantes al momento de elegir una

caldera, tales como:

» Capacidad de Consumo de la Empresa
» Capacidad de la Caldera
» Capacidad de Turbina / Generador

La seleccion del tipo de caldera mas adecuado y econémicamente eficiente para una
instalacion industrial se hace mas facil cuanto menos cueste el combustible y la mano de
obra y menor nimero de tipos de calderas de confianza y los regimenes normales a elegir.
Lo que habra que tener en cuenta es si la eleccion de tipo de caldera cilindrica o de otra

construccioén dara resultado econdmico.
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El rendimiento térmico influye en el gasto de combustible, pero no es lo mas
importante para la economizacion de la caldera, pudiera ser que una caldera de elevado

rendimiento térmico, sea poco rentable por sus costos de mantenimiento y funcionamiento.

La cantidad de malos resultados obtenidos con gran numero de unidades reducidas
no se deben a defectos de construccion como al uso del combustible inadecuado, a falta de
tiro o al mal funcionamiento. Esto nos puede pasar con cualquier tipo de caldera, y solo se
puede solucionar con personal especializado y con la mejora de instrumentos y aparatos de

los que se espera unos resultados mas econdmicos.

El coste inicial es factor decisivo, esto resulta una equivocacién, puesto que un

reducido aumento del coste inicial puede ser recuperado en los primeros diez meses.
Los factores que intervienen en la eleccion de una caldera son:

» Combustible y tiro
» Agua de alimentacion
» Presion, potencia evaporadora

» Funcionamiento y mantenimiento.

2.7 Condiciones que debe cumplir una caldera:

1. Incorporacion de materiales apropiados, una mano de obra cualificada y un

cumplimiento de las Reglas de Fabricacion Idoneas.

2. Debe tener un colector de lodos e impurezas colocado de tal manera que pueda ser

manipulado fuera de la accion del fuego.

3. Capacidad de agua y vapor suficientes para prevenir las fluctuaciones del vapor y del

nivel de agua.

4. Una superficie suficientemente grande para el desprendimiento del vapor de agua para

evitar los arrastres de agua.
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5. Una constante circulacion de agua en el interior para mantener la temperatura uniforme

en todas sus partes.

6. Buenas condiciones de dilatabilidad de las distintas partes de la caldera para evitar
tensiones inadecuadas que provocarian la rotura del aparato. La caldera debe haber sido

disefiada de tal forma que si se produce rotura no halla explosion.
7. Alta resistencia.
8. Una cdmara de combustion tal que la combustion se inicie y finalice dentro del hogar.

9. Unas superficies de calefaccion colocadas de tal manera que permitan extraer el maximo

contenido del calor de los gases.

10. Todas las partes de la caldera deben ser accesibles para poder limpiarlas y repararlas

facilmente.
11. Dependiendo de nuestras necesidades elegiremos una u otra caldera.

12. Nunca deben faltar los aparatos de medicion, valvulas de seguridad.

2.8 Construccion de una Caldera.

Es una costumbre generalizada valorar las calderas por la superficie de calefaccion
total que disponen, considerando que a mayor superficie de calefaccion, la caldera sera

mejor en relacion a otra de superficie inferior.
Un analisis profundo de una caldera debe comportar los siguientes aspectos:

> Disefio de la caldera en sus aspectos de facilidades de inspeccién, mantenimiento y
eventuales reparaciones.

» Disefio de la caldera en relacion a la absorcion de las dilataciones diferenciales que se
producen entre sus partes.

» Sistema de union tubo/placa y en especial en la placa tubular de la cAmara trasera de
hogar.

» Tipo de union placas/envolvente.
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Dimensionado del hogar, comprobando los valores de carga y densidad especifica en
relacion a las indicaciones de TA-LUFT y Normas DIN de dimensiones de llama:
Carga especifica <= 1,5 Mw/m3 = 1.290.000 Kcal/m3

Densidad especifica <= 7.200.000 Kcal/m2 (seccion circular del tubo hogar)

Diametro hogar >= 0,17*Qi1/3,5

Longitud hogar >= 0,2*Qi1/2 / siendo Qi el calor introducido en Kcal/h.

Temperatura de los gases al final del hogar y a la entrada del primer haz tubular.

N° de tubos, tamafio y longitud del primer haz tubular.

N° de tubos, tamafio y longitud del segundo haz tubular.

Temperatura gases al final del primer haz tubular y a la salida de la caldera.

Velocidad de los gases en las diversas partes de la caldera.

Pérdida de carga del circuito de gases.

Espesores de las distintas partes del cuerpo a presion y calidad de los materiales
empleados.

Volumenes de la cAmara de agua y vapor, asi como, superficie de evaporacion (plano de
agua)

Sistema separador de vapor.

Tipos de controles y seguridades.

Marca de todos los accesorios, equipos y valvulas instalados en la caldera.

Tipo de equipo de combustion. Produccién minima garantizada.

Como se puede ver, el valor de la superficie total de la caldera no aparece en el

analisis anterior y como mucho se tiene el analisis de las distintas superficies de calefaccion

que componen la caldera y que tienen un comportamiento diferente.

Se indicaran unos valores medios orientativos de los flujos calorificos a través de las

distintas partes de una caldera:

Segun sea la importancia relativa de una superficie frente a otra, el valor medio

variara, de forma que si se aumenta la superficie de los haces tubulares y en especial el

segundo, el valor medio de Kg/m? total de la caldera bajara, sin que ello quiera decir que se

mejoran las prestaciones de la caldera.
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En los primeros disefios de este tipo de calderas pirotubulares, de hogar interior,
camara humeda y tres pasos, alrededor del inicio de los afios sesenta se disefiaban con
vaporizaciones medias de 25 Kg/m? con hogares sobredimensionados y gran nimero de
tubos y gran diametro, ofreciéndose al mercado "calderones" en comparacién con las
dimensiones actuales de calderas de igual produccion. A medida de que los incrementos de
coste de los materiales y en especial de la mano de obra fueron siendo mas importantes, se
tuvieron que disefar calderas con tasas medias de vaporizacién superiores, reduciendo
significativamente la superficie de calefaccidon por conveccién (haces tubulares) que da las
tasas de transferencia de calor mas pequefias, por medio de menor nimero de tubos y en
ciertos casos de menor diametro, ademas de ajustar las dimensiones del hogar a los valores

limites segun Normativa, en funcién de la potencia nominal de la caldera.

Esta evolucion en el disefio fue tan espectacular que se alcanzaron disefios con tasas
medias de evaporacion de 60 Kg/m? que comportaban unas pérdidas de carga elevadas en el
circuito de gases. Actualmente los principales fabricantes europeos de este tipo de calderas,
con producciones anuales de mas de 3000 unidades, disefian sus calderas bajo los

siguientes patrones:

» Temperatura maxima de entrada de los gases al primer haz tubular de 1000 °C

» Rendimiento (sin economizador) : 89,5 0 90%

» Pérdida de carga en el circuito de gases: 40 a 120 mm. H,O (variable, incrementandose
con el tamafio de la caldera).

Estas condiciones dan como resultado unas tasas medias del orden de 45 a 55

Kg/m?, sin que este valor sea indicativo de nada més.

Finalmente, otro mito existente en el mercado de las calderas es que el precio de

venta de una caldera debe ser proporcional a su superficie de calefaccion.

Una variacion de un 20% en la superficie de calefaccion media de una caldera,
afectara principalmente a los tubos y en una reduccion de mano de obra ademas de una
ligera disminucion del valor de las chapas del cuerpo caldera y aislamiento. Estas
reducciones afectarian solo al 49,31% pues los accesorios, bombas quemador y cuadro

eléctrico permanecen invariables. Esta reduccion como maximo podria alcanzar un 4% del
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valor total de la caldera y dado que un 50% del precio de la caldera depende del equipo
instalado en la caldera podria darse el caso de que calderas con menor superficie de
calefaccion fuesen del mismo precio que otras de mas superficie, debido a las eventuales
diferencias de calidad y por ende de precio entre estos accesorios.

Asi pues, valorar en su justa medida la relacion calidad/precio de las diversas
calderas existentes en el mercado, conlleva un estudio en profundidad de los equipos que
afectan practicamente al 50% del precio y que normalmente son los causantes de los
problemas que pueden aparecer durante el servicio de la caldera, tales como, quemador,

valvulas de cierre y seguridad, elementos de control, etc.

v Determinar la potencia térmica real necesaria en cada instalacion y seleccionar una

caldera que no exceda de la potencia calculada:

La tendencia habitual a la hora de disefiar y calcular una central térmica es
sobredimensionar los generadores, para absorber cualquier error de calculo y garantizar la
potencia instantanea necesaria en los momentos de maxima demanda. Aqui entra el famoso
10% de inercia (segin unos) o de intermitencia de servicio (segun otros), que se afiade a la
potencia calculada, por poner un ejemplo generalizado, ya que existen otros incrementos

“gratuitos’ a gusto de cada proyectista o instalador.

Los efectos negativos que conlleva a instalacion de generadores
sobredimensionados, son mdaltiples, pero no es momento de relacionarlos todos, nos
centrara en los que afectan al consumo, o mejor dicho, al rendimiento estacional. La
practica totalidad de las instalaciones de potencias medias y altas, asi como buena parte de
las de pequefias potencia, utilizan generadores presurizados o semigresurirados (las
definiciones a gusto de cada uno), a los que se acoplan quemadores mecanicos con
soplante. Esto es asi refiriéndonos a combustibles gaseosos, ya que existen calderas dotadas
de gquemadores atmosféricos, utilizadas generalmente para potencias pequefas. En el caso
de combustibles liquidos, no haremos distinciones entre potencias, porque todos los
generadores incorporan quemadores con soplante, por la necesidad de la pulverizacién del

combustible por presién.
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Refiriéndonos a este tipo de generadores compuestos por caldera y quemador con
soplante, deberemos tener en consideracién la obligatoriedad de efectuar un prebarrido de
la cdmara de combustion, consistente en la introduccién de aire a temperatura ambiente de
la central térmicas (salvo excepciones puntuales), durante un periodo de tiempo variable y

directamente proporcional a la potencia del generador, en el interior del hogar de la caldera.

Pues bien, parece que nadie se ha detenido a considerar las pérdidas de calor que
supone la introduccién de aire a una temperatura de 20 °C durante un minuto (por ejemplo),
en una caldera con una temperatura media de agua de 70 °C. En si, un prebarrido seria
insignificante pero a mayor nimero de prebarridos, el efecto de cada uno se suma,
consiguiéndose determinar con exactitud el valor de las pérdidas totales, por

indeterminacion de la integracion en el tiempo de las pérdidas instantaneas.

La determinacion de las pérdidas instantaneas o perdidas por cada prebarrido, se
podrian calcular como producto entre el calor especifico del aire, el caudal de aire
introducido y el salto térmico entre la entrada y salida por el conducto de humos del mismo.
Esto que parece tan sencillo, supone un problema, ya que disponemos de dos constantes y
dos variables, una de ellas de dificil determinacién a priori, ya que la temperatura de salida
del aire de la caldera, sera directamente proporcional a la temperatura del hogar y a las
caracteristicas constructivas del mismo (superficie de contacto). Aun asi, se podria
determinar una temperatura media que nos diera un valor aproximado pérdidas en cada
prebarrido, por cada tipo de generador, en funcion de la temperatura ambiente de la central

térmica.

Ahora viene la segunda parte, la integracion. Para determinarlas pérdidas totales en
un periodo de un dia (por ejemplo) seria necesario conocer el nimero de prebarridos que un
generador realiza en dicho espacio de tiempo y eso es imposible de determinar, ya que las
instalaciones de calefaccién estan sujetas en su funcionamiento a las evoluciones de a
temperatura ambiente exterior, por lo que variard el nimero de prebarridos, con las
condiciones de funcionamiento de la instalacién, en funcién de la demanda instantanea, que
a su vez se rige por la diferencia entre la temperatura ambiente interior consignada y la

temperatura exterior.
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2.9 Combustién

Se define la combustién como una reaccion quimica rapida exotérmica en la que se
realiza la oxidacion de una sustancia y la reduccion de otra. Las temperaturas de
combustion oscilan entre 1000 °C y 1650 °C.

Para que se produzca la combustion es necesario que haya tres elementos fundamentales:

» Comburente: es la sustancia que se reduce. EI comburente més habitual es el oxigeno
contenido en el aire atmosférico.

» Combustible: la sustancia que se oxida, es decir, el elemento que se quema. Los mas
habituales son carbono (C), hidrogeno (H), oxigeno (O) y a veces, nitrégeno (N) y
azufre (S).

» Temperatura de ignicién: debe ser lo suficientemente elevada como para producir el

encendido.

2.9.1 Reacciones quimicas

Las reacciones quimicas deben satisfacer unas condiciones para que tengan lugar en el

proceso de combustién:

» Adecuada proporcion entre combustible y comburente.
» Lamezcla de las dos sustancias debe ser uniforme.
» La temperatura de ignicion se establecerd y sera monitorizada de manera que el

combustible continte su ignicién sin calor externo cuando comience la combustion.
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2.9.2 Tipos de combustion

Se pueden dividir en dos apartados:

e Segun los productos que se obtienen:

» Combustion con exceso de aire

Existe una cantidad de aire superior al minimo necesario. Cuando se utiliza exceso de

aire, no se producen inquemados.

» Combustion con defecto de aire

Es la que se lleva a cabo con menor cantidad que el aire minimo necesario.
Cuando se utiliza combustion con defecto de aire tiende a producirse inquemados.
» Combustion completa

Es aquella en la que se emplea un exceso de aire controlado y el combustible se
oxida completamente, por lo que todo el carbono se transforma en dioxido de carbono
(CO,), es decir, no se produce mondxido de carbono (CO). Las reacciones

fundamentales de combustién son:

C+CO; — CO,
H; +% 0, — H;0
S+ 350, — SO,
Donde:
C: Carbono
CO,: Dioxido de carbono
S: Azufre
H,0O: Agua

SO,: Dioxido de azufre
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» Combustion incompleta

Es aquella en la que los gases de combustion contienen compuestos
parcialmente oxidados (hidrogeno, CO...) y se produce una disminucién de la cantidad
de calor obtenida. Esta combustion puede ser con exceso o con defecto de aire. De entre

los inquemados, el mas importante es el CO. Libera menos calor que la completa.
Una parte “a” del carbono del combustible pasa a CO, y el resto “1-a” a CO:
a. C+a.02 —a.COy
(1 -a). C+(1-a/202—(1-2a).CO
2.9.3 Aire de Combustién

Conocida la estequiometria de las reacciones que intervienen en la combustion vy

considerando que la composicion de un kilogramo de combustible es:

C = Kg. de carbono/Kg. de combustible ™
H = Kg. de hidrogeno/Kg. de combustible
S = Kg. de azufre/Kg. de combustible > C+H+S+0+W+A=1
O = Kg. de oxigeno/Kg. de combustible

W = Kg. de agua/Kg. de combustible

A = Kg. de ceniza/Kg. de combustible —

Los célculos para obtener la cantidad de oxigeno necesaria para realizar la combustion

completa son:

1 mol C=12 gr. — 1 mol O, =32 gr.
X =2.67 Kg. O
1 Kg. C — xKg. Oy

ImolH;=2gr. > 12mol0,=16gr. — X=8Kg. O,
1 mol S =32 gr. —» 1 mol O, =32 gr. — X=1Kg. O
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Teniendo en cuenta los resultados obtenidos, la cantidad minima de oxigeno es:
Omin =2.67C + 8H + S - O (Kg.0,/Kg. combustible)

Pero en la atmosfera no tenemos realmente oxigeno, asi que la cantidad de aire que

necesaria sera:
Amin=0min / 0.23 (Kg.0,/Kg. combustible)
V Amin = Amin / 1.293 (m® /Kg.)

2.9.4 Exceso de aire

El exceso de aire se debe a que el tamafio de las particulas del combustible impide
una mezcla perfecta entre el combustible y el comburente y a que el tiempo que permanece
la mezcla dentro del hogar es muy corto, saliendo por la chimenea una parte de aire que no
ha reaccionado. Al introducir mayor comburente, aparecen reacciones secundarias. Esto
obliga a emplear una cantidad real de aire comburente mayor del aire minimo de
combustion; por tanto, el exceso de aire es la diferencia entre el aire realmente introducido
y el aire minimo calculado. La relacion entre los dos tipos de aire es el coeficiente de

exceso de aire:

_ Areal

n= .
Amin
Se queman las sustancias combustibles del combustible, hasta el maximo grado de

oxidacion. Esto quiere decir que no tendremos sustancias combustibles en los humos.

Los valores entre los que oscila n son:
n = 1.5 - 2.0 para combustibles sélidos.
n=1.1- 1.2 para combustibles liquidos.

n=1.0 - 1.1 para combustibles gaseosos.

Este exceso de aire puede provocar reacciones secundarias con los productos de la

reaccion y mas humos:
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SO, +% 0, — SO3
SO3 + H,O — SO4H;

SOj;: trioxido de azufre
SO4H,: 4cido sulfirico

El &cido sulfdrico provoca corrosiones en los conductos y chimeneas cuando se
condensa por debajo de 150°C; si se producen estos acidos, tendremos que evacuar los
humos a temperaturas superiores por la chimenea, con lo que se producen pérdidas de calor

importantes (Pérdidas por el calor sensible de los humos).

2.9.5 Composicién de los Humos

Teniendo en cuenta las reacciones producidas en la combustion, sabemos que los

humos estan formados por: CO,, CO, H,0, SO,, N2, O3, H,, CH4 e hidrocarburos ligeros.

A través de los pesos moleculares, podemos hallar los volumenes de estos gases

producidos en la combustién de 1 Kg. de combustible:

Volumen_CO; humos =22.4/12x.C (m* CO, / Kg. combustible)
Volumen_CO humos =22.4 /12 (1-x) .C (m® CO / Kg combustible)
Volumen_H,0 humos = 22.4/2.H + 22.4/ 18 W (m® H,0/Kg. combustible)
Volume SO, humos = 22.4/32.S (m® SO,/Kg combustible)

Debemos tener en cuenta, que ademas de los productos de combustion, en los
humos también existird el oxigeno no consumido en la reaccion y el total de nitrégeno
introducido; asi que el volumen de oxigeno en los humos sera la diferencia entre el
realmente introducido y el consumido en la reaccién para la formacion de CO,, CO, H,0,
SO3:

\/)02/ hlimos = Ointroducido — Oconsumido =22.4 [(n-1). (C/12 + H/4 + S/32 — O/32) + (1-
x).C/24
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(m® 0,/Kg. combustible)

El volumen total de humos (volumen de humos hiimedos) sera la suma de los volimenes
obtenidos anteriormente:

Volumen_total = VCO;, + VCO + VH,0 + VSO, + VO, + VN;

El volumen de humos secos es el volumen total de humos descontando el volumen

ocupado por el vapor de agua formado en la combustion.

2.10 Combustibles

Llamamos combustible a toda sustancia capaz de arder, es decir, aquella que es
capaz de combinarse rapidamente con oxigeno con un desprendimiento de calor mas o

menos interno.

Todos los combustibles industriales se caracterizan por estar constituidos por
mezclas de pocos elementos. La mayor proporcion en peso esta formada por carbono,
hidrogeno y en la mayoria de los casos azufre. El resto esta constituido por la humedad,
cenizas, oxigeno y nitrégeno, y en su presencia origina problemas tecnoldgicos y de

explotacion especificos de cada tipo de combustible.
Caracteristicas de los Combustibles:

» Poder calorifico: es la energia por la unidad de masa de combustible que se libera
en la combustién completa habiendo lactantes y productos con las condiciones
estandar. Esta magnitud tiene caracter de entalpia y puede calcularse en funcion de
los calores liberados en las reacciones.

» Poder calorifico superior (P.C.S.): se da cuando el proceso de combustién ha
acabado y el vapor de agua que habia en los humos se ha condensado. Se mide en
un calorimetro.

P.C.S. =8100. C + 34400. (H — O/8) + 2500.S

» Poder calorifico inferior (P.C.l1.): se mide si al enfriarse los productos de

combustion hasta la temperatura inicial, el agua se mantuviese en estado gaseoso.
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P.C.l. = 8100. C + 28700. (H — O/8) + 2500. S — 600. W

» Poder comburivoro: es la masa de aire necesaria para realizar la combustion
estequiometria de un Kg. de combustible.

» Poder fumigero: es la masa de humos secos producidos en la combustion
estequiometria de un Kg. de combustible.

» Limites de inflamabilidad (inferior / superior) (Li / Ls): es el valor minimo /
méaximo del porcentaje de combustible en la mezcla para los que se produce la
combustion. Si superamos el Ls, la ausencia de comburente impide la combustion.
Si no alcanzamos el Li, la falta de combustible no permite la combustion.

» Temperatura de inflamacion: es la temperatura del combustible para la que se
inflaman por primera vez los vapores emitidos por el combustible si se ponen en
contacto con una llama. Su valor depende de diferentes factores: estado de division,
proporcién de la mezcla.

» Temperatura de combustion: es la temperatura superior a la de inflamacion a la
que se produce la combustion de los vapores de un combustible durante 5 6 mas
segundos cuando se pone en contacto con una llama. Su valor depende del estado de

division, proporcion de la mezcla, presencia de catalizadores.

2.11 Tipos de Combustible

2.11.1 Combustibles Sélidos

a. Tipos:

> Madera:

. Combustible mas antiguo y mas tradicional.

o No presenta gran interés en la industria.

. Elemento biodegradable aun después de su combustion.

. Precio razonablemente econdmico (incluso gratis).

. Afecta a varios aspectos sensitivos (olor, vista, tacto, oido).
. Es un elemento combustible sin poder de explosion.
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. Alto poder caldrico de algunas especies.

> Residuos vegetales:

o Muy numeroso.

. Consumo limitado a las industrias que lo generan o a zonas concretas.
. Se consumen en hogares disefiados para su combustion.

> Carbén natural:

Combustible fosil sélido, formado a partir de antiguas plantas que crecieron
en pantanos o a lo largo de las costas.

Los tipos de carbon natural son:

» Turbas:

e Masas fibrosas de materia vegetal parcialmente descompuestas que se
e han acumulado en lugares inundados de agua.

e Se utilizan como combustibles pobres.

e Su potencia calorifica es inferior a los lignitos, hullas y antracitas que
e oscilan entre 30000-15000 KJ/Kg.

e Contenido de carbono: 55-65 %.

e Humedad > 75%.

» Lignitos:

e Ha sufrido un proceso de carbonizacion superior a la turba.

e Se dividen en lignitos pardos y lignitos negros.

e Contenido de carbono: 65-75%.

e Humedad: 70%, siendo necesario desecarlo para mejorar la combustion.

e Se consumen en centrales térmicas situadas a bocamina.
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e Sedaen La Corufia, Teruel, Barcelona, Zaragoza, Lleida y Girona.

» Hullas:

e Carbones caracterizados por ser tanto portadores de energia como
e materias primas en la industria quimica y metalurgica.

e También se les llama carbones de piedra.

e Contenido de carbono: 75-90 %.

e Se daen Asturias, Ledn, Palencia, Burgos, Ciudad Real y Cérdoba.
e Antracita:

e Carbdn mas antiguo, duro y denso.

e Contenido de carbono > 90%.

e Humedad escasa.

e Alto contenido de calor.

e Seusaen lametalurgiay en la gasificacion fuera de su combustion
o directa.

e Es el mejor combustible de los carbones.

e Se da en Asturias, Leon, Palencia, Burgos, Ciudad Real, Cérdoba, Zaragoza, Lleida

y Girona.

» Combustibles solidos artificiales:
e Se obtienen al someter a un combustible solido a la accién del calor sin
e contacto con el aire, 0 bien, a partir de residuos de petréleo.

e Se queman en casos muy especificos.

» Carbon Vegetal

La madera es un compuesto de oxigeno, hidrégeno, carbono y nitrégeno. Estas

sustancias se transforman en otros a través de la combustion. Si quemamos la madera al
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aire libre, hacemos que ésta se consuma por completo; si la quemamos en espacios
cerrados que soOlo dispongan de unas pequefias aberturas para dar paso al aire,
lograremos que las sustancias que necesitan menos cantidad de oxigeno ardan antes que
otras. De esta forma, una vez que paremos la combustién adecuadamente podremos
recoger las sustancias de la madera que no han entrado en combustion, las cuales

forman lo que llamamos carbon vegetal.

Asi que el carbon vegetal no es mas que lefia que ha sufrido una combustion

incompleta. Se trata casi de carbono puro y es preferible al carbén natural.

2.11.2 Combustibles Gaseosos.
a. Tipos:

» Gas natural:

e Mezcla de hidrocarburos ligeros.

e Aparece en yacimientos similares a los del petroleo.

e Formado principalmente por metano.

e Al mezclarse con el metano se obtiene etano, propano, butano y otros
e compuestos.

e Las proporciones de cada componente son muy variables.
e El grist se puede considerar una variante.

e Féacil manejo.

e Gran rendimiento.

e Respuesta réapida.

e Necesidad de poco mantenimiento.

e Poco contaminantes.

e Incoloro e inoloro.

e Seinflama facilmente.

e No es venenosos pero produce asfixia.
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» Gases licuados del petréleo (G.L.P.):
e Se obtienen en las operaciones de refino del petréleo.
e El propano se usa en la industria debido a su mayor presion.

e El butano para usos domésticos.

» Gases residuales del refino del petroleo:
e Gases obtenidos al separar el butano y el propano que no pueden transformarse
econdémicamente en gasolinas y otros productos.

e Dependiendo del proceso de refino, su composicion varia.

2.11.3 Combustibles Liquidos.
a. Tipos:
» Derivados del petroleo:

El petréleo bruto o el crudo del petréleo el combustible liquido natural por
excelencia, aunque se utiliza como materia prima de la cual se obtienen diferentes

derivados del petréleo.

El petréleo se obtiene de los restos de organismos vivos, al ser cubiertos por las
aguas o por las tierras, sufren la accion quimica de las bacterias anaerobias, los efectos
de las grandes presiones y temperaturas, dando lugar en su descomposicién a

hidrocarburos liquidos e hidrocarburos gaseosos.
» Gasbleos:

Pertenecen a la categoria de destilados puros, compuestos por una gama de

hidrocarburos cuyo numero de atomos de carbono esta comprendido entre C14 y C20.

v" Suele ser de un color amarillento de olor caracteristico.
v Su temperatura de ebullicion oscila entre 220-390°C.
v Se destila en un rango de 360 °C.
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Punto de inflamacion minimo: 55° C.

Menos denso que el agua.

Puede desarrollar electricidad estatica por agitacion o descarga en recipientes.
Reacciona con oxidantes fuertes con riesgo de incendio y explosion.

Sus vapores son mas densos que el aire pudiendo inflamarse a distancia.

NN N N NN

Puede afectar al cuerpo humano por absorcion cutanea, ingestion o inhalacion.
Irrita los ojos, la piel y las vias respiratorias, pues destruye las grasas de la piel.

Una alta concentracion puede causar perdida del conocimiento.

Por su calidad y en funcidn del uso al que se destinan, se clasifican en:

v' Gas6leo A: es el de mejor calidad y mas alto precio. Se suele emplear en
automocion.

v' Gasoleo B: es de igual calidad que el anterior. Se suele usar en la agricultura. Antes
de su venta se caracteriza a través de un aditivito de agentes trazadores y colorante
rojo.

v Gaso6leo C: calidad inferior a os anteriores. Se suele usar en los generadores de calor
de cualquier potencia térmica. Antes de ser suministrado se le colocan agentes
trazadores. Es el méas utilizado como fuente de energia en la industria en zonas
proximas a los ndcleos urbanos.

» Fueldleos:

Son productos residuales de la destilacion del petréleo a mas de 350 °C. Son los

residuos pesados de la destilacion y forma hidrocarburos entre 25 y 35 carbonos.

Pueden proceder de una Unica etapa del proceso de refino, aunque se obtiene por
mezclas de productos procedentes de distintas partes del proceso. Su punto de

inflamacion minimo es de 65 °C.

Los fuel6leos son sistemas heterogéneos en los que existen: emulsiones de

minusculas burbujas de aire y de distintas gotas de agua.

Impurezas extrafias a los hidrocarburos.
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Hidrocarburos en forma solida o gaseosa emulsionados en la fase liquida.
Son los combustibles mas utilizados en la industria y se dividen en:

e Fueldleon® 1.
e Fueldleo n° 2: lo utilizan los grandes consumidores industriales: centrales térmicas y

cementeras.

2.12 Monitorizacion de la eficiencia energetica o Rendimiento de la

Caldera.

La monitorizacion del rendimiento de la caldera puede revelar una degradacion, que
si es detenida y corregida puede incrementar la eficiencia de la misma en direcciones

técnicas y financieras, quizas por reduccién de costo de combustible.

Se describirdn dos (2) métodos para calcular le eficiencia de la caldera para la

monitorizacion del rendimiento basadas en la norma ASME PTC 4.1 ver anexo D.

2.12.1 Método Directo.

Energia saliente 0 EC 21

Eficiencia = - X
f Energia Entrante

Es necesario establecer las condiciones de la caldera, para ajustar el punto de
consigna de modo que las condiciones puedan hacerse en las mismas condiciones

operativas de la caldera.

Este método simplificado de obtener la eficiencia puede usarse para detectar
tendencia de rendimiento por comparacion de rendimientos previos con resultados

normales.

La mejor comparacion se obtiene con una lectura de puntos de referencia cuando la

caldera es nueva o después de una limpieza y revision general.
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2.12.2 Método Indirecto.

El método indirecto se llama método de las pérdidas y se rige por el codigo de
pruebas ASME PTC 4.1 (ver anexo D) de calderas y recipientes a presién, que es un
procedimiento para determinar la produccion de las calderas grandes, incluyendo los

calculos de balance térmico.

P E.C 2.2
NCALDERA = <1 = PCIGPCR PCR) * 100

Este método exige medir los gases de combustién y también efectuar un ultimo
andlisis del combustible, su ventaja es que indica donde estan ocurriendo las pérdidas,

haciendo asi posible aumentar la eficiencia, si las pérdidas identificadas pueden reducirse.

La desventaja, muchos datos y calculos.
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CAPITULO IlI

3.1 Marco metodoldgico

Para el desarrollo de este proyecto de optimizacién, de la generacién de potencia
en la unidad nimero 1, de la Central Termoeléctrica de Planta Centro, CADAFE fue
necesario realizar una serie pasos y procedimientos, que ayudaron a determinar los
diferentes inconvenientes que presenta la empresa, asi como fijar y clasificar las
principales causas de estos problemas, todo esto con la finalidad de dar a conocer,
estrategias confiables para solventarlos; para ello se debe cumplir con una serie de
procesos metodologicos, mediante la aplicacion del conocimiento cientifico, esto con la
finalidad de lograr resultado 6ptimos, por lo tanto parar resolver una problematica,
resulta conveniente tener un conocimiento detallado del tipo de investigacién a realizar,
el presente trabajo contempla el desarrollo, de un estudio de la unidad generadora de
vapor, enmarcandose bajo la modalidad de un proyecto, factible.

Un proyecto factible, consiste en la investigacion, elaboracion y desarrollo de
una propuesta, de un modelo operativo viable, para solucionar problemas,
requerimientos o necesidades de organizaciones o grupos sociales. Puede referirse a la
formulacién de politicas, programas, tecnologias, métodos o procesos; el proyecto debe
tener apoyo en una investigacion de tipo, documental y de campo o un disefio que

incluya ambas modalidades.

El estudio se delimito, dentro de una investigacion de caracter descriptiva, debido
a que se puede medir toda la informacion recolectada, para luego describir, analizar e
interpretar sistematicamente, las caracteristicas del fendmeno estudiado, con base en la

realidad del escenario planteado.

En el presente trabajo se dieron a conocer las principales limitaciones de
generacion de vapor en la unidad nimero 1 de la Central termoeléctrica de Planta Centro
CADAFE, asi como los efectos, evaluados a corto y largo plazo que plantean estos

problemas.

Todo esto permitio realizar un diagnostico, asertivo que hizo posible detectar en

forma clara y objetiva, los distintos problemas, con el propdsito de describirlos entender
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su naturaleza y explicar sus causas y efectos de ahi que en funcion de los objetivos el

estudio tenga su caracter descriptivo.
3.2 Fuentes de informacion

Las fuentes de informacién que se utilizaran, en este proyecto, son tanto
primarias como secundarias, porque la recoleccion de los datos se hizo, basandose en
informacidn documental, provenientes de diferentes vias, como tesis, libros, manuales,

planos de plantas, entrevista, revista e informacion electronica.

Como fuente de informacion primaria se requiere de la informacion, que se
adquiere directamente del contexto en el que se desarrolla el proyecto, por medio de
entrevistas, con el personal de la empresa, vinculados en el entorno del problema, visitas
a las areas existentes, para extraer datos técnicos, y observaciones y mediciones de

variables del sistema.

Como informacion secundaria, toda aquella que se encuentra, en escritos de
personas que no se encuentran, directamente relacionadas con el problema, consultas de
tipo bibliografica, documental, como lo son libros de texto, normas, catilogos de
fabricantes e internet, revision de planos y material topogréafico e informe de situacion

similares a la de la empresa.
3.3 Técnicas e instrumentos de recoleccion de datos.

Dado el nivel y los tipos de investigacion antes mencionados, el primer pasé a
realizar para lograr este proyecto, consistio en una observacion directa, en periodos
diarios para cada uno de los departamentos que conforman, la division de
mantenimiento, observando todas sus actividades, todo esto para lograr evaluar el estado

actual que presenta la empresa en especial la unidad, generadora de vapor en estudio.

De esta manera poder identificar las principales fallas, para luego establecer las

estrategias y mejoras.

Una vez que seleccionamos el disefio de investigacion apropiado, y la muestra

adecuada de acuerdo con, nuestro problema de estudio e hipdtesis, la siguiente etapa
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consiste en recolectar los datos pertinentes, sobre las variables involucradas, en la

investigacion.

Para lograr recolectar toda esta informacion, y establecer un diagnostico efectivo,
se dispuso de un instrumento de medicion, para que una vez aprobado por la casa de
estudio y la empresa, fuese aplicado bajo un método, que consiste en una técnica de

observacion sistematica participativa.

El instrumento consiste en la elaboracién de un cuadro, en donde se establezcan
todas las variables de estudio, ademas consta de un sistema de preguntas cerradas,
seleccionados por su facilidad para ser respondidas y por ser mas facil de preparar, para

su posterior analisis.

Posee de igual manera preguntas abiertas, lograr profundizar acerca de los
problemas existentes en planta, esta herramienta no fue la Unica que ayudo a la
recoleccion de informacion, para ello se necesitaron una serie de entrevistas no
estructuradas, con los jefes y supervisores de area, personal operativo de planta y el tutor
industrial, donde se pretendia conocer a fondo, el proceso de generacion, maquinaria y
equipos necesarios para lograr cumplir todas sus metas, asi como conocer las posibles

fallas en el sistema de generacién de vapor.
3.4 Poblacién y muestra.

La poblacion y muestra de este proyecto estuvo basada, en los datos que
suministra el departamento de calderas y auxiliares, donde se lleva un seguimiento de las
variables asociadas a la caldera; de estos datos se obtuvo un promedio diario durante un

mes de las variables involucradas para realizar la evaluacion de rendimiento.
3.5 Fases de la investigacion.

Estas etapas son las que se cumplieron durante el desarrollo de la investigacion, a
nivel macro para poder obtener la informacién y poder cubrir todos los objetivos

previstos.

A continuacion se presenta de forma resumida, las fases que sigui6 el proyecto:
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Fase 1: Busqueda de informacion

En esta fase del proyecto se identifico el objetivo de estudio partiendo del
contexto, con el fin de estructurar un marco tedrico que permitiera fundamentar dicho

proyecto.

Para realizar esta base fue necesario, recolectar cierta cantidad de informacion de
distintas fuentes bibliograficas, experiencias del personal de la empresa vinculados en el
entorno del problema, tesis de grados, manuales de operacion y mantenimiento, sitios
web, revistas, con la finalidad de indagar, consultar recopilar, agrupar y organizar

adecuadamente, la informacién que se utiliz6 dentro de la misma.

En esta fase también se, seleccion6 una metodologia de investigacién que se
consider6 valida, para aplicarla a diferentes investigaciones que poseen caracteristicas

similares a las que se requiere realizar.
Fase 2: Elaboracion del instrumento.

Una vez revisada, analizada e interpretada la informacion que se seleccion6 para
la investigacion, se comenz6 a elaborar un instrumento o plan de trabajo que facilito la
recopilacién de informacién, en las diferentes divisiones, departamentos y areas
complementarias de la empresa y a su vez elaborar un diagnostico energético y detectar,
las posibles pérdidas de energia en los sistemas de generacion y distribucion de vapor,
para ello se llevaron una serie de pasos con la finalidad de cumplir con los objetivos

planteados, al inicio del proyecto. Ver anexo A
El diagnostico energético del sistema, permitié determinar en primer lugar.

1. La eficiencia de la caldera conforme a los métodos indicados por el cédigo ASME
PTC 4.1 (Ver apéndice) de calderas y recipientes a presion.

2. Determinar el comportamiento del aislamiento térmico, conforme a los métodos
indicados en la norma ASME B31.3 aislamientos térmicos industriales.

3. Estimar las pérdidas, fugas de vapor, trampas para vapor de agua en linea de

distribucion de vapor.
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Fase 3: Aplicacion del instrumento.

En esta fase de la investigacion se realizaron, una serie de visitas a toda la planta
con la finalidad de observar, cada una de las partes que conforman la unidad generadora
de vapor, equipos auxiliares, tuberias, valvulas y herramientas de forma operativa, para
asi poder tener una vision del estado actual de los sistemas, que conforman dicha unidad
y observar directamente a al operario, durante su jornada diaria, ademas se procedi6 a
realizar una serie de entrevistas, no estructuradas a cada uno de los jefes, de los
departamentos, supervisores, trabajadores y al personal de la compafiia contratada en las
labores de modernizacion de la empresa, para asi identificar cualquier inconveniente,
que no puede ser perceptible a simple vista o problemas que se encuentran en lugares de

acceso riesgoso o dificil acceso.
Fase 4: Diagndstico de la situacién actual.

Toda la informacidn recogida, en la fase anterior es analizada en esta fase, con la
finalidad de evaluar el estado actual de todos los equipos, que conforman la unidad
generadora de vapor, para ello se aplico el instrumento de medicion, a toda la poblacion
y muestra seleccionada y se relaciono dicha informacion con los objetivos planteados, en
las primeras etapas del proyecto, y se pudieron obtener respuestas a las incdgnitas

planteadas al principio del estudio.
Fase 5: Aplicacion de herramientas.

Una vez culminadas todas las fases anteriores de la investigacion, se daran una
serie de analisis adicionales, por medio del desarrollo de las herramientas seleccionadas,
entre la empresa, el investigador y la casa de estudio, estas herramientas permitieron
clasificar y estructurar los problemas, encontrados en la central Termoeléctrica de Planta
Centro CADAFE, para de esta manera obtener soluciones o estrategias que en realidad

sean efectivas y ataquen los problemas.
Fase 6: Creacion de estrategias.

En esta fase de la investigacion, se propusieron una serie de estrategias a los

problemas mas criticos presentes, en la unidad generadora de vapor y asi poder
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recuperar la capacidad instalada de la unidad namero 1 de la Central termoeléctrica de
Planta Centro CADAFE.
3.6 Metodologia de calculo.

3.6.1 Método directo

De la Ecuacion 2.1 del capitulo 2 se obtiene el rendimiento de la caldera de
forma directa.
Energia saliente

Eficiencia =
fictencia Energia Entrante EC 21

3.6.1.1 Célculo de la energia saliente:
La energia saliente es el calor aprovechado en el sistema, para obtenerlo es
necesario conocer el flujo mésico de agua a la entrada y el flujo mésico de vapor
a la salida con sus respectivas entalpias, para ello se emplea la ecuacién 3.1

QOAPROVECHADO + (M1 * h1) + (M3 * h3) = (Mz * hz) + (M4 * h4) + W E.C 3.1

3.6.1.2 Célculo de la energia entrante:
La energia entrante es el calor introducido al sistema para obtenerlo es necesario
conocer el flujo méasico de combustible con su respectivo poder calorifico y se

obtiene a través de la ecuacién 3.2
E.C 3.2

Qintropucipo = McompustisLe * PC

Una vez conocidos los valores de la energia saliente y entrante se sustituyen en la
ecuacion 2.1 para obtener el rendimiento de la caldera.
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3.6.2 Método indirecto

De la Ecuacion 2.2 del capitulo 2 se obtiene el rendimiento de la caldera de
forma indirecta.

Y P E.C 2.2
NcALDERA = <1 - P_CI> * 100

Este método requiere del calculo de una serie de pérdidas que a continuacion se
presentan los datos y calculos que se requieren para obtener dichas pérdidas:

» Pérdidas por Gas Seco.

Pas = GsgxCrex(Tne — Tas) E.C 3.3
Donde:
Pas= Pérdidas por gas seco.
Gse= Gas seco a la salida del economizador
Cec= Calor especifico del gas de combustible
Tnc= Temperatura de salida del recalentador
Tas= Temperatura del aire seco
» Pérdida por Humedad en el Combustible.

Phc = H,0(ha — hg) E.C 34

Donde:
Phc= Pérdidas por humedad en el combustible
ha= Entalpia del aire
hg= Entalpia del gas

H,O= Cantidad de agua presente en el combustible
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» Pérdidas por Hidrogeno presente en la Combustion.
Ph,. = 8,936xHx(ha — hg)

Donde:

Ph,.= Pérdidas por hidrogeno presente en la combustion

H= Cantidad de hidrogeno presente en el combustible

ha= Entalpia del aire

hg= Entalpia del gas

» Pérdida por Humedad en el Aire.
Pha = HaxAs(ha — hg)
Donde:
Pha= Pérdidas por humedad en el aire
Ha= Humedad absoluta
As= Cantidad de aire seco
ha= Entalpia del aire

hg= Entalpia del gas
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» Perdidas por mondxido de carbono (CO).

co
PCO = —— x5640xC EC 37

co, — CO
Donde:
PCO= Pérdidas por mondxido (CO).
CO= Cantidad de monoxido (CO) presente en los gases productos de la combustién.

CO,= Cantidad de diéxido de carbono (CO;) presente en los gases productos de la

combustion.
C= Cantidad de carbono (C) presente en el combustible.

Una vez calculadas todas las pérdidas se realiza una sumatoria y conocido ya el poder
calorifico inferior se sustituyen la EC 2.2 y se obtiene el rendimiento de la caldera de
forma indirecta.
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CAPITULO IV

4.1 Desarrollo del proyecto

Es evidente que con el primer objetivo del proyecto que consiste en analizar la
generacion de vapor en la caldera de la unidad nimero 1 y evaluar el funcionamiento de
sus componentes, se efectud un diagnostico energético para determinar las posibilidades

potenciales, de ahorro de energia en los sistemas de generacién y distribucién de vapor.

1. Este diagnostico energético del sistema pretende determinar la eficiencia de la
caldera conforme a los métodos indicado por el codigo ASME PTC 4.1 (Ver anexo
D).

2. Determinar el estado actual del aislamiento térmico.

3. Estimar las perdidas de energia en fuga de vapor en las lineas de distribucion de

vapor.

Las actividades que se realizaron para cubrir el objetivo, se exponen con la
amplitud y profundidad necesaria para obtener una vision global del uso energético de
los equipos o sistemas, asi como las posibilidades de optimizarlo, de este modo se

realizaron una serie de pasos, que se mencionan a continuacion:
Anélisis energetico del sistema original.

La busqueda de informacion no es mas que la indagacion acerca del tema u
objetivos que se plantea el proyecto, en diferentes fuentes primarias y secundarias, como

se comento en el capitulo 3.

Los datos del disefio original, fueron seleccionados de los manuales de operacion
y mantenimiento, de las calderas BORSIG, del sistema de generacién y distribucion de

vapor, asi como de documentos que muestran el historial de la unidad nimero 1.

Para lograr determinar la eficiencia de la caldera, en su estado original siguiendo
los métodos expuestos en el capitulo 2, se cuantificaron distintas variables especificadas

en latabla 4.1 que a continuacion se describe.
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Tabla 4.1: Parametros de operacion del sistema original Versus el sistema actual para

una carga de 300 MW.

Unidad | Sistema Original. | Sistema Operacion
Carga 300 MW Actual. Carga 200
Presién MW
Admision del agua de Kglcm? 183 132,6
alimentacién economizador
Descarga del Sobrecalentador | Kg/cm? 183 132,6
terciario
Admision del recalentador Kg/cm® 31,5 41
Descarga del recalentador Kg/cm® 29,8 42,56
Temperatura
Admisién del agua de °c 234 230
alimentacion economizador
Descarga del Sobrecalentador | °C 540 538
terciario
Admision del recalentador °C 318 375
Descarga del recalentador e 540 538
Entalpia
Agua de admision del agua de | KJ/Kg 1012,16 976,92
alimentacion economizador
Descarga del Sobrecalentador | KJ/Kg 3390,33 3439,75
terciario
Admisién del recalentador KJ/Kg 3037,9 3154,66
Descarga del recalentador KJ/Kg 3549,5 3531,09
Tasa de Flujo
Agua de alimentacion Kg/h 258,41 272,15
Vapor del recalentador Kg/h 240,48 229,9
Tasa de combustible Kg/h 18,75 19,66

» Para evaluar la eficiencia de la caldera se utilizaron dos métodos: uno directo y otro

indirecto.

En el método directo: se aplica el principio de conservacion de energia expuesto
en el capitulo 2, para determinar la eficiencia de la caldera, estableciendo puntos de
control y especificando las variables a utilizar, para ver los detalles de calculo ver

apendice 1.

Para calcular el rendimiento o eficiencia de la caldera se implementaron los

métodos expuestos en siguiendo las normas ASME PTC 4.1 (Ver anexo D).
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Para ello el método directo se utilizéd el mismo procedimiento que aplica para

determinar, el rendimiento o eficiencia de cualquier clase de equipo energético, siendo el

rendimiento o eficiencia la diferencia entre la energia Gtil de salida, por la de entrada.

Los resultados obtenidos a través del método directo se muestran en la tabla 4.2

Tabla 4.2 Comparacion de eficiencias obtenidas por el método directo:

Variables Condicion Nominal Condicion Actual
Carga 300 MW 300 MW
Eficiencia 98,5 %

Hay una caida de eficiencia de 7,8 % con respecto al rendimiento del sistema en

condiciones nominales.

En cuanto al método, indirecto las pérdidas tomadas en el calculo de la eficiencia

de la caldera de la unidad namero 1 de la central termoeléctrica planta centro fueron las

siguientes:

Pérdidas por gas seco.

vV V VYV V

Pérdidas por la humedad del combustible.
Perdida por hidrégeno presente en la combustion.

Pérdida por la humedad del aire.

Para ver los detalles de calculo ver apéndice 2.

Los resultados obtenidos por el método directo se muestran en la tabla 4.3

Tabla 4.3 Comparacién de eficiencias obtenidas por el método directo e Indirecto

Condicion Actual

300 MW

Variables Condicién Nominal
Carga 300 MW
Eficiencia Método Directo 98,5 %
Eficiencia Método Indirecto 98,5 %

Hay una caida de la eficiencia de 7,8 % con el método directo y con el método indirecto
9,4 % respecto al sistema en condiciones nominales.
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4.2 Diagnostico de la situacion actual

Motivado a las extensas areas que ya han sido evaluadas, se hizo necesario
realizar esta etapa del diagnostico de la situacion actual de manera separada, para cada
uno de los sistemas, que completan la unidad generadora de vapor de la central
termoeléctrica Planta Centro CADAFE, con la finalidad de recaudar la mayor
informacion posible, acerca de cada uno de los problemas encontrados, en los sistemas
y subsistemas de la caldera, que fueron fuente de estudio y de observacion, durante el

periodo programado.

En general la unidad generadora de vapor, presenta un estado de deterioro,
avanzado por la falta de mantenimiento preventivo y predictivo por parte de la empresa,
agregado a esto la influencia del medio externo de trabajo, ya que la planta esta ubicada
a orillas del mar atacando severamente los equipos y acortando su vida atil. Como se
observo en el diagnostico energético, el sistema actual presenta una disminucion de la
eficiencia con respecto al sistema original, esto es motivado por las diversas fugas de
energia en el sistema, las causas por las cuales hay esta diferencia entre los valores de

eficiencia son:

Envejecimiento y ensuciamiento de las superficies intercambiadoras de calor.
Combustién no optima.
Exceso de oxigeno.

Fugas.

a ~ w DN e

Funcionamiento no eficiente de los equipos. (Ver anexo B Figura B.10)

Es por tal razon que se realiza una descripcion, de la situacién actual de los
distintos sistemas que conforman a la caldera, ubicando el problema y planteando

estrategias.

Los equipos que integran el sistema de combustible de la caldera, se encuentran
en estado de deterioro, (Ver anexo B figura B.5) esto se deben a la falta de
mantenimiento preventivo y predictivo, por parte de la empresa, ocasionando la

disminucion de confiabilidad del equipo y aumentando las fallas en los equipos del
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sistema descrito. Ademas hay que tomar en cuenta la influencia del medio externo de

trabajo, ya que la planta estd ubicada, a orilla del mar, atacando severamente por la

corrosion acortando su vida Util.

Durante las inspecciones realizadas, al sistema de combustible, el personal

encargado de su mantenimiento y operacion, indico que el funcionamiento actual y los

inconvenientes que suelen presentarse en dicho sistema, se deben a lo siguiente:

1.

Perdidas de aislantes en las lineas de vapor de trazas, (Ver anexo B Figura B.6 y
B.7) realizada la inspeccion a la lineas de vapor de trazas, se notdé que la gran
cantidad de materiales aislantes fue retirado de las tuberias y valvulas para reparar
fugas, y no fue repuesto, esto origina perdidas por radiacion, ocasionando que el
combustible pierda parte de su viscosidad y no llegue al quemador en las
condiciones y temperaturas requeridas. La solucion es reponer el aislante y carcasas
para evitar las perdidas.

Quemadores: Unos de los problemas mas criticos que presenta la caldera es en el
area de quemadores, en el registro de paradas de la unidad numero 1, de afios
anteriores se observd que la caldera incremento su nimero de disparos, y la gran
mayoria se atribuye a los quemadores. Con la inspeccion realizada al area, se noto
que los quemadores no operan de una manera efectiva, el principal problema se
presenta en la boquilla del quemador, ya que el combustible no se atomiza bien y
produce una mezcla impura, produciendo una mala combustion en el hogar. Para la
solucion de este problema y por experiencia tomadas en la unidad ndmero 2 del
complejo termoeléctrico, se presenta la propuesta planteada por ALSTOM POWER,
sustituir el atomizador de flujo doble con tobera, por el quemador de nucleo de llama
estratificada de modo radial, que esta disefiado para quemar combustible pesado
namero 6 y gas natural en calderas industriales, mientras mantiene el rendimiento de
la unidad y cumple con los requisitos medio ambientales a nivel de las emisiones de
oxido de nitrogeno y monoxido de carbono. ElI quemador aplica tres principios
asociados, a la combustion de combustibles fésiles, por el NOXx.

Encendido temprano del combustible con condiciones del combustible enriquecido.
Graduar el proceso de combustion. (Ver anexo B figura B.12)

Aumento del tiempo de residencia de combustible.
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4.3 Situacion actual del sistema aire-gas

Los equipos que integran al sistema de aire-gas de la caldera nimero 1 presentan, mayor

deterioro debido a la falta de mantenimiento preventivo y predictivo por parte de la

empresa, en las inspecciones realizada a los equipos que integran al sistema se observo

lo siguientes:

Ventiladores:

Ventiladores recirculadores de gases: los ventiladores recirculadores de gases de la
unidad 1, estan operando muy por debajo de su funcionamiento optimo; esto equipos
tienen la funcion importante de controlar y elevar la temperatura de los elementos
que se encuentran en la zona convectiva, de la caldera tomando parte de los gases de
escape antes de su entrada al recalentador y lo introduce por la parte inferior del
hogar, a una temperatura aproximada de 334 °C, con esto se consigue aumentar el
flujo ascendente, de gases caliente lo cual se manifiesta con un aumento de la
temperatura del vapor recalentado, y el agua de alimentacion a la salida del
economizador, por esta razén es importante la reincorporacion de estos dispositivos
a su valor nominal de funcionamiento, si se requiere recuperar la méxima carga

residual. (Ver anexo B figura B.8 y B.9)

Se proponen colocar unos ventiladores con las mismas especificaciones

técnicas.
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4.4 Conclusiones

De acuerdo al estudio realizado a la unidad generadora de vapor y sus subsistema, se
logré demostrar que los equipos presentan un estado no eficiente, ya que su
eficiencia actual es de 89,1% el cual disminuye con el pasar del tiempo, sino se
toman las medidas necesarias para su recuperacion, ademas el mantenimiento
preventivo, que juega un papel importante para aumentar la confiabilidad vy
disponibilidad de los equipos.

La temperatura, la presion dentro del hogar de la caldera y el aire requerido para una
combustion oOptima, constituyen factores importantes en la generacion de vapor,
estos factores deben estar monitoreados constantemente para lograr el maximo
rendimiento de la caldera; la temperatura actual de admision al recalentador es de
375 °C la cual indica un incremento 15% respecto a la nominal; el exceso de aire
actual es de 1,6 comparado con el nominal que oscila entre (1 — 1.1) indica que hay
un incremento que afecta de manera negativa la combustion en la caldera.

El célculo del rendimiento de la caldera para un sistema original se obtuvo a través
de dos métodos diferentes y se compard con el de operacion actual, determinando
una caida de la eficiencia, 9,4 % respecto al sistema en condiciones nominales,
dejando claro que la unidad presenta varias fallas, que la limitan; ademas se puede
observar que actualmente la caldera esta quemando 19,66 Ton/h de combustible 5%
més de lo normal, esto con la finalidad de cubrir las pérdidas en el sistema.
Realizando las propuestas sugeridas en el diagnostico actual y en las
recomendaciones se puede obtener el aumento de la eficiencia, permitiendo de esta
manera incrementar y aprovechar mejor el flujo mésico de vapor que actualmente es
de 272,15 Ton/h el cual puede incrementarse entre (7 - 10) % mas logrando un

aumento de la potencia de generacién en la turbina.
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4.5 Recomendaciones.

Para lograr que el complejo termoeléctrico de Planta Centro CADAFE, pueda
recuperar la capacidad instalada en la unidad nimero 1, aumentando su rendimiento se

recomienda:

1. Realizar manuales de mantenimiento preventivos para cada uno, de los equipos que
conforman la caldera y sus sistemas auxiliares, con la finalidad de realizar un
programa de mantenimiento acorde, con los requerimientos de dichos equipos.

2. Dotar a los trabajadores, con herramientas de trabajo adecuadas y orientaciones
sobre las nuevas tecnologias de mantenimiento total que existen hoy dia.

3. Se recomienda realizar una debida, limpieza de las piezas internas, de la caldera para
remover la gran cantidad de sedimentos minerales internos, adheridos a los
elementos de transferencia de calor.

4. Realizar una limpieza quimica a los tubos internos, con la finalidad de remover los
excesos, de magnetitas presentes, los cuales a demés de afectar la transferencia de

calor pueden ocasionar rupturas de las demas tuberias.
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Apéndice 1

Método Directo

» Descripcion de cada uno de los estados que muestra el esquema de la figura 4.1

en condiciones nominales, para una carga de 300 MW.

Esquema de los puntos de control
ESTADO 4

| »
»

|
RECALENTAMIENTO

L L | |
- |
ESTADO 3
AIRE
> |
COMBUSTIBLE R ESTADO 2
EY
ESTADO 1
Figura AP.1. Esquema de los puntos de control.
Q° spROVECHADO
NcaL = o E.C 21

Q" INTRODUCIDO

Donde:
QarrovecHapo= Energia saliente (KW)

QinTropucipo= Energia entrante (KW)



QOAPROVECHADO + (Ml * hl) + (MS * h3) = (MZ * hZ) + (M4 * h4) + W
Donde:
W=0

Qintropucipo = McompustisLe * Pc E.C 3.2

Estado 1: Admision del agua de alimentacion

P, = 183 Kg/cm? h, =1012,16 K] /Kg
P, = 179,3 Bar T, = 234°C

M; = M, =930300Kg/s

M, =M, = 258,41 Kg/h

Estado 2: Descarga del Sobrecalentador terciario

P, = 183 Kg/cm? h, = 3390,33 Kj/Kg
P, = 179,3 Bar T, =540°C

M, = M, = 930300 Kg/s

M, =M, = 258,41 Kg/h

Estado 3: Admision del recalentador

Py = 31,5 Kg/cm? h; = 3037,9Kj/Kg
P; = 30,5 Bar T; =318°C

M; =M, = 865750 Kg/s

Estado 4: Descarga del recalentador

E.C 3.1



P, = 29,8 Kg/cm? h, = 3549,5Kj/Kg
P, = 27,41 Bar T, = 540 °C
M; = M, = 7153944 Kg/s

M3 = M4 = 198,7Kg/h

QApTOUQChadO = M1,2(h2 - hl) + M3’4(h4 - h3)

QAprovechado = 258,41(3390,33 — 1012,16) + 240,48(3549,5 — 3037,9)

QAprovechado = 737572,47 KW

Poder Calorifico del Gas Natural:
PCI= Poder calorifico inferior

PCI= 39900 Kj/Kg

Mcombustivie = 67530 Kg/s
Mcompustivie = 18,75 Kg/h
QINTRODUCIDO = MCOMBUSTIBLE * Pc
Con el PCI= 39900 Kj/Kg

Qintropucipo = 18,75 % (39900) = 748125 KW

737572,47

= —-— = 0,
NcaL T28125 * 100 = 98,5 %

Resultado para una carga de 300 MW en condiciones nominales 98,5 % de eficiencia.



» Célculo de Rendimiento en condiciones actuales de operacion, para una carga
de 300 MW.

Estado 1: Admision del agua de alimentacion

P, =132,6 Kg/cm? hy =976,92KJ/Kg
P, =130 Bar T, = 230°C

M, =M, = 979759,5Kg/s

Estado 2: Descarga del Sobrecalentador terciario

P, = 132,6 Kg/cm? h, = 3439,75Kj/Kg
P, =130 Bar T, =538°C

M; =M, =979759,5Kg/s

M, =M, = 272,15 Kg/h

Estado 3: Admision del recalentador

Py = 41 Kg/cm? h; = 3154,66 Kj/Kg
P; = 40 Bar T; =375°C

M; =M, =827982Kg/s

Ms =M, = 2299 Kg/h

Estado 4: Descarga del recalentador
P, = 42,56 Kg/cm? h, = 3531,09Kj/Kg
P, = 41,7 Bar T, = 538°C

M; = M, = 827982 Kg/s



Ms =M, = 2299 Kg/h

QApTOUeChadO = Ml,Z(hZ - hl) + M3’4(h4 - hg)

QAprovechado = 272,15(3439,75 — 976,92) + 229,9(3531,09 — 3154,66)KW

QAprovechado = 756800,44 KW

Poder Calorifico del Gas Natural:

PCI= 41880,5 Kj/Kg

Nota: Este fue obtenido de los registros que llevan los operadores de planta

Mcombustivie = 70780 Kg/s
Mcompustivie = 19,66 Kg/h
Qinrropucipo = McompustisLe * Pc
Con el PCI=41880,5 Kj/Kg

Qintropucipo = 19,66 * (41880,5) = KW

756800,44

NcAL = —crm e % 100 = 90,6 %

835050

Resultado para una carga de 300 MW en condiciones actuales 90,6 % de eficiencia.

Tabla AP1.1 Comparacion de eficiencias obtenidas por el método directo:

Variables Condicién Nominal Condicién Actual
Carga 300 MW 300 MW
Eficiencia 98,5 % . 06%

Hay una caida de eficiencia de 7,8 %



Apéndice 2
Meétodo Indirecto

Nota: Para el calculo de la eficiencia no se tomé en consideracion, las pérdidas de vapor
por purgas continta en el domo por recomendacion de los ingenieros y técnicos de la
empresa ALSTOM POWER, ademas es una perdida vapor muy insignificante para el

gran flujo de agua manejado, por la caldera y se desprecia.

Para obtener los resultados de métodos directos, deberan determinarse las siguientes

pérdidas:

1. Pérdida debida a la humedad del combustible: esto es especialmente aplicable, al
carbon que se lava, o que se almacena en el exterior, para otros combustibles se
considera una perdida, inherente con poca, perspectiva de reduccion, a no ser por un
cambio o sustitucion del combustible.

2. Pérdida debida a la combustidn del hidrégeno del combustible: es una pérdida que
forma agua (humedad), y va a la chimenea con vapor, el combustible y el aceite
tiene la mayor cantidad de hidrdgeno, esta perdida es considerada también inherente
no controlable a no ser que se cambien las especificaciones del combustible.

3. Pérdidas debida a la humedad del aire usado para la combustion: esta es una perdida
que trae como consecuencia, un precalentamiento del aire en las calderas grandes de
vapor, de otra manera se considera también una perdida inherente originada por el
uso del aire ambiente en la combustion del combustible.

4. Pérdida debida al calor llevado a la chimenea por los gases de combustion: los
factores que pueden inferir en esta pérdida incluiran:
> El alto exceso de aire revelado por un analisis de los gases de combustion.

» Suciedad e incrustacion de la superficie de transferencia de calor del lado del
agua y del fuego o gases.

> Pobre circulacion de agua en comparacién con los flujos del lado de gases de
combustion.

> Las velocidades de los gases demasiado altas, a través de la caldera (demasiado
tiro), de forma que no hay tiempo suficiente para la transferencia de calor
adecuada.

5. Pérdida debida a la combustion incompleta:

» Suministro de aire insuficiente.



» Hogar frio a baja carga.
» Pobre atomizacion o pulverizacion del combustible.
6. Pérdidas diversas por radiacion conveccion y fugas: estas pérdidas se pueden
producir por:
> Débil aislamiento alrededor del calderin y paredes.
> Necesidad de reparacion de los refractarios del hogar.

» Tuberias, juntas, sellados de uniones y otras fugas por las paredes de la caldera.

» Descripcion de cada uno de las variables ambientales.

Analisis del combustible expresado en porcentaje de peso (Manual de operaciones)
Datos del aire (Entrada de los ventiladores de tiro forzado)

Temperatura de aire seco (Tas)= 29 °C

Temperatura aire himedo (Tah)= 25 °C

Humedad relativa (Hr)= 65,2 %

Presion de saturacion del aire seco (Psat)= 30,5 mmHg= 4,06 MPa

Presion atmosférica (Pa)= 760 mmHg

Calor especifico del aire (Cea)= 0,24 Kcal/Kg-°C

Humedad Absoluta (Ha)

1 06622 + PP
= "Pa—pPP

Donde:
Pa= Presion atmosférica
PP= Presion Parcial del vapor

Hr
PP:W*PSAT



65,2

PP =
100

* 30,5 =19,89 mmHg

1 06622 + 19,89
4= 7760 —-1989

=0,01672Kg/Kg

Analisis de los gases (Orsat)

Salida del economizador % Volumen
Oxigeno (02)= 0,43 %

Dioxido de carbono (CO,)= 16,1 %
Nitrogeno (N2)=83 %

Monoxido de carbono (CO)= 0%

Salida del intercambiador
Oxigeno (O2)= 1,05 %

Dioxido de carbono (CO2)= 15,6 %
Nitrogeno (N;)= 83,35 %
Monoxido de carbono (CO)= 0%

Para los calculos de eficiencia se puede tomar el calor especifico internacional de los
humos secos a 150 °C, el cual es 0,24 Kcal/Kg.’C Equivalente a 1005 KJ/Kg.°C



Cantidad de gas seco a la salida del economizador (Gse)

_ (44,01%C0,) + (32 % 0,) + (28,02 N,) + (28,02  CO) c
SE 12,01(C0O, + CO)

4 (12,01 S)
3
32,07

(44,01 %0,161) + (32 * 0,009) + (28,02 * 0,83) + (28,02 * 0)
SE 12,01(C0O, + CO)

+<12’01 00142)
*
32,07

<0,8709

Gsz = 13,88 Kg/Kg

Cantidad de nitrogeno N2 a la salida del economizador

N 28,02 x N - <12,01 5)
= E 3 —_— %
GSE 712,01 % (CO, + CO) 32,07

N — 28,02 * 0,83
G5E 712,01 % (0,161 + 0)

«(0,87622) = 10,53 Kg/Kg

Cantidad de aire seco (As)

AS — NGSE - NZ
07685
o _ 105300059
S=—o76s5 1370Kg/Kg



Tabla AP.2.1 Vapor de atomizacion (Va)

400 MW 0,08 Kg/Kg
300 MW 0,08 Kg/Kg
200 MW 0,08 Kg/Kg

Humedad en el Gas a la salida del economizador (Hgse)

Hysp = (8,936« H) + (Ha*As) + Va

Hysp = (8,936 % 0,1032) + (0,01672 = 13,70) + 0,08 = 1,23 Kg/Kg

Cantidad de aire seco a la salida del intercambiador (Gsl)

_ (44,01 x CO,) + (32 % 0,) + (28,02 * N,) + (28,02 x CO)

SL —

o

12,01(C0, + CO)

12,01 S)
*

32,07

_ (44,01 x 0,156) + (32%0,01) + (28,02 * 0,8335) + (28,02 % 0)

SL —

(12,01
32,07

GSL = 14,28 Kg/Kg

Cantidad de humedad a la salida del intercambiador (ChsL)
Chst = Husg + (Gs, — Ggsp) xHa

Cpsi = 1,23 + (14,28 — 13,88) * 0,0167 = 1,237 Kg/Kg

12,01(C0O, + CO)

. 0,0142)>

(c

<0,87O



Cantidad de fuga en el intercambiador (FL)

_ Gs, + Cpsi, — (Hgsg — Gsg)
Gsg + Hese

FL

L 14,28 + 1,237 — (1,23 — 13,88)
N 13,88 + 1,23

*100 = 2,71 %

Temperatura de aire entrada al intercambiador (Tael)
Tael=80°C

Temperatura del gas a la salida del intercambiador (Tgsl)
Tgsl=150 °C

Temperatura corregida

T. — FL Cea(TgsL - TaeL)
¢ 100 * C,,

+ Tys1,

Donde:
Cea= Calor especifico del aire= 0,24
Ceg= Calor especifico del Gas= 0,24
Pérdidas en la Caldera.
1. Pérdidas de aire seco (Pas)
Pas = Ggg * Cog * (Tc — Tas)

K
Pas = 13,88 x 0,24 * (150 — 29) = 1687,57 K—é



2. Pérdidas por humedad en el combustible (Phc)
Phc = H,0 * (ha — hg)

K
Phc = 0,001 * (582,89 — 298,17) = 1,17é

3. Perdidas por hidrdgeno presente en el combustible (PHyc)

PH,; = 8,936 x H x (ha — hg)

K
PH,c = 8,936 * 0,1036 * (582,89 — 298,17) = 1103,55 é

4. Peérdidas por humedad en el aire (Pha)
Pha = Ha * As * (ha — hg)

K
Pha = 0,1016 * 13,70 * (582,89 — 298,17) = 1659,22 é

5. Pérdidas por CO(Pco)
P ¢o 5640 « C
= ——x% *
€0~ co, - co

Por partir de una combustién completa las pérdidas por CO en el combustible son cero,

ya que hay presencia de mondxido de carbono en los gases de combustion.

6. Pérdidas por radiaciéon (Prap)

P =P VCS
RAD RAD * * 100

Siendo Prap el porcentaje de la carta ASME PTC 4,1
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Tabla AP.2.2 Pérdidas por radiacion

Carga Pérdida por radiacion
400 MW 150,72 KJ/Kg

300 MW 110,95 KJ/Kg

200 MW 81,64 KJ/Kg

Sumatoria de las pérdidas calculadas:
ZP=Pas+ Phe + Prac + Pha + Pco + Prap

Finalmente la eficiencia de la caldera

=11 P 100
= —_ k
NcALDERA PCl

PCI= 41880,5 Kj/Kg

Nota: Este poder calorifico fue obtenidos de los registros que llevan los operadores de

planta)

(1 4562,46) 0
= _ — | %
NcALDERA 41880,5

Ncarpera = 89,1 %

Tabla AP.2.3 Comparacion de eficiencias obtenidas por el método directo e
Indirecto

Variables Condicion Nominal Condicion Actual

Carga 300 MW 300 MW

Eficiencia Método Directo 98,5 %
Eficiencia Método Indirecto 98,5 %

Hay una caida de la eficiencia de 7,8 % con el método directo y con el método indirecto
9,4 %



1.- DATOS GENERALES DE LA CALDERA
1.1 Tipo de caldera: Acuotubular
1.2 Marca:

1.3 Afio de fabricacion:

1.4 Pais de procedencia:

1.5 Tipo de combustible  Fuel

que utiliza oil Diesel

1.6 Tipo de hogar: Al vacio

CARACTERISTICAS DE LOS TIROS

1.6 Inducido mecénico Ind. Natural
1.7 Horas de trabajo al afio:
1.8 Posee: Sobrecalentador

1.9 Posee precalentador del agua de alimentar?

TIPO DE ATOMIZACION
1.10 Mecanica

1.11 Posee precalentamiento del combustible?

1.12 Entrega Vapor: Saturado

1.13 Posee tratamiento del agua de alimentar?

1.14 Posee sistema de limpieza de superficie?

1.15 Se realizan analisis de gases periodicos?

1.16 Se realizan analisis quimicos del agua de la caldera?
1.17 Posee documentacidn técnica?

1.18 Posee banco de prueba de quemadores?

Presurizado

Mecanica con Vapor

Pirotubular

Bagazo

CTE

Crudo

Gas Nacional

Forzado Mecanico

Economizador

Sl

Sl

NO

Copa Rotatoria

NO

Sobrecalentado

Sl

Sl

Sl

Sl

1.19 Posee instrumentos de medicién de los siguientes parametros

Temperatura de los Gases a la salida__ Temperatura del Agua de alimentacion

Flujo de Vapor
1.20 Magnetizador para el H,O de Alimentacion
2- INSPECCION VISUAL DE LA CALDERA

2.1 Compruebe el estado técnico del refractario

Presién del Vapor

NO

NO

NO

NO

NO

NO

Flujo de Combustible

Emulsor de Combustible

°C

Calentador Aire

Temperatura del Vapor



y del aislamiento térmico, la temperatura de
las paredes exteriores no debe exceder de los 50
°C.

2.2 Reuvise el color de la llama, este debe ser
uniforme y anaranjado.

2.3 Verifique el funcionamiento libre de las
compuertas de regulacion de aire.

2.4 Compruebe la hermeticidad de las mirillas y
registros de acceso.

2.5 Compruebe el funcionamiento de los niveles
visuales de agua.

2.6 Compruebe si las valvulas de seguridad del
domo principal funcionan libremente.

2.7 Compruebe si los sistemas de regulacion
automatica funcionan.

2.9 Chequear si se recuperan las purgas mediante
sistema de Flash.

2.10 Compruebe si los sistemas de proteccion
funcionan.

2.11 Compruebe si los ventiladores de tiro forzado
e inducido tienen ruido y/o vibraciones.

2.12 Chequee si tiene salideros de vapor.

2.13 Chequee si existe salideros de agua.

2.14 Compruebe si el operador conoce el valor de
los principales pardmetros de trabajo.
(Todos los del modelo GV-3)

2.15 Compruebe si existe el libro de control de
los parametros de trabajo diariamente

2.16 Verifique si existen Plan de
Mantenimiento y su cumplimiento.

Amarillo brillante

Anaranjado
Rojizo

Funciona Bien

Funciona Regular __

Funciona Mal

Buena
Regular
Mala

Funcionamiento

No funciona

Sl
NO

Totalmente
Parcialmente
No Funciona

Sl
NO

Bien
Regular
Mal

VTF VTI
s _ NO
S| NO

Sl NO

Sl NO

Totalmente

Parcialmente
Sl
NO

Existe y se cumple__

Existe y se viola
No existe



3- PARAMETROS DE LA CALDERA

31

3.2

3.3

34

3.5

3.6

3.7

3.8

3.9

3.10

311

3.12

3.13

3.14
3.15

3.16

3.17

3.18

3.19

3.20

Produccion de vapor.

Temp. de vapor entregado.
Presion del vapor entregado.
Temp. del agua de alimentar.
Presion del agua de alimentar
Temp. del combustible.
Presion del combustible
Temp. gases de salida.
Temp. aire entrada del horno.
Exceso de aire a la salida.
Consumo de combustible.
Indice Bacharach.

CO, en gases escape.

O, en gases escape.

CO en gases escape.

% de purgas.

Caudal agua alimentar

Sélidos totales en el agua de la caldera.

Rendimiento térmico.
Ind.generac. bruta.
Humedad del bagazo.

Contenido de sacarosa del bagazo.

Uni- Método
dades Obtenc.
t/h Medicion
°C Medicion
kg/cm? "
°oC "
kg/cm? "
oC "
kg/cm? "
oC "
oC "
- Célculo
kg/h Medici6n
- Medicion
% "
% "
% "
% Estimado
kg/h Medicién
ppm Medicién
% Célculo
ka/kg Célculo
% Medicion
% Medicion



Valor Valor Uni- Meétodo

Nominal Real dades Obtenc.

3.21 Temperatura ambiente. °C "
3.22 Temperatura de las cenizas. °C "
3.23 Temperatura media de la pared. °C "
3.24 Diametro de la caldera. m "

Longitud de la caldera. m "
3.25 Poder Calérico Inferior. kcal/kg Calculado

0 por datos

3.26 Sélidos totales en el agua de ppm Medicion

alimentar a la caldera.
3.27 Costo del combustible. USD/t Datos



BALANCE ENERGETICO DE LA CALDERA

Generador de Vapor No.

ENERGIA DE ENTRADA (kcal/kg)

CONCEPTO VALOR (kcal/kg)
1 Poder cal6rico inferior

2 Calor de calentamiento del combustible

3 Calor aportado por el aire precalentado

4 Calor aportado por el vapor de atomizacion

5 Total

ENERGIAS DE SALIDAS (kcal/kg)

CONCEPTO VALOR (kcal/kg)

1 Pérdida por Calor sensible en los gases

2 Pérdida por CO en gases

3 Pérdida por incombustién mecénica
4 Pérdida por radiacion y conveccion
5 Otras

6 Calor (til

7 Suma total

NOTA: En el balance de la energia de salida la columna de % es con respecto a la energia de entrada.

%

100

%



1.- EVALUACION DE PERDIDAS

1- PERDIDAS POR ORIFICIOS Y VENTEOS

DATOS NECESARIOS

1.1.1 SALIDEROS DE VAPOR DETECTADOS

DIAMETRO DEL CANTIDAD DE PRESION DEL
SALIDERO SALIDEROS VAPOR EN
EN mm ka/cm?

1.1.2 Calculos (Utilice el anexo 1).

1.1.3 Pérdidas de vapor: kg/h
1.1.4 Pérdidas de vapor: kg/h
1.1.5 Pérdidas de vapor: kg/h
1.1.6 Total de pérdidas: kg/h

1.1.7 Célculo: (1/Indice de generacion) x Factor 1.1.6 = kg Combustible/h



12 PERDIDAS DE CALOR POR AISLAMIENTO DE TUBERIAS
DATOS NECESARIOS

- Si la tuberia no tiene aislamiento térmico y no conoce la temperatura de su superficie.

2.1.1 TUBERIAS SIN AISLAR

Didmetro | Longitud Presion Temperatura Horas de Cantidad Temperatura
exterior tuberia fluido fluido trabajo de pared exterior de
(mm) (m) (kg/cm?) (°C) (h/afio) accesorios la tuberia
(°C)

1.2.2 Célculo (utilice el Anexo 2) en todos los casos.
1.2.3 Resultado: kg de fuel oil/afio.

- Si es un tanque y no tiene aislamiento térmico necesitara:

1.2.4 TANQUES SIN AISLAR (SIN AISLAMIENTO)

Tanque Temperatura fluido Longitud o altura Diametro exterior Horas de
No. interior (m) (m) trabajo en el
(°C) afio




1.25  Si el recipiente no es cilindrico, tome las dimensiones necesarias para el calculo de la superficie exterior
y datos
de 1.2.4.

126  Resultados: kg fuel/afio.

1.3 PERDIDAS POR NO RECUPERACION DEL CONDENSADO

DATOS NECESARIOS
13.1 % condensado perdido de la produccion de vapor. Calculo (utilice grafico del Anexo 3).
1.3.2 Resultados: % de incremento del consumo fuel oil

1.3.3 Calcule: (linea 1.3.2)(Consumo Fuel/afio)/100= kg Fuel/afio

14 PERDIDAS DE COMBUSTIBLE POR BAJA TEMPERATURA DEL AGUA
DE ALIMENTAR

Por cada 5 °C menos que tenga el agua de alimentar en relacion la que deba tener, estime un 1% de
incremento
en el consumo de combustible respecto al nominal.

1.4.1 Temperatura Nominal del agua de alimentacion - Temperatura Real = °C

1.4.2 Resultados: % de incremento del consumo de fuel oil.

1.4.3 Calcule: [(linea 1.4.2)/100](consumo fuel al afio) = kg/afio

15 PERDIDAS POR NO AJUSTE DE LA SALINIDAD EN LA CALDERA

1.4.1 Masa de vapor producido (M,)

Datos en 3.1 del modelo GV - 3y 1.7 del modelo GV - 1

M, = {(kg vapor/h)(h/dia)(dia/semana)(semanas/afio)]/afio}/1000 t

1.4.2 Por ciento de purga requerido

Datos en 3.16 y 3.26 del MODELO GV - 3

% de purga requerido = [STD agua alimen./(STD caldera - STD agua de alimentacién)]100

1.4.3 Fijar que valor de salinidad debemos recomendar alcanzar mediante un mejor control de las purgas
y en correspondencia con los valores especificados en la norma UNE-9075. (ver ANEXO 5).

1.4.4 Por ciento de purga ajustada

% de purga requerido = [STD agua de alimentacién/(STD recomendado - STD agua de alimentacion)]100



1.4.5 Disminucidn del por ciento de purga

A P =% de purga requerido - % de purga ajustado

1.4.6 Disminucion de la masa de purga (A M,)

AM,=M,AP tafio

1.4.7 Se determina la entalpia del agua a la presion de trabajo de la caldera (i en kcal/kg).
1.4.8 Determinacion de sobreconsumo de combustible

F=(AM, ia)m VCI kglafio

1.4.9 Disminucién de los costos de combustibles

(F)(precio del combustible) = USD/afio



INSPECCION ESTATAL ENERGETICA

MODELO
H-1

RENDIMIENTO TERMICO DEL HORNO

DATOS NECESARIOS PARA EL CALCULO VALOR | UM
11 Tipo de horno
1.2 Combustible que quema
13 Consumo de combustible 2/n
14 Longitud del horno m
15 Ancho del horno m
1.6 Temperatura de salida de los gases de escape °C
1.7 Temperatura de salida de la carga del horno °C
1.8 Temperatura de entrada de la carga al horno °C
1.9 Carga alimentada al horno ka/h
1.10 Volumen de aire introducido al horno m3/h
111 Temperatura entrada del aire al precalentador de aire °C
1.12 Temperatura de salida del aire del precalentador de aire °C
1.13 Poder calérico superior del combustible kcal/kg
1.14 Poder caldrico inferior del combustible kcal/kg
1.15 Contenido de CO, en los gases de escape %
1.16 Contenido de O, en los gases de escape %
1.17 Calor especifico de la carga a la temperatura que tenga kcal/kg.°C
1.18 Rendimiento Nominal del horno %

Resultados (los principales son los siguientes)
1.19 Rendimiento térmico del horno %
1.20 Pérdidas no medidas kcal/h
1.21 Pérdidas con los gases de salida kcal/h
1.22 Pérdidas totales kcal/h
1.23 Calor absorbido por la carga kcal/h
1.24 Sobreconsumo de combustible para baja eficiencia t/periodo
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Figura B.1 Ensamblaje del rotor



Figura B.2 Ensamblaje del generador

Figura B.3 Unidades de condensadores




Figura B.5 Falta de Aislamiento en las Valvulas



Figura B.6 Falta de Aislamientos en Tuberias

Figura B.7 Falta de Aislamientos en Tuberias



Figura B.8 Ventiladores de recirculacion

Figura B.9 Ventiladores de recirculacion



A 5
Figura B.11 Tuberia de succién agua de Mar
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Figura B.13 Piezas de Atomizacidn para la punta de Tobera



Figura B.14 Alabes de la Turbina






SVI¥VO A SYHNOM ¢ SV18)

| 8PSEL 08v0'9 890¢°1 0°9L9C 0°LSTT 061y $'905¢ 9°L80T 16'81% 6TLI9'1 v0100°0 S§zeI0T - 001
8S1Iv'L 6591°9 0052’1 1°899C 0LTT ¥6'L6E 9°00ST L'T201¢T 98°L6€ 86'1 0¥0100°0 PSS¥8 S6
06LY'L 99879 141! 10992 (%144 06'9LE S'veve L'LI1T T89LE 19¢°C 9€0100°0 6£1°0L 06

- 1442 %" 201¥'9 TrET1 6'169C 096TC 88°66¢ ¥'88¥T 9TelT 78'SS¢E 878C T€0100°0 vER'LS S8
I2i9°L 69¢5°9 5L0°1 L Ev9T 8°80¢€TC 88'vee TT8YT yLYIT v8yee LOY'E 6201000 06¢°LY 08
¥T89°L 0,999 bS10'1 £6€9C ¥ 1zee 16°¢le 6°SLYT 0'791¢T L8'E1E ey 920100°0 8LS8E SL
T°SSLL 0089 8¥56°0 8'979T 8'EELT 96°C6¢ S69YC 99L1T £6°C6T wo's €20100°0 381°1¢ oL
60€8°L SLE6'S €680 T'819C TIvET £0°TLT | %44 1'161C 00'TLT L61°9 0201000 £€0°ST s9
S606°L $8L0°L 11€8°0 9'609T $°'86¢€T 11°18T 9'9$vC §'s0CT 60°1SC 1L9°L L10100°0 7661 09

b Z166°L YeTt'L 6L9L°0 6°009C L'0LET 0cT0eT 1'osve 6'617C 61°0€T 8966 $10100°0 8SLS1 SS
79L0°8 STLEL LEOLO 1°265C LT8¢T 1£°60C SEVVT TyeTe 0€'60C 4304 Z10100°0 0seCl 0s
LY91°8 1925°L 98¢€9°0 [A%:174 8P6ET [44:1:1 8°9¢VT v'8¥TT 19881 8ST'SI 0101000 €656 Sy
69578 SYP89°L YTLS 0 £PLST L'90¥T ¥ L91 10 979T¢C £€5°L91 £€Ts°61 800100°0 LEBE'L ov
0€SE'8 8LY8'L S0S°0 £695C 9'81¥T 99°9v1 yeTve L'9LTT S99v1 91T'sT 900100°0 0829°S (33
€ESH'8 ¥910°8 69€V°0 T99S¢C S0EYT LLSTl 9°91¥C 8°06CC LLSTL £68°C¢ ¥00100°0 19vTy 0¢
6L55°8 S061°8 €L9E°0 TLYST [ 4444 L8'¥01 8'60vC 6'v0ET 98101 (3344 £00100°0 1691°¢ ST
1,99°8 90LE’8 99670 1'8€ST 184544 6'¢8 6'70vC 0°61¢£C v6'€8 06L°LS 200100°0 S8¢€L'T 0T
€18L'8 69658 SYTT'0 6'8TST 6'S9%T 86'C9 0'96¢€C | 2274 86'C9 ST6'LL 100100°0 1S0L°Y St
L006'8 86tL'8 0151’0 L'61SCT L'LLYT 66°'1¥ 768¢€T TLbeT 66'1Y LLE901 0001000 9LTT'1 ot
LSTO'6 96168 19,00 $01ST 9°68¥C 86'0C 4174 £'19¢C L6°0T 8IT'LY1 0001000 12L8°0 S
295T1°6 79616 00000 £10SC £'10sT 000 £'SLET £6LET 000 TET90T 0001000 €II9o 100

g s Is 2y Uy fy 3n 3/n fn 2a fa d z
opeanjes  ‘deaqy opeanjes opeanjes ‘deaqy opeanjes opeames  -deagy opeanjes opeanjes opeanjes edN ‘ed Do
Jodep opmby Jodep opmbry Jodep opmby xodep opmbry UQISIIE -duray,
W Sy/ry ‘erdonjuy S/ ‘erdjeyuy B/ “eurdyul 139Uy Bri/ W ‘0opoadsd UAWINOA
(IS sapoprun) vanppaadus) ap v}qv} VPYINIDS oSy IST'T'V VI4dVL
(IS Sapopiun) vn3p 2P SVINUPUIPOULIZ] SIPDPI] do4d ISU'V V'IAV.L




mcuras v cartas I 757

TABLAS.

g

TR D

756 M Apenpice A

L6TV' D 0 L6TVY  £660T 0 976607 97620 0 866207  SSIE000  SSIE00°0 680°TC  ¥I'PLE
6Ly 89890  vOII'y  T'TEET 8 Ivp LE068T  $'8TTT L'P8E Y8 EV8I 9z6¥00'0  €1TT000 820°17  OLE
§ZSO's  GLEI'T  9vIeE  O'I8KT S0TL 8Y'09L1  S'ISET £929 61'STLI SP6900'0  T68100°0 1$9'81  09€
111TSs  9€ep'l  9LLL'E  6°€9ST v'E68  YSOL9L  t'8IVT 9'9LL 18191 £188000  OVLI00'0 yisol  0S€
oceE’s  €9L9°T  €659°C  0TIOT  6LTOL  STHEST  SYOVT €168 9Z0LS1 L6LO10°0  8£9100°0 98Syl  OvE
oIby'S  6068'1  90SSE  8°699T  9OPIL  6TSTST  6'86¥C L'€66 ¥T'S0S1 9662100 1951000 Sy8'TI  OfE
l9¢c'c  7880°T  6LbYE  100LT  9'8€Tl  SYIoYl  §'STST 60801 SSYPPl 6¥S100  66¥100°0 pLTIU  0TE
cogs’s  1z81c  IS6€E  vHILT €8Tl LEOEYD 99857 T'HCII Yy SIpl L8910°0  TLPIOOO LyS'O1  SIE
6779'c  LELTT  TevEE  €LTLT  O'9ZEL  6TIOVL  vY9PST  vesll €0'L8ET SE8100  LYP1000 9968'6  OI€
b99°'s  €€9€°T  600€€  L'8ELT  V99EL  EETLEL  TESST  6S6IT TT6SEL $6610°0  STYI00°0 81076 S0€
vvoL's  1ISt?  €ESTE  6'8PLT  6OVL  TOPPEL  O°€9ST . OIETI LE'TEEL 191200 OY100°0 0185’8 00€
ochL's  SLEST  190TE  O0'8SLT  ®Ippl  LTOIEL  669ST  LYITI 1TSOET ySETO0  ¥8EI00°0 $266'L S6T
1Z8L°S  LTT9T  €6SU'E  1'99LT  TLLYT  ¥0'68TT  0'9LST 1'L6T1 68'8LT1 LSSTO0  99€100°0 09€rL 06T
s6Ig's 6907 6T €ELLT  OTIST  6TToTI vissT  v8TEl 86'75C1 LLLTOO  8PEI000 ¥6069 8T
0Ls8'S  €06LT  L990°E  S6LLT  9EPST  LE'SETT  T'98ST  L'8SEl £v'LTTL L10S0°0  TEET00°0 LIIY'9 08T
LE6%'S  0EL8T  80TOE  0'S8LT  6pLST  SO0IZL  T06ST  6L8E] XA/ Al 6L7€00  LIEI000 81¥6'S  SLT
1086'S  1SS6'T  OSL6T  L'68LT  TSO9L  6v¥8II  L'€6ST  E£9IVI EELLLT $9S€00  TOEI00°0 L86V'S  OLT
1996's  89€0°C  £676T  9O°€6LT  EPEIT  LTESIT  9'965T 6wyl zLTS11 LL8EOO  68T100°0 €180°S $9T
81000  ISII'E  LE88T  696LT ST  SEPEIT  0'665T  9OLYI LESTIT 0TIP0'0  9LTIO0O 9889y 09T
pLE0'9  T661'C  T8ERT  S'66LT 86891  TL6OIL  6009T  L96V1 9T 011 865400 €9T100°0 s61Ey  SST
67,00  TOSTE  LT6L'T  S'108T  TOILL  vE'S80l  ¥'T09T  0TEsl LE0801 €10S0°0 151000 0EL6'E  0ST
€801'0  zI9€'€  ILpLT  6T08T  LIpLL TITI0L ¥'€09T  L'OVSI 699501 0LPSO0  OVZTI000 T819°€ ShT
ocb1'9  Tevb'e ST 8°€08T  S'99LT  IELEOL  6'€09T  80LST 61°€€01 9L650°0  6TT100°0 wree Okt
16L1'0  €ETS'E  LSS9T  L'K0ST  SO6LL  I9ET0L  [HO9T TSI 88'6001 9€S90°0 611000 1090°€ 974
9p1z’9  LPO9'S  6609T  6'€08T  8'EIBI 01066  6€09T  TLI9T 7L'986 851L00 601000 6¥6L'T  0O£T
70S7°9  £989°€  6€9ST  €€08T  S'9ERT LL'996  €€09T  9°6€91 TL'€96 68L0°0 . 6611000 LLYS'T sTT
35 afg is 3y 21y "y 3n 3/n In 34 Ja d I
opeanjes  ‘deay opeanjes opeanjes ~deaqy opeanjes opeanjes -deaq opeanjes opeanyes opeames vdiN Do
Jodep opmmbyy Jodep opmbyry Jodep opmbry aodep opmbry uoIsdag ~durdy,
o Sw/ry ‘erdonyuy S/ ‘erdresuyg S/ ‘eusajul eidaouy F17,m ‘00y§0ads3 uSUIN[OA \—
wwwm‘w Mwwm.m wm MM M AMNMM M.MMM” ” WHMMM geor ¢ 1991 mw”og 619800 0611000 SLIET 0zT
. 1’109 67891 z1'816 6LV60°0 18110070 Tol'T stz
v8SE'9  LEE6'E  LVIYT  S86LT  L'O06I SL'L68  +'665T  6'€OLI 15568 IPP01°0  €L1100°0 €906'1 01z
1$6€'9  TLIOY  6LLET  0'96LT  O'1T61 €O'SL8  SL6ST  SPTLI T0°€L8 1ZSI10  $91100°0 0£ZL'1 S0z
ceer's pIOT'Y  S0E£€T  TE6LT  LOV6L £V'TS8  €565T  L¥bLl ¥9°058 9€LZ1'0  9S1100°0 8€55'1 002
L69Y'9 €981'F  SE€8TT  006LT 00961 96'6T8  8'T6ST  PHILI 9¢'378 SOIPI'0  6P1100°0 8L6E'T <61
e mw waoww ploowoel e e
LS8S'9  19bbb  S6EL'T  TBLLZ  OSI0C  ITE9L  LESST M.Nof sovst 60vL10  ¥ELI000  Leel'T S8l
. . 1281 80°Z9L SOY6I'0  LTI1000 7200'1 081
95799 LYES'P  6060°C  9'€LLT  ¥TEOT  OUIpL  TO8ST  0°0v8] 91°0vL 089120 1211000 07680 SL1
10SL°9  SLOSY  9TYE'I I'8SL7 9°780T €569 18957 o.onf 39 .o% %ﬁm.o 801100°0 S00L'0 $91
bE6L'0 0106  ¥T68'1  YTSLT  9'860T  T'ESO  0'P9ST rorel e 90L0E0  ZOI1000  SLIS0 091
8LE89 0966  LIW®'T  ¥9vLT  EVIIT 81'T€9  §6SST w.oa_ mn.m@ 9L9¥E0 9601000 1E0S°0 st
} . 4 . . . . 6°LT61 99'1€9 8LZ6E0 06010070 65LY°0 0S1
LLLES  LO6TS  6989'L  €LILT  9'6SIT  LYL9S  OSHST M.GS o £880S0 08010000 £I960 0¥
6970L  ST6ES  E¥EOT  SO0TLT  THLIZ  6TIVS  66EST o.ES ve Lo Licgs0  <LOI0OD  OEIE0  SEI
PLLO'L  T96Y'S  TISS'1 S€ILT  S88IT  96HTS  9PEST .mma ot o oot oz o
S6TUL  0T09'S  SLTS'] €90LT  9T0TT  69°€0S  T6LST Soc0s b R Sor0e eeeo o<
TE/I'L  00IL'S  EELV'T 06697  §9I1TC  9¥'T8y  L'E€TST o - N e
. ) [at 8T'T8Y 99€0°1 9501000  90691°0 30
98€TL  20T8S  V8IV1 §1697  TOELT  LTI9Y  1'8IST  O°LSOT rANC T01TT  TSOI00'0  8TEVI'O o011
8S6TL  8TEES  6T9CT  8'E89T  L'EWTZ  EIOWY  €TIST  €TLOT 000 v61'1 LVOI000  TBOTI'0 01
o .w”u: s .a&n s " Iy Hy n 2/n n Sa . fa d Z
e s g e oo e mETOUI T e
mby 0 pmby todep opbyy ugIsaxg dura,
A 3w ‘edonuy By ‘eydieiuy B/ ‘euaaur eyFieuy S/ ‘ooypoadse uSWIN[OA
(IS sapoprun) vanv.aodwia ap viqo} :vpoamps oSy IST'T'V VIV.L
) (IS sapoprun) vn3p 1op spo1UPUIPOWLID] SIPPPaIdo.L] (Ig1dENUnUC)) IST'V VIAV.L




=)
un
©~
]
a 1L6T9  8€6L'€ - bEOST  L'108T  TS98I 8’96 0T09T  T8991 I8°€€6  $L880°0 L81100°0 Sr81T sTT
g
% S0PE'9  SE68'€  ELYPT  §66LT L0681 LL'806 €009  8'€691 906  £9660°0 LLI100°0 wTie 00T
3
> $68€°9  ¥HOOF  IS8€T  ¥96LT  0'8I6I 8y'8Ls  ®L6ST  P1TLL ppoL8  6EIT'O 9911000 9L'$0T SL1
g 8ppb'9  86TUF  OSIET 16l €LY6! L8PS svest  £ISLY PIEP8  LLIELO ¥S1100°0 7E'861 05’1
3
£ 7699 0S8y TY8TT  006L L6561 67°0€8 8°T65T 1'p9L1 89'878  Y8OVI'0 6¥1100°0 LO'S61 or'i
m €569 SEvTy  VISTT  9L8LL  L'TLEI 16v18 6065T.  S'LLLY wes  STISTo PY1100°0 v9 161 0€'1
& €€75°9  L90E¥  $91TT  8'¥BLT 79861 v9'86L  8'88sT  9'l6LI LTL6L  €EEITO 6£1100°0 66'L81 0T'1
cece'9  phLEy  16LI'T  LI8LT  v'000T  TEI8L  v98sT  €9081 80°08L ESLLIO €€1100°0 60781 o1t
$98S'9  SLbpb  98€I'T  1'8LLZ  €SI0T  6LTOL 9'¢8sT  0'TT8I LYTIL  vrb610 LTI100°0 16°6L1 00'T
0v09'9  698Fy  ILIIT  T'9LLT 1'€20  O0€SL 1786C  T0£81 YEISL  THOTO ¥Z1100°0 69°LLI $6°0
€779'9  08ISy  9¥60T  6'€ELLT  TIE0T  T8TWL §'08sC  L'8E8T 18'1pL  0SITO 1211000 8€°SLI 060
12v9°9 11LSy  60L0°T  9ILLT  ¥6E0T  OTTEL L'8LST  ¥LYST STIEL  0LTTO 8111000 96'TLI $8'0
L2999 9919t  19¥0°T 1'69LZ  0'8%0C  OL'ITL  8'9LST  9'9S81 0T0TL  ¥O¥TO S11100°0 £70LI 080
9p89'9  LP99V  6610°T  P'99LT  OLSOT SY'60L LYLST 19981 79'80L  9SSTO 1111000 LL'L9T SL0
080L9  8SIL'Y  TT66'L S'€9LT  €990T  0TL69  STLST 19L81 €969  6TLTO 8011000 L6'%91 oL'o
0€EL’9  POLLY  LT96L €09LT  09L0T  9TH89 roLsT  $9881 $S'€89  LT6TO $01100°0 10291 $9°0
0099 6878t  11€6'1 §96L7  €980C  ¥SOL9  ¥LIST  STL6SI 88699  LSIEO 1011000 8861 09°0
768L'9 0268y  TL68'T  6TSLT  O°L60T 16°559 SY9ST  T6061 0£S59  LTYEO L60T00°0 81'SST §S°0
71289 9096v 90981 LU'spLe S80I 12oy9  TI9ST  9'1T61 99°6€9  6VLED £60100°0 98'151 05°0
c0c8'0  6SE0S  90T81  6'€RLT  LOTIT  YTET9  9LSST  6VE6l SL'TT9  OvIv0 88010070 £6'LY1 Sv'0
8568'9 €611's  99LL'T ¢'8€LT  SEEIT ELH09  9'ESST  E6v6l 6TV09  STOVO $80100°0 €9°€v1 or'o
pLIG9  LYOT'S  LTSLT  9'SELT  8OPIT  6L'V6S €155 69561 8EV6S  PI6V'O 180100°0 TE vl SLEO
yop69  OEITS  wlTLl VTELT  U8PIT 148 6'8¥ST 075961 €6'€85  EVCSO 6L0100°0 88°8€1 0S€'0
1$96'9  9¥9T'S  SO0OLT  0'6TLT  8'SSIT €TELS €ovsT  SEL6L 88'TLS 07950 9L0100°0 0£'9€1 STE0
81669 10zes  L1L9T 5T 6'€91T SY'I9S  9EpST  Y'T86L €19 . 8509°0 ££0100°0 SSEEL 00€°0
8020°L 108€°'S  LOPO'T €17LT vl L8PS sovsz  0°T661 LS'8YS  €LS9°0 0L0100°0 09°0€1 SLTO
s s Is 3y 3y oy 3n n In 3 fa I d
opeanjes  -deay opeanjes opeames ~deaqy opeanjes opeanjes ~deay opeanes opeanjes opeanjes Do eJIN
Jodep opmbry xodep opmbyj Jodep opmbyy aodep opinbry ~dway, uoIsaIg
3 33/rY ‘erdonuy Sy “erdpeyuy /0y ‘eusayul Bldrauy Sy “0o1350adsd UAWN[OA ;f
9TSOL  SShb : : : p , .
aL80 E_m.m MMMW.“ M.W”MM M 1817 pESES  TLEST  1'200T  8O'SES  L8ILO L90100°0  E¥'LTI 0520
‘1617 69'0Z5  9°€€ST T'E10T  SP0TS  €€6L°0 : : :
UZUL  OL6S'S  00ES'T so0iz  007e o . . #90100°0 00+Z1 STTO
0S $'6TST  0'STOT  LPPOS LS8R0 190100’ g :
LILVL 8989°S  8¥8Y'1 §00L  9'€lzT (L6983 : : 00 toz 0020
vy 6TST 1'8€07  8L°98%  9€00°1 LSOT00°0 . i
TETT'L L6SL'S SEEP'1 $'€692 c9722 80°LOY . . 90911 SLL'O
9'61ST  LTSOT  T6'99%  €6SI'1 £50100°0 : :
€V8T°L v016'S 6€LE 1 €897 1T ocy X . LETIT oS0
vy SEIST  €690T  9U'bhF  6PLE] 80100" : :
€6SEL 89500 STOEL  §SLT O : . A . 00 66501 §ZI'0
0857 bvLIY 1'90ST L8807 €€LIF 069’1 £/0100°0 79'66 001°0
€9SY'L  PEPT9  6TITI 0'€997 987  9¢ : . S
6€6SL 67059 01601 scv0r  booet (433 L'96vT  vTlit  6TY8E L1T'T LEOTO00 LL'T6 0'sL
: LYOVE  8'€8YT  bEpIT Ty ove Aty : . .
00L9"L 199 8570°1 19692 zelse . i 0£0100°0 €718 00S
SSLIE  OLLVT  S'6S1T 15°L1€ £66'€ 9 : . .
980LL  LVISO  6LHE'0 €297 198 1T . : co10000 L8 oor
T68T  v'89¥T  T6LIT  8I68C 67T'S 220100° . .
EIE8L  €8€6'9  0€68'0  TSI9T  E9VET 06 : : 000 0169 oot
1LT I'egve 1612 88'1LT Y0T'9 0 : . -
$806'L  99L0L  GIER'0  L'609T  E'8SET . . co1000 L6V 0’5z
8€'15¢C L'9S¥T  ¥'S0CT sE'1ST 6v9°L : : .
¥800°8 9€STL  8WSLO 1'665T 1'ELET : . L101000 9009 00z
16S2¢ L'Sybr  8TTTT  06'STT zz0o'01 : .
10518 010S'L  T6V9'0  9V8ST  8T6ET ‘16 : ; r10100'0 Loes ol
18°161 6°LEVT rover  6L161 YLD : .
viszs 1$19°L €9LE0 8bLST 09052 . ) 0101000 18'sy 001
LL'89I S0ebT  L19TT  9L'891 8€T'61 : :
0S6£°8 L3162 €OLY0 b 19T LeTve ) } 800100°0 6701 S'L
6L°LEL S0TbT  L'TT  6LLEL €61'8C : .
OPLY'E  0TSO'S  9TLVO  YPSST  6TEHT : : £00100°0  8872¢ o
LAt TSIve  Le6Te vzl 008'% : -
< SLLS®  1€2T8  SPSE0  SSpST & . . £ root000 et oy
3 ) PrPT €0'101 $'801C §°L0ET £0°101 $99°s € : . -
g 1£9'8 l1ges 0Z1£°0 00ST 9 1shz . i 001000 80'vC X3
2 ) Ly'88 YyO¥T  6'S1EC  LV'S8 vST'YS 200100° : -
& 9ETL'®  6TOY'8  L09TO  SEEST . . : o 80IC ST
Z 0°09+C LY'EL $'66€T  0'9Z€T  L¥'EL $00° : .
8.78'8 2759°8 0561°0 cszez g ) - 00°L9 1001000 0S'LI 0z
o oLYT 0L'vS €C6ET  9'8EET OLHS 086'L8 00100° X -
95L6'8  L698'8 65010 T : : . . 1001000 €0°€l $
% 7951°6 79516 0 M__VA_VMM orsve am.om 086 L'SSET  6T6T 807671 0001000 86'9 01
< - _ _ €105C 00°0 £5LET €SLET 0 TET'90T 0001000 100 €119
s s Iy, »s—x .\& 3y 3, 5
operames  ‘deaqy opeanje: . n n 3a Ja I
sodz ovv__..v.‘.—m oWMM”N»am deay Mv«.:__.uum opeanjes ~deay opeanes opeanmjes opeanjes Do .WMV_
¥ pmbry Jodep opmbyy Jodep opimbyy -durag, oSO
i 3y ‘eydonuy T - T o Q15914
. d S/ ‘eurauy eysaauy Bry/gw ‘ooygp0adsd uauInjop
(IS sapopiun) ugisaud ap v)qvy. :vpangs vy ISTT'V VIAVL




TasLas, FiGuras Y cartas I 761

760 M AeinoicEA

vPT6'8 YLSIY §799¢ et SLSO'6 8'LSIY 67799¢ P66¥9°'1 0SyT'6 £'8STY 7'£99¢ 6€SLY'T 008
L8698 $926¢ 6'LLYE LYITT1 61£8'8 1°L26¢ v'8LYE €LS6Y'1 ¥610°6 LLT6E 8'8LYE 9TYPT'T 00L
LSSY'8 ¥'T0LE T00t€ §S500°1 76858 TE0LE 8°00¢C 9ETPE1 69LL'8 0'%0LE y'10€€ L6T10°T 009
TI161°8 6'v8Y € AL YARY v€688°0 05TE'8 0'987¢ 00¢ic 699811 [438] 0°L8YE Logle 6€18L°L 00$
¥868°L VELTE ¥'¥967 T9TLLO 67¢0'8 0'SLTE $'596C 161€0°1 L1TT8 S9LTE L9967 0£6HS'T 00v
1996°L L'990€ 8'¥08T ¥8¥59°0 T0LL £690¢ L'9082C 675L.8°0 9T68'L 8'TLOE 9°808¢C 9191¢'l 00¢
88LEL 96T 1°92LT T1565°0 S91S°L 9°L96T L'8TLT 9€96L°0 S80L'L 0°1L6T TIELT 08861°1 0s¢T
90LT"L $098C 8'9¥9C [4443%] SIIeEL $'$98T L0592 6291L°0 9905°L $'0L8C ' ¥S9T €080°1 00T
66769 8'CSLT S¥9ST ¥80LY°0 8LLO'L 0'19LT 8'0LST 88€€9°0 S6LTL 8°'89LT 6°9LST ¥9656°0 (U8
85689 S'8ELT 9'esST 9YTo¥0 81669 £€6TLT 9'EpsT 785090 1L21L 9'90LT §°6TST £L588°0 1es

(€9°€¥1) BdN 00V =d (SS€E1) AN 00E =d (gz°0Z1) BdN 00T =d
816701 S 60vS SE89Y €09T°L 78¢€8°01 9°60¥S 9°¢89Y 12571 018511 L60vS L'e89% €09°CL 00¢1
9ve°01 9'LYIS L'LOVY 986L°9 7999°01 L'LYIS , 8'LovYy L6SEL 060111 8LYIS 6'LoVY L86'LY 00Z1
8S91°01 60687 €LSTY 0LEE'9 858101 1°168% v LSTY vL9Tl L8TT'11 7’168y SLSTY Le'e9 0011
9L6'6 £0v9v 8°TSOP €6LY'S 96701 SOVt 6'CS0Y ISL1l 26E0°11 9°0v9¥% 0°¢S0¥ LSL'8S 0001
LILL'6 196¢Y 8'PS8¢e SEIY'S L£960°01 €96t 6'vS8¢ 87801 S6£8°01 y'96Ed 0'$S8¢ 184847 006
769576 L3Sy $'€99¢ LIS6'V 75886 6’851y L€99¢ 066 182901 16Sty 8'¢€99¢ 9TS 61 008
86€€°6 T'8T6¢ T6LYE 668V 66596 §'8T6¢ S6LYE 186'8 8201°01 L'8T6¢ 9'6LYE 116'vy 00L
SL60'6 LY0LE 6'10¢E 8LZ0'Y LLIV'6 1's0LE T'T0Le 850'8 8091°01 y's0LE §°20¢e S6T 0V 009
19£8'8 1'88%¢ SR LA §696°¢ SPS1'6 9°88%¢E 6'1¢1E yeLrL LL68'6 0°68v¢ €zere 6L9°SE 00¢
yEYS'8 1'8LTE 8'L96CT 9701°¢€ 1988 6'8LTE '896C 60T9 9L09°6 S'6LTE 6'896C €90°1¢€ 0oy
LS1T'8 £¥LOE ¥'018¢C 88¢£9°C 7LES'8 §'SLOE £118C ¥8T'S 1876 §'9L0¢ 1°218¢C Svy'9T 00¢
7£€0'8 €YL6T L'EELT 090¥'C §6Se’8 0°9L6T 0°6¢€LT 128 20016 €LLET 0'9¢LT 9¢1'vT 05T
el £6L8C 0'859C LETLLT 6LS1'8 9°LL8T 8°659C 95e’Y L£06°8 S$6L8T £199¢C ST8'1T 00T
€€19°L ¥'9LLT LT85T ¥9¢6°1 00t6'L 1°08LT 9°68ST 638°¢ 18898 0'€8LT 6°L85CT £I1s°61 0S1
y19¢L 9.9 9'90ST 8669°1 LY69°L S'T89C 9°115¢C 81v'¢ 6LYY'8 $°L89C §'S1sT 961°LL 001
— - — — - _ — - 6vLY'8 9°765CT 6'EvrT 69811 0S
. €6SEL $°6L9T 1'905¢ 0v69°1 6€6S°L 6'SY9T 8¢8YT ovZ'e 10S1°8 9'¥8ST 6'LEVT YLI Y1 ‘1eg
s y n a H y n 4 s Y n a I
(29°66) B 00T =d (€€ 18) edd 0S =d agsy)ediol =d -
(IS sapopiun) opppua224q0s vn3p ap 10dvA ISET'V VIAVL
L6TYV'Y 0 L6TY'Y €660T 0 9T°660T 9°620T 0 86°620T SSI1€00°0 $S1£00°0 vUvLE 60°CT
yTesy L1610 LOEEY 0651T 0'vel 26'v£0T 180T 7801 91'eL61 975€00°0 8082000 08'€ELE 0T
S108'¥y w690 €LOT'Y L'yEET 1444 0£'8881 L0€TT L'88¢ L6 1¥81 £56¥00°0 902200°0 68°69¢€ 0’1z
6926'v Te16'0 LETOY L60vT 9°€8S 81°9T8I 1'€6CC 9°L0S LY'S8LT ¥€8500°0 $€0T00°0 18°69¢ 00T
L2T0°S 180°1 L8€6'¢ SYovT 1°889 €YOLLY 1°8€€T 7’865 L86ELT L59900°0 2610070 S 19¢ 061
vv01°'s 0geT1 €1L8'E 1°60ST TLLL LO'TELL €YLET v'SL9 98'8691 06¥L00°0 0810070 90°LSE 0'81
OLLY'S 869¢'1 8L08'¢ TLYST 6968 ST0691 0'S0vT 8L 91°0991 §9€800°0 0LL100°0 LETSE oLl
12944 6611 09vL'E 9°08ST 9°0€6 000591 L'IEYT 1°608 £9'TT91 90£600°0 11L100°0 €VLvE 091
L60E'S 05291 Ly89°E §'019¢C 00001 SY'0191 149944 8'698 8676861 8£€010°0 8691000 yTTve oSl
9ILE'S S8YL'1 1€29°¢ §'LEIT $'9901 80°1LST 8°9LVT T'8C6 €5°8VS1 S8¥110°0 119100°0 SL9tE ov1
[ X439 81L81 $095°¢€ TT99¢T 8°0¢€l1 op1est ['96+C 0°$86 60°1151 08LT10°0 L96100°0 £6'0€¢E 0el
€T6Y'S 29661 196¥'¢ 8'¥89¢ 9't6ll Y16Vl L'E1ST 8'0¥01 T6'TLYT £9T¥10°0 LTS100°0 SL'YTE 0'cl
LTSS'S €eTle voer'e 9°60LT $'68T S00Sv1 L'6TST 1'9601 89°¢Ll L86510°0 681100°0 S1'81¢ o1t
or19°S SYSTT S6SE'E L'yTLT 1°Liel £5°L0oY1 1 44274 vISIt 00°€6¢1 9208100 TSY100°0 90°11€ 001
1LLY'S S16€°C LS8T'E 1'evit 6'8LE] €T'e9¢el 8°LSST £L0T1 LY'0SEl ¥8+020°0 81¥100°0 0v'€0¢ 0'6
1EbL'S G9¢S°T L90T'¢ 6'LSLT eIvvl 1991¢1 8°695T €y9T1 ¥S60¢el 815€20°0 ¥8£100°0 90°56C 08
[435:39 7T69'C oIzr'e 1'TLLT 1°50s1 L6'99C1 $085C o'ecel 16°L8T1 0LELTOO 16€100°0 88°68C 0L
1688°'S §798°C 9920t €'¥8LT 0'ILST ceelcl L'68ST  -EV8EL 176021 0vPZE00 61€100°0 y9°SLT 09
£ELE'S TEso0'e 1026'C €Y6LT 1'0¥91 1TPSTL 1'L6sT [ X441 SLLYIL IPP6£0°0 9821000 66'€9T 0's
00L0'9 LELTE €96L°C $"'108T TyiLl 6T°L801 £709C 0'0zs! 8801 8LL6V0°0 TSTI00°0 0t'0s¢T ot
[4Y4%°] 000¥'€ Z8TLT '£08C L'ESLT €L'6%01 L'€09C £'86S1 Iv'$Pol LOLS0'0 SETI00°0 09°CHT 0S¢
18619 S891°'E 9989°C 0'v08¢ YyLLL 096201 0'+09¢ ¥'8LST 79°s201 Z5190°0 97T100°0 8¢"8ET STe
69819 TIvs'e 9$¥9°C 1'¥08C L'96L1 1#'8001 1'¥09C £66S1 9L$001 89990°0 912100°0 06'¢€T 00°¢
807T9 0619°€ 8109°C 6'€08C 6'LI8I L6'586 8°€09C Tl §9°'786 SLTLOO LOZ100°0 [A N Y44 SL'T
PLST9 8C0L’E 9YssT 1°£08C 0 1¥81 60°796 1°€09C 091 60656 866L0°0 L61100°0 66°€CC 0s'C
R s Is 3y 2y fy n 3n In 3 fa Z d ,
opeamjes  deay opeanjes opeanjes *deaqy opeanjes opeanjes *deay opeanjes opeanjes opeanjes Do BJIAl
Jodep opmbi Jodep opmby Jodep opmby Jodep opmbry duoy, ugisaxg
3 3y/0y ‘erdoguy B/ ‘erdieug S/ ‘euanuy eidisuyg Byy/ W ‘001310adsa uawIN[oA
(IS sapvprun) ugisaad ap vjqvj :vponios vndy (ugENURUOC)) ISTT'V VIAV.L




3 LE89'L 9'806€  pvovE 669210  LLSLL L116€  999¥€  8€8¥ID SEVRL 9viee  889rE  CESLIO 00L
8EEV'L v'8L9€  1'T8C€  VTEITO  ¥80SL £789¢  0'S8TE  EYTEID 096S'L 79895  0'88Z€  0€651°0 009
- 1LSTL 6'0SbE  L'€OIE 816600  LEETL c9skE  6'LOTE 619110 €ETCL 0TorE  1TIIE  866€1°0 005
g 1500°L TLEEE €S10E 961600  €€80°L ObbEE  ¥0TOE  L8LOT'O SHLI'L $0SEE  PSTOE  P10E£1°0 osy
s POV89 TIRE  v9T6r  €S¥800 11769 80€2€  LTLE6T  9E6600 LY10°L £6£Z6 06667 0102170 00v
2 8599 OPOIE  ESE8T  8LILOO  LTHL'Y €11 L'€W8T  €50600 0v8'9 z9Tie IS8T 9L601°0 0S¢
s 099 §LL6T  O'8ELT  TY890'0  68EST9 c'g667  00SLT  PII80D LEV9O $'8006  9°19LT  06860°0 00€
E 819 7678C  L€T9T  €L8S00  1L8T9 35687  O'PKPOT  8SOLOO ¥804°9 1’0887 ST99C  00L80°0 0st
= — — — - — — - — 8€97°9 €908  9'S09T  LTO80'0 sze
& 75219 v'€08T  L'€09T  LOLSOD 69819 I'v08Z  1'b09T  89990°0 vLST'9 1'€087  L'€09C  866L0°0 768
(09°ZV2) BAN 0S'E =d (06'€€27) BAN 00°E =d (66°€22) 8N 0S'T=d
8ZET'6 I'SO¥S  O'6L9v  90£9€0  LISL'6 9'sOps  F6L9Y  OVEOY0 Y9€T'6 0'90¥S  6'6L9%  TBESY'O  OOEl
90968 6TvlS  TE9Py  YB6ELO 96006 yEplS  L'E9vy  19LLEQ 90’6 6'cplS  TYORP  T8YTYO  00Z1
008L'8 6sssy  LTSTY  6S91E0 0678’8 v'988y  T'E€SZy  08ISE0 L£38'8 o'L8sy  L'€STF  18S6€0 0011
0065’8 opEoy  6LYOY  EEE6T0  06£9'8 TSE9Y  ¥8VOP T 86STE0 8€69'8 $'6EoF  O6¥0v  8L99E0 0001
$68€'8 y68cy  C6Y8E  POOLTO  98EV'S 1’06y  6'6v8€  TI00E0 vE6Y'S 065y S0S8E  TLLELO 006
99L1'8 YOSy O°LS9E  899bTO  8STT'8 €IS1y  L'LS9E  0THLTO 8082'8 I'zSiy  '869€  6S80E0 008
L8Y6'L SLIGE  OILYE €2€720  €866'L 9'gl6E  6'1LVE  8ISKTO SE50°8 L6l6€  LTLVE  LE6LTO 00L
€20L'L 1’069 606Z€ 096610  €TSL'L L1696 1'T6ZE  6612T0 0808'L €695 €E6ZE  866VT0 009
91Er'L 9L9v€  TOIIE  89SLI'0  vIsYL L69vE  ®LIIE  0SS61°0 68€S°L 61LvE  S6IIE  620TTO 00$
0LTI'L oLbze  TSW6T  OTISTO  €6LUL 60s7€  LLv6T  LY8IT'O €LETL Tvsze  10s6C  S0061°0 00
79569 O'LEIE  86S8T  LSSEL0  6600°L TIPIE  6798T  LSPSIO €690°'L YSPIE 0998  9SPLIO 0s¢
£99L'9 $'€Z0€  9TLLT  LPSTI'O  9TT89 76206 89LLT  1T0¥I0 7889 gyeoe  0118LZ  T98STO 00¢
497X $Z06T  9°6L9C  PRIITO 99099 01167 0989T  L6VTIO 2€L99 76167 €769T  YRIFI0 05T
oW1r9 §'Se87  €879C  LLEOTO  LOSY'D L'ov8T  9°9€9T  EL9ILO 8165°9 LS8 9bb9T  L8TELO.  STT
80VE9 $66LT  £009T £9660°0  €6LEY T'L6LT  ¥'86ST  THOILO L1TV9 0Ov6LT  6'S6ST  08ETI0 ELS
(Zr21) BN 00T =d (S1'L02) BdN 08'1 =d (0%102) BAIN 09’1 =d
€867°6 ¢o0KS  v'089F P98ISO B69E6 690vS  6089%  LOS090 wsr'6 pLovS €189y 809ZL0  00€!
79716 YEPIS  ObOphy  TSS8K0  LL6L'6 6vrIS  1'SOPb  9¥995°0 17826 pSpiS  9'Sovy  LL6L90 00Tl
95768 §L88y  I'bSTy  6€TSYO  1LI06 0’888y  9vSTr  €8LISO 9101'6 cg8sy  I'Ssty  SPEEY0 0011
8SSL'8 Y99y S6Y0P  YT6IVO  bLT8'S 0'LESY  0°0SOF  GI68YO 61168 9'LE9F  S0SOr  TIL8S0 0001
6555’8 ¢l6gy  01S8€  9098€0  TLI9'8 7T6cr  9'1S8E  1SOSH0 8T11L'8 6765y TTSSE  SLOWSO 006
1EpEs 0€Siy  1659¢€ 1875€0  6¥1¥'8 6€Sly  $659€  LLITYO 9661’8 g¥Sly  §099€  TEYGYO 008
0911°8 6076 . 9ELPE  Lb6IEO 18818 0'TT6E  SPLVE  PETLED 1€LT'8 1’6 VSLYE  6LLYVYO 00L
01L8'L $V69E  YP6TE  96S8TO  VEV6'L €969  9°S6TE  €6LEE0 6820'8 6'L69€ 8967  -6010V0 009
s Y n a s Y n a s Y n a z
__ (LOS6V BAW OV \ = d (66 L81) BdIN 0Tt = d (16'6L1) BdW Q0T =d ]
'9209'L I'PLYE ‘1 - - . ; -
ety vica MNMM MWMMM.N MMMM M €9LVE  LTTIE  £9¥6T0 129L°L Y8LYE  €VTIE T1+S€0 005
y L09ZE  6VS6T  08¥STO 0S9v'L 6'€92¢ . :
65ET'L SepIE 16987  9200T0  0ZITL  9€ : bls6  6990£0  00¥
SIE  TTL8T  TSPETO 010€'L LLSIE  TSL :
£€56'9 vObOE  T'S8LT 822810 9I€0'L g : 8T LYZ8T0 0S€
SPOE  T68LZ  TSEITO 82TI'L TIS0E T :
LOYL9 TLT6T  £869T  0SE9I0  €678'9 0's€6 . E6LT Y6LSTO 00€
T TYOLZ  SEC610 926’9 9TV6T  6'60LT g
SL6v9  £€08T  I'€09T  TOEKI0 86859 6 . 8oceco 0T
18T LTI9C  0£691°0 6699 6L78C 6179 :
69Y9  006LT  8'T6ST  p8OPT’ : . : : . ¢ 9650T0 00T
o 0 ££259 V8L $'88ST  EEE910 79859 I'SLLT  9'€8ST  bib610 Jeg
"I = n\ . .y o_
P , (66'L81) BN 0T T =d (16'6L1) B AN 00’1 =d
. 6'L0VS : : . . . :
vS8E6 gsp1s w.wwww MMMWM.N wmwwm €80vS €789y 6001’1 6VLL'6 980V STV OITSH] 00€T
v £€9¥1S  S99vr  ZOEEl'l 8209°6 99rls  8'99vb :
6006  1'688F  9'SSTh  88I6L'0  18€€'6 9688 : yoesel - ooel
6L vy 19STY  b6SSO'1 vTTr'e 6688y €95ty 81L9T
£S10°6 7'8€9 - obEL’ . . . . 191 oort
cigs o mmmw m.wmmw IOVELO  vBRI'S  BBEOY SISOV £8BLGO 82€T6 169y SISOF  69VLIT 0001
. . . 01990  S8¥6'8 YreEy  €€SSE 691060 62£0°6 L'v6sy  9'€S8€  LIZSO'1 006
££09'8 L'SSTy  T'199€ - €I8190  L9EL'S §9S1¥ . : - .
] ] £181 8199  0S¥T80 1128'8 OLSTY  TT99E 656860 008
0LLE'S €YT6E  TILPE  _L009S0  LOIS'S v'sT6E  TLLY : . ) !
coels ceese  oreve  ‘ralec . . LLYE  02LYLO T565°8 09765 S'LLYSE 16968°0 00L
. . L6TE - $810SO  £L9T8 6'00LE  1'66T€  $L699°0 125€'8 LTOLE  9°66Z€  90¥08°0 009
TL98L 908¥E  6'STIE 1€EPP’0 0T00'8 L'T8YE : . - .
i ) 9LTIE 661650 71808 $'E8YE  V'8TIE  £601L0 00
SILS'L I'L92E  L'6S6C  9TW8E0  SLOLL T0LTE : . . )
330b'L Llols 78T . ‘ , 07967  TLEISO LE6L'L 8'1LTE  TE96T  8ILIYO 00¥
. . 6EVSED .  E9VS'L L'S9IE  I'IS8T  vTVLY'O 8TE9L 9'L91€  9'788C  TIOLSO 0s€
LTETL v'9S0E  I'L6LT 11p2€0  €TLEL 9190¢ O : . .
i i 108C  LEVEVQ 86St°L TYO0E  6T08T  9STTSO 00¢€
Y8E0'L 00S6T  S'SI1LT  YIL6TO  9I8IL TLS6T : - : .
< 8S18'9 . . . 6'0TLT  £8€6£°0 80LT'L L096T S'ETLT 9EPLY'0 0sT
8 ol T6£8T  9°0€9C  0809T0  $996'9 1'0s8C  6'8€9T  T0TSE0 2650°L vessz  6TVIT  T6VTHO 00z
: 1'69LC  8'9LS : : . - . : )
m T EHOPTO  009L'9 89SLT  VL9ST  LISIED z1289 L'SvLT  TI9ST  68VLEG g
(E7°0L1) B> 008 = :
- 08 =d (S8°8ST) ©d 009 =d (98°1S1) A% 00§ =d
08.8'6 : - . . . )
Q . g30ps 8789 [ISIS'T 6010001  0'60bS  0'€89v  €10TH'T 786101 €60vS  TES9Y  8I0EL9E  OOEI
RS Mmow 6 S9PIS  0°L9¥F  8S669'1 6886 ULVIS  TLOWP 1992 792001 €LVIS  §LOvp  LTE6CE  00TI
756 r - . . ) ) ]
e v.mmww M.@mmv POVESL  §859'6 Y068y  89sTy  PIZINT 85¥8°6 L0068y  OLSTH  vES9L'E 00Tl
s ooy m.mmmm LYSIV'T  689%'6 L6E9%Y  €TSOF  TISSE' £959'6 00v9y  STSOF  OvLE6T 0001
: $8TSCT 16976 v'S6Er  THSSE 901081 S9S¥'6 $C6EF  SPSSE €YIOLT 006
L4 n 4 s y n a s y n ) 1
(€9°€p1) BdX 00F = d (sS'€€T) BdY 00€ = d (€2°021) edX 007 = d
(IS sapuppun) oppjusIpo2.4q0s vndp ap 40dv 4 (UgrENUNUO)) ISET'V VIAVL




8 78599 519 SI8TE 67696107  9SELD 6€69€  0°96€  TLELTZO £228°9 €C1LE  vOILE  L6LITO" 0S9
87059 9'LESE  ObLIE  IBLIBI0 99859 1'09S€  SI6I€ - 0¥901TO SLLY'9 £786E 9780 116+20° 009
= LYEED S'E6€E  €T90E  £SSS910° 67TV vITrE  8'€80€  LLBTEIO 86159 o’byE  LPOIE  LTETTO 0s$
g 00b1°9 78€TE  8TW6T  £8ILVIDT  TBETY O'bLZE  €OL6T  SSSELIO P9 $R0EE  S$°966C  0080TO 005
] 9106'S 1'090¢  T908¢  £569T10°  T810'9 L601E  TYPST  OPLISIO €ov1'9 T9ST1E  S6LST  SYY8IO osy
2 6£55'S 1'818C  T6I9T  €Tv6600°  TITL'S 87067  0°S89C  LLWYTIO 0188'S v'SL6T  LOVLT 69O 00t
s —- — — — — — — - 0Thh's vz69T  ¥0ZST  OLPILO] 0S¢
= 6926'% L60vT  1'€6TT  TESSOOT  8IvI'S 8'87ST  TO6£T  YOTELOO L60E'S $019z  v'SSYT  BEEOIO EL
m (18'59€) BAN 0T=d (SL'pSE) BdN S'LL =d . (Z'Te) BAN ST =d
a LILTS yI8es  ®psoy  €I8S00  €8LES 0'L8ES V099 S9TLO0  £8TY'8 T68ES  LT99Y  TLORDO.  OOE!
L860'8 0'8llS  €6gby  OEPSO0  ¥SOTS Q€IS 6vhhY 68L90°0C  9SST'8 ToTIS  Tivby  bPSLOO  00TL
$9l6'L 8’858y TSIV $POS0'0  9€20'8 198y  OpETY TIE900  6ELO'S L2198y €9€Ty  910L00  00IT
LETLL €09y  91Z0F  8S9¥00  SIESL 0119y 8'LTOV 7€8500  1Z88L 6€I9F  €0€0v  S8¥90°0 0001
1816, sTSer  16IsE L9TY00  TLTY'L T19¢F  €978€ 6vESO0  TBLY'L L'v9Ey  T6I8E  0S650°0 006
$96T'L L'EOly  0079E  698€00  LLOVL 6vily  0°6T9€ 658600  L6SYL v6lly  §TEIE  60¥SO0 008
9€50°L ¥'ss8€  6TTVE  09PE00  L8IT'L S0L8E  LPEPE  8SEYO0  1TTTL S'9L8E  Y6EYE  LS8YO'D 00L
81269 YOELE  PPIEE  8YTE00  L6EO'L €8pLE  TBEEE 101500 £¥60°L €SSLE  L'EYEE  PLSKOO 059
018L9 P09 ¥'STZE  6T0£0°0 82069 £679¢  L1bTE LESEO'0 885679 L'EE9E I'S¥Z€  S8THO0 009
6829'9 I'SLve  6VTIE 108200 195L°9 6'00S€  SPYIE P9SE0'0 1189 OTISE  TTSIE  L86£00 (119
LI9¥'9 LIvEE  L1T0E  09STO0  S968°9 9'€LEE  8'SPOE 6LTEO0  SLS99 1'98¢€€ 1'SS0€  LL9EOO 00s
81LL'9 8'661€  ¥TI6C 667200 6819 OVLE  CEV6T SL6TO0  EV8Y'9 9'952¢ 1'S$62  0SEEO'0 osy
9150'9 €6€0€  €68LZ 000200  611T9 $'960€  bTE8T 19200 €589 gLIIE  ¥'8Y8T  £6670°0 00
LYIL'S 7978T  94T9T €19100  THY6'S VEI6T  T669T WwTeo0 19609 S9S6T  YYILT  08STO0 0s¢
— — — — 896L’S 06082 ¥019C 986100  11L8S 6'SS8C  S9Y9T  LTETOO 443
£29%°'S $'¢L9T  1'SOST  0SEI00  OVI9S Ly vhpst €08100  ILLYS I'ehte  $'LSST  8¥0TO0 gL
(68'LTE) BdN 0S'T1 =d (90°T1€) 2dN 0001 =d (0t'€0€) ®dIN 00'6 = d
r8r's S'16€s 0S99y 080600  TLYS'S L'€6ES  €L99%  LLEOTO 66198 0'96£S  9°699v  901TI'0  QOEI
S1IE'S §'87IS  p6byy  68¥80°0  LPLES 60E1S  LISWF  £0L60°0 €LVY'S €€EIS  O'pSHy  1TEI10 00Tl
6621°8 €0L8F  9'8€ZF  968L0°0  £€61'8 8TL8  60VTF  LTO600 1992'8 v'sL8y  €EbTy  9£501°0 0011
¥8€6'L 6919y  8TEOy  10€L00  0TO0'8 8619y  €SE0P  0SES0D 1SL0'8 L'Tor  SLEOV  6L60°0 0001
0SELL £89¢y  1'7€8€  TOL900  T166L'L SILEy  0'SE8E 699L0°0 LTLS'L €SLEr  SLESE 856800 006
€LIS'L €Ty 1'9€9€  L6090°0  TTSS'L €8ZIy  9'6€9€  18690°0 9959°L LTEWY  TEP9E  09180°0 008
ZI8T'L $'788¢  O'WhHE 187500 9LVEL ¥'888¢  9'SPPE  €8T90°0 YETY'L €V68E  TESPE  TSELOO 00L
S020°L 0THh9E  ¥PSTE SH8Y0'0  P680'L €0S9€  L09TE 595500 9L9T'L $'8S9E  6'99Z€  STSI0'0 009
8LLS'O 0'1zsE  86SIE  9ISPO0  98V6'9 60€SE  TLOIE  S61S0°0 L8TO'L 90rsE  9PLIE 10190°0 0SS
s y n a s y n a s Y n P L

(90'S67) BAIN 008 = d (88°'682) BdIN 00'L = d ($9°SL2) BdIN 009 = d

6€£7L°9 £'86€€ £v90€ SLIVO'0  YL6L'9 €0IvE €E€LOE ¥18¥0°0 20889 1ZTre T'T80€ $9950°0 00S
055$'9 0'TLTE T L996T L18€0°0  9T£9'9 0°L8Z€ 6'LL6T 91pv0°0 T61L'9 8 10€€ 6'886C ¥1250°0 oSy
£€9€°9 €'8EIE 8°€98C TEPED'0  LLYY'O 1'8S1¢€ 9'8L8C £66€0°0 LOYS9 TLLIE 8'T68C 6ELY00 00
00€1°9 €'1867 L'LYLT S6620°0  Z8TT'9 0°910€ £69LT ¥TS€0°0 YEEE'D 0'€v0€ 9'68LT £2TH0°0 0S¢
S06L'S 0'58LC 6'065C 9T¥Z0’0  Y0E6'S ¥'8€8T 1°2€9C LY620°0 €909 TY88T TL99T 919£0°0 00€
1EPL'S 6'LSLT 8'69ST TSET0'0 TEIR'S 1'TLLT $08ST LELTO0 1688°S €Y8LT L'68ST ¥¥T€0'0 1es
: (90°567) AN 00'8 = d (88'$87) BIN 00'L =d (¥9°SLT) BN 009 = d
SSOL'S 786€5 0'TLY 9ZSPI'0  8PSL'8 ¥'66£S ['EL9Y 6€191°0 66088 S 00tS €LY 95181°0 00£1
0£€S'8 L'SELS £95hY L8SET'0  +T8S8 6'9€1S  PLSHY 860S1°0 9L£9°'8 I'8€1S 9'8SHY L8691°0 00Z1
615S€'8 08L8Y  9'SHTH 8¥9Z1'0  vIOP'8 €6L8Y 8'9vTY 9S0¥1°0 9951’8 9'088% 0'8vTP L18ST°0 0011
TI91°8 L'ST9% €0vot LOLIT'0O  80IT'8 TLTI9Y 9'1v0v €10€1°0 1992°8 L'8T9% 6'Cr0p SHIPI°0 0001
£656°L 8'8LEY  L'OVSE Z9L01'0  1600'8 9'08€Y 1'T8¢ $9611°0 L¥90'8 £T8EY 9'¢b8E 69¥£1°0 006
ovbLL TLEWY  9'9P9€ [1860°0  TH6L'L P'6E1y ¥'8¥9€ 11601°C T0S8'L 9 IpIY 1'059¢ L8TTI'0 008
TS’L 1'006€ L'LSYE 68800  1€9S°L 0°€06€ 6'65PE L¥860°0 8619°L 6°S06€ 1'79ve S6011°0 00L
88ST'L $'999¢ 0°€LZE 698L0°0  60IEL S0L9E 09Lz€ S9L80°0 889€°L ¥'vLIE 1'6LT€ $8860°0 009
85L6'9 8 ECHE 6'060€ LS890°0  00£0°L S'6EPE TS60€ 1S9L0°0 0060'L TShYE $'660€ £4980°0 00S
$818°9 1'91€€ 9'6662 0€€90°0  SPL89 TETEE 6'700€ ¥LOLO'0 T9€6'9 TogEe 1'010€ £0080°0 oSt
85¥9°9 9'561€ 9'906¢ 18,500  9%0L'9 L'v0TE €E16T SLY90'0 689L9 (%9443 66167 1VELO'0 00
6¥¥'9 ¥'890€ L8082 ¥6150°0  0EIS9 9'080€ 8°L18T 0v850°0 07859 ¥'260€ 9'978¢ $¥990°0 0s¢
£802°9 SYT6T 6'L69T TESPO'0  LTVTY 1'€v6T 0TILT SEIS0°0 $19€°9 L7096T €5TLT ¥8850°0 00€
. mvmcﬂo mummmu N.. 1€92 :q:qouo 10¥1°9 1'€98C £0592 0ELY0°0 ¥822°9 7°988T 6'L99C LS¥S0°0 SLT
m €EL6'S €Y6LT 1°L6S2 PP6E0'0 861079 £86LC 0°0092 90¥¥0°0 00L0°9 ¥'108¢C £709¢ 8L6+0°0 1es
_w (66'€97) BdIN 00°S =d (8Y'LST) BdN 05"V = d (0v'0S2) BAN 00V =d
| [Goors  cetre  mews  Soro el sone  cows o eews  coe 1wow  sico oo
3 o008 cels s Sivero oL . , oNN.o %mm.w h. Ivis 1°29bt S8ILT0 0021
e ££88Y £0STY 860120 19298 988y SISTY TTESTO 0011
887€'8 1'0€9% I'v¥op €PL9T'0  600¥°8 9'1€9% ¥'ShoY 1¥S61°0 098t'8 1'€€9% L'9v0v 8SHET0 0001
SLTI'S I'¥8Ey  O'SP8E 0PSI'0 66618 6'S8¢Y S9v8E 086L1°0 £587'8 9'L8EY 6'LY8E 065120 006
SEI6'L eIy 8159¢ 950¥1I'0  T986'L 09y 9°€59¢ PIH91°0 02L0'8 [A:1 487 £659¢ 91L61°0 008
s Yy n a s Yy n a s Y n a NA :
09TV BdN 0S'€ = d (06'€€T) BN 00°E = d (66'€T0) edNOST=d
(IS sopvprun) oppjusIp224qos vndp ap Jodp A (ugpENURUO)) ISCT'V VIAVL




TasLas, FiGuras v caktas Il 767

766 M Aeinoice A

0LLYT 66'8¢01 78°0201 PI1Z100° TL89T €£1°8¢€01 ¥6'S201 L8ITIO0 8L69°C LY'LEOT ye1€01 vwmm_oou ore
56T $°LY6 68°626 8YLI100 8€0S°C 88'St6 LOPES S081100° 8TIST 9E V6 £v'8€6 cww:oo. (144
€01€T 81°858 0’ 1v8 €EY1100° 8LIET L6°SS8 6v'v¥8 08¥1100° L4 Y4%4 $8°¢S8 80°8%8 0€STI00 00T
6021°C 8¥'0LL vLESL 6511100 vLZ1'T €8°L9L £€9'9SL 6611100 Ivere YT SIL T9°6SL ovZl So” 081
6576’1 LOV89 69°'L99 8160100° 91€6°1 L0189 11°0L9 £560100° vLE6'T 01°8L9 19729 mwmoSo. 091
1veLl 0L'86S v9'78S L0LOT00" 16TL1 0r'S6S L9'V8S LELOTOO [42YA £1°T65 L7988 89L0100 ov1
124! AR 6£'867 2Ts0100° 8816°1 19°01$ L0"00S 6750100 Z€TS'1 LOLOS 6L°108 9L50100 ocl
¥S6T'1 ras4 wyiy 19€0100° 266T'1 8Y°9Ty 60°91Y $8€0100° 0€0€°1 1Ly 0S°LIY 0140100 001
$S90°I 6L°9%¢ 4533 220100 L890°1 18°Che 96°Tee SYT0100° 61L0'1 £8'8¢¢€ 69°€EE 8970100 08
1€28°0 §9'€9C 61°'8%C S010100° 86280 LY'65T vE6vC LT10100° Y8780 8T°SST 12°0S¢C mv::co.. 09
§995°0 SL'081 €L°691 £100100° $896°0 9¢'9LI £€991 $£00100° S0LSO S6ILY £€6'991 omooﬁoo. ov
vE6T0 - L6L6 S0'€8 0566000 SP6C0 cee6 SE'es TL66000 $S6T°0 ¥9°'88 v9'€8 mmooooo. 0T
0000 0'S1 S1°0 8266000 €000°0 $0°01 01°0 7566000 1000°0 20°S €00 E.mmooo. .o
Ly89°¢ S¥'0191 86°68¢1 1859100 S6SEE £5°L0V1 00°€6€1.  YTSPI00 1026°C 1TPSII 8LLYII 658T100 1es
s y n a s y n a s L] n . z
(YTTHE) BIN 00'ST =d (90°11€) BIN 0001 =d (66°€97) BIW 00°S = o
(sntug) IS) 421044 pinbr passaaduo)
Le8Y'L £'v8CS vIssy  ss1zzio L08S'L 9°€0¢€S 8'TLSY  6S19V10° 6969°L STETES m”vmmv Nmmmwﬁo” 00€1
780¢°L L10S T8EEY  LOIEIIO 8S01°L TLEOS 1'6S€y  909S€T10° YISl L'LSOS _.owmv movmos. oow
v6IT'L 98YLY I'vZly  1609010° €81T°L 9°0LLY L'SPIy  996¥TI0° Y9€E’L T°€6LY ¢.$? wuvoﬁo. 00 H
916’9 TSLyY +'906€  008¥600° IPI0°L 1'T0SY §0g6E  €ITVII0 96eTl’L 9LTSY o.vmmm wmmmio. ooom
$089°9 S'161¥ 0'189¢  £80S800° Z88L°9 yyeTy €0ILE 1¢8T010° 0516'9 L 6'LSTY v.omhm oNomN_o. 00
(88 4] 1'688¢ 9'IvbE  88SYLOO’ 06259 9°¢E6¢e 8'6LYE  19L0600° 29999 8°8L6¢ m.i 33 8TTS1 8. oow
$780°9 9'€5S¢E €LLIE  61L7900° 68179 6919¢ S'0ETE  YLTLLOO 0SLE9 €189¢ o.mwmm m:&moo. 00
6288°S 9P9€e 8'870¢  £565500° re0’9 8 Ivre 9°€60€  L$96900° ¥S0T'9 9°07s¢ o.wﬁ € wmwomoo. omw
1s¥9°S TIsie 1°198C  SPE8400° LLIS'S 9°LYTE 0'TY6T  €CT11900 €110'9 vovee 9720t £760800 00
’ s y n 4 s y n 4 s Y n 4 £z
T TYE) BN 00°ST = d (90'1T€) BdN 0001 = d (66'€97) edIN 00°S = d
(IS sappprun) pnuiiduiod vpinby vn3y ISY'I'V VIAV.L
0ce6'y 6°L9ST S$06£C  LSS6TO0 STLT'S 1o2LT §'STST  ¥T68£00° 669%°S ££06T ¥'8L9C $TT9500° 00S
(38824 0'6L1C 6°€50C  0$80Z00° €885y 6°€8CT 9'6S1T  298Y200° 65v6'v 8°TIST 1°69¢T 1£69€00° osy
STy L'100T L'T681  §918100 €ELTY 0°090T 96561  1,L00200° 820Sv 1'861¢C 8'960C 61€5200° STy
LIE6'E P Ep8l €SPLT  SE€9100° 0€00°¥ 9PL8I 0'88L1 60£L100° 141884 8°0¢g61 SPS8L LLO6100° oot
oviLe §'6691 £€6091  LZOSI100 8€9L°¢€ S91LY 9'8€91  £6SS100° 68C8°¢ LTyLi 1'LL91 90+9100° SLE
BJIN 09 =d BJINOS =d BAN OV =d
(4375 9'gees 1'S09% S18020° CEV8L 0'Pres 0919%  99TvT0O wee'L Y yees 6929 101620 00€1
0168°L ¥'890§ L06EY 09€610° 1699°L 0°6L0S €10vy 685220 Y09L'L 66805 [Ords44 ST1L20 00zZ1
950¥°L 9081 €8L1Y S68L10° SP8Y°L €918t T681Y  £060T0° S9LS'L [4:14:14 00Ty 611520° 0011
£€90T°L | 98294 L996¢ 01910 L98T°L L'ySSy 8'8L6¢ 961610 108€°L $'89St 6'066€ ({40 0001
9886’9 6'vLTY 0pSLE £88Y10° LILOL 6’162 S$'89LE  8YYLIO 6L91°L 1'60¢v 0'€8LE S¥0120° 006
0SvL'9 S 100¥ 8'9¢SE 8LTEI0 7€€8°9 £yToy 9'6SSE  €T9S10° SPE6'9 "LyOy €YLSE €16810° 008
1€9%°9 SEILE 6°60¢€ €ESIIO” 90959 L'ShLE 8'9EEE  199€10° L0L99 9'LLLE ¥'19¢€ LY9910° -00L
010€'9 6°6SS¢€ 8'681¢ SLSO10 LSOY'9 6'865¢ 0°1T¢e  965T10° 62CS9 S'LEIE 916C¢ £EPSI0° 059
8LIT9 S'S6£€ 0°290¢ LT5600° 0€€T9 (R %443 S00IE  9IPPII0° 209¢°9 v'16ve 6'LEIE 8€IvI0 009
§T06°S 0'€lce 6'0Z6C SPE800° we0’9 P'SLTE €0L6C 891010 Y9LT'9 9°6eeg S'L10E veLTIO” 0SS
1829°§ €662 6°1SLT LT6900 YO6L’S 0°180¢ L'0T8T  6L9800° T6S6°S v'291¢€ £'¥88C YCIito 00$
2961°S ¥'2L9T L'86¥C 796¥00° £Tryr'S P 128¢C €619C  S€L900 €PLI'S L6v6C L0TLT 791600 osy
LYLLY PELET 14 2Y44 8TYE00° £ost's (44574 I'Ss¥T  $#0£S00° TLY'S £908C T°609C T88L00" (Y44
12444 S'L861 ovi6l 001200 LYY 01812 £1L90T  06L200° 8IP1°S 7°085T | M11%74 00900 00t
12.8'¢ v'I9Ll 6°T0L1 00L100° £0£6°E V16L1 8'LELT  68L100 61€0Y 6°LP81 9°86L1 €L6100° SLE
BJN SE€=d BdW 0 = d BJN ST=d
1¥70°8 1'69¢S 0'8¢9% YLSE9ED" £601°8 S0LES SEVOY  LIVSTVO 6€81°8 6°SLES 1'6v9% SSH8Y0° 00€1
90L8°L o'1o1s 8Ty 1L06€£€0° 65€6°L 9°901¢ £8Cry  S09L8E0 8010°'8 €TIIS 8°eEhy €ETSHO 00¢1
vL89°L corsy €1y ILYPIE0 0gSLL | 4%%¢14 6912 $696S€0" T°8T8L 9°CS8Y 9°7TTY 1000 0011
STeY'L S'T8sh 1°€00v 9996870 886S°L $'68SY €600y  08SIEE0 LYe9'L 9965 y'siov 8¥L8€0° 0001
0€8T'L 141434 Y'L6LE £9v920° LOSEL 'seey L'v08¢ 1L0€0€0° 6LTYV'L 8'ebey 6'118¢ LSYSE0 006
122508 8°690¥ L'T6SE CESBETO SPerL 1'180% 6'109¢€  6¥8€LTO 0v0T'L v'760v 0'119¢ 9602¢€0° . 008
£66L°9 1'608¢ $°98¢E TIEr1zo 9¢€.L8°9 L'vZ8¢ 8'86¢€ S9LEYTO 7LS6'9 1°0p8€ 6°01ve T19820° 00L
s y n a s Y n a s Yy n a A
(I8°S9€) AW 0 = d (SLYSE) BN S'LT = d WTTve) edN Sl =d
(IS sopvpun) opvjusipoa.qos vn8p ap odvA (UgENUHUO)) ISET'V VIAVL




e

TABLAS, FIGURAS Y CARTAS . 769

768 M Arenoice A

Lyy9'01

89L1°C1

12es'i—

oLt

6'8¢8C

oL’ 11y~

961€T €IeLe oL T1v— 96£99¢8 17801 982100 0v—
T 9pSsot YILOT] 89161 0'1evt 0°6£8C 90'80v— yTeT S0ELT 90°80¥— TT0°LOLY 7801 819100 8¢~
069¢°01 Y0L6 T ] $105°1— LYEpT | 1% :14 o' v0v— [AY4%4 9'62LT or v0v— 9L1'0EYS 87801 910200 9¢—
£58¢7°01 C1L8'TI 098y I~ P'8EYT 1°6£8¢ 12°00¥— 0°82¢T L'8TLT 1£°00v— €STIIPY 168071 66¥20°0 pe-
8T0E0I €ELL'TT SOLY 1— 1°2vve 1'6€8¢ 86°96¢— 8'0€€T 8'LTLT 86'96¢— £T8'109¢ S80°1 060£0°0 (A%
S1ZT01 SoLY11 0SSP 1— 8'SHPT 0°6£8C £T' 6t~ 9'EELT 8°9TLT €T E6E— 8TTSY6C 86801 018€0°0 0e—
eivlol 808511 poty 1— S6vvt 0'6£8C Sv'68e— 142214 8'6TLT SY'68E— 10T°S1vT 198071 789%0°0 8T~
$T90°01 7o8Y'11 6ETy 1— TESYT 6'8£8C ¥9'58¢— T6LLT 8VTLT P9 SR8E— 9LL986I $980°1 1#LS0°0 9T~
7586’6 SE6ETI €80%"1— 6'9S¥T L'8E8T 08'18¢—  0Cbee L'E€TLT 08'18¢— £SL6¢€91 8980°1 Zi0L0°0 Y-
£606'6 ozoe'1l 8T6E'1— 9°09¥C 9'8¢£8T €6°LLE L'vveET LTTLT €6'LLE- P98°LSEL 128071 $€580°0 (4o
8Pe8'6 0TIz 1l TLLET— £yore '8¢8C €0'PLE~ SLPET 9'1TLe €0pLE- €11°8Z11 L80°| SSE01°0 0T
919L°6 €eTi il L19¢'1— 1'89%C T'8¢8T. 01'0LE~ £0S€TT  P0TLT 01'0LE— €81°0v6 8L80°1 selo 81—
8689°6 65£0°11 ove'1— 8'1LYCT 6'LE8T ?1°99¢~— 1'€6¢€T T61LT vi99¢— L06°S8L 1880°1 01s1°0 91—
26196 8616°01 90E€ I~ S'SLYT 9°LE8T 91'T9¢— 6'6SET 0'81LT 919~ 78859 ¥880°1 Si810 4%
86¥S°6 8198°01 0s1¢ i~ T6LYT €°LE8T P1'8S¢— L'8SET 891LT v_.wmm.l £08°€SS 8880°1 9LITO 4l
SI8¥'6 608L°01 66T 1— 6'T8YT 0°L€8CT 60'PSE— P 19¢T SSILT 60'¥SE— LSL'99Y 168071 10920 01—
£vive 786901 6€8T [~ 9'98¥C 9°9¢8¢C °0°05E— Ty9¢T TPILT 20'05¢— vivvoe 6801 201£°0 8~
(41 4% §919°01 €897 1— £06¥T 7°9¢8C 16'Sve— 0'L9¢€T 6'TILT 16'sve— 6el'vee 8680°[ 689¢€°0 9-
e8T6 86€5°01 9TsT1— 0ot LSE8T 8L'1vE— 8°69¢T STILT 8L IPE~ 66L €8T 1060°1 9LEV'O =
£61T6 29501 69¢T I~ 9°L6VT £'6¢8C 19°LEE— §TLET ToILeT 19°LE€— £€99°1vT $060°1 LLISO -
S9S1°6 9LLEOL 11z 1= £108¢ 8'¥E8C weee €SLET L'80LT weee— S1€°90T 8060’1 80190 0
Z961°'6 CLLEOT 01T 1~ €'105C L'¥e8T o' eee— €GLET L'80LT ov'eEeer £51°90C 80601 €190 10°0
35 ER 15 3y 3y y n 3t n fa =01 % 'a d z
opeanes ~deaqg opeanjes opeanjes ~deay opeanjes opeanjes ~deay opeanjes opeanjes opeames ‘egy Do
aodep aodep aodep opIoS Jodep oplios todep op9S ugIsaly ‘duy,
S 8wy ‘“erdonuy Swry ‘erdieyuy Sy/rA feurnyur widapuy B/ w ‘0ay10adsd wAWINIOA
(IS sapoprun) opv.nos dodpa-opv.ams opijos vn3y [SS'T'V VIAV.L
0018°¢ YSOvLL €1°L991 £885100° 0100% eP'LEST SEI8LI 1698100 —_ - - — 08¢
069°'¢ 91°0€91 L6'SSS1 8€81100° 6PL'E 9¢'6L91 LS'9791 §979100° 0LL8'E €T6eELl 8L°T0L1 9TTBI00° 09¢
9SSH'e L0'TTST 16'15¥1 TEOVI00° STYS'E LY'9PSi IL'T0ST 616v100° vL09'E 1071481 ¥9°6£S1 €895100° ore
L98T'¢ Lrozrl €T ESEl 88EE100° 8€CE’E £9°cerl ¥9°06¢€1 TL66E100 8L6EC 34441 99°S1¥1 LEYYI00° (1143
00Z1°¢ se'cTel 99'86¢C1 0982100 opLI'E.  08'LTEL 68°L8TI POEET00 1L0T°€ 6T°¢Eel 01°90¢1 96S€100° 00¢
9£56'C 9T'6TT1 61°L911 S1HT100° $866'C 96°82C1 690611 SSLTI00 8Y20°¢ 29°0¢Cl 69'¥0C1 §962100° 08¢
098L'C €781l 90°8L01 Y£0TT100 TesT 6Tvell 8€°L601 £0€2100° 65¥8°C SYEEll £5'8011 T9PTI00° 09¢
8519°C 0Z'6¥01 69066 TOLT1100 68V9°'C 09°C¥01 89001 0611007 €L99°C $0'0¥01 6'S101 9v0T100° ovT
61vv'T 1L°196 LIY06 80¥1100° 01LY'T 60'€S6 °€'816 0651100 698V°C LT6¥6 68°ST6 £€691100° 1144
v€9Z'T 9r'SL8 €L618 9PIT100° T68T'C YT S98 ve1es 20€1100° 1€0€°C Ly'098 0LLE8 L8ETTOU 00T
€6L0°T vT06L 89°G€EL Z160100° ¥201T IL8LL LS'SPL LYOIT00 IrIL'T 8T'ELL ¥6°0SL 0ZI1100° 081
06881 16°S0L 6€°CS9 £0L0100° $606'1 LT €69 18099 1280100° €0¢6°1 11°L89 €599 $880100° 091
S169°1 £€°TC9 9L'69S S1S0100° L60L'1 €L'809 98'9LS 1290100° 6IL°1 £0°209 L9°08S 8L90100° or1
LS8Y'T LE6ES €9°L8Y 8Y£0100° L10S°1 16¥2S 86°€6¥ SPY0100° 101671 YLLIS SL96Y 9610100 0c1
€0LT'1 LB9SY 98°S0v 1020100 vr8T'1 £9'1v¥ 9L 01y 0620100 L1671 [ 2% 4 LEEY LEEOT0O 001
6¢£v0'1 89°vLE (4% 743 €L00100° 1960°1 SL'8SE 87'8T¢t 9510100° £290'1 8L°0S¢ 8¢0¢E 6610100 08
1508°0 LL'T6T 96°THT 7966000 £518°0 91'9LT €0°9C Z¥00100° 50Z8°0 T8°L9T 99°LYT 800100 09
9TSS0 0T'11T +¥8'191 7L86000° 90950 L8'E61 10991 1566000 99570 b1'681 ST'691 2666000 oy
LY8T0 00°0¢1 8608 7086000 868C°0 [4: 088 91'T8 9886000° °T6T0 197201 SL'T8 8266000 0T
1000~ €06V 070 99.6000° 10000 78°'6C §T0 9586000 0000 00°0C 0Z'0 $066000° 0
- — - - - - — — LEIOY 81'9T81 Ly'S8LL £5€0200° .S
edIN 05 =d eJIN 0t =d ‘ (18°59€) edIN 0T = d
[S23°R) 88°1651 L9st 11€9100° ove
PTr'E [ 3941 SO’ 1evl PZLY100 0ze
65CTE €T LEET 8¢ 91¢l 0LLETO0 89¥T'¢ 1eThel 14%:14 TL6ET00 00€
T6£0°€ 60'TETI Lyl ¥80€£100° LYSO'E 11°'veCl 06°02C1 91Z£100’ 0827
SLSB'T Iveell 6Svill 0SST100° 8698°C 89°¢€Ell €0°ITII SHITI00 6788°C oEvell z6'Leil 8¥LT100° 09¢
s y n 4 s Yy n 4 s y n a L

HTTYE) BdN 00'S1 =d

(90'11€) edIN 0001 = d

(66'€92) BN 00°S = d

(1$ sapoprun) vpruridwios vpinby pn3y (ugenuRuo)) ISHI'V VIAVL




TaBLAS, ficURas ¥ cartas I 771

770 W ArenpiceA

e g LLL1000 7€¢€0T 0S
- y : sv 1Ty 9£€90°0 651900 .
€19L°% £6¥T'€ 1218°1 ov' 1LY _o.owm__ St 89900 10590°0 99.£100°0 786761 8v
8Ly 600€°€ ci8t'l or'iLyl ow.ms_ o eoto's 615900 <e1100°0 ceocs! op
0£08'% 9LsTE oSyl ceiLr! . 6L01 1166 LYLO0 2LTL00 SHL100°0 SLPELT vy
ovesy - SYOvE corv] e e : 998L0°0 £69L0°0 $EL100°0 geTvol T
: : <8¢ 69°0LY] E'6801 seIst : : 26581 ov
158y 995v°€ . 618601 v 1LE C1€80°0 171800 SZLI000 .
7998'Y 8805°% pistl eeort . : 06L80°0 61980°0 91L100°0 op0LY 8¢
. . 292¢1 9691 60°8011 $ST19¢ . . 75°68¢€1 9¢
SL88'Y €195°¢ , . U 12166 00£60°0 621600 LOL100°0 .
6806 opi9e oret | o 9211 16°1¥E S860°0 $L960°0 691000 00°TIE1 143
Y0g6'Y 6999°€ s€9T'1 L1°89%1 R.mm_ _ i phboche “e01 4591000 08 LET1 z¢
1zs6'y oozt leeet ocLov o TeE 150110 £8801°0 0891000 £8°9911 o€
: € 00T’ £6°99p1 eVl wee . 0 00'6601 82
ovLEY SELLE . 7 P LT 0zL110 £5511°0 1£9100 .
0966y st e . 1911 LO'€0E 8EYZ1°0 L0 £99100°0 1T¥E01 9T
810°S £188°¢ oLEL] (AR om.oo: oreer 20710 h0g10 $S9100°0 3E°2L6 vz
LOVO'S LSE6'E 05011 68Cov1 v . LEOYT0 2LBET0 9¥9100'0 17E16 44
) : 0€L0'1 85 19%1 SLLLIT $8°€8C . : LS oz
v£90°S 066°¢ ) ) sl 0EPLT 8T6v1°0 oLV O 8€9100°0 .
£980°¢ sevo Sovot e €611 LL'Y9T 88851°0 STLSI0 0£9100°0 1L°€08 81
p601°S 60017 $800'1 1L8sp1 ve' . €2691°0 19£91°0 €29100°0 18°Z5L 91
. . 09L6'0 91LSH1 887101 8T65T : . £ 0L vl
8zE1'S 8961°Y i : 0vO81°0 8L8L10 $19100°0
. . SEP6'0 [X 49941 TL60TT 18°6¥C . . 25859 Z1
S9SI'S 11Ty ) owL1Z1 8E952 157610 98061°0 8091000
s081°S 869ty 0169 o 1522l L6'9TT £550C°0 765070 00910070 L8119 01
8Y0T'S 69Ce Y 6LLE0 Lozewt o : 996120 L0812°0 £65100°0 bSELS 8
. 3 6¥¥8'0 €T oSV £€9°CeT 09°LIT . X 6EHES 9
Y6CT'S [92:1%4 ) S0°0v2 ST'802 66VET0 1PEET0 9851000 L
Erees gervy BLso et v LT £6'861 £9152°0 00520 6LS100°0 SEL6Y 4
6LLS closy c8re? o 9¥5T1 £9°'681 7L69T0 $1897°0 €45100°0 YET9Y (4
ccot's €095t 0SYL'0 [AReza Mm. el e s 31520 9991000 oz6Th o
gIges 6619°F PIILO el y %a %a 7 d 2.
3 s I u: o . es opeanjes -deaq opeamjes ‘et “dunag,
. opeImes opeanjes *deay opeany! opmby1 sqe
opeanjes deay P Tode opmbyy JodeA - ugIsaad
aodep : opnbyy A /W ‘ootlyoadsd UAWNIOA N
3w/ ‘edigyug 2 d
M Syy/ 0y ‘eydonuyg
LLSE'S 1089'% 9LL9°0 20°0p¥1 ¥6'89Z1 TUILY ¥801€°0 8260€°0 65510070 01°86¢€ z—
ov8E'S 60PL'Y LEYY0 Y8LEYT £6'SLT1 16'191 £THEE0 892€€°0 £55100°0 TL'89¢ P
811t'S £208°% $609°0 95°sEY[ ¥8'78C1 TLTst 6L65€°0 $Z8SE°0 9¥S100°0 LO1bE 9—
S6EV'S Zro8 Y £515°0 TTEEyl L9'68T1 ssepl SLLSEO 1298€°0 0vS100°0 80°S1¢€ 8—
9IS 6926'% 80v5°0 £8°0€p1 96Tl el LESIT'O ¥891+°0 $€5100°0 L9067 o1~
£961°S 10667 1905°0 8€'8TH1 60°€0€1 62521 L6110 SHOSH'0 . $2S100°0 6L'L9T 48
vSTS'S 1550°S €140 88°SZpl 89'60€1 61911 688810 LELSYO 2251000 SE9VT Pl
0S$S°s L8I1'S £9€5°0 (A xadl 0T'91€1 zULo1 156250 008250 9151000 6292 91~
1585°¢ orsI's 1100 1L0Zp y9°CTEl 8086 8TVLS0 LLTLSO 0151000 95°L0T 81—
8S19°S 10sT's LS9E0 S0'81p1 00°62€1 5068 1L£29°0 022290 $0S100°0 80061 0z—
0LbY'S 0LIES 10£€°0 PESIPL 6T'SEET 008 $€8L9°0 $89L9°0 86410070 08°€L1 -~
88L9'S 9W8E'S T6z0 85Tyl 1S 1p€1 LOIL L88EL0 8ELELD £61100°0 $9°851 vz
€lILs 0ESH'S 28520 LL'60¥T 99°LYEl 11'29 209080 £5508°0 L8Y100°0 65l 97—
€VpL'S €2es's 02220 T6'90%1 PLESEL LVES 90880 916L8°0 7841000 vSIEl 8T—
08LLS vT65°S 9581°0 10'70¥1 9L°65€E1 9T VLE960 922960 9LP100°0 o611 0€—
£218'S v€99°s 68710 90101 0L's9¢€1 9g's¢ £/950°1 96+50°1 1L¥100°0 62801 -
€LYS'S €SEL'S 0z11°0 L0'86€1 8SILET 6v'97 $0091'1 LS8ST'1 $9P100°0 86'L6 pE—
1£88°S 7808°S 6vL0°0 £0°S6€1 6€°LLE A LO9LT'T 199271 091000 8v's8 9¢—
9616'S 0788'S 9L£0'0 6 16€1 €1°€8€1 18'8 LT90F'1 Z8401°1 §SK100°0 YL6L 8-
8956°S 8956°S 0 28'88¢1 z8'88¢1 0 69255°1 PTISST 05100°0 L o~
8¥66°S 92£0'9 8LE00— $9°68¢€1 a3 6L'8~ 69L1L° ST9ILT PPP100°0 8€H9 -
9€£0'9 $601°9 65L0°0— by TsEl 00°00v1 9L - 90106'1 792061 6£7100°0 99°LS ry—
£€L0°9 $L819 Tio— 61°6LE1 05°s0¥1 1€'9z~ £€0S11°T 65€11°T PEPI000 A1 9p—
6£11°9 9997°9 87610 06'SLE1 $6°01v1 v0'SE— ovrsET L62SET 62¥100°0 v6'Sh 8v—
£551°9 OLYE9 9161°0— LSTLEL PEIIH oL gy — L9929°C $2529°T ¥TP100°0 98°01 05—
3 3 Is 3y ay sy 3,4 344 Ja d %
opeanjes ‘deay opeanjes opeames ~deay opeanjes opeanjes ‘deaqy opeanjes ‘ed *duray,
Jodep opmbr , Jodep opmbyy Jodep opmbyy ‘sqe
3 3/ ‘erdonuy 3y/0Y ‘erdjeyuy By w1 “ooyypoadss uawmpo A uoisaLd

(IS sapvprun) opv.anivs oovuowry IST'TV VIGV.L

I,

2p

137
L4 i

popardoid ISTV VIdV.L




m SOLL'9 2666'S pe8s’s T9LS (44389 1L6¥'S over's ILYE'S ¥S9T'S 8LLT'S 9780°¢ - s (16vT)
= S'0981 T8l LT velLl €991 9PI91 1°68S1 1'e9s1 €9¢51 $°8061 reLvl - q 0001
" ¥912°0 0900 SS61°0 8¥81°0 6€L1°0 L2910 0LST'0 1161°0 0sy1I°0 LBET'0 12€1°0 — a
<
& .
o
m - 1¥$0°9 68€6'S L8I8'S 6169°S §9$S°S Ly8Y'S £60¥°S 967¢°S 124443 0esT'S - s (€5'12)
2 - (At SYILT 1'91L1 §'L991 8191 €651 6'L9S1 LIps1 LyIst S98%1 - L 006
3 — S6CTO 6L1T0 190°0 610 6181°0 9SL10 26910 9791°0 8SST°0 L8YPT°0 - a
o
m - 05119 90009 1188°¢ SSSL'S 6129°S £Iss’s YLLY'S 966¢°S 1LIES | L8TTS 8CET'S s (98L1)
]

— €181 6'99L1 L'8ILL 9°0L91 1°2291 S'L6ST - S'TLSI 0'LySt 80TS1 [ R7) 41 6'vorl L 008
- 685T°0 65¥T°0 8TET0 S61T°0 650T°0 0661°0 616170 97810 CTLLTO S691°0 ¥191°0 .

— - 8690'9 TIS6'S 8978°S 6¥69°S ¥ST9°S 6TSS°S OLLY'S 896¢°S SIIE'S 961T'S s (18°€1)
- - T69L1 v IcLL LEL9T 8'6T91 91091 'LLST TTSSI L9Ts1 ¥'00S1 [ORA4S Y 00L
— o= 61870 1L9T0 126T°0 L9ETO 682C°0 01220 62120 9070 1961°0 [42:181] B

— - 1619 y1€0°9 1806°S 8LLL'S Y60L'S £8€9°S 1¥95°S 98t'S LEOV'S 9SIE'S s (676 )
- — SILLY 0PCLT 8'9L91 $'6C91 L5091 91861 €°LSST STeSt 1°L0ST 8°08%1 L 009
— - 00€€°0 8Z1¢€0 SS6T0 8LLTO 689C°0 86ST°0 9050 cweo S1€T0 SICTO 4

- - (4444 £€5T1°9 1€00°9 YrL8'S 0L08°S €LEL'S LY99's 6885°S 0605°S vyr's s (sry)
- - 8'¢LLT 99¢L1 8'6L91 'ee9l 96091 19861 €961 1°8¢ST SEIST £'88v1 Y 00$
— - TL6E0 89LE°0 79$€°0 £5€€°0 8¥TE0 wigo €€0t0 £267°0 018T°0 $69C°0 a

081 091 orl 0zt 001 08 oL 09 (1Y oy o€ (114
SLSO09 S6T6°S LT98°S 9e6L'S 61ICL'S 0LY9'S $89¢°S 133:14% TL6L'S — - - s Qi)
E'1891 6vE91 91191 78861 L'v9S1 6°0vS1 L'91ST 0'2Z6t1 991 - - - Y osy
L96¢°0 LELEO 079¢'0 €05€°0 ¥8€€°0 €92¢€°0 orieo ¥10€°0 $882°0 - — - a
6LIT'9 L066°S 12442 09¢8°S 0S8L'S ITILS 8€E€9'S $TES'S £991'S 1vLE'S - - s (Lg1-)
8'7891 L9¢91 9'¢191 0651 1°L961 9'evsi 86151 9's6v1 Loyl Usvyl - - q 00y
ELYY'0 91Tr0 980t°0 §S6£°0 €78¢°0 889¢°0 TSSE0 eireo 0LZE0 £€CIe’0 — - a
0981°9 96509 8€66'S 65C6'S LSS8'S 8T8L'S 890L'S 0LT9°S LTYS'S [A3S 29 - - s (pEs—)
€891 '8¢91 $'SI91 9°T651 $°69S1 (149 (X449 1'66v1 6'vLY1 66¥1 — - Y 0S¢
$TIS°0 TE/Y'0 S89Y°0 9€SH'0 98E'0 SETY'O 180%°0 ST6E0 S9LE0 109¢°0 - —_ a
001 08 oL 09 0s (14 0€ 174 01 0 01— 0T— (ugronamyvs )
‘edq
D, ‘eanyesaduwny, *Sqe uQISIIg
w9T9 S8ET'9 TELO9 09009 §9€6°S SY98'S 968L°S €I1L’S 0629°S (4429 - - s (re-)
8'6891 0¥91 SLIgL L'v6S1 6°1LST 06151 6'SCS1 9'T0S1 6'8LY1 L'ysyl - - Y 00t
76650 £595°0 €8Y5°0 11¢5°0 8€15°0 r96¥°0 L8LYO 8091°0 STHP'0 8€TY0 - - a
195¢°9 ziee9 £991°9 L6609 60€£0'9 6656°'S 1988°6 £608°S 88ZL'S 182289 24323 - s (s9°€1-)
£°L891 6'1¥91 6191 8'96S51 EVLS] L'1SST 0°62S1 0'9051 6781 £'65r1 £oevl - Y 05t
902L°0 £€089°0 00990 96€£9°0 06190 £865°0 YLLSO £955°0 8¥€S°0 62150 S061°0 - a
6L9t'9 LEVE9 Y6LT 9 €E1T9 13948 [SL09 §200°9 0LT6'S 818°'S 659L°S 16L9'S - s (5881-)
8'8891 Lev9l €191 6'86S1 9°9LS1 [ 439¢ 6'1EST 6081 89811 8°¢op1 9'0ovyvl - Y 00t
82060 LTS80 SLT80 £208°0 69LL0 €IsL’0 SSTL'O $669°0 TEL9'0 S9¥9°0 £619°0 - B

199 LL8Y'9 8€TV'9 £85€°9 01679 L1229 20819 19L0°9 2666°S m,w—m.m 61¢8°'S SOVL'S s (1zse—)
70691 PSv9l [ax4l 01091 6'8LS1 69581 8'reESl 8'CIST 9°06¥1 £'89%1 L'Shpl 6'CCr] Y 0S1
$90T'I [{U4 8901°1 veLO'l 86¢0°T 7900°1 £2L6'0 [8£6°0 LE06'0 6898°0 9££8°0 LL6L'O 4

LI0L9 S8LS'9 6v15°9 96vv'9 LT8E'9 8€1E9 8TVTS ¥691°9 £€60°9 7109 Y1E6'S 9PP8'S s (90°'6T7-)
01691 £9v91 ['v291 1°2091 1°0861 T'8ss1 £'9EST 14489 1441 SOLY1 €8yl 6°STYl L] STl
vovv'l 00LE°1 °0ee’l €06T°1 20ST'1 00121 9691°1 06T 1880°1 8910°1 1500°L LT96°0 @

ON_m.w 76899 | 85799 60959 £v6r'9 8STH9 £65€9 9T8T9 €L0T9 1621°9 LLY0'9 9796°S s (65'¢e—)
L1691 U'Ly9t 1°6291 1'€091 T'I861 §65S1 L'LEST 191861 yyovi 9TV 8'0sv1 8°'8TP1 Y 001
LETR'L 8YIL'1 699°1 9519°1 86951 85151 LSOY'L [ 22048 LPoE'l 9ele’l 12971 10121 a

- S1E89 €89L'9 9€0L9 €LEY'D £€695°9 £661°9 °LTy’9 L2589 96LT9 ¥561°9 otll9 s (91°6€-) |
08491 09791 ['P091 P C8s1T L09S1 [A 339 L'LIS] T96v1 8vLvl eyl L'1evl Y SL
- $687.C LETTT LLSI'T L160°T §5T0T 16561 vT68’1 SST8I 8sL°1 §069°'1 Tyl a

772 W ArinoicEA
I

- Tie0'L 78969 8€06'9 6L£8°9 €0LL'9 800L9 £€629°9 96559 S6LY'9 900¥'9 L8179 ; s (€59p—)
- 8'8¥91 69791 16091 STE8SI 07951 9'0bsi €61S1 1'86%1 6'9LY1 LSSyl 9yepl L4 0s
- 06EV'€ 90ve'e levt'e Sevl'e Lyy0'e 8S¥6'C 99¥8°'C LvL’T YLY9'T 1LyS'T 3% 444 a

001 08 0L 09 0s or 0t 0T (118 0 01— 0z— (ugrovamms )

‘edy
*Sqe uQIsaIy

D, ‘eanjeraduray,

(IS sapopiun) opvjua|pr24qos 0av] VISTTYV VIavl




TasLas, FiGURas ¥ cartas IR 775

P e

774 W AeenpicE A

1LYL90 797Te0 60TSE0 09%°01¢C 660°601 coe101 LY8600°0 1£6800°0 LL8000°0 88691 s9
£59L9°0 £L0VE0 086¢£€°0 ¥97°60C 125°¢N1 TEPLS6 THITI00 £€62010°0 868000°0 265TS°1 09
L18L9°0 6¥85E°0 L961¢€°0 026'L0T SPO'LII LT 06 wsTio0 10L110°0 1¥8000°0 0£99¢°1 SS
L96L90 109L£°0 99¢0€°0 0S+'90C 16711 9¢6'8 0LI¥10°0 yree10°0 9780000 el 0s
601890 8E££6E°0 1LL8T°0 °L8P0T 091°621 ciL6L 2€0910°0 0TTs10°0 1180000 °ev80°1 Sy
81890 8901°0 6LILTO 00T°€0T £19°'8C1 L8S' VL 1L1810°0 €LELIOO 86L000°0 $9096°0 oy
L8E890 008Z¥'0 L8SST0 9P’ 10T 968'1¢1 165769 1¥9020°0 §S8610°0 98L000°0 CTLLY8O S¢
0£589°0 39440 166£T°0 079661 8T0°SEl °65'v9 80S€20°0 YE€LTTO0 ¥LL000°0 06¥¥L°0 0t
08989°0 °6T9v'0 88¢7T0 0€L’L6] 820'8¢1 20L°6S ¥$8920°0 16092070 £9L000°0 291590 ST
1¥889°0 ¥908¥°0 LLLOT'O £8L°561 606°0¥1 L8PS 08L0¢£0°0 8200€0°0 7SL000°0 6TL9S0 0t
S1069°0 2986%°0 ¥Si61°0 8L E61 ¥89°Ev1 001°0S €1¥$€0°0 1L9%€0°0 £7L000°0 LET6VO Sl
907690 689160 L1SL1°0 ovL'161 St oVl SLE'SY v160v0°0 0810¥0°0 ££L000°0 (134 40] 01
91¥69°0 165€5°0 S§98S1°0 $9°681 196'8%1 69°0% S8YLY0'0 19L9%0°0 ¥2L000°0 §$79¢°0 S
6v969°0 £S¥SS0 961¥1°0 1€5°L81 6LV 161 750°9¢ 68€550°0 €L9YS0°0 91,0000 1980¢°0 0
L0669°0 00vLS'0 905210 SLES8I 876'¢S! Iy 1E £96190°0 SSTY90°0 80L000°0 9609C°0 S—
¥610L°0 L6£6S0 96L01°0 881°¢81 v1e£961 PL8°9T 99900 9Y65L0°0 00£000°0 6120 o1 —
£150L°0 0s¥19°0 £9060°0 PL6°081 £¥9°8¢1 1e¢°Ce 81016070 97¢060°0 £69000°0 09281°0 S1—
6980L°0 £96€9°0 90€L0°0 9¢L'8L1 026091 918'L1 L¥8801°0 .C91801°0 $89000°0 £6051°0 0T—
yoTI1L0 wLs9'0 T7T8s00 9Ly 9L1 611°€91 Lzeel 9911€1°0 L8¥0€1°0 6.9000°0 89¢C1°0 ST—
YOLIL'O €66L9°0 11L€0°0 L61'vL1 SEE' SO 7988 SLEGSTO £0L8S1°0 2L9000°0 1v001°0 0€—
€612L°0 eeoL’o 1£810°0 £06°1L1 8v°L91 oTr'y 86€£561°0 CELY610 9990000 1L080°0 SE—
SELTL'O SELTLO 0 S65°691 $65°691 0 0161¥C0 1S21¥T°0 6$9000°0 L1¥90°0 ovr—
8EEELO 1v2Z8L°0 £06100— 9LT' L9 9LI' 1L 00v'¥— 78920¢°0 62020¢°0 590000 0500 Sv—
LOOYLO 8Y8LLO 1¥8€0°0— 156'¥91 ogL’eLl 6LL'8— SO1¢8¢E°0 LSYT8E0 8$9000°0 S16£0°0 05—
8YLYL'O £9508°0 S1850°0— 1297791 9L SLT wrel— 00016¥°0 8SE06V°0 Z¥9000°0 86670°0 SS—
0LSSL'O L6EE]0 LT8LOO— 687091 SLLLLY S8Y'LI— 116L£9°0 VLTLESO L£9000°0 292200 09—
08%9L°0 19€98°0 08860°0— 096°LS1 YLL6LY vig81c— 9911¥8°0 YESOr8'0 2€9000°0 089100 $9—
68YLL'O S9v68°0 LL6TT0— 9¢9°6S1 oL 181 8C1'9C— 08TLTI'] ys99Cl'l L79000°0 LTT10°0 0L—
9098L°0 STLT60 611¥1°0— 12e°¢est 16L°¢81 0ey 0e— 169L€S°1 0€0LES’1 TT9000°0 6L800°0 SL—
£¥86L°0 $§6196°0 cIe9ro— 8107161 7% 12LvE— SPE8el'e 8TLLEV'T L19000°0 L1900°0 08—
£12I180 1LL66°0 86681°0— TEL'8Y1 LEL L8] §00°6€— 91€LE0°E Y0L9€0°E 2190000 2000 $8—
0€LT80 £65¢0°1 £9807°0— vor'ort - 8YL 681 Y8 eV — SYSSiv'y LE6Y1VY 8090000 ¥8200°0 06—
R 3y Is u_m u.:m \.m £ 3fq Ja d Do
ope.anjes ~deAyq opeanjes opeanjes ~deaqy opeanjes opeinjes ~deay opeanjes ‘edIN ‘dura g,
Jodep opmbry aodep opmbry Jodep oprabry ‘sqe
3 S/ ‘erdonuy Sy ‘erdreuy B/ 0o110adsa uawInjoA ugsald
(IS sapoprun) opvingos Z1-y IST'E'V VIAV.L
. (oup1ow010NfIP0L0121P) T [-23UD1251424 [P 1 11 13 sapvpardosd ISE'V VIAV.L
- - oTrL's 1629°S 44129 vILE'S ¥6TT'S LOLOS 1286'% 8¥88'Y YSLL'Y - s (9t6v)
- - 0'Cy8l T06L1 T'8EL1 G'5891 'iest SELST L'THS1 8'6051 6Ly e Y 000T
- - LSO1'0 2001°0 S¥60°0 98800 $T80°0 09L0°0 STLOO L8900 LY90°0 - A
- - S66L°S 8£89°¢ ¥29s°S LEEV'S 8¥6T'S otv1’s 1950° LEYG'Y P198°% - s (LEsy)
- - L'Sy81 SvoLl TevLl TI691 0°8€91 77851 LZss1 y1Ts1 6'L8Y1 - Y 0081
- - 08110 6111°0 LSOT'0 £660°0 LT60°0 LS80°0 61800 08L0°0 8€L0°0 - a
- - 1£98°¢ S8YPL'S 9829°S R105°S 659¢°S L91TS 16e1°S [4A4\89 0166’y - s (€0'1¥)
- — S6v81 L'86L1 0°8pLI 69691 8'yvol L0651 €981 STesl 0°10ST - q 0091
- - vEET0 9921°0 L6110 LTiro ¥S01°0 LL600 L£60°0 $680°0 168070 - 4
- t eveEe’s 8078'S [ X4 SLLS'S 132489 Y667 60TT'S OLET'S .movo.m £ore’y s (97'9¢)
- - [4 %3] 6°2081 8'TSL1 S'TOLT P1691 88651 S ILST 1'epsi P elst 918¥1 Y oov1
- - [433 0] SSP1°0 8LET0 66C1°0 L1ZIO [A488Y 88010 010 6600 €600 a
- - 95T10'9 1€06°S 098L°S 1€99°¢ STES'S 916€°S 6S1E°S LSET'S Lé6v1'S 950°S s (s60g)
- - 69581 1°'L081 SLSLY 0°80L1 0'8591 89091 S 0851 €esst | BY49 434! Y 0021
- - S6L1°0 LOLTO 8191°0 Les1ro SEPI0 6£€1°0 68210 8¢TI°0 S811°0 62110 a
(744 002 081 091 ot (174 001 08 0L 09 0s ov (ugrovingos 1)
‘e,
D, ‘eanjeradurdy, 'sqe :M_Mo..m
(IS sapop1un) opvjua[pr2.4qos-0oviuoury (UQIENURUC)D) ISTTV VIAVL




S TE66L0 06T 14T 150$20°0 176080 6LTTVT SYS820°0 15028°0 YYTET 820€€0°0 06
S06LL0 8T0'VET €L0Y20°0 0v68L0 PII'SET LLYLTOO 9L008°0 1LT°9€2 EY8IE0°0 08
= 808SL0 0€£L'92C T90€20°0 8L89L0 PE6'LTT 08€920°0 SYOSL'0 660°62C TEYOE00 oL
m €€9€L0 ELE'6IT 2102200 YYLYLO 0TL'0TT LYTSTO'0 1S65L°0 L10°22T L8E6TO'0 09
5 19€1L°0 126'112 T160T0°0 LTSTLO MWy EIT 8905,20°0 €8LEL'O €06'¥1T 0018200 0s
= TL689°0 0ZE¥0T PPLETO0 0120L°0 ¥L0'90T 0€8TT0°0 62S1L°0 TEL'LOT 19L920°0 o
=4
g 24N 06'0 edINL08'0 edIN 0L°0
m SL9060 1EPTLT 181¥¥0°0 050260 €TIELT 0EPESO'0 $OLEGD 908°€LT 667L90°0 €1
= 68888°0 81€°59C LO6TY0'0 9LZ06'0 LS0'99C 676150°0 176160 98L°99T 9575900 0z1
990.8'0 THT'8ST 6191¥0°0 L9880 S£0°65T S1¥050°0 S¥106°0 S18°65C 109€90°0 o011
$0TS8'0 00T°152 91€0¥0°0 12998°0 ¥50°25T 988840°0 S1E88°0 T68'75C 1€L190°0 001
662€8°0 88I'HHT 9668£0°0 SELPSO TITSHT IPELYO'0 Lyr98°0 LIOOVT 986500 06
8YEIL0 10T°LET £59L£0°0 L08T8°0 90T'8€T SLLSY0'0 0vS¥8'0 881°6€C 1P6LS0°0 08
9¥E6LO 1€T0€C 9879€0'0 7€808°0 0EEC'IEC S8IPKO0 165280 10°2€T 7109500 oL
L8TLLO 89CT'€TT L88YE0O 9088L0 6LY'¥TT 99ST#0°0 $6508°0 £€59'52C 650¥50°0 09
€915L°0 00€'91C 0SPEE00 TTLIL'0 €P9°LIT T160%0°0 6¥S8L0 6£6'81C TLOTSO'0 0s
$962L°0 LOE'60T 9961£0°0 yLSYL'O 018017 S1Z6£0°0 LYY9L'O 0sTTIT 9700500 oy
6L90L°0 £€92°20T TTYOE0'0 TSETLL'O €96°€0C PIPLEDD 18THL0 LLS'SOT 1L6LYO0 0¢
— — — €400L°0 < LLOL6Y 9v9S€0'0 €K0TL0 906861 LESSHO'O 0z
BN 09°0 BIN 050 2IIN 0V°0
$9226°0 785°09C 995680°0 885€6'0 T96°097 SEIE01°0 161560 8€€°19C ¥8¥621°0 ort
| 6¥106°0 91L'€ST LT1€80°0 6LL1E0 [44 874 6£2001°0 06£€6°0 STSHST 206521°0 001
665880 Y06'9vC £L9080°0 LEG6S'0 IPELYT 8TELE0'0 95$16°0 SLL'LVT S0£TTT'O 06
TIL980 LYT'0VT 0028L0°0 19088°0 029°0vC 66£760'0 68968°0 L80'THT 169811°0 08
L8LY8'0 PrPEET 90L$L0"0 LY198°0 9S6'E€T 6v7160°0 98LL8'0 TIVPET 950S11°0 oL
02878°0 £6L'9CC 981€L0°0 £6178'0 - ISELTE ¥LY880°0 978580 206°LTT L6ELIT0 09
80808°0 161°02C 9€90L0°0 861780 €08°02C 0LYS80°0 998€8°0 SO7'12T 01LLOT'0 0s
LYL8LO SEY'EIT 6v0890°0 LST08°0 60€¥1T TEYT80'0 €7818°0 1L6'71T 066€01°0 oy
€€99L°0 611°L0T 617590°0 9908L°0 998°L0T 1S€6L0°0 SLL6L'O L65°80T 622001°0 (113
8S¥PLO 9€9°00T SELTI00 0265L°0 89" 102 6129L0°0 LSILL'O 182202 6199600 (174
S1ZCL0 ELT 6T 786650°0 €ILELO 601°561 YCOELOO Y8YSL0 020961 0552600 01
$6869°0 81L°L8T 0S1LS0°0 LEVILO 6LL'88T TSL690°0 6vCEL0 08681 609880°0 0
edN 0€'0 BN ST'0 edN 02'0 :
3 e /e Bry/em 3 3w/rn /P B/t 3w/ 2Tt B/ Do |
s y 4 s Y 4 s Y 4 ‘duy,

tomo..o Y0784 976£91°0 L8960 629'84T 091L¥T°0 YEETIO'T 0S0°6¥2 6£8967°0
%Sa.o 6VS"I¥T 891651°0 8E916°0 L00°TYT (AR11ZA) P666°0 09 THT 6162810 08
Sw%.o €96 V€T 16EPST0 LSLT6'0 LSP'SET SPOEET0 £79L6°0 96'SET 08689Y°0 o
ogg.o Iy'8TT 68S6¥1°0 Tr806°0 786'8T¢ 9565720 02LS6°0 T1$°6TT 81055°0 09
ﬁ%w.c 866°12¢ 19LbP1°0 T6888°0 €85°77C 6£8812°0 ¥8LE6D 091°¢€7C - 1€01¥¥°0 o0
_me.o 129°51¢ 0066£1°0 $0698°0 T9791¢ T6911Z°0 ¥1816°0 168912 P10LTH°0 o
gew.o P1£60Z 000SEI'0 6L8V8°0 810°01Z LOSPOT0 808680 01,012 096210 o0
waﬁ.o LLOE0T £S00€1°0 218780 $$8°€0T LLTL6T'O ¥9LL8'0 L19'%0T ¥9886£°0 0
o%t.o 906:961 160521°0 00£08°0 0LL L61 $66681°0 189580 v19°861 LILY8E0 o
waﬁ.o 008°061 086611°0 19$8L°0 S9L°161 8Y9T81°0 L§SES0 S0L'Z61 60S0LE0 o
9&!& 0 £SL P31 9Z8P11°0 [£€9L°0 6£8°581 €TTSL1'0 88€18°0 6887981 87295€°0 w_ -
— — ¥90pL°0 L86°6L1 T0LLIT'O ZL16L°0 0L1181 6581¥E0 0z—
BJN ST°0 : BN 01°0 BJIN §0°0

| u!i S By/gu 3wy S/ Sy oy Swe /e 3/

s y a s - y a s y ;n .m:nw@c

(IS sapoprun) opojua[posqos Z1-a1up.a314foy (UGPENUNUO)) IST'E'V <w~m<,ﬁn

MMWMNM .o mwwom.”o w:ﬂumwﬁ 0 81¥'€81 T6L100°0 0 26L100°0 8PSITY [48¢
o mmgob vamm.o mmmwb.ﬂ 144414 056691 29%200°0 8601000 Y9€100°0 9v8L6'E 011
- o MWMMHM MMMWWM 89€90C Ly0'61 125°LST rTen0o $¥0200°0 L61100°0 £6059°¢ SOl
< PT101C 01819 14%%:14! £06€00°0 06 ’ A
8 ‘ . . L2000 €I1100°0 90PPee 001
S 01£$9°0 LLY61'0 ££85Y°0 we'l1T LOL'TL g ’
5 SETOVI £95400°0 80S€00°0 950100°0 68950°
£ . . . . . S0'¢ $6
£ MWMMWN w_omm.o \.wwm_v.o Now.wﬁm 196°6L 178'C¢el 8575000 9rTy00'0 ¢l0100°0 0588L°C 06
- oot WMMMMN MMWM« N 6€0°¢1C LOT'L8 °e6'sTl §00900°0 6205000 9L6000°0 T°08eS°T S8
14 TE/'TIT LEV'ES PoL611 1289000 $L8S00 ’ :
- o et . , . . 0 976000°0 09v0¢°C 08
= £vS8¢E°0 88T°CIT 9€1°66 €srety : ’ "
IS . . 4 €CLLOOO 2089000 026000°0 SPL80'C SL
T9TL9°0 10¥0€°0 1989€°0 I8v'11T 9TEP01 SS1°L01 §TLB00°0 878L00°0 L68000°0 8L688'1 0L
35 37 I 3, 3/
‘ Y Y y %a Ha %
opeinjes -deaqy opeanes opeanjes deay opeanjes o . . 4 o
Jodep opmbi Jode A opmbyy WMM“WMm e Mﬂﬂ”ﬂw .Mﬂﬂz el
3 33/ “erdoayuy 3/ “erdjeyuyg 3y/wm .ouw..uunmv USWN[OA ugIsaid

(IS sapvprun) opvanios g1-y (UoPENUNUO)) [STE"
(oumauoionyfiposojop) ZI-o1uvia314fod 19p sponupUIpouLLsy SIPDPaLd ﬁEE%._.::_sovm_mn.M «mem




TasLAs, FIGURAS ¥ cartas Il 779

778 B ArenpicE A

10£68°0 08€'STE €5L500°0 265160 75€°0€€ LLYLOO'O 0£z
LSSL8'0 06991€ $€5500°0 L1668°0 £10°72E 82TL00'0 (1744
£5LS8°0 38°L0E 80£500°0 L6188°0 yI9°ElE 2169000 01z
LLESO 916'862 1L0S00°0 $Tr98°0 9€1°'S0€ 80L900°0 002
L1618°0 OvL 68T 128%00°0 065+8°0 755962 ¥E¥900'0 061
1S86L°0 9L708T SSS¥00°0 $8978°0 $TYL8T LP1900°0 081
8¥9LL'0 00¥"0LT 892700°0 $6908°0 £06'8LT S¥8500°0 oLl
€STSL'O 016'65T 0S6£00°0 9658L°0 01L'69C TTS500°0 091
8952ZL°0 91¥'8YC $85£00°0 LSEOL'O ¥21°09¢C TLIS000 0S1
65S€69°0° $00°SET 6€1€00°0 816£L°0 0€6'6¥C 184¥00°0 ovi
118¥9°0 8Sv'91T 105200°0 Y911L°0 169'8€C STEPO0'0 o€l
01L¥S0 €0€°9LT 69£100°0 69LL90 081°52¢ 9€LE000 ozl
edIN 00°'S BJIN 00
918L8°0 260°80€ 8.8L00°0 0€£68°0 9v6°01€ 9€600°0 810160 1OL€1€E $19110°0 002
$€098°0 T5L°66T ¥85L00°0 ¥65.8°0 078°20€ ¥11600°0 7T£68°0 ¥9L'S0€ 0SZ110°0 061
61780 61€°16C 6L7L00°0 60858°0 0v9'v6T T8L800'0 ¥8SL80 T08°L6T 6L8010°0 081
¥8278°0 65L°T8C 196900°0 L96£8°0 $8€°98¢ 6E¥800°0 66L58°0 708°68C L6V010°0 oLl
16208°0 LTOYLT 929900°0 650280 ¥20°'8LT £80800°0 196£8°0 8¥L°18Z $01010°0 091
S618L°0 £50°59¢ 0429000 7L008°0 125°69C 60LL00'0 79078°0 919°€LT L69600°0 0s1
S965L°0 8TL'SST. #88500°0 166LL°0 8187092 £1£L00°0 16008°0 LLE'S9T £L7600°0 ovl
8¥SEL'O $98°SHT 96%500°0 88LSL'0 ST81ST 188900°0 SE08L0 986'95C LT8800°0 ogl
0Ov80L°0 980°S€T 656v00°0 0ZVEL'O 86£THT 61%900°0 €L8SLO 6LE8YT [S£800°0 (i7A
65SL90 09€£°7CT ¥TEP00'0 9080L°0 95T TET 9385000 ELSEL'O £SP6ET LESLOO0 011
— — — SSLLYO £2L°0TT 1£2500°0 1801L°0 620°0€C ¥92L00°0 001
— — — — — — ¥8289°0 9€L'61T $65900°0 06
edIN 0S'€ edIN 00°€ edIN 0S'T
119680 618°00€ £10v10°0 $7506°0 886'10€ TSLS100 615160 9£1°€0€ £T6L10°0 081
YL8L80 LEO'E6T 0LSET00 $0888°0 Y87 6T TLTSI00 918680 905°56C 86£L10°0 oLT
¥6098°0 LET'S8T 911€10°0 SPOL80 ¥LS"98C y8LY10°0 9L088°0 088'L8T ¥98910°0 091
edIN 00T BIN 081 BJIN 09'L
3 Suen s Mg | 2 AN S 3N/ S/ A 3 3w/ S/eH 3y/u o 8
ru y a s Y a s Y a4 .QEW_
S9T+8°0 SOV'LLT 159210°0 ovzss o LY8'8LT ¥8Tr10°0 £6798°0 057082 02£910°0 0ST
08€78°0 925°69T L1100 SBEES0 060°1LT TLLELOO SOvY8°0 909'2LT S9LS10°0 ort
££108°0 LLST19T 9.9110°0 YLY180 887°€9¢ YpTEL00 98578°0 LE6'YIT S61510°0 o€l
1I¥8L0 8TS°EST 65111070 L6¥6L0 LIV'SST L69210°0 6¥908°0 STTLST 809%10°0 0z1
00€9L°0 9EE°SHT $19010°0 EPYLLO 9 LYT 9Z1210°0 9p98L°0 8y 64T 000100 011
6L07L°0 9€6'9€T SE0010°0 L6TSLO TEE'6ET STSI10°0 ¥959L°0 SLS1HT 99€€10°0 001
€ILILO 972'8TT 90¥600°0 9€0€L°0 LO01€2 ¥88010°0 LBEVL'O £95°€€T 8692100 06
£7169°0 ¥20°612 ¥0L800°0 2T90L°0 €9€£'27T L81010°0 760TL°0 re'STT ¥86110°0 08
— — — T66L9°0 80T EIT 90¥600°0 1$969°0 018912 80Z110°0 oL
BN 00T BJIN 08’1 edIN 09'1
80268°0 851°68T S£5610°0 LLY06'0 801'06T £60£20°0 £€616°0 7€9°16C 8908200 091
LYYLYO 819°18C ¥£6810°0 S€L88°0 756782 TIYTT0'0 112060 SSTY8T $LTLT00 oSt
¥958°0 8LOPLT 12€810°0 $5698°0 605°SLT 12L120°0 75¥88°0 T06'9LT vLYITO'0 ovl
S6LESD 0£5°99¢C S69L10°0 £E158°0 TLO'89T 8101200 $5998°0 L95°69T 199520°0 0€1
£6818°0 196'85C €S0L10°0 $9T€8°0 7€9°09T 10£020°0 918¥8°0 9rT'TIT SESPTO'0 (1741
¥£66L°0 sseise £6£910°0 PrEIR0 081°€5Z L9S610°0 1€678°0 1€6'¥ST £66£70°0 o011
LO6LLO 269'EVC 01LS10°0° 99€6L°0 669°SHT 7188100 96608°0 TI9'LYT €€1£20°0 001
Z08SL°0 0v6'SET L66¥10°0 12€LLO 1L1'8€C TE0810°0 ¥006L°0 8LTOVT 1522200 06
109€L°0 650°82C LYTY1070 861SL°0 895°0€T 122L10°0 9P69L°0 016'2€T 1VE120°0 08
1821L°0 ¥86'61C SYPEIO0 T86TL0 158'22¢C 89€910°0 YISYLO S8YSTT L6£0T0°0 oL
90889°0 £19°11T 6LST10°0 6¥90L°0 ¥96'¥1¢ £97S10°0 1652L°0 0L6'L1T 01¥610°0 09
— — — $9189°0 £18'90¢ £80v10°0 65T0L°0 LIE01T 99€810°0 0s
BdN OF'[ edIN 0T’ | BdIN 001
£7016°0 968 +8C S150€0°0 096160 625°S8T £95¥€0°0 ¥8626°0 $S1°98¢C S9L6E00 0s1
S6768°0 $8S°LLT 6£9670°0 122060 6ST'8LT T6SEE00 ¥S216°0 ST6'8LT £L98£0°0 orl
015L8°0 862°0LT 15L820°0 8Y¥88°0 610°1LT T19T€0°0 6¥68°0 0EL'TLT TLSLED'O 0£1
$8958°0 TE0'€9T 758LT0°0 9£998°0 908'€9T 6191£0°0 £69L8°0 89S 49T 65¥9£0°0 0Z1
L18ER0 18L°S5T LE69T0°0 Y8LY80 919'95C T190€0°0 $5858°0 9EY'LST TEESE0D 011
106180 LES'8YT $00920°0 L88T8°0 ErY 6hT 8856200 9L6£8°0 0€£°0ST 6314£0°0 001
edIN 060 edN 08°0 edIN OL°0
M /e Sy B/ 3L e = 1A N 3/eA BueA L TALS o )8
s y a s y Coa s y a *dura,
(IS sapppun) opvjualwIaLqos Z1-apupLd3rifoy (UgrenuInUe)) ISTEV VIAVL




m ,90110°1 198°09C Z2€86580°0 680€0°1 SSL19T TT0V01°0 8PS0l ££9°C79¢C wwﬁﬁ”o 01
| ‘ LL986°0 YO1 ¥ST 8CI1T80°0 $6900°1 L60°SST 6896600 860¢€0°1 690°95T mooom_.o 0
2 0L196°0 T8ELYT yrE8LO0 1€786°0 T6V'8YT 0825600 9L900°1 LS 6VT LY90T1°0 01—
m — — — - - - 81860 ov1'ere €0TSIT0 0Z—
<
M BN 0€°0 BJN §TO edN 020
m ovssTl 85 '81¢ 00T0€T0 $TS6T'1 970°61¢ 9659%¢°0 SLTIE'T Sov'6lE :\\mmwuc 06
é $TeET'1 89¢€°11¢E 809€¢T0 61SLT'1 f4a2:088% 1089¢€°0 8LTYE'1 yIecie Ncmo\b.o 08
w 6LYITT 9PT YOt L6691T0 y8YST1 LSL'¥0€ 98692¢°0 £€sTTe’l momumom mmmwmw.o oL
a cov61°1 02T L6T -T9LOIT'0 8IveC'l TLL'L6T 6vILIE0 6610¢°1 mﬁm.mmN mw#hm@.O 09
68CLT1 68C°06C T0LEOTO 0zelTt L88'06C L8TLOL'O Y118T1 8Ly’ 16T i SwG.o 0s
opIsT1 (434 % 14 T10L61°0 L8161°1 101°'¥8C Y6£L6T 0 866ST'1 mv\...vwm Smwmm.o (U4
¢s6T1 60L°9LT ¥8T061°0 LIOLT'L 9Iv'LLT L9PL8TO 9p8ET'1 m:.mhﬁ ogwnm.o 0g
1zLovl LS00LT 916€81°0 608%1°1 [€8°0LC 00SLLTO 6591T'1 Y6S1LT mmmomm.o 0T
vrp80'1 96¥°€9C 6699L1°0 86STI'T SYEP9T S8YLIT0 €EV6TL owﬁ.,.mo,m ;bmmm.o 0l
911901 TTOLST £78691°0 19201°1 956'LST SIVLSTO 991LI'TL vnw.wmm mmoomm.o 0
€ELEO'T 1£€9°05C 6.8791°0 v16L0°L §99°15¢C 6LTLYTO 1955401 obo.NmN hmmoom.o 01—
88CI10°1 61€vvT 1686510 €1650°1 991"'SYT ¥90LETO S6VTI'1 985°9YT mqmomw.o 0z—
€LL86°0 8L0'8€T €TLBYT0 750€0°1 65€°6£C ¥$L9TTO ¥8001°1 209°0vC :uwoov.o 0e—
— - — £¢500°1L LEL'EET 1€€91T°0 9T9L0°L PTLPET £€9011°0 ov—
RIIN ST°0 eIN 010 BN S0°0
p | ww_\n_ mx.\\e_ ,m:nﬂ._. p | m“_:,x @_.\\E wv_w.: . | ww_;a_ uu__wi uv_wE . .wooh
. (IS sapvprun) opvjua[mI24qos gg 1231foy ISTY'V VIAVL
80L9°0 0 80L9°0 IS TIT 0 9IrsTIT 9061000 0 9061000 mE.m,.w 90096
Lo 6¥60°0 £LT90 Y8T 1T STO'vE 65€961 155200°0 0£0100°0 126100°0 mmwm.v S6
S69L°0 6761°0 LILSO T Live LEOOL POTLLY ¥95€00°0 T8CT00°0 78C100°0 mmvv.v 06
816L°0 PLYTO SYPS0 069°€ST 865°88 260°S91 8S€¥00°0 SLIE000 €81100°0 wwmo.v S8
SL08°0 °06T0 E€LIS’O 98%°LST SLy'Tol 110°SST 61150070 1£0+00°0 8111000 MNco.m 08
86180 °ULTE0 LT6V'0 888°65C 206'¢ll 986'Sv1 £86500°0 ¥16¥00°0 6901000 GE,m SL
°0£8°0 L09¢°0 S691°0 L6£19T TLL'ETL SToLEL 6889000 658500°0 0€0100°0 6566'C oL
- 7 7 3 Er: 4 34 34 Ja d Do
oua..q.m:aam .nM.MH e—:r_uamm ecﬁ.“:.«m .nawm oﬁu.ﬂ;«m opeinjes ~deaqy ovﬁﬂﬁm JEE ‘dua ],
Jodep opmbyy Jodep opmbyy Jodep opinbyy . m_.“w..m
o 8w/ ‘erdoxyuy 3w/ “erdieyuyg B/ ut ‘0o13102dsd UBIN[OA 91
16£8°0 026£°0 (424 4V 9LT'T9T LySTel 6TL'6Z1 L88LOOO 068900°0 L66000°0 6669'C S9
TLY80 L1TV'0 SSTY'0 8L9°79C Lov'ovl 081°zT1 100600°0 2£0800°0 696000°0 99¢r'T 09
9680 US4\ <oy o §0L°29T 008°LY1 S06'PI1 7820100 80£600°0 ¥6000°0 YpLI'T 99
S198°0 €8LY'0 °€8€0 8TP'C9T 9LSPST 1$8°L01 6991100 LYLOTO0 T26000°0 €TP6'1 0s
78980 85050 $29€°0 968°19C 16°091 786°001 ¥82€10°0 8€T10°0 060000 06TL'1 94
9PL80 62£S°0 L1vE0 6v1'19T LL8'991 LT Y6 SEISI0°0 1STv10°0 ¥88000°0 SEEST oy
6088°0 86550 01ze0 91C°09C 91S°TLL 00L°L8 692L10°0 10¥910°0 L98000°0 8PSET SE
1,880 L9850 $00€°0 611°6ST 698°LLT 0ST°18 TPL610°0 068810°0 580000 61611 0¢
£68°0 LET9O L6LT0 LL8'LST 896°'C81 016'vL ¥297T0°0 L8L1T00 8€8000°0 6€10°T ST
L6680 L0v9°0 0650 906°9¢T 9¢8°L8I 0L9°89 £00920°0 6L15T0°0 780000 66060 0T
29060 08990 8ETO 810°SST S6v°T61 £€25°C9 L866T0°0 9L1620°0 C18000°0 168L°0 ST
62160 9569°0 €L1T0 £TH'EST 096961 £€91°96 YILYPEDO P16£€0°0 0080000 L0890 o1
L6160 SETLO £961°0 1€L°18T 9T 10T $84°0¢ 95£0¥0°0 L9S6£0°0 68L000°0 8€£8S°0 S
69760 8ISL0 ISL1°0 6v6'6vC ¥9¢°50T 98S'vv SEILYOO LSESY0'0 8LL000°0 9L6V'0 0
vre6'0 908L°0 8¢ST°0 $80°8¥C £T€°60T 79L°8¢ 6£€550°0 1LSYS00 89L000°0 €izr'o S—
[44741] 66080 YZero vr1'ovT (42824 clo'ee 0res90°0 185¥90°0 65L000°0 €pvseo 01—
50560 86£8°0 LO1T°0 [A2 0474 86L°91C PeEE'LT §T9LLOO 9L89L0°0 05L000°0 LS6T'0 Si—
"€656°0 €0L8°0 06800 $S0°TrT LTe0TC 8TLIT £¥8260°0 T01260°0 1¥L000°0 8¥vvT0 0Z—
$896'0 S106°0 0L90°0 816°6€C LTLETT T61°91 6S8II1°0 9CITII0 £€L000°0 01020 sT—
¥8L6°0 SEE60 6vv0°0 9TL’LET 100°L2C STLOT PP8SE1°0 0TISET°0 STLO00O SE91°0 0g—
68860 996°0 §TT0°0 v8P'SET 951°0¢€T 87¢'S 00¥991°0 £89591°0 L1L000°0 LIET'O SE—
< 20001 2000°1 0 L6T'EET 861°¢€T 0 SPLSOTO 9£050T°0 60L000°0 6¥01°0 op—
m [240 6v€0°1 LTTO'0— 0L8°0¢€C CEL'9ET 9T S— 06695C°0 88295T°0 20L000°0 LT80°0 St—
& - 1S20°1 80L0°1 LSY00— 605°82C §96'8€T ISP 01— LSSYTE0 T98€TE0 §69000°0 ¥90°0 05—
< 06€0°1 6L01°1 6890°0— L11'9TC €0L'1vT S8 SI— LT8YIV'0 8EIVIY'0 6890000 S6v0°0 SS—
o 0vso'1 [ 201 ¥260°0— coLeTe 1233244 °59°0C~ TSILESO 0LY9ES O 89000°0 SLEOO 09—
m 10L0°1 98171 9110~ L9T'1Te §26'9vC 859'57— TLYSOLO 96LYOL’0 9L9000°0 08200 §9—
9L80°[ LLTT1 10v1°0— 818'81C Y4444 L09°0¢— 8¢6016°0 892016°0 0.9000°0 $020°0 0L—
% s s %y 3y fy %a 3a Ja d Do
opeanjes ‘deay opeanjes opeanjes desrqy opeanjes opeanjes ‘deay opeanjes ‘BJIN ‘duray,
Jodep opmby Jodep opmby Todep opmbyy 'sqe
1 33/0% ‘erdonug 3/ ‘eydieuy 83/, ‘oopyyoadss usunjo ugIsarg
(IS-sopvppun) oppimws gz-aupla314foy 1ST'V'V VIV L
(ouvpouiosonyfipo.019) Zz-21uva2314fo.4 1ap SPOUPUIPOULIS] pardosd ISY'V VIAVL




TasLAs, FIGURAS ¥ cartas I 783

782 M Aeenpice A

7£266°0 1L5°80€ LLTS10°0 69900'T €89°01¢ €0£L10°0 60220'1 sTiTie 5286100 001
128960 169662 £95+10°0 £2€86°0 950'20€ 959100 07666°0 10€°50€ 1106100 06
762960 0v9°06T 118€10°0 918560 78T'€6C SSLS10'0 9YSL6'0 L6L'S6T L91810°0 08
Z1916'0 01E'18T 800£10°0 YOEEE'0 €682 126v10°0 8905670 1L1°L8T ¥8TLI00 oL
62L88°0 £95°1LT SEIZ100 £LS06°0 L60°SLT 8Z0¥10°0 1952670 8S€°8LT 15€910°0 09
— — — $T9L8°0 €2'$9T ZS0E10°0 68968°0 797°69C 15€510°0 08
edIN 00°C BJN 08'1 BAN 09'1
£8191°1 90T P9E 620820°0 ELSLT'T 0s¥'S9€ £667£0°0 1€861°1 LLY'99E 0v66£0°0 091
ovTPI'l $88°S5€ €€7L20°0 6v65T'1 01T'LSE ¥80TE0°0 YT6LT'T v15'86€ €L88€0°0 0s1
6571’1 £09°LYE 9ZP920°0 066€1°T 610'6v€ 9911£0°0 98651'1 01°08€ LOLLED'O ovl
8€201'1 PSE6EE 809520°0 Y6611'1 1L8°0vE 9€20€0°0 PLOPT'T 09€°2vE 60L9€0°0 0€1
ZL180'1 8TII€E SLLYTO'0 L56601 79L°TEE 262670°0 ¥00ZL'l 09€'HEE 6095€0°0 0el
95090°1 916'7eE 9276€20°0 SLSLO'T 789'vCE YEESZ00 $5660'1 S0v°9zE S6YPE00 011
¥88€0°T 0L PIE 8S0£20°0 YPLSO'L £29°91€ LSELTO0 198L0°1 88¢'81¢€ POLEE0'0 001
6¥910°1 €LY"90€ L91ZZ0°0 955€0° 0LS'80€ 65€920°0 81LSO'T 665°01E €£122£0°0 06
6££66°0 207862 $5T1T0°0 S0£10'] 805°00€ 9E£SZ0'0 0z5€0'L LTLT0E 8€01€0°0 08
7r696°0 859°68C $62020°0 186860 SI¥'T6T Z8THT0'0 092101 658767 9€8620°0 oL
1¥bp6°0 107182 6626100 0L§96°0 £97'8T 161£20°0 876860 €L6'98C 109820°0 09
6081670 99L°TLT LYT810°0 $5016°0 110'9LT 150220°0 215960 9v0°6LC €TELTO0 0s
010680 198°€9C 0ZIL10°0 114160 709'L9T 158020°0 966£6°0 W0'1LT $66520°0 ov
— — — — — — 85€16'0 716'79T 009¥20°0 0¢
BIN OF'1 BIN 0T'T TN 00'1
LYO61° 651°65€ 86EEV0'0 88207°1 66L'65€ 2506700 6L91T1 SEP09E 12€950°0 01
6IILL'T L60°'15€ S12ZH0'0 69€81'1 8LLISE 8ELLVOO 0LLET'T pSPTSE 9€8750°0 ovl
8S1ST'T Y60"EVE 7201500 0ZvIT'l 128°¢vE £17940°0 ZesLl'l 17$PYE 1$€€50°0 0g1
91T’ LPLSEE LIS6E0'0 LEPPT'T $26'S€€ 9L0S¥0'0 198511 969'9€€ YESISO'0 ozl
8TITIL 1sTLeE 8658€0°0 LIPZUT L80°8T€E STLEVO'O 9s8El'T v16'82€ €1£050°0 011
75060'1 107°61¢€ £9€LE0°0 65€01°1 £0€°02€ 65€TY0°0 SISITT Z61°12E SLLSY0'0 001
0£690'T 065°11€ 8019€0°0 LST80' $95°T1€ YL60Y0'0 ZEL6O'T LTSE1E YZLLYO0 06
LSLYO'L LO8"€0€E TERYEOD 80190'T 898'$0€ 8956€0°0 909L0'1 216'50¢ 0595700 08
92520°1 Zv0'967 87SE£€0'0 906€0'T Z0T°L6T 9£18£0°0 1€750'T 6£€86T ZS0PP0°0 oL
0£200'1 8LT'88T £612€0°0 ¥r910'1 £55°687 ¥L99€00 102€0°1 008062 YTPEr0'0 09
658L60 L6v°08T 6180€0°0 P1€66°0 L06'18T SLISE0'0 016001 78T'€8C £9L010°0 0§
BIN 060 edIN 08°0 ®dIN 0L'0
3 3/ e Bry/gm 313w /e B/ 3 By 3/ Bry/m o
s y a s y a s Y 4 ‘duray,
86£56°0 : : y ;
e mw e Gn o menn
261060 - ) . . 501960 0vT'89T S0ELE0O 0¢
14952 §S€920°0 L8L160 LEL'SST 99€0£0°0 $95€6'0 £99°09T L8YSE0°0 ot
BN 06°0 “IN 050 o
h61'1 SSTSPE 9L5290°0 61€1Z'T €06 N : - .
T sseuee o0 it crese owioo swl leeste  senave o
T6PST'L 1€L°62¢ £60650°0 SGELI'T 6£5°0€€ YSE1L0°0 : : .
99pEL'] 1L0°72€ ZEELSO0 98E6T T ceezze 066900 WMWM“.” WMMMM Mwwmm.m ott
MMMM.H MMM”MMM psss00 ObEET' 0I+'sTE 902L90°0 8995T'[ ZEEOIE 6L9¥80°0 NW
PSLESO . . : .
prrt B B N
056401 . . ) POSTT'T 0£9°10€ 0LP6LO0 oL
. gcorzee 1800500 £9690°1 s1ze6T 98L090°0 29€60°1 986767 0£89L0°0 09
wwwwm.H eL9'v8T 8618400 EPLYO'T 0£6'S8C 065850°0 SLILOY 60T'L8T 091$L0°0 0s
seeont 0sTLLE 9LLIV0'0 LOVE0'T 069'8LZ 85€950°0 8E60'] 260'082 SSY1LO'0 ov
: 888 69¢ L0EPY0'0 821001 €8Y1LT 180¥50°0 9¥920'1 6T0°ELT :
L1SS6'0 L1§°292 082ZH0°0 LILL6O S6T¥9T 1SL150°0 : : R of
S¥676°0 601°$SZ . ) . . 16200°T 01099 S16590°0 (14
o IS 081000 £2256'0 S01'LST $SE6+0°0 99860 £20°65T 090£90°0 o1
- - — 65€56°0 150°C5T 1£1090°0 0
AN 090 ¥dN 0570 edIN 00
MMWMM.” MMMMMM Mmmoﬁ_o Sevvel geszee 980571°0 999’1 Z16°TEE 1£6181°0 011
e . 9ILITO e £90°52¢€ 6801H1°0 189671 08brozc 160110 oo
cost! e Lie 06LETT0 A T69°L1¢€ SLOLEL'O L8921 6€1'81€ 6661L1°0 06
69501 ! ¥26'60¢ 66011°0 0Tr8I'L 601°01¢€ PHOEET'0 £9907'1 068°01¢€ 800L9T°0 08
. 689C0€ 986901°0 £5€91°1 AT A3 £66821°0 LO98T'T 1£L°€0€ L66191°0 oL
oueet sEcS6C 055€01°0 0STHI'L 201°96C 816+C1°0 91591' 99'962 £96951°0 09
om.SC 09t°88C $80001°0 601T1°1 9L0°68T S18021°0 06€F1°1 989'68C T061S1°0 0s
610801 09%'18Z 885960°0 LT660°T zErese 189911°0 vezen] 96L°282 6089%1°0 ov
Lot tes Lz 150€60°0 669L0°1 L9TSLT 805ZI1°0 910011 266'5LT 189151°0 3
89PE0'T 199°L9T 69¥680°0 12450°1 oOLb' 892 2625010 c01101 clzeon i o
SOROED PAN ST'0 ®IN 0Z°0
.| mw\i uv_.\\i mx\\.n_: b | MMSJ_ S/eA By/om S Sy UM B 5.
v 4 s Y a “dur,
(IS sopop1un) opoyusypr24qos gz-o1unsdS1foy ISTY'V VIAVL




m €CIL’l ¥128°0 6061°1 128°61% 8C€91 6£5°9SC 0200200 LY1610°0 €L8000°0 TL10°T ov
] 6EIL1 SOPS0 €L9T°1 81S°LIY SIy'891 €01°6¥T ¥60€20°0 LETTTO0 L$8000°0 9L88°0 Se
@ €SILT 91LS0 LEVT'T SLO'STY mwm.m»— 06L° 1T LOL9T0°0 $98$20°0 £¥8000°0 OILLO oc .
m 891L°1 L9650 1ocri 60S°CIY 0T6'LLT 065 V€T LL60E00 8¥10€0°0 6280000 £999°0 ST
W €81L°1 07290 £€960°1 8€8°601 SreT8l £6v°LTT $S09€0°0 8€CSE0°0 L180600°0 8TLS0 0C
.M 00ZL'1 SLY9'0 STLO'T SLO'LOY 7857981 26v°0CT 1€12¥0°0 9ZEIH0°0 $08000°0 S68Y°0 S
2 sIzL't €€L90 S8P0’1 EET YOV 759°061 (4 15¥610°0 8698%0°0 £6L000°0 8S1¥'0 01
.m. 6€CL'1 £669°0 [324VN1 €TeI0v TLS' V61 16L790¢C €SO0 1SSLS00 €8L000°0 605¢°0 S
m - 9Ll T9CL0 0000°1 96€'86¢ 96¢£°861 000°00C £61690°0 0Zv890°0 €LL000°0 or6Z°0 0
88¢CL1 YESL'O SSLE'O ore's6¢ 910°20C yeeeol 9L5T80°0 1818070 ¥9L000°0 [S7a7zA0] S—
61EL’1 TI8L°0 L0S6'0 $8T'T6¢E +95°50T 12,7981 60766070 PS¥860°0 6SL000°0 L10T0 01—
ySEL'L 9608°0 8526'0 L61°68€ $00°60C €61°081 L00Z1°0 T€611°0 9L000°0 0s91°0 SI—
S6EL'T 88€8°0 LO06'0 £80'98¢ ore'CIT YYLELT 6v9v1°0 SLSPT0 8€L000°0 LEET'O (114l
1WL'T L8980 ¥SL80 0S6'78¢ 695°S1C 18¢°L91 62081°0 9S6L1°0 0£L000°0 €L01°0 $T—
€SvLl £9L8°0 0698°0 791°T8¢ 09¢91C 208'591 070610 LY681°0 82L000°0 €101°'0 ST9T—
€6vL'L 76680 66¥8°0 T08'6LE £€89°81C 811191 z0vTT0 0€€TT0 22L000°0 1$80°0 0e—
8TSL'T 18160 99€8°0 806°LLE 16¥°0CC LIY'LS1 99570 YLSSTO 81L000°0 LELOO €e—
N@ %.\.h \W. ﬁu\ M\,ﬁ .\,u\ — Ms— N.\.\-. .\.\-. d Do
opeanyes ~deay opeanyes opeames -deag opeanyes opeanjes -deaqy opeames ‘BqIN “duy,
aodep opmbyy aodep opmbyy Jodep opmby sqe
5 S/ ‘erdoajuzy S/ ‘erdpug S/ “oongyoadsd UBWINOA uglsedd

(IS Sopop1un) opvamps vpg [-a1up125142Y IST'S'V V14VL
(oungaosontfo.3or-Z ['I°1) PHE [-23UuDL2814J54 ]3P SDINUPUIPOULID} sapopardosd 1SS’V VIAVL

06L60°1 108°26€ T2L900°0 €peTl’l ZE6'L6E T67800°0 65TST'L $T6'T0Y $$9010°0 (1744
PELLO'T ¥9LT8E LLY900'0 £9€01°L 897°88¢ 8108000 LYEET'L £65°€6€ SE€€010°0 01¢
60950°1 709'TLE 72790070 87¢80'1 LES'SLE SELLOOO 16€1T°1 0T ¥8E 600010°0 002
20vED’l 1LT°29¢ 856500°0 0€790°1 €1L'89€ PyrLO00 98€60°1 €S8 YLE $L9600°0 061
86010°1 SILISE 089500°0 LSOVO'T 09L'8S€ THILO00 ¥TELOT 60v'S9€ TE£600°0 081
€L986°0 6¥8°0vE 98€500°0 L6LIO'T £€9'8¥E 9789000 66150'T $88°5S¢E 8.6800°0 oLl
¥6096°0 £56°62€ 1L05S00°0 1€766°0 997'8€¢ £6¥900°0 66620°1 9T IVE 0198000 091
01€€6°0 €EYLIE STLY00'0 1£696'0 €95°LTE 6£1900°0 01£00°% 9Py 9EE 9278000 0s1
0€£206°0 LSL'VOE SYEPO00 95T¥6°0 6LEITE LSLS000 T1€86°0 Tr'9TE ZT8LO00 ovl
edIN 009 eJIN 00'S edIN 00
M Bw/eA /A o TAH S 3/ /A S/ 3 3w/ 3/ By/ w o
s y a s y a s y a ‘dura g,

$L998°0 £5T°06T 668£00°0 LEEI60 69 10€ SEES00°0 8LLS60 080°91€ 16€L00°0 0€L
S81Z8°0 $8ETLT ££€£00°0 $$088°0 79€'16C 158400°0 ¥90£6°0 £LT°S0E $26900°0 0zl
PLOVL'O 8LTEVT TEYTO0'0 $9018°0 616°SLT $STP00'0 $6006°0 8YL€6C S0¥900°0 011
H — — S008L°0 T0'EST #EEE00°0 12L98°0 L66°08C 708500°0 001
— — — — — . ¥#$T8°0 629°59T LEOS00°0 06
edIN 00°9 BN 00°S edN 00'F
STIEN'T ¥00°L8€ $€9110°0 $20$1°1 80L'68€ 108€10°0 T6ILT'T PSET6E ¥£8910°0 002
ISLII1 018°LLE 89Z110°0 660€1°1 $69'08€ T6LET00 £0EST'T 805°€8¢€ $9£910°0 061
8€160'1 065°89¢ ¥68010°0 IETITT 6L9°1LE 9L6T10°0 9LEET'] 6L9'PLE L88510°0 081
1L0L0°T PTE6SE 0150100 911601 LY9°T9€ 0552100 8011’1 098°59¢ 20¥S10°0 (A
ov6v0'l 686°6VE ¥11010°0 LYOLO'Y P8SESE ¥11210°0 S65£60°1 0v0'LSE LO6P10°0 091
9€LT0'1 ¥SS OvE ¥0L600°0 81610°1 LIV PPE $99110°0 1€€L0°Y S0T'8YE 00VPI00 0S1
StY00'1 9L6'0€€E 926000 81L20°1 0LTSEE 00T110°0 01250'1 9€€'6€€ 088€10°0 or1
60860 961'12€ $78800°0 SEP00'T $S6'STE L1LOTOO £20€0°1 [40a\[%3 EPEELO0 o€l
0TSS6°0 6T1°11€ 9v£800°0 £5086°0 0Ly 91E 112010°0 09L00°1 00V’ 1€ 88LZ10°0 0zl
818260 0+9°00€ 678L00°0 LYSS6°0 YL 90E $L9600°0 S0%86°0 192°21€ 8022100 011
TL868°0 $0S$'68C LSTLOO0 188260 £99'962 8606000 6£656°0 $£6'20E 86S110°0 001
85980 89T°LLT L65900°0 $6668°0 T0°'98T $9800°0 TELE6'0 8EE'E6T 8760100 06
68078°0 6£L'79C $9L500°0 08L98°0 0ESPLT LYLLOOO LES06°0 TEEEVT £42010°0 08
— — — — — - 9LYL80 LLYTLT 6576000 oL
m eJIN 0S'€ BdN 00'E : BN 0S'T
m S66ST'1 S6S'LLE 152020°0 €61L1°1 8EL'8LE $L9720°0 LOSST'L 698°6LE €0L520°0 081
z 0LOVI' 0L6'89€ £L9610°0 $8TST'1 981°0LE SP0220°0 ¥1991°1 98€'1LE 800520°0 oLl
- BEH 1 %w%m L80610°0 OpEET' 999°19¢ LOV1Z00 889%1°1 S¥6°79€ SOEYT00 091
2| lwomr  toroe  wmioo  asen  some oo ot siew essoo o
. 020°0 12L01°1 91°9p€ 698220°0 ovl
Y1650°1 019'v€€ 8STLIO0 €57L0°1 $TTIEE LTY610°0 £L980°1 S08°LEE £€1220°0 €l
08LE0'[ 166°ST€ 619910°0 €T150°1 SPLLTE 8EL8I00 9L590°1 LSY'6TE 78€120°0 0zl
910’1 TTCLIE 096510°0 TE620°1 6£T61€ TE0810°0 YTEROT £01°12€ #19020°0 o1t
eJN 00T : BdN 081 BdIN 09'L
M 3w/ /e S/ 3 3w Sy By/pw 3y /e B/ o)
s y a s y a s y .An .n_Euo
(IS sappprun) opviuaIp224q0s LZ-Auno3ryfoy (ugenunuo)) ISTH'V VIEVL




TasLas, Ficuras Y cartas Bl 787

786 B Arenpice A

'T7€6£0°T 969°LTS 8€6 S¥0°0 22es0°C STY'8TS 856 £€50°0 0v690°C L81°6TS 81 §90°0 ol
TLEIOT LOT'LIS £€9 ¥0°0 YLL20'T 920°'81¢ 19% 2500 €0Pr0'T SE/'8IS 81t £90°0 oct
LLLB6'1 SL8°90S 1€ €70°0 €6100C  0SL'LOS 1$6 0500 9€810°C €19°80S 6£9 190°0 (174}
€r196'1 ¥$9°96% 086 1070 9LSL6'T v65°L6Y 9Ty 6¥0°0 SET66'L 815°86% S¥8 650°0 011
LOPE6’1 SES98Y L29 0¥0°0 0616’1 0SS°L8Y £88 L¥0'0 86596'1 9S 88"V S€0 8500 001
£vL06'T LOS9LY 1S 6£0°0 0TTT6'1 119°LLY 61€9v0°0 126¢€6°'1 069°8LY $0Z 950°0 06
¥96L8°1 PSS9 8Y8 LEOO 1Ly68°1 YoL LOY 0€L VY00 661161 v6'89Y 15¢ ¥S0°0 08
12168°1 G899 01% 900 9998°1 v66'LSY 801 £+0°0 9TP88'1 06T°6SY L9¥ TSO'0 oL
10728°t T8L9%Y 626 ¥€0°0 16L£8°1 6LT'8YY Lyy 1¥0°0 966581 8IL'6VY LyS 050°0 09
L8T6L'1 S68°9¢ 76¢€ £€0°0 8¢808°1 685°8¢Y SEL 6200 969781 S0TovY 185 8¥0°0 0s
9609L°1 £E6'9CY 18L 1€0°0 98LLL'1 188°8CY 856 LEOO S1L6L'1 0cL oty LSS 9Y0°0 oy
0LLTLY 60891 690 0€0°0 019¢L'1 £60°61¥ 60 9€0°0 TE99LT 1zeiey LSy ¥¥0°0 0¢

— - - - — — ocreL’l SYO'I1Y 95T V00 0T
BN OL°0 edN 09°0 edIN 0S50

608¢0°C v9Y°60S 99 LLOO S0£90°C P0€01S 1LEY01°0 998L0°C 0ZL01S YEL STT'0 0ozl
€TTI0°T 8TH 66¥ 89 SLOO YELEQ'T vTE00S 86¥ 101°0 20€50°C 99L°00S 81€TTI°0 (]
09861 £25°68Y YST €L0°0 1€110°C 8106V 609 8600 LoLT0C GS6°06Y 888 811°0 001
8¥656°1 SYL'6LY 720 1L0°0 S6¥86°1 LLLO8Y T0L S60°0 08000°C S8T'I8Y ovy ST1°0 06
78TE6°1 880°0LY L9L 890°0 £7856'1 90T 1LY YLL T60'0 61vL6'1 PSLILY L6 TITO 08
01506°1 SPS09v 8% 990°0 011€6'1 €9L7 19 128 680°0 0CLY6'L (33 %4%14 08+ 801°0 oL
8ILL8T vorisy 691 +90°0 ¥S€06°'1 (42 454 8€8 9800 086161 v60'eSY 856 ¥01°0 09
898%8°1 ISL 1YY 18 190°0 LYSL8'T yeT ey 918 £80°0 $6168°1 €56 Evy oY 101°0 0S
6¥618°1 SOV ey 0% 650°0 898’1 yervey 8¥L 080°0 LSE98'1 STEvEY 86L L60°0 oy
Ly68L"1 91TeTy 9T6 9500 PSLIB'T 960°SCY 079 LLOO 09v€8’1 L66'STY 6€1 ¥60°0 1}
Yy8SL1 S96°E1Y 79¢€ $S0°0 PrL8L'T Yoty S1v ¥L0°0 761081 IST'LIY 801 060°0 (174
119ZL°1 159'¥0v 189 150°0 LEOSL'T ILTLOY 01T 12070 ovPLL 1 LSE'80V ¥8S 9800 01

- e - - - - y8TYL'1 6L5°66¢ L£9 7800 0
BdIN 00 ) BJdN 0€°0 BdN ST'0

¥19¥0°C vy 6y 0g6v1°0 9v0L0'T 888°16¥ 666610 LeYOT'T 6ve oV 9¢10¢€°0 001
L6610°C 88LI8Y YoSvy1°0 8evP0'T S8TT8Y LEY6T0 LEBLO'T LLL'T8Y £0€67°0 06
9€66°1 96T°CLY 9L0Y1'0 86L10°C 1€8°TLY vL881°0 80TS0°C 6SEELY 898C°0 08
19996°1 9Y6'T9Y 9r9€1°0 STI66°1 $TSTE9Y 80€81°0 LYST0'T 960'¥9v 1€9LT0 oL
LE6E6T SEL'ESY ereero 91996'1 99¢vSY OvLLT'O £6866°1 986'vSY 16L9T°0 09

edN 020 edN ST°0 BdN 01°0

S/ 3/ Bry/w S 3/ /e B/ 3w/ /e Byy/gmr o

s Y 4 s y a s y a ‘dway,
L1161 89 vy 9LLTI'O 699¢6°1 0SeShv 891L1°0 £€TIL6'T 620°9vv 8¥6ST0 0¢
LSEBBT 80L'SeY SEETTO 6L806°T" ELY 9t 76591°0 SSEVE'T €TTLEY 201ST0 oy
16v58°1 SL8 9TV 68811°0 1+088°1 0eL’LZY 11091°0 SPSI6'1 95" 8Ty 0STYTOo (113
£9528°1 [S48:184 9ev 1’0 0S168°1 1relvy Persio 68988'1 8¥0°0CY £6££T°0 0T
79S6L°1 00560 ¥L601°0 L61T8'1 20901y 878Y1°0 08LS8'1 899° L1V LTSTTO (8
YLYILT 116°00% 10501°0 ILI6LT L81°T0V (444 40\] €1878°1 £y eor °891T0 0
9LTEL'T 8€ET6E €1001°0 8S09L°1 6£8°€6¢ £09€1°0 SLLOL'T 0LT'S6¢E §9L0T°0 01—

- - - — - - GS99L1 S1T°L8¢ 09861°0 0zZ-

- - - - - - 850SL'1 T1T €8¢ 006170 ST~

BJN 0270 BJN ST°0 BJN 01°0
/e e B/ 3 3w/ 2 gl Byy/gw 3/ /A B/ Do
s Yy a s y a s y 4 ‘dura ],
0pYIUaIDI24qOS DYE [-01up23LfoY ISTS'V VIAVL

869671 0 86961 LL6'06€ 0 LL6'06E 6961000 0 696100°0 090y S1°101
86¥9°1 SOLT'O CELY'T 818°0Zv 8619 PER'SSE 67L£00°0 2E¥T00°0 L62100°0 165 S6
0L99°1 99220 12! 9L9'STY $6C'T8 08¢°eve 909¥00°0 Z1v€00°0 $61100°0 8YvT'e 06
78L9°1 §997°0 AR A ¥80°'8Ch ovy'S6 Pr9Cet S6¥S00°0 L9E¥00°0 8¢1100°0 §926'C S8
7989°1 €10€°0 6v8¢°1 681°6ZY $6£°901 Y6L'TTE 9%$¥900°0 89€500°0 8L0100°0 LEEI'T 08
£T69°1 0gLeo 65¢°1 15¥°62F 6€6°S11 €Is°ele 16¥L00°0 £5+900°0 8€0100°0 rP9e'T SL
0L69°1 LT9E0 epeel o1i'6cy 89y vT1 wIroE L59800°0 £59L00°0 001000 6911°C oL
600L°1 016¢0 660¢°[ S0€'8TY 91T°2el 880°96C 0L6600°0 $66800°0 9L6000°0 8688’1 S9
0oLl 281v°0 LS8T'1 [ k44 9¢¢°6¢E1 P6L’L8T T9v110°0 11S010°0 156000°0 81891 09
990L°1 [2 424" 6191 059°STr €E6'SP1 8IL°6LT 991€10°0 LETTIOO 876000°0 ST6¥'1 Ss
880L°1 90LY'0 18€C°1 S16°¢Ty $80°CSI 0€8°ILT ¥Z1S10°0 L1TP10°0 80600070 081¢’1 0s
901L'1 96v°0 SYIT1 96° 12y TS8LST 011'¥9¢C 68€L10°0 66¥910°0 068000°0 2091°1 194

3g L Iy u& w&,& Iy 34 T fa d Do
opeanjes ~deay opeanjes openjes ~deay opeanjes ope.anjes ~deay opeanjes ‘edIN ‘duray,
- Jodep opinbyg Jodep opmbiy Jodep opmbry ‘sqe

3 3y ‘eydonuy B ‘edreug Sry/w ‘00gpoads? usUIM[OA ugisaidg

(0uv12040nf0.0393-7° [ T T) PPET-21UDA281Lf0.4 19p

(IS sopvprun) opoamns PEET-73uv4514HY IST'S'V VIAVL

1,

PO}

(et sy \“ Aﬂ-ﬂ\ B

nuo)) ISS'V vIdV.L




TapLas, Ficuras Y caras I 789

788 M ArenpicEA

TEPI0T 109°€LS S¥1800°0 010€0°C $99°9LS 615 6000 SYLYO'T 8L9'6LS €€ 11070 00T
99.86'1 LIT19S LES LOO'O L6£00°T 0EV'v9S $81 600°0 08120°C 0L9°L9S 786 010°0 061
82096'1 £L5°8¥S L1S LOO'O PTLLEY $81°TSS 6£8 800°0 $9566°'1 069'SSS 109 010°0 081
£02E6'1 L16'SES 181 L000 086v6'1 068°6€S 08¥ 800°0 T6896'1 CIL'EYS 802 010°0 oLl
1L206'1 TLOETS $78 9000 1s126°'1 96¥°'LTS €01 800°0 1S1¥6'1 POL'1ES 108 600°0 091
002.8°1 $T6'60S y¥t 9000 912681 8Z6'V1S 90L LOO0 8Z€16'1 819'61¢ SLE 600°0 0s1
Ov6E8'L S62T'96V L20 9000 1981 6L0'20S 6LT LOOO €0v88°1 88€°LOS 926 800°0 ovl
$0108°'1 $98° 181 655 S00°0 188Z8'1 1LL'88Y £18 9000 LYESS'T S16'v6Y 9%t 800°0 0gl
STPOL'1 L86'S9Y $00 $00°0 9vE6L'T L69 VLY 682 900°0 £1178'1 £V0'T8Y ¥26 L00'0 ozl
08pILT vr8'9Pt LLZ %000 SSESL'T 11265 L99 000 €798L'1 005°89% 6€€ LOO'0 ort
—_ — — 98€0L'1 £EYOPY 6£8 ¥00°0 LILYLL 1€L°€SY £59 900°0 001
- — — - — — 05669'1 €61°9¢€Y $SL S00°0 06
2N 0 BdIN 0S'€ - BN 0'€
LLIYO'T 1¥8°0LS 86v £10°0 ¥6¥90°T 0S6°€LS TLT LI0O 6VSLO'T LLT'SLS 69€ 610°0 061
¥1910°C 860°65S 990 £10°0 LL6EOT 814°279§ T9L 910°0 6+050°C YL €9S 718 8100 081
$0066'1 66€°LYS $29 T10°0 1Z910'C £96'0SS T 910°0 £1520°C LSETSS 15T 81070 . oLl
8€£96'1 TIL'SES 691 2100 12886'1 1LS'6€S TIL S10°0 9£666'1 890°1+S LLY L1O'0 091
609€6'1 LEO'YTS 869 1100 1L196'1 yTT'8TS 891 S10°0 YIEL6'T 1¥8°6TS 160 L10°0 0s1
¥0806'1 LOE'TIS 80T 1100 £OVEE’L 00691¢ 809 $10°0 6€9%6'1 659°81S 06¥ 910°0 orl
¥06L8'1 YLY'00S 769 010°0 98906'1 695°50S 820 ¥10°0 S0616'1 86b°L0S 1,8 S10°0 o€l
98848’ LSY'88Y 8710100 LTRLY'T L81'V6Y ¥Z¥ €100 86068'1 STE96Y 0£2S10°0 ozl
60L18'1 6T1'9LY 85S 6000 998%8°1 £69°C8Y 68L T100 S0798°1 $60°S8Y 09$ ¥10°0 ol1
11€8L°1 6LTE9Y L06 800°0 TLLIS'T 966'0LY 111 2100 70781 VL €LY ¥S8 £10°0 001
LOSYL'T 66Y 6vY LS1 8000 00S8L'1 156'85H vLE 1100 LS008'1 ¥91°29% 660 £10°0 06
0810L'1 L6L'EEY 122 L00'0 896vL'1 POE O 0SS 0100 LILOL'T T0T°0SY €LT TI0°0 08
— — — 1101L°T 1€5°TEY 185 600°0 S80EL'T T9S°LEY Iv€ 11070 oL
eJIN 0ST edN 0'C BJN 08'1
N 3o /e By 3/ Sw/eA B/ A B/en b M| Boy/ e o 8
s Y a s y a s y a ~dud,
T0LE0'T SEL'ESS 19L 020°0 $1050°C L60°SSS 886 €200 v6¥90°T £PP'95S 68T 820°0 A
LY110°T WSS £€1 0200 18420 ¥66'€FS 682 £20°0 086£0°C 9P SHS S6¥ LT00 091
15586'1 LTV 1ES €6 610°0 01666'1 ¥86°TES 6LS TTO0 1Ev10T YISPES 169 920°0 0s1
80656'L 9L€'0TS 0v8 810°0 967L6'1 ¥50'7TS 958 120°0 v¥886'1 L69°ETS vL8 STO0 orl
11zg6l 1LE°60S 691 8100 YEIYE' I T61°11S 811 120°0 712961 $96°C1S ¥¥0 ST0°0 0€1
TS¥06'1 L8E'86Y 6Ly L10°0 816161 6LE°00S 79€020°0 LESEE'T LOE'T0S L61 ¥20°0 0zt
619L8'1 06£°L8Y €94 91070 6€168'1 685681 €85 61070 $0806°'L oL 16b 6C€ £20°0 011
S69v8'1 €EEILY S10910°0 787981 06L'8LY SLL8IO0 60088°1 8T1°18Y 9€Y 2200 001
96918'1 SH1'S9¥ STTS100 £ECE]'T 1€6'L9¥ 1£6 L10°0 cE1s8°1 1SS°0LY TIS 1200 06
99p8L'1 TTLESY 8LE Y1070 $9208'1 Y¥6°9SY 0+0 L10°0 89128'1 ST6'6SY 8¥$ 020°0 08
990SL'1 888 1vt 6¥¥ £10°0 ovoLL' L 0L SPY €80 9100 1806L°1 6L1° 6V 0£S 610°0 oL
6¥EIL | ZeeeTy 76521070 L6SEL'T 6LOVEY Z€0S10°0 LEYSL'T 017'8¢¥ 6E7 810°0 09
— — — — — — €LETL'T Sp8aTy £¥T L10°0 0$
edIN 09'1 BIN OF'1 edIN 0T’ 1
SLIEOT L10°9€S Y¥b TEO0'0 191%0°C 09L9€S 8LT 9€0°0 LYTSOT 96¥'LES 1L0 1#0°0 0s1
£1900°C S0€'STS S6v 1£0°0 11910°C 960°92S YT S€0°0 80L20°C 08897 126 6£0°0 orl
£1086'1 Y69 v1S €€5 0£0°0 S7066'1 Ws'SIS 061 ¥€0°0 S€100'T 6LE91S 09L 8£0°0 0€1
1L£56°1 SLUH0S 955 620°0 66£96'1 830°50S 9Z1 £€0°0 STSLE'T 886'50S ¥8S LEOO 0T1
789761 9EL E6V 195 820°0 0€LE6T 9TL 6V €50 2Z€0°0 vL8Y6'1 869'S6¥ T6€ 9€0°0 o1t
8€668'1 19€°€8Y €¥S LT00 01016t by v8Y 06 0£0°0 LLIT6'T 66Y'S8Y 081 $€0°0 001
1€1L8°T LTOELY L6V 920°0 7€788'1 91T VLY 018 620°0 LTY68L SLESLY Y16 €££0°0 06
8YTr8’l £0L°79% L1¥ $20°0 L8ES8'T SZ0'v9Y 6%9 820°0 91998'1 80€°S9¥ 8L9 TEO'0 08
€LT18'L SPETSH £62 ¥20°0 65¥28'1 SE'ESH LyY LTO0 TELES'T 0LT SSY SLETE0°0 oL
1818L°1 068° ¥t 011 €20°0 1EP6L'1 S6S vl 76192070 19L08'1 £TT S $70 0€0°0 09
9€6vL’L VT IEY 6¥8 120°0 €LTIL'T SETEEY 898 ¥20°0 089LL'L PITSEY 119 820°0 0
6LYIL' 6¥T 0Ty €LY 0200 Ev6TL1 o't 9v¥ £20°0 LSPPL1 098 T €11 LT0°0 oy
) edIN 00'1 edIN 06°0 BJIN 080
M By Sy 3y/,w 3w/ /e By/wm 3 3W/eA /e By/om o 8
s y 4 s y a s y a ‘dura L,

opp1uap22q0s DpE-o1uniaBLfrY (UgienunUO)) IST'S'V VIEVL




=N
[l
m
2
Z 0szTL'S 7829’ €02S'S 8L6E'S 8Y5T'S L6LO'S 6LE8'Y — — 5
2 868°20€ 860°SLT 008°9¥2 ovL'LIT LT L81 TL9bST S65°STT — — y 0y
g 6L1220°0 S¥1020°0 £90810°0 Z16510°0 059€10°0 $8I110°0 1£2800°0 — — 4
7
3 8EV6'S 2058'S LOVL'S 01£9°S 636v°S eHrE'S sT's L888F — s
= ¥€0°L0E or1'08T p10°ESZ £v5'STT 8TS'L6T 85891 6LLLE 175101 — y 07
S6EPHO0  00SOV00 8559£0°0 $YSTEO'0 98200 £51420°0 145610°0 0£0¥10°0 — a
2951°9 790'9 0£96'S 058 vETL'S TLLS'S 650%'S TL8Y'S —_ y
781°60¢€ EPLTST ¥61°95T 78V°61C 7TS'°0T 9STSLI 790°L¥1 L6ELIT — y 01
£68880°0 $82180°0 1€9€L0°0 1165900 £60850°0 021050°0 9L81+0°0 P90EE00 — 4
£59€9 wLT9 ovLT'9 62909 £8€6'S 6s6L'S ~ 96T9°S 8Tr's 0991°S s
9LTOLE £90'78T 66L°LST 8SH 1€2 866'70T 6vE°8L1 9LE1ST 9LLETT 0976 y 50
1Z6LL10  T68T9T°0 LISLYT'O LLITET'O TYPLITO 650201°0 625980°0 8Z£0LO'0 790£50°0 a
£6£9'9 98v59 16v79 06€€°9 LS1T9 $SLO9 0£16'S 161Ls SLLY'S s
8€6°01¢€ 198782 99L'85C ¥9'2ET 9L'90T 9€7081 9L8'EST y6TLT1 8€T001 y z0
£E0SPY'0 EVLLOY'O S0VOLE'0 800EEC'0 S1556T°0 8L8LST'O L000TZT0 11L181°0 1252H1°0 a
LSY8'O 1S5L°9 65599 1959 Z€Tr'9 €879 sTTl'9 80€6'S ¥169'S s
09111 821687 060'657 6£0°€€T L96'90T 098081 S69°YS1 €2Tv8TL 8€6'101 ] 0
6220680 6E8SIS0 HOVIVL'O #06999°0 11£265°0 LLSLIS'O 7192KY°0 9€ZL9E0 0£0162°0 a
00€ sLz 05T stz 002 sLt 0sT sz 001 e
3 ‘eanjesaduwdy, "SqB uoIsad
(IS soppp1un) opojua|p224q0s 0uUdZ9IN ISTIV VIAV.L
€612y 0 €6ITF 16L°6
) 4 0 - 16L6 :
9621t 10660 s650°p gere . 62 ¥61€00°0 0 P61£00°0 08L6€°€ £61°921
i s Z9L'8Y LL9'9 £88¥00°0 '
L619° 199L0  9£58°€ vZe . ) 0€5200'0 £5€200°0 98807°¢ szl
] L 0£6°'16 S09°L1- 866L00°0 : :
o1ELY 9010°1 Y0ZL'E $06'18 [ATA ) 80€ e~ : el °161000 sretse oct
sIesy L6ITT L109°E SIL'C ; i SYY110°0 L1L600°0 67L100°0 SL8E6'] 11
. 8 SOTPEL 9t 8p— T$6510°0 :
9€06'v  €SIFT  €88Y'C  65EL8 L6§'8%1 8ECT 19— ‘ CrEPIO0 019100°0 L9 o1l
16867 0L09'T  19L€°E £6v'L8 169091 661°€L~ e £Lo0z00 es1000 ETY80'I so1
9€90°S 6008'T  LZ9T'€E 28%°98 SLOTLY €65 b8~ o1CIE0D 946200 7551000 188LL°0 001
z8P1's 9100°Z 99¥1's 09548 LET'08T LLS S6- couvvoo 86££10°0 £€6£100°0 Z80¥5°0 6
1ovz’s 9€ITT  99Z0°€ 868'18 6v1°881 T5T901~ or19900 £08v50°0 EFE100°0 9909€°0 06
62vE’s SIPHT  bI06T 0£9'8L . ] £05101°0 ¥0Z001°0 662100°0 £0622°0 <8
. . 61£°561 689911— PHLEIT'O S8YT9T” :
£50b°S LOLST  9TE8T 689°9L 6£8'861 0s1'TTI- : 0 05e1000 669€10 08
609%°S 60697  00LL'Z L9%DL 018102 ozt $8€917°0 SYISIZTO 0vZ100°0 STEI01°0 8VELL
1665°S €896T  LOE9T 00L°0L 88L°LOT 880°LE1~ S sevoseo Feero00 019L0°0 s
oboL'S 6287c  olsyz t1799 pacere B 9029250 $10525°0 161100°0 858500 o
< WES'S  80IYE  bETYT  8yb9  Z66SIT 1167051~ oo e ooriovo [L100 &9
s I 6vCI8H'1 660081 0ST100°0 TSTI00 SH1°€9
=} 3g 35 7 3 . e
& opeanyes -deag s Y Wy fy EA 54 Ta 7 -
Z opeanjes opeanjes ~deay opeanjes 0 .
aode petmjes deay ope.anjes .
- A - opnbyy Jodep opmbyy aodep ou—u:.-u-,.— -.«mw_uwﬂ dwoy,
s 3 3y/0 ‘eydonpuy Sy/ry ‘erdeuy S/, w ‘0opggoadse uoWn[oA ugIsaIy
©~
ouos (IS sapvprun) opv.anips ESM\EW.NZ ISI'9'V VI4V.L
041104 19p SDINUPUIPOUID) SIPVPIdOLd 1S9V VTIIVL




TasLas, FiGuras ¥ cartas I 793

792 M Aeenpice A

00§°L 0 00S°L L'6T1 0 Leclt S1900°0 0 §1900°0 0266S°Y 1557061
STLL 0zr'o S0E°L 0TLT 8'6L 76 96L00°0 862000 66100°0 Z80CS'y 061
8¥0'8 8¢€0°t 600°L 6'STT 1'ze6t 8'¢€E €¥T10°0 $¥800°0 86€00°0 19€98°¢ S81
Y0T'8 1Le'l €€89 (4144 8'9%C $'0- 829100 992100 79£00°0 §S98T°€ 081
[44%] 9l 1899 6°LST TL8T £6T 850200 8IL100 6££00°0 TOLLL'T SL1
[44 4] 88°1 0¥$'9 89T 0°0Z¢ 4% £9570°0 1$220°0 TTE00°0 9€6TE°T 0Ll
zig'8 801°C SOv'9 L'89C 8'LYE T'6L- 9LIE00 898200 60€£00°0 L09€6°1 $91
L6S'8 §TET TLT9 £0LT 0'cLE 9101~ S€6€£0°0 8€9€0°0 L6T00°0 967651 091
6L9°8 LES'T w19 0LT £'e6t 1eet- 268¥0°0 ¥09v0°0 8870070 0856C'1 SS1
65L'8 8PL'T 1109 $'89T €Ty LEvl- L1190°0 8€850°0 6L200°0 9010’1 0s1
178'8 196'C 6L8'S L'§9T v'6Ty L'€91~ 91LL00 yrvL0'0 TLTO000 6L£T8'0 94!
26’8 LLT'E ovL'S L'19T ' R444 'e8l- 6£860°0 L5600 §9200°0 S91¥#9°0 ovl
110'6 66¢£°¢ 119°¢ 8°96T 6'85Y 1'20z- =~ LL1LZIO LSYTI0 652000 2L06Y0 Sel
016 629 eLY'S 0'1sC L1Ly L'0TT 20L9T°0 8¥¥91°0 52000 09L9¢°0 0¢cl
00T'6 898°¢ (4384 19244 14%:14 0'6€C- 65€2T0 011zT0 6¥200°0 9689C°0 STl
S0E’6 8I1'Y L8T°S TLET (244 0°LST- S190€°0 1L£0E°0 7000 8S161°0 1741
1Z¥'6 8¢y LEO'S 6t 'v0s LvLT 8Y0EY°0 808Cr'0 6£200°0 TETEL'O SIT
8¥$'6 999'v (4184 012¢ £ELS £'76T YS¥To0 612790 $€T00°0 078800 o1t
169'6 0L6Y Ly TTiT 8'1TS L'60¢- 2060 16L£6°0 1€200°0 €900 S01
1586 86T°S 12357 6'20T 8'62S 8'9T¢- S88LY'T LSOLY'L 822000 I¥¥€0°0 001
S€0°01 ¥$9°'S 18EY ve6t TLeS L'eve- 8Y0SY'C L4244 ¥¢T00°0 £8610°0 S6
91201 686'S 9TY 1681 1'evs 1'86¢- 9L186'E SS6L6'C 122000 691100 $89'06
- N Rr ’ £ S r f £l r
3g 3y s 3y 3y y B 3, Ja d P
opeanjes ~deaqy opeames opeanjes ~deaqy opeanjes opeanjes *deaq opeanjes edIN ~dua g,
Jodep opmbig Jodep opinbry Jodep opmbyg ‘sqe
3 Sy “erdonpuy 3w/ ‘erdjejuyg 83/, ‘0d1y10adsa wouIN{oA ugIsaxg
(IS sapoprun) opvanips ouvia W IST' L'V VIAVL
9L 19p SDONUY 123 sapopadosd ISLV VIAVL
991¢'S 895¢°S 6791°S . 69+0°S vZle'y LISLY 6TSSY Yeoey 0966'¢ s
6¥9°10% 968 IvE LO0'6LT 669°SYT PEV'OIT PTeETLL 891°0¢1 Lig'e8 vr9'ee Y 00T
L8%900°0 L19500°0 Y0LY00°0 9TTy00°0 67.800°0 €12€00°0 L89200°0 L81200°0 C8L100°0 a
6¢£19°¢ 18s¥°S LTS S8ST'S °620°'S SYL8Y 96L9'Y 161’y 06L0'v s
I6L°€0y 99t°'S¥e 95 ¥8T 0LY'TST 98¢°81T 806'181 66501 876’16 $08'9¢ Y 051
91v800°0 082L00°0 880900°0 19¥500°0 $08+00°0 601¥00°0 §9£€00°0 8657000 SS6100°0 B
LLYL'S L96S°S L91¥'S 601¢'S 1061°S vLY0'S L698'Y €ET9Y 06zTY s
06L'90% 097°05¢ 206'16T °ES19C I¥8'62C 220961 £5E'8CT £9€°C11 659'8% q 001
gT100 L9010°0 2568000 £50800°0 €I1L00°0 119000 105000 CTSLEOOO 88€£700°0 a
L618’S 60L9°S SY6y'S 916€°S 8YLT'S S8ET'S LIL6'Y 09%L'y (44324 s
LET8OY Tiszcse 8IE°S6T 19L°69T SPI'SET €€8°20C 69%°L91 9te’sTl vT6'19 Y 08
¥9TS10°0 9€TELI00 SEIT10°0 ¢p0010°0 $06800°0 10LL00°0 L8£900°0 198+00°0 162000 a
TLe’s PIL’S 0265°S 1z6v's L6LE'S €05T'S $560°S 9568'Y S89S'Y s
£8°607 1S6'¥S¢ 886'86C Y6C'0LT [44: X074 STr'oic €6T'LLT SY6°6€1 86T'L8 L4 09
~L810T0°0 TESLIO0 £€08¥10°0 £6£ET0°0 LE6LTIO0 Ziy0100 1448000 606900°0 12¥¥00°0 a
ooy 0S€ 00€ SLT 0sT §TT 00T SLI 0ST edIN
3 ‘vamjeaaduia, ‘sqe ugisaig
(IS sapoprun) oppjua[naa2qos ous3omN (HoENURUO)) IST'9'V VIAV.L




R
=~
|
m 08101 0186 (2134 9£66'8 012L'8 9ILE'8 SYT8’L 2980°L - - s
2 €656 6118 8 1L9 ¥'8CS 1'0sv 9'85¢ £6TT T - Y 00°01
o .
3 1€20°0 10200 69100 €E€10°0 €110°0 68000 650070 8€00°0 - - a
2 .
2
w 96LT°01 LLY6'6 1€85°6 865S1°6 9068 ¥S65°8 12428 690T'L - - s
= 6796 028 ¥'$89 1'8%§ 14724 6'¢6€ 0°68¢C $°88 - - L 00'8
68200 <5200 . £120°0 IL10°0 L¥10°0 02100 $800°0 1+00°0 - - ®
1394401 61101 £P9L°6 109¢'6 €scr'e 2058°8 L06V'8 STI9L - - s
6°0L6 'Ces $'669 ¥'89¢ 6005 8°8¢h L'eve £091 - - L) 009
98£0°0 8€€0°0 88700 €00 $020°0 €LI0°0 Se10'0 1900°0 - - a
€85501 15TT01 1586 086 ovsT'6 S¥66'8 87L9'8 6S¥1°'8 - - s
0°SL6 8'LES L90L 9'8LS 9'els 9°Svy £69¢ £°85C - - L 00's
£9%0°0 90+0°0 8¥€0°0 98200 5200 9120°0 SL1I00 Y1100 - - a
STLI0T £TSE01 1,00°01 196 1€01°6 YLST'6 £598°8 SLOY'8 - - s
TeL6 Tevs 6'clL L'88S 1°92¢ 9'19v v'26¢ 7'80¢ - - Y 00’
0850°0 01500 8¢v0°0 £9¢€0°0 ¥Te00 1820°0 S€C00 9L10°0 e - a
€0€8°01 T 0gisol 9TLT01 YS6L'6 8¥85°6 (453X £780°6 w6rL'8 - - s
€86 8'8V8 [Aar43 8'86S £'8¢S I'Lly ety LThe - - Y 00°¢
vLLOO 7890°0 6850°0 °6¥0°0 [444\] 06£0°0 ££€0°0 6920°0 —_ - a
(US4 (111} 0S¢ 00€ SLT (154 544 007 ST 001 edAl
*sqe ugIsalg
31 ‘eamjesadurny, .
(IS sapppiun) opiua[pI24qos ouviapy (UYPENUPUCD) IST L'V VIIV.L
- 6vEL01 266¢£°01 £0€0°01 99786 9t09°6 [433X) 96506 6£89'8 - s’
- 13 4% 9°8¢L 67809 £0SS 8'16v vey ToLE 000t - L 00T
- LT01°0 16800 1SL0°0 0890°0 9090°0 67S0°0 9rr0'0 05€0°0 - a
- 66388°01 m@mw..g 9161°01 1166'6 0ELL'6 £0ES6 visTe 1716’8 - s
- TLS8 £TEL 8'€l9 79SS 0'66% 14144 €8¢ 8'81¢ - Y (U3¢
- €LETO £611°0 0101°0 L160°0 22800 Y2LO0 12900 8050°0 - A
- 650111 8¥LLOT 8€IY0L ¥91T°01 8200°01 v cwoLe 9005°6 IL81°6 206L'8 s
- 0098 6'SEL 8819 029§ 0°90§ 105+ $E6E 6'vEE 9°0LT L4 00°1
- ¥902°0 86L1°0 8TST'0 T6e1’0 14748 €Iro 8960°0 S180°0 £790°0 a
- OLILY'11 (44411 0S8L°01 9065701 218¢€01 omm.:: 65686 1209°6 . SIST’6 . .
- 8798 9°6¢L L'ET9 8'L9S 6'C1§ 11194 101 '6ve £7T6T Y 050
- LEIY'O 119¢°0 £80£°0 L18T0 0SST0 08TT0 900Z°0 9TLI'0 [2340Y ®
- 660¢°CL 6286'11 987911 Soev'1l €0ET'11 850011 0LSL'0T 65LY 01 #0ST1°01 s
- 1°598 9TYL 9°LT9 y'TLS €8IS 0's9v (4484 9°65¢ 8°90¢ Y 01°0
M - 1TL0'T €TI8'I 126S°1 61CF'1 S16T1 6091°1 66201 ¥868°0 659L°0 @
a
Z
m - L699°T1 6TPeTI 1686'T1 cLeL'1l ri6s'11 vLIE' 1T 961111 66¢£8°01 0L1S°01 s
= — ¥'698 6°TVL 1'829 6'TLS 681S 8'59% el 8°09¢ $'80t Y 00
- - 183484 7979°'¢ 6901°¢ °LY8T TL8ST 0LzZeT $990°C 5081 gevs't . A
=
= osy ooy 0se 00 SLT 0sT (44 00T SLI 0st edINl
g - - *Sqe uoIsaiy
¥ ‘eanzesaduray,
(IS sapoprun) opojudpI21qos OuPIW IST L'V VI4V.L




796 M Aeinpice A

TABLA A.8SI Constantes criticas (unidades SI)

Peso Temperatura  Presion  Volumen Factor
Sustancia Férmula molecular K MPa m/kmol acéntrico

Amoniaco NH; 17.031 405.5 1135 00725 0.250
Argén Ar 39.948 150.8 487 0.0749 0.001
Bromo Br, 159.808 588 10.30 0.1272 0.108
Diéxido de carbono - CO, 4401 304.1 7.38 0.0939 0.239
Monéxido de carbono Cco 2801 1329 3.50 0.0932 0.066
Cloro Cl, 70.906 416.9 798 0.1238 0.090
Deuterio (normal) D, 4032 384 - 1.66 -— —0.160
Fldor F 37997 1443 522 0.0663 0.054
Helio He 4,003 5.19 0.227 0.0574 —0.365
Helio® He 3017 331 0.114 00729 —-0473
Hidrégeno (normat) H, 2016 332 1.30 0.0651 -0218
Kriptén Kr 83.80 2094 5.50 00912 0.005
Nedn Ne 20.183 444 2.76 0.0416 -0.029
Oxido nitrico NO 30.006 180 648 00577 0.588
Nitrégeno N, 28013 1262 339 0.0898 0.039
Di6xido de nitrégeno NO, 46.006 431 10.1 0.1678 0.834
Oxido nitroso N0 44013 309.6 724 0.0974 0.165
Oxigeno 0, 31.999 154.6 5.04 00734 0.025
Diéxido de azufre SO, 64.063 430.8 7.88 0.1222 0.256
Agua H,0 18.015 6473 22.12 0.0571 0.344
Xen6n Xe 131.30 289.7 5.84 0.1184 0.008
Acetileno CH, 26.038 308.3 6.14 0.1127 0.190
Benceno CgHg 78.114 5622 4389 0.2590 0212
n-Butano CsHjo 58.124 4252 3.80 0.2550 0.199
Tetracloruro de carbono CCL, 153.823 5564 456 02759 0.193
Clorodifluoroetano® (142b) CH;CCLE, 100.495 4103 4.25 02310 0.250
Clorodifluorometano (22) CHCLF, 86.469 369.3 497 0.1656 0.221
Cloroformo CHCL; 119.378 536.4 537 0.2389 0218
Diclorofluorometano (12) CCL,F, 120914 3850 4.14 02167 0.204
Diclorofluoroetano® (141) CH;CCL,F 116.95 4815 454 0.2520 0.215
Diclorofluorometano (21) CHCLF 102.923 451.6 5.18 0.1964 0.210
Diclorotrifluoroetano® (123) ~ CHCL,CF; 152.93 456.9 3.67 02781 0.282
Difluoroetano® (152a) CHF,CH, 66.05 386.4 452 0.1795 0275
Etano CH¢ 30.070 3054 488 0.1483 0.099
Alcohol etilico C,HsOH 46.069 5139 6.14 0.1671 0.644
Etileno CH, 28.054 2824 5.04 0.1304 0.089
n-Heptano C;Hyg 100.205 5403 274 04320 0.349
n-Hexano CeH4 86.178 507.5 301 0.3700. 0.299
Metano CH, 16.043 1904 4.60 0.0992 0011
Alcohol metilico CH;0H 32.042 512.6 8.09 0.1180 0.556
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TABLA A 8SI (Continuacién) Constantes criticas (unidades SI)

Peso Temperatura  Presion ~ Volumen Factor

Sustancia Férmula molecular K MPa m>/kmol acéntrico

Cloruro de metilo CH,CL 50.488 416.3 6.70 0.1389 0.153
n-Octano CgHs 114232 568.8 2.49 0.4920 0.398
n-Pentano CsHye 72.151 469.7 337 0.3040 0.251
Propano C3Hg 44094 369.8 425 02030 0.153
Propeno C3Hs 42081 364.9 460 0.1810 0.144
Propino C3H, 40.065 4024 5.63 0.1640 0215
Tetrafluoroetano® (134a) CF;CH,F 102.03 3742 406 0.1980 0.327

Fuente: R. C. Reid, J. M. Prausnitz and B. E. Poling. The properties of gases and liquids, fourth edition, McGraw-Hill Book Company, New

York.

2 Datos de M. O. McLinden, NIST Thermophysics Division, 1989.

TABLA A 9SI Propiedades de diversos sélidas'y liguidos a 25°C (unidades SI)
Sélido C kikgK p, kg/m® Liquido C,klkgK  p,kg/m’
Aluminio 09 2700 Amoniaco 48 602
Concreto 0.65 2300 Benceno 1.72 879
Cobre 0.386 8900 Butano 2.469 556
Vidrio 08 2300 Etanol 2456 783
Granito 1.017 2700 -Glicerina 240 1200
Grafito 0711 2500 . Iso-octano 2.1 692
Hierro 0.450 7840 Mercurio 0.139 13560
Plomo 0.128 11310 Metanol 2.55 787
Hule (blando) 1.84 1100 Petréleo (ligero) 18 910
Arena (seca) 08 1450-1750 Propano 254 510
Plata 0.235 10470 R-12 0971 1310
Acero (AISI302) 048 8050 R-134a 143 1206
Estafio 0217 5730 Agua 4.184 997
Madera (la mayoria) 176 350-700
TABLA A.10SI Propiedades de diversos gases ideales a 300 K (unidades SI)
) Férmula Masa R Cpo C,o
Gas quimica molecular kJ/kg K kJ/kg K kJ/kg K k
Acetileno CH, 26.038 0.3193 1.6986 1.3793 1.231
Aire 2897 0.2870 1.0035 0.7165 1.400
Amoniaco NH; 17.031 0.43819 2.1300 1.6418 1.297
Argén Ar 39.948 0.20813 0.5203 03122 1.667
Butano C4Hjo 58.124 '0.14304 1.7164 1.5734 1.091
Dié6xido de carbono CO, 4401 0.18892 0.8418 0.6529 1.289
Monéxido de carbono co 2801 0.29683 1.0413 0.7445 1.400
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TABLA A.10S1 (Continuacién) Propiedades de diversos gases ideales a 300 K (unidades SI) . TABLA A.12SI Propiedades del aire como gas ideal, entropia estindar en
Férmula Masa R C,o C. unidades SI a la presién de 0.1 MPa (1 bar)
Gas quimica molecular kIkgK = kikgK Kkg K k T u h s
- K kl/kg kJ/kg kJ/kgK P, v,
Etano CHe 3007 0.27650 1.7662 1.4897 1.186
Etanol C,HsOH 46.069 018048 1427 1246 1.145 200 142768 ;ggg; 2:;2;?(2) gi;%g ‘3‘33 '422
Etileno CH, 28054 029637 1.5482 12518 1237 220 157.071 : ' : 9.1
i 240 171.379 240.267 6.64535 0.51088 313.274
Helio He 4.003 207703 5.1926 3.1156 1.667
Hidr6eeno H 2016 12418 2200 260 185.695 260.323 672562 0.67573 256.584
Met y c2 ’ : 142091 100849 1409 ; 280 200022 280390 679998 087556 213.257
etano He 1604 031835 22537 17354 1.299 290 207.091 © 290430 683521 0.98990 195361
Metanol CH,0H 32042 025948 14050 1.1455 1227 : 298.15 213.036 298.615 6.86305 1.09071 182.288
Nen Ne 20183 041195 10299 06179 1667 * 300 214364 300.473 6.86926 111458 179.491
Nitrégeno N 28013 029680 10416 07448 1.400 : 320 28726 320576 693413 139722 152728
Oxido nitroso N0 44013 0.18891 0.8793 0.6904 1274 340 243113 340.704 699515 1.72814 131.200
n-Octano CgHig 114.23 0.07279 17113 1.6385 1.044 360 257.532 360.863 7.05276 2.11226 113.654
Oxigeno 0, . 31.999 0.25983 0.9216 0.6618 1.393 ' 380 271.988 381.060 7.10735 2.55479 99.1882
Propano C3Hg 44.097 0.18855 16794 1.4909 1.126 T 400 286.487 401.299 7.15926 3.06119 87.1367
Vapor H,0 18015 046152 18723 14108 1327 ; 420 301.035 421.589 7.20875 3.63727 77.0025
Diéxido de azufre SO, 64.059 0.12979 06236 0.4938 1263 440 315.640 441934 7.25607 428916 68.4088
Tri6xido de azufre 505 80.058 0.10386 0.6346 0.5307 1.196 ' 460 330.306 462.340 730142 5.02333 61.0658
480 345.039 482.814 7.34499 5.84663 54.7479
500 359.844 503.360 7.38692 6.76629 49.2777
: 520 374.726 523.982 . 742736 7.78997 44.5143
‘ é 540 389.689 544686 746642 8.92569 40.3444
TABLA A.11SI Calores especificos a presion constante de diversos gases ideales (unidades SI) : 560 404.736 565474 7.50422 10.18197 36.6765
Cpo = ki/kmol K 0 = T(Kelvin)/100 ] 580 419.871 586.350 7.54084 11.56771 33.4358
Intervalo  Error méximo 600 435.097 607.316 7.57638 13.09232 30.5609
Gas K % ] 620 450415 628375 7.61090 14.76564 28.0008
G . 25.7132
N Cyo = 39.060 — 512.79 71 + 10.72.7 672 ~ 820.40 63 300-3500 043 640 465.828 649.528 7'2‘;448 12 Zzﬁg; s
0, Cpo = 37432+ 0020 1026'° — 17857 67'% + 236,88 6 300-3500 030 660 481.335 670.776 767117 ' '
C 075 -1 15 680 496.939 692.120 7.70903 20.78367 21.8182
H, Cpo = 56.505 — 702.74 9707 + 1165.0 07" = 560.70 6™ 300-3500 0.60 . 010 .
co Cpo = 69.145 — 0.704 63 6°7 —200.77 §7° + 176.76 §°™ 300-3500 042 700 o126 st 100 . '
Cpo =09, : : : : ‘ 720 528.435 735.098 7.77044 25.74188 18.6519
OH C,o = 81.546 — 59350 8°% + 17329 67°7° - 42660 6 300-3500 043 ; 140 544328 756.731 780008 28.54188 17.2894
NO Cpo = 59.283 — 1.7096 8°° — 70.613 67°° + 74.889 67 300--3500 034 : 760 560316 778.460 7.82905 31.57347 16.0518
H,0 Cpo = 143.05 — 183.54 6 + 82.751 67 — 3.6089 6 300-3500 043 3, 780 576.400 800.284 7.85740 34.85061 14.9250
o, C,o = —3.7357 + 30.529 6% — 4.1034 8 + 0.024 198 ¢ 300-3500 0.19 800 592577 822202 7.88514 38.38777 13.8972
NO, C,o = 46.045 + 216.10 97°% —363.66 877 + 232,550 6> 300-3500 0.26 ; 850 633422 877.397 7.95207 48.46828 11.6948
CH, Cpo = —672.87 + 43974 6°% — 24.875 ¢°7 + 32388 67°° 3002000 0.15 900 674.824 933.152 8.01581 60.51977 9.91692
CH, Cpo = —95.395 + 123.15 6°° — 35.641 6°7° + 182.77 67 300-2000 007 950 716.756 989.436 8.07667 7481519 8.46770
CHs Cyo = 6895 + 17.26 6 — 0.6402 6% + 0.007 28 6° 3001500 083 1000 759.189 1046.221 8.13493 9165077 ;i;gg‘;
C3Hg Cpo = —4.042 + 3046 0 — 1571 6% + 0.031 71 6° 300-1500 0.40 i 1050 802.095 1103.478 g.;igi; i;:i::; 5.46408
CHyo Cho = 3.954 + 37.120 — 1.833 6% + 0.034 98 0 - 300-1500 0.54 1100 845.445 1161.180 . . -
1150 881.211 1219.298 8.29616 160.7245 477141

Fuente: Tomado de T. C. Scott and R. E. Sonntag, University of Michigan, documento inédito 1971, excepto CoHs, CsHg y CaHyo que
provienen de K. A. Kobe, Petroleum Refiner, 28, No. 2, 113 (1949).
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| TABLA A.1281 (Continuacién) Propiedades del aire como gas ideal, entropia estdndar en TABLA A.13SI Propiedades de diversas sustancias como gases ideales
unidades SI a la presion de 0.1 MPa (1 bar) (unidades SI), entropias a la presién de 0.1 MPa ( 1 bar)
T u h ° : Nitrégeno, diatémico (N2) Nitrégeno, monoatémico (N)
K KJ/kg KJ/kg kIkg K P, v 12, 295 = 0 KI/kmol 7%, 05 = 472 680 KJ/kmol

1100 845.445 1161.180 8.24449 134.2478 5.46408 ; — M= 28013 — M= 14007
1120 862.903 1184379 $.26539 144.3878 517272 i T (h-hise) 5 (h-h3es) 5
1140 880.426 1207.642 8.28598 155.1245 4.90068 K kJ/lomol kJ/kmol K K)ol lflemol K
1160 898.012 1230.969 8.30626 166.4834 4.64642 0 -8670 0 -6197 0
1180 915.660 1254.357 8.32625 178.4908 4.40857 100 ~5768 159.812 —4119 130.593
1200 933.367 1277.805 8.34596 191.1736 4,18586 200 2857 179.985 -2040 145.001
1250 977.888 1336.677 8.39402 226.0192 3.68804 i 298 0 191.609 0 153.300
1300 1022.751 1395.892 8.44046 265.7145 3.26257 4 300 54 191.789 38 153.429
1350 1067.936 1455.429 8.48539 310.7426 2.89711 i 400 2971 200.181 2117 159.409
1400 1113.426 1515.270 8.52891 361.6192 2.58171 500 5911 206.740 4196 164.047
1450 1159.202 1575.398 8.57111 418.8942 2.30831 600 8894 212.1717 6274 167.837
1500 1205.253 1635.800 8.61208 483.1554 2.07031 700 11937 216.865 8353 171.041
1550 1251.547 1696.446 8.65185 5549577 1.86253 800 15046 221.016 10431 173.816
1600 1298.079 1757329 8.69051 634.9670 1.68035 900 18223 224.757 12510 176.265
1650 1344.834 1818.436 8.72811 723.8560 1.52007 1000 21463 228.171 14589 178.455
1700 1391.801 1879.755 8.76472 822.3320 1.37858 1100 24760 23 1,3 14 16667 180.436
1750 1438.970 1941.275 8.80039 931.1376 1.25330 1200 28109 234227 18746 182.244
1800 1486.331 2002.987 8.83516 1051.051 1.14204 1300 31503 236.943 20825 183.908
1850 1533.873 2064.882 8.86908 1182.888 1.04294 1400 34936 239.487 . 22903 185.448
1900 1581.591 2126.951 8.90219 1327.498 0.95445 1500 38405 41881 24982 186.883
1950 1629.474 2189.186 893452 1485772 0.87521 . 1600 41904 244139 27060 188.224
2000 1677.518 2251.581 8.96611 1658.635 0.80410 1700 45430 246.276 29139 189.484
2050 1725.714 2314.128 8.99699 1847.077 0.74012 1800 48979 248.304 31218 190.672
2100 1774.057 2376.823 9.02721 2052.109 0.68242 1900 57549 250.234 33296 191.796
2150 1822.541 2439.659 9.05678 2274.789 0.63027 : 2000 56137 252.075 35375 192.863
2200 1871.161 2502.630 9.08573 2516217 0.58305 ! 2200 63362 255.518 39534 194.845
2250 1919.912 2565.733 9.11409 2771537 0.54020 i 2400 70640 258.684 43695 196.655
2300 1968.790 2628.962 9.14189 3059.939 0.50124 2600 77963 261615 47860 198.322
2350 2017.789 2692.313 9.16913 3364.658 0.46576 2800 85323 264342 52033 199868
2400 2066.907 2755.782 9.19586 3692.974 043338 3000 92715 266.892 56218 201311
2450 2116.138 2819.366 9.22208 4046.215 0.40378 ! 3200 100134 269.286 60420 202.667
i:(s)g i;?:;‘zg ‘ iziégzz zi‘gz; 2425-759 0.37669 3400 107577 271542 64646 203.948
2600 2264.481 3010.763 929790 5523(5)3; gigﬁi ; o et phgie s s

|2650 2314.133 3074.767 9.32228 5736707 0.30805 | o e iy by o
2700 2363.883 3138.868 9.34625 6236.21 5 0.28872 : o o e it g
2750 2413.727 3203.064 9.36980 6769'657 0.27089 poved o e ol ey
2800 2463.663 3267.351 9.39é97 7338.715 0.25443 ! o jooss ma o o
2850 2513.687 3331.726 9.41576 7945'124 0'23921 o 17352 B o e
2900 2563.797 3396.188 9.43818 8590.676 0.22511 o o o e e

. N g g 6000 205848 292.984 124590 216.926

2950 2613.990 3460.733 9.46025 9277.216 0.21205
3000 2664.265 3525.359 9.48198 10006.645 0.19992
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TABLA A.13SI (Continuacion) Propiedades de diversas sustancias como gases ideales
(unidades SI), entropias a la presion de 0.1 MPa (1 bar)

Oxigeno, diatémico (O,) Oxigeno, monoatémico (O)

h$, 208 = 0 kJ/kmol © hy 295 = 249 170 kJ/kmol
M=31999 M=1600
T (h-hS) 5 (h-hSs) 5
S kJ/kmol kJ/kmol K kJ/kmol kJ/kmol K
0 -8683 0 —-6725 0
100 =5777 173.308 -4518 135.947
200 —2868 193.483 -2186 152.153
298 0 205.148 0 161.059
300 54 205.329 41 161.194
400 3027 213.873 2207 167.431
500 6086 220.693 4343 172.198
600 9245 226.450 6462 176.060
700 12499 231.465 8570 179.310
800 15836 235.920 10671 182.116
900 19241 239.931 12767 184.585
1000 22703 243.579 14860 186.790
1100 26212 246.923 16950 188.783
1200 29761 250.011 19039 190.600
1300 33345 252.878 21126 192.270
1400 36958 255.556 23212 193.816
1500 40600 258.068 25296 195.254
1600 44267 260.434 27381 196.599
1700 47959 262.673 29464 197.862
1800 51674 264.797 31547 199.053
1900 55414 266.819 33630 200.179
2000 59176 268.748 35713 201.247
2200 66770 272.366 39878 203.232
2400 74453 275.708 44045 205.045
2600 82225 278.818 48216 206.714
2800 90080 281.729 52391 ) 208.262
3000 98013 284.466 56574 209.705
3200 106022 287.050 60767 211.058
3400 114101 289.499 64971 212332
3600 122245 291.826, 69190 213.538
3800 130447 294.043 73424 214.682
4000 138705 296.161 77675 215.773
4400 155374 300.133 86234 217.812
4800 172240 303.801 94873 219.691
5200 189312 307.217 103592 221.435
5600 206618 310423 112391 223.066
6000 224210 313.457 121264 224.597

e i A b LD
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TABLA A.13SI (Continuacién) Propiedades de diversas sustancias como gases ideales
(unidades SI), entropias a la presion de 0.1 MPa (1 bar)

_Diéxido de carbono (CO,)
%, 508 = —393 522 k}/kmol

Monéxido de carbono (CO)
h. 50 = —110 527 k/kmol

M=4401 M=2801

T (h-h3ss) P (h-h3ss) P

K kJ/kmol kJ/kmol K kJ/kmol kJ/kmol K

0 -9364 0 -8671 0
100 -6457 179.010 -5772 165.852
200 —3413 199.976 2860 186.024
298 0 213.794 ) 0 197.651
300 69 214.024 54 197.831
400 4003 225314 2977 206.240
500 8305 234.902 5932 212.833
600 12906 243.284 8942 218321
700 17754 250.752 12021 223.067
800 22806 257.496 15174 227.271
900 28030 263.646 18397 231.074
1000 33397 269.299 21686 234.538
1100 38885 274.528 25031 231.726
1200 : 44473 279.390 28427 240.679
1300 50148 283.931 . 31867 243.431
1400 55895 288.190 35343 246.006 -
1500 61705 292.199 * 38852 248.426
1600 67569 295.984 42388 250.707
1700 73480 299.567 45948 252.866
1800 79432 302.969 ’ 49529 254913
1900 . 85420 306.207 53128 256.860
2000 91439 309.294 56743 258.716
2200 103562 315.070 64012 262.182
2400 115779 320.384 71326 265.361
2600 128074 325.307 78679 268.302
2800 140435 329.887 86070 271.044
3000 152853 334.170 93504 273.607
3200 165321 338.194 100962 276.012
3400 177836 341.988 108440 278.279
3600 190394 345.576 115938 280.422
3800 202990 348.981 123454 282.454
4000 215624 352221 130989 284.387
4400 240992 358.266 146108 287.989
4800 266488 363.812 161285 291.290
5200 292112 368.939 176510 294.337
5600 317870 373.711 191782 297.167

6000 343782 378.180 207105 299.809
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TABLA A.13S1 (Continuacién) Propiedades de diversas sustancias como gases ideales TABLA A.13SI (Continuacién) Propiedades de diversas sustancias como gases ideales
(unidades S1), entropias a la presién de 0.1 MPa (1 bar) (unidades SI), entropias a la presién de 0.1 MPa (I bar)
_ Agua (H;0) _ Hidréxilo (OH) _ Hidrégeno (Hy) Hidrégeno monoatémico (H)
h$. 208 = —241 826 ki/kmol . 205 = 38 987 kJ/kmol : h%, 295 = 0 kJ/kmol B3, 208 = 217 999 k/kmol
M=18015 M= 17007 M=2016 M= 1008
T (h-h3se) ® (h-hi3) 5 T (hh9) 5 (h-h3sn) ¢
K kJ/kmol kJ/kmol K kJ/kmol kJ/kmol K K kJ/kmol kJ/kmol K kJ/kmol kJ/kmol K
0 -9904 0 9172 0 0 -8467 0 -6197 0
100 -6617 152.386 -6140 149.591 100 5467 100.727 —4119 92.009
200 -3282 175.488 -2975 171.592 200 -2774 119.410 -2040 106.417
298 0 188.835 0 183.709 298 0 130.678 0 114.716
300 62 189.043 55 183.894 : 300 53 130.856 38 114.845
400 3450 198.787 3034 192.466 ; 400 2961 139.219 2117 120.825
500 6922 206.532 5991 199.066 ‘ 500 5883 145.738 4196 125.463
600 10499 213.051 8943 204.448 600 8799 151.078 6274 129.253
700 14190 218.739 A 11902 209.008 ' 700 11730 155.609 8353 132.457
800 18002 223.826 14881 212,984 800 14681 159.554 10431 135.233
900 21937 228.460 17889 216.526 900 17657 163.060 12510 137.681
1000 . 26000 232.739 20935 219.735 ] 1000 20663 166.225 14589 139.871
1100 30190 236.732 24024 222.680 1100 23704 169.121 16667 141.852
1200 34506 240.485 27159 225.408 ; 1200 26785 171.798 18746 143.661
1300 38941 244035 30340 227.955 1300 29907 174.294 - 20825 145.324
1400 43491 247.406 33567 230.347 ? 1400 33073 176.637 . 22903 146.865
1500 48149 250.620 36838 232.604 1500 36281 178.849 24982 148.299
1600 52907 253.690 40151 234,741 ] 1600 39533 180.946 ) 27060 149.640
1700 57757 256.631 43502 236.772 i 1700 42826 182.941 29139 150.900
1800 62693 259.452 46890 238.707 ‘ 1800 46160 184.846 31218 152.089
1900 67706 262.162 50311 240.556 i 1900 49532 186.670 33296 153.212
2000 72788 264.769 53763 242328 ! » 2000 52942 188.419 35375 154.279
2200 83153 269.706 60751 245.659 2200 59865 191.719 39532 156.260
2400 93741 274.312 67840 248.743 2400 66915 194.789 43689 158.069
2600 104520 278.625 75018 251.614 ‘ 2600 74082 197.659 47847 159.732
2800 115463 282.680 82268 254301 ; 2800 81355 200.355 52004 161.273
3000 126548 286.504 89585 256.825 .‘ 3000 88725 202.898 56161 162.707
3200 137756 290.120 96960 259.205 . 3200 96187 205.306 60318 164.048
3400 149073 293.550 104388 261.456 3400 103736 207.593 64475 165.308
3600 160484 296.812 111864 263.592 3600 111367 - 209.773 68633 166.497
3800 171981 299.919 119382 265.625 ' " 3800 119077 211.856 72790 167.620
4000 183552 302.887 126940 267.563 4000 126864 213.851 76947 168.687
4400 206892 308.448 142165 271.191 4400 142658 217.612 85261 170.668
4800 230456 313.573 157522 274.531 4800 158730 221.109 93576 172.476
5200 254216 318.328 173002 277.629 5200 175057 224379 101890 174.140
5600 278161 322.764 188598 280.518 5600 191607 227.447 110205 175.681
6000 302295 326.926 204309 283.227 6000 208332 230322 118519 177.114




806 M Arenoice A

TabLas, FiGUras ¥ cartas I 807

S——

TABLA A.13SI (Continuacién) Propiedades de diversas sustancias como gases ideales : TABLA A.14 Segundo y tercero coeficientes viriales reducidos y constantes TABLA A.14.2

(unidades S1), entropias a la presion de 0.1 MPa (1 bar) de fuerza para el potencial de Lennard-Jones (6-12) Constantes de fuerza a partir de los datos
_ Oxido nitrico (NO) Diéxido de nitrégeno (NO,) 5 TABLA A.14.1 ) ) ] de coeficientes viriales experimentales
1%, 298 = 90 291 kJ/kmol B, 208 = 33 100 kJ/kmol Segundo y tercero coeficientes reducidos y sus derivadas Sustancia oK by, m/kmol
M = 30.006 M = 46.005 . .dB* . .dC* =
— — i T* B* Bi=T c* C*=T e 35.8 0.0262
T (h-h5og) § (h-h3) rd U oart 0 art Ar 1190 0.0502
X I kol IJfkmol K K/ kmol KJkmol K 03 ~27.88061 76.60701 Kr 173.0 0.0583
0 -9192 0 -10186 - -0 04 —13.79885 30.26698 Xe 2253 0.0854
100 —6073 177.031 —6861 202.563 0.5 -8.72022 16.92367 N, 95.05 0.0635
200 -2951 198.747 -3495 225.852 0.6 -6.19798 11.24883 0, 117.5 0.0578
298 0 210.759 0 240.034 0.7 —4,71004 8.25711 -3.44223 29.02471 co 100.2 0.0675
300 55 210.943 68 240.263 0.8 -3.73423 6.45414 ~0.87753 11.80911 NO 131.0 0.0402
400 3040 219.529 3927 251.342 09 -3.04712 5.26492 0.06579 5.05023 Co, 186.0 0.118
500 6059 226263 8099 260.638 1.0 —2.53809 442826 042600 - 2.12100 N,0 193.0 0.118
600 i 9144 231.886 12555 268.755 L1 -2.14638 3.81063 0.55670 0.76761 CH, 148.1 0.0698
700 12308 236.762 17250 275.988 12 -1.83595 3.33749 0.59235 0.12051 CF, 152.0 0.131
800 15548 241.088 22138 282,513 13 -1.58411 2.96421 0.58821 ~0.18965
900 18858 244.985 27180 288.450 14 -1.37585 2.66262 0.56823 -0.33189
1000 22229 248.536 32344 293.889 1.5 ~1.20089 241414 0.54307 —0.38813
1100 25653 251.799 37606 298.904 1.6 -1.05191 220602 0.51748 ~0.39994
1200 29120 254.816 42946 303.551 1.7 —0.92362 2.02926 0.49348 —0.38906
1300 32626 257.621 4835] 307.876 1.8 —0.81203 1.87733 0.47183 -0.36719
1400 36164 260.243 53808 311.920 1.9 —0.71415 1.74537 0.45267 —0.34065
1500 39729 262.703 59309 315.715 20 ~0.62763 1.62972 0.43590 ~031290
1600 43319 265.019 64846 319.289 22 —0.48171 1.43663 0.40861 —0.26013
1700 46929 267.208 70414 322.664 24 -0.36358 1.28190 0.38797 -0.21492
1800 50557 269.282 76008 325.861 26 -0.26613 1.15517 0.37228 -0.17792
1900 54201 271.252 81624 328.898 2.8 -0.18451 1.04948 0.36022 -0.14821
2000 57859 273.128 87259 331.788 ' 3.0 -0.11523 0.96000 0.35084 012454
2200 65212 276.632 98578 337.182 32 ~0.05579 0.88328 0.34342 —0.10574
2400 72606 279.849 109948 342.128 34 —0.00428 0.81676 0.33748 -0.09081
2600 80034 282.822 121358 346.605 i 36 0.04072 0.75854 0.33264 -0.07895
2800 87491 285.585 132800 350.934 38 0.08033 0.70716 0.32863 -0.06955
3000 94973 288.165 144267 354.890 40 0.11542 0.66148 0.32526 ~0.06209
3200 102477 290.587 155756 358.597 42 0.14668 0.62060 0.32238 ~0.05619
3400 110000 292.867 167262 362.085 44 0.17469 0.58381 0.31988 —0.05154
3600 117541 295.022 178783 365378 4.6 0.19990 0.55051 0.31767 -0.04789
3800 125099 297.065 190316 368.495 ; 48 0.22268 0.52024 0.31569 -0.04506
4000 132671 299.007 201860 371456 5.0 0.24334 0.49260 0.31390 ~0.04288
4400 147857 302.626 224973 376.963 6.0 0.32290 0.38397 0.30661 -0.03831
4300 163094 305.940 248114 381.997 70 '0.37609 0.30826 0.30069 -0.03899
5200 178377 308.998 271276 386.632 ‘ 8.0 0.41343 0.25248 0.29533 ~0.04152
5600 193703 311.838 294455 390.926 : 9.0 0.44060 0.20970 0.29027 ~0.04456
6000 209070 314.488 317648 394.926 10.0 0.46088 0.17587 0.28541 004758
20.0 0.52538 0.02866 0.24609 -0.06402
30.0 0.52693 -0.01749 0.21930 ~0.06728
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TABLA A20 M‘.mas atét‘nicas y temperaturas de fusion y ebullicién de los elementos basados TABLA A.20 (Continuacién) Masas atémicas y temperaturas de fusion y ebullicién de los elementos basados
en la masa atémica relativa asignada de *’C = 12 : en la masa atémica relativa asignada de >C = 12
Nombre Simbolo I:t:lix‘iz:g a?c/’;l:fiaca g:l;llfs‘;:":lilg d;r eelx::ll;l‘;:?(;:r f;‘C : ' Nombre Simbolo I:tl(l')l:n:z a?ﬂl as'a Tempe‘l:atuora Tempcsr‘a’t e
, , 6mica de fusién, °C de ebullicién, °C

Actinio Ac 89 227.028° 1050 3200 =+ 300 Galio Ga 31 69.72 29.78 2403
Aluminio Al 13 26.9815 660.37 2467 Germanio Ge 32 72.59 9374 2830
Americio Am 95 (243) 994 + 4 2607 Hafnio Hf 72 178.49 2227 =20 460i
Antimonio (estibium) Sb 51 121.75 630.74 1750 Helio He 2 4.002 60 —2722%am —268.934
Argén Ar 18 39.948 —189.2 —185.7 Hidrégeno H 1 1.007 94 —259.14 —252.87
Arsénico As 33 749216 817 (28 atm) 613 (sub) i Hierro Fe 26 55.847 1535 2750
Astatino At 85 (210) 302 337 Holmio Ho 67 164.930 1470 2720
Azufre N 16 32.06 ©o1128 444674 Indio In 49 114.82 156.61 2080

Bario Ba 56 137.33 725 1640 Iridio Ir 7 19222 2410 4130
Berkelio Bk 97 (247) Kriptén Kr 36 83.80 —156.6 —152.30 £ 0.10
Berilio Be 4 901218 1278 =5 2970 (5 mm) Lantano La 57 138.906 920+ 5 3454
Bismuto Bi 83 208.980 2713 1560 =5 Lawrencio Lr 103 (260)

Boro B 5 10.81 2079 2550 (sub) Litio Li 3 6.941 180.54 1342
Bromo Br 35 79.904 -72 5878 Lutecio Lu 71 174.967 1656 = 5 3315
Cadmio Ccd 48 11241 3209 765 Magnesio Mg 12 24.305 6488 £ 0.5 1090
Calcio Ca 20 40.08 839 £ 2 1484 i Manganeso Mn 25 54.9380 1244 £ 3 1962
Californio Cf 98 (251) Mendelevio Md 101 (258)

Carb6n C 6 12011 3652 (sub) t Mercurio Hg 80 200.59 —38.87 356.58
Cerio Ce 58 140.12 798 +2 3257 Molibdeno Mo 42 95.94 2617 4612

Cesio Cs 55 132.905 2840 = 0.01 669.3 ' Neodimio Nd 60 144.24 1010 3127

Cloro Cl 17 35453 —-100.98 —346 Neén Ne 10 20.1179 —248.67 —246.048
Cromo Cr 24 51996 1857 £ 20 2672 Neptunio Np 93 237.048 640 > 1 3902
Cobalto Co 27 51.9332 1495 2870 . Niobio Nb 41 92.9064 2468 * 10 4742
Cobre Cu 29 63.546 10834 +02 2567 ] Niquel Ni 28 58.69 1453 2732

Curio Cm 96 (247) 1340 * 40 Nitrégeno N 7 14.0067 —209.86 -195.8
Disprosio Dy 66 162.50 1409 2335 ] Nobelio No 102 (259

Einstenio Es 99 (252) Oro Au 9 196.967 1064 434 3080

Erbio Er 68 16726 1522 2510 i Osmio Os 76 190.2 3045 = 30 5027 + 100
Escendio Sc 21 44.9559 1539 2832 Oxigeno o 8 15.9994 -2184 ~182.962
Estafio Sn 50 118.71 231.9681 2270 : Paladio Pd 46 106.42 1554 3140
Estroncio Sr 38 87.62 769 1384 Plata Ag 47 107.868 961.93 2212
Europio Fu 63 151.96 822 +5 1597 v Platino Pt 78 195.08 1772 3827 = 100
Fermio Fm 100 (257 ) Plomo Pb 82 207.2 327.502 1740

Flior F 9 18.9984 -219.62 —188.14 Plutonio Pu 94 (244) 641 3232
Fésforo P 15 30.9738 44.1 (blanco) 280 (blanco) Polonio Po 84 (209) 254 962
Francio Fr 87 (223) @n 677) Potasio K 19 39.0983 63.25 7599
Gadolinio Gd 64 15725 1311 =1 3233
2 Los valores se aplican a los elementos tal como existen én los materiales de origen terrestre'y a ciertos elementos artificiales. : IVERSIDAD 5 L:’\;ﬂiii oA
Fuente: Handbook of Chemistry and Physics, sexagésima séptima edicion, [986-1987, CRC Press, Boca Raton, Fl, 1986. FACULTAD DE THCENEREA
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Oxigeno_Sobrecalentado

Oxigeno Saturado

Volumen especifico (m’l!(_g] Entalpia (k¥/kg) Entropia (kJ/kg.K)
Temp(Q) P(MP) v Vig v e by By 5 s 5
543507 0.00015 0.000765 92.9658  92.9666 -193432 242,553 49.121 2.0938 4.4514 6.5452
60 0.00073 0.000780 21.3461  21.3469 -184.029 238265  54.236 2.2585 3.9686 6.2271
70 0.00623 0.000808  2.9085 2.9093 -167.372  230.527 63.155 2.5151 3.2936 5.8087
80 0.03006 0.000840 0.68104 0.68188 -150646 222289  71.643 2.7381 2.7779 5.5161
90 0.09943  0.000876 0.22649  0.22736 -133.758 213.070  79.312 29364  2.3663 5.3027
100 025425 0.000917 0.094645 0.095562  -116.557 202291 85734 3.1161 2.0222 5.1383
110 054339  0.000966 0.045855 0.046821 -98.829  189.320 90491 3.2823 1.7210 5.0033
120 1.0215  0.001027 0.024336 0.025363 -80.219 173310  93.091 3.4401 14445  4.8846
130 17478  0.001108 0013488 0.014596  -60.6093 152.887  92.794 3.5948 11766 47714
140 27866  0.001230 0.007339 0.008569 -37.045 125051  88.006 3.7567 0.8935 4.6502
150 42190 0.001480 0.003180 0.004660 -7.038 79459 72421 39498  0.5301 44799
154.576  5.0427  0.002293 0:000000 0.002293 32.257 0.000 32.257 4.1977 00000 -~ 4.1977

Temp(K) v(m'kg) h(dkg) s(a/kgl)  v(m/kg) b(kWkg) s(/kgld)  v(m'kg) b (ki/kg) s (kI/k

0.10 MPa 020 MPa 0.50 MPa

100 0253503 88828 54016 0123394 86864 52083

125 0320717 112214 56107 0158268 110988 54241 0060674 107093  5.1650

150 038914 135301 57787 0192016  134.440 55947 0075039 131788 53448

175 0452645 158255 59202 0225276 157609 57376 0088842 155643 54919

200 0518127 181145 60427 0258282 180638  5.8609 0102371 179.105 56175

25 0583465 204007 61502 0291140 203596 59688 0115746 202359 57268

250 0648711 226869 62468 0323906 226529  6.0657 0129025 225506 58246

275 0713895 249769 63369 0.356610 249483 61560 0142242 248621 59156

300 0779036 272720 64140 0389271 272475 62312 0155415 271740 59932
1.00 MPa 2.00 MPa 4.00 MPa

125 0027869  99.653 49431

150 0035976 127.112 51433 0016270 116476 49130 0005526 81481 45475

175 0043341 152269 52986 0020544 145112 50899 0009020 128618 48414

200 0050394 176508 54283 0024395 17150 52293 0011376 159715 5.0080

225 0057282 200280 55401 0028051 196052 53464 0013444 187333 51380

250 0064068 223795 56394 0031597 220348 54491 0015378 213374 52480

275 0070790 247185 57314 0035073 244309 55433 0017233 238560 53469

300 0077467 270516 58098 0038502 268076  5.6263 0019039 263234 54300
6.00 MPa 8.00 MPa 10.00 MPa

175 70005051 10749 46431 0003002 79513 44384 0002020 52661 42573

200 0007027 147232 438565 0004864 133760 47308 0003603 119767 46189

225 0008589 178304 50029 0006181  169.069  4.8973 0004757  159.686 48072

250 0009991 206340  S.1214 0007316 199317 50251 0005730 192401 49450

275 0011306 232848 52253 0008360 227219 51344 0006606 221685 50572

300 0012570 258464 53116 0009351 253797 52240 0007432 249262 51533
20.00 MPa

175 0001343 24551 40086

200 0001727 75318 42798

25 0002236 122595  4.5024

250 0002755 163109 46739

275 0003241 198021 48069

300 0003700  229.655 49174



FIGURA A-30a

Grifica generalizada de compresibilidad de Nelson-Obert-bajas presiones. (Utilizadas con permiso del Dr. Edward E. Obert, University of
Wisconsin.) a
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ASI‘iE PTCx4.1-B b4 WA 0759L70 0084471 4 HH
PTC 4.1-b (1964)
ASME TEST FORM

CALCULATION SHEET FOR ABBREVIATED EFFICIENCY TEST Revised September, 1965
OWNER OF PLANT TEST NO. BOILER NO. DATE
ITEM15  ITEM 17 kB/hr
30 | HEAT OUTPUT IN BOILER BLOW-DOWN WATER =B OF WATER BLOW-DOWN PER HR X | _+: ... mlPIITIr I PR
- 1000
If impractical to we igh refuse, this
item can be estimated as follows
% ASH IN AS FIRED COAL
DRY REFUSE PER LB OF AS FIRED FUEL = N REFU L NOTE: IF FLUE DUST & ASH
2 100 — % COMB. IN REFUSE SAMPLE PIT REFUSE DIFFER MATERIALLY
IN COMBUSTIBLE CONTENT, THEY
ITEM 43 ITEM 22 ITEM 23 v SHOULD BE ESTIMATED
CARBON BURNED T X SEPARATELY. SEE SECTION 7,
PER LB AS FIRED = ——° - = s COMPUTATIONS.
FUEL 100 14,500 .
DRY GAS PER LB 11CO, + 80, + 7(N; + CO) : 3
AS FIRED FUEL = 5 5 x (LB CARBON BURNED PER LB AS FIRED FUEL + _5__§)
BURNED 3(co, + cO) 8
25 ITEM 32 ITEM 33 ITEM 35 ITEM 34 ITEM 24 ITEM 47
11 x + 8 x + 7 + +
- E e N X1 v 0veen Ce s e ey -
ITEM 32 ITEM 34 267
3 X\.. ..., oo
' co
EXCESS 0, =~ - ITEM 33 — M
2
AlIR t = 100 x = 100 x I e
36 .2682N; - (o, _ CO ITEM 34
2 .2682 (ITEM 35) — (ITEM 33 = )
2
-]
: Bru/lIb Loss
HEAT LOSS EFFICIENCY ‘ AS FIRED HAV Loss
FUEL 100 = %
HEAT LOSS DUE LB DRY GAS ITEM 25 | _
65 | TO DRY GAS = PERLBAS XxC_x{flvg - tair) = x0.24(TEM]3) “TEM”)z E X 100 =
FIRED FUEL P yu, TR T PRy 4
66 | HEAT LOSS DUE TO _LBH,0 PERLB ‘ PsI
MOISTURE IN FUEL ° AS FIRED FUEL X [(ENTHALPY OF VAPOR AT 1 PSIA & T GAS LVG) 6+ o0
- (ENTHALPY OF LIQUIDAT T AIR)] = '_TE;“O_'”x[(ENTHALPY OF VAPOR o
'| -
AT 1 PSIA & TITEM 13) —(ENTHALPY OF LIQUID AT TUTEMID] =+ | REEER
67 | HEAT LOSS DUE TO H,0 FROM COMB. OF H, = 9H, x [(ENTHALPY OF VAPOR AT 1 PSIA & T GAS
LVG) - (ENTHALPY OF LIQUID AT T AIR)] 87 106 -
=9 x [TEM 44  [(ENTHALPY OF VAPOR AT | PSIA & T ITEM 13) — (ENTHALPY OF LIQUID AT 4
100 TITEM I = oo n,
68 | HEAT LOSS DUE TO ITEM 22 ITEM 23 88 100 =
COMBUSTIBLE IN REFUSE = ] X = a1
69 | HEAT LOSS DUE TO TOTAL BTU RADIATION LOSS PER HR 69 .
= ——Xx100 =
RADIATION* LB AS FIRED FUEL — 1TEM 28 4
70 | UNMEASURED LOSSES*+ 79 <100 - P
4Q
7| rYovaL by e
72 | EFFICIENCY = (100 —ITEM 7Y} B I EE
t For rlgorous determination of excess air see Appendix 9.2 -~ PTC 4.1-1964
*-If losses are not measured, use ABMA Standard Radiation Loss Chart, Fig. 8, PTC 4.1-1964
** Unmeasured losses listed in PTC 4.1 but not 1abu|oled above may by provided for by assigning a mutually
agreed upon value for Item 70,
Printed in U.S.A. (10/74) This Test Form (C-37) may be obtained from ASME, 345 E. 47 St., New York, N,Y. 10017

COPYRI GHT 1999 Anerican Soci ety of Mechanical Engineers I nformati on Handl i ng Services, 19¢
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ASME PTCx4.1-A b4 BN 0759670 0O0A4470 2 WE

ASME- TEST FORM

SUMMARY SHEET FOR ABBREVIATED EFFICIENCY TEST PTC 4.1-a(1964)
- TEST NO. BOILER NO. DATE '
OWNER OF PLANT LOCATION
TEST CONDUCTED BY OBJECTIVE OF TEST DURATION
BOILER MAKE & TYPE RATED CAPACITY
STOKER TYPE & SIZE
PULVERIZER, TYPE & SIZE BURNER, TYPE & SIZE
FUEL USED MINE COUNTY STATE SIZE AS FIRED
PRESSURES & TEMPERATURES FUEL DATA
1 STEAM PRESSURE IN BOILER DRUM i COAL AS FIRED
psia PROX. ANALYSIS % wt oIL
2 | STEAM PRESSURE AT S. H. OUTLET psia 37 | MOISTURE 51 | FLASH POINT F*
3 | STEAM PRESSURE AT R-H. INLET psia 38 | VOL MATTER 52 | Sp. Gravity Deg. API*
VISCOSITY AT SSU*
4 | STEAM PRESSURE AT R. H. OUTLET psia 39 | FIXED CARBON 53 | BURNER SSF
TOTAL HYDROGEN
5 | STEAM TEMPERATURE AT 5. H. OUTLET F 40 | AsH 44 | % wt
6 | STEAM TEMPERATURE AT R H INLET F TOTAL 41 | B perlb
7 | STEAM TEMPERATURE AT R.H. OUTLET F 41 | Bty per Ib AS FIRED
ASH SOFT TEMP.*
8 | 'WATER TEMP. ENTERING (ECON ) (BOILER) F 42 ASTM METHOD GAS % VOL
COAL OR OIL AS FIRED
9 | STEAMQUALITY % MOISTURE OR P.P. M. ULTIMATE ANALYSIS 54 |co
10 | AIR TEMP. AROUND BOILER (AMBIENT) F 43 | CARBON 55 |CH, METHANE
11 | TEMP AIR FOR COMBUSTION c
(This is Reference Temperature) t £ 44 | HYDROGEN 56 2H; ACETYLENE
12 | TEMPERATURE OF FUEL F 45 | OXYGEN 57 |c,H, ETHYLENE
13 | GAS TEMP.LEAVING (Boiler) (Econ.) (Air Htr.) £ 46 | NITROGEN 58 | CaHs ETHANE
14 GAS TEMP. ENTERING AH (If conditions to be
corrected to quarantee) F 47 SULPHUR 59 fH2S
UNIT QUANTITIES 40 | ASH 60 |co,
15 | ENTHALPY OF SAT.LIQUID (TOTAL HEAT) Btu/lb 37 | MOISTURE 61 {Ha HYDROGEN
16 | ENTHALPY OF (SATURATED)(SUPERHEATED)
STM. Btu/lb TOTAL TOTAL
ENTHALPY OF SAT. FEED TO (BOILER) TOTAL HYDROGEN
17 (ECON.) Btu/lb COAL PULVERIZATION % wi
48 | GRINDABILITY 62 |DENSITY 68 F
18 | ENTHALPY OF REHEATED STEAM R.H. INLET[Btu/Ib INDEX* ATM. PRESS,
19 | ENTHALPY OF REHEATED STEAM R. H. 49 | FINENESS % THRU
OUTLET Btu/Ib S0 M 63 | Btu PERCUFT
20 | HEAT ABS/LB OF STEAM (ITEM 16 —ITEM 17) [Btu’Ib 50 | FINENESS % THRU 41 | By, PER LB
200 M*
21 | HEAT ABS, LB R.H. STEAM(ITEM 19 —1TEM 18}[Bru/Ib 64 | INPUT-QUTPUT ITEM 31 = 100
EFFICIENCY OF UNIT % ITEM 29
22 | DRY REFUSE (ASH PIT + FLY ASH) PER LB Btu/Ib % of A. F.
AS FIRED FUEL 1b/1b HEAT LOSS EFFICIENCY A.F. FUEL | FUEL
23 | Bt PER LB IN REFUSE (WEIGHTED AVERAGE) |Btu/Ib 65 | HEAT LOSS DUE TO DRY GAS
24 | CARBON BURNED PER LB AS FIRED FUEL 1b/1b 66 | HEAT LOSS DUE TO MOISTURE IN FUEL
25 | DRY GAS PER LB AS FIRED FUEL BURNED b/Ib 67 | HEAT LOSS DUE TO H,0 FROM COMB. OF H,
HOURLY QUANTITIES 68 | HEAT LOSS DUE TO COMBUST. IN REFUSE
26 | ACTUAL WATER EVAPORATED Ibshr 69 | HEAT LOSS DUE TO RADIATION
27 | REHEAT STEAM FLOW b /he 70 | UNMEASURED LOSSES
28 | RATE OF FUEL FIRING (AS FIRED wt) Ib/hr 71 TOTAL
29 | TOTAL HEAT INPUT (ltem 28 X ltem 41) kB/hr 72 | EFFICIENCY = (100 - ltem 71)
1000
30 | HEAT OUTPUT IN BLOW-DOWN WATER kB/he
a1 | HCAAY (lrem 26 tem 20) (item 27 xttem 21) +item 30 | KB /he
OUTPUT 1000 * Not Reauived for Effict Toai
t t
FLUE GAS ANAL. (BOILER)(ECON) (AIR HTR) OUTLET of Required for Eificiency lesting
32 Cco, % YOL t For Point of Measurement See Par. 7.2.8.1.PTC 4,1.1964
33| 0, % VOL
34 | co % VOL
35 [ N, (BY DIFFERENCE) % VOL
36 | EXCESS AIR %
Printed in U,S,A, (10/74) : This Test Form (C-36) may be obtained from ASME, 345 E. 47 St., New York, N.Y. 10017
COPYRI GHT 1999 Anerican Soci ety of Mechanical Engineers I nformati on Handl i ng Services, 19¢
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FOREWORD

THE Test Code for Stationary Steam-Generating Units was one of the group of ten forming the 1915
Edition of the ASME Power Test Codes. A revision of these codes was begun in 1918 and the Test
Code for Stationary Steam-Generating Units was reissued in revised form in October, 1926. Further
revisions were issued in February, 1930 and January, 1936.

In October, 1936 the standing Power Test Codes Committee requested PTC Committee No. 4 to con-
sider a revision of the Code to provide for heat balance tests on large steam generating units. In re-
writing the Code advantage was taken of the experience of the several companies in the utility field
which had developed test methods for the large modern units including the necessary auxiliary equip-
ment directly involved in the operation of the units. At the same time the needs of the small instal-
lations were not overlooked. At the November 30, 1945 meeting of the standing Power Test Codes Com-
mittee, this revision was approved and on May 23, 1946 the Code was approved and adopted by the
Council.

In view of the continuously increasing size and complexity of steam generating units, it was obvious
that changes were required in the 1946 Edition of the Test Code. In May, 1958 the technical committee
was reorganized to prepare this revision. The completely revised Code, the Test Code for Steam
Generating Units, was approved by the Power Test Codes Committee on March 20, 1964. It was further
approved and adopted by the Council as a standard practice of the Society by action of the Board on
Codes and Standards on June 24, 1964,

December, 1964

29, 1999 06: 15: 05

I nformati on Handl i ng Services,

19¢



ASME PTC*Y4.1 b4 EM 0759L70 0053982 L M

PERSONNEL OF POWER TEST CODE COMMITTEE
NO. 4 ON STATIONARY STEAM-GENERATING UNITS

John M. Driscoll, Chairman
John V. Cleary, Jr., Secretary

James U, Baley, General Superintendent, Electric Operations, Baltimore Gas and Electric Company, 2006 Gas and
Electric Building, Baltimore 1, Maryland

Charles D, Birget, formerly Chief Mechanical Engineer, Commonwealth Associates, Inc., Jackson, Michigan

John A. Bostic, General Supervising Engineer, Mechanical Engineering Department, The Cleveland Electric
INuminating Company, Box 5000, Cleveland 1, Ohio

Hugh J. Byrne, Steam-Power Engineer, Gentral Engineering Offices, Crown Zellerbach Corporation, 6363 Airport
Way, Seattle 8, Washington

John V. Cleary, Jr., Assistant Division Engineer, Consolidated Edison Company of New York, Inc., 4 Irving Place,
New York 3, New York

Leonard Cohen, Head, Operations Management Division, U.S. Naval Boiler and Turbine Laboratory, Naval Base,
Philadelphia 12, Pennsylvania

John M. Driscoll, Assistant Chief Mechanical Engineer, Consolidated Edison Company of New York, Inc., 4 Irving
Place, New York 3, New York

John H. Fernandes, Senior Project Engineer, New Products Division, Combustion Engineering, Inc., Prospect
Hill Road, Windsor, Connecticut

William Z. Harper, Assistant Superintendent, Utilities Division, Kodak Park Works, Eastman Kodak Company,
Rochester, New York

Edward C, Kistner, Assistant Engineer in Charge Power Plant Section, Mechanical Engineering Division,
Philadelphia Electric Company, 9th and Sansom Streets, Philadelphia 5, Pennsylvania

Frank C. Lisevick, Supervisor — Equipment Test, Research and Development Department, Combustion Engineering,
Inc., Prospect Hill Road, Windsor, Connecticut

Robert A, Lorenzini, Vice-President, Equipment Division, Foster Wheeler Corporation, 110 South Orange Avenue,
Livingston, New Jersey

John F. McLaughlin, Jr., Manager, Production Engineering, Power Production Division, Union Electric
Company of Missouri, 315 North 12th Boulevard, St. Louis 1, Missouri

Silas L. Morse, Assistant Manager, Field Engineering, The Babcock & Wilcox Company, 20 South Van Buren
Avenue, Barberton, Ohio

Henry D. Mumper, Engineering Specialist, Engineering Department, Combustion Engineering, Inc., New York,
New York (deceased October 9, 1959)

Richard H, Pechstein, Head, Steam Generation Section, Mechanical Engineering Division, American Electric
Power Service Corporation, Two Broadway, New York 8, New York

Herbert C. Schweikart, Chief Mechanical Engineer, Mechanical Engineering Department, Gilbert Associates, Inc,,
525 Lancaster Avenue, Reading, Pennsylvania

Lawson E, Stewart, Sales Representative, International Business Machines Corporation, 2330 St. Paul Street,
Baltimore, Maryland, 21218

Joseph A, Waddell, Assistant Chief Service Engineer, Riley Stoker Corporation, Worcester, Massachusetts
e —
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Personnel of Power Test Codes Committee

W. G. McLean, Chairman
J. W. Murdock, Vice-Chairman

J. H. Anderson J. H. Fernandes P. H. Knowlton, Jr.
Theodore Baumeister F. K. Fischer F. H. Light
H. S. Bean H. D. Gibson J. F. McLaughlin, Jr.
R. C. Dannettel ;‘{‘ gi I}ooper R. T. Mathews
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SECTION 0, INTRODUCTION

0.1 This Code contains instructions for testing
steam generating units, These units are defined
as combinations of apparatus for liberating and
recovering heat. together with apparatus for trans-
ferring to a working fluid the heat thus made
available. For the purpose of this Code, such a
unit may include the boiler. furnace, superheater,
reheater, economizer, air heater, and fuel-burning
equipment. The economizer and air heater are not
considered a part of the unit when the heat ab-
sorbed by them is not returned to the unit. It is
not the intent of these testing procedures to
obtain data for establishing design criteria of
individual parts of the over-all steam generator.
Code Supplements PTC 4.2 and PTC 4.3 cover
testing of pulverizers and air heaters, respective-
ly.

0.2 It is intended that in using this Code a
detailed examination will be made of the Code on
General Instructions PTC 1 and all other Codes
herein referred to before starting preparations for
the tests. Such study is for the purpose of as-
suring an orderly and thorough testing procedure
since it provides the user with an over-all under-
standing of the ASME Power Test Codes require-
ments and enables him to understand readily the
interrelationship of the various Codes. Care
should be exercised to obtain and use the latest
revisions of the Codes.

0.3 While Section 2 of thisCode is concerned
with symbols and their descriptions applying
specifically to testing of steam generating units,
the user is referred to the Code on Definitions and
Values PTC2 for a more complete discussion of
the items which will be encountered.

0.4 The Supplements on Instruments and Appa-
ratus PTC 19 referred to herein should be studied
thoroughly because the value of the test results
depends on the selection and application of the
instruments, their calibration and the accuracy of
the readings.

0.4.1 Other items of vital importance to the value
of the test are the proper determination of the
high-heat value and other properties of the fuel
used. The appropriate Code for the type of fuel
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burned and ASTM Standard Method pertaining to
Heat of Combustion should be followed carefully.

0.5 This Code is intended as a guide for the
conduct of -all steam generator tests, but it could
not possibly detail a test applicable to every
variation in the design of steam generators. In
every case a competent engineer must study the
particular unit and its relation with the rest of the
cycle and develop test procedures which are in
agreement with the general accuracy and intention
of this Code. Examples of the design variations
in operation at the time of preparation of this Code
are subcritical and supercritical once-through
units and dual-cycle steam generators. Such
units were considered as the Code was being
prepared and it is believed that the provisions
herein can be applied to the testing of such steam
generators.,

0.6 The general instructions contained in this
Code shall also apply to the testing of high tem-
perature water heaters, except that efficiency de-
termination shall be by heat loss method only, as
described in Section 5. The input-output method
is not acceptable because of potentially large in-
accuracies introduced by the presence of indeter-
minant quantities of steam in the output and by
the small temperature measurement errors in a
large volume flow output.

Test capacity or output shall be determined
from measured heat input and efficiency, or by
direct measurement of heat output if a high
degree of accuracy is not required.

0.7 The testing of nuclear and combined-cycle
steam generators were not included because their
development at the time of revising this Code was
such that specific recommendations could not be
made.

0.8 Advanced instrument systems, such as
those using electronic devices or mass flow
techniques, may, by mutual agreement, be used
as alternates to the mandatory Code instrument
requirements, provided that the application of
such instruments has demonstrated accuracy
equivalent to that required by this Code.

I nformati on Handl i ng Services,

19¢



ASME PTCxU4.1L LY WE 0759570 0053988 7 W

SECTION 1, OBJECT AND SCOPE

1.01 The purpose of this Code is to establish
procedures for conducting performance tests to
determine:

1.01.1 Efficiency

1.01.2 Capacity

1.01.3 Other related operating characteristics
such as steam temperature and control range,
exit gas temperature, draft loss, steam — water —
and air — pressure drops, solids in steam and air
leakage.

1.02 A determination of any or all of the per-
formance items specified above may be necessary
for other purposes such as:

1.02.1 Checking the actual performance against
guarantee.
1.02.2 Comparing these items with a standard of
operation.

1.02.3 Comparing different conditions or methods
of operation.

1.02.4 Determining the performance of different
parts of the steam generating unit.

1.02.5 Comparing performance when firing dif-
ferent fuels.

1.02.6 Determining the effects of changes to
equipment.

1.03 The rules and instructions given in this
Code apply to the equipment defined in the intro-
duction, Testing of auxiliary apparatus shall be
governed by the Power Test Code applying speci-
fically to the auxiliary in question.

1.04 Instructions are given for two acceptable
methods of testing steam generators to determine
efficiency. One method is the direct measure-
ment of input and output, hereinafter referred to as
the input-output method. The other method is the
direct measurement of heat losses and is herein-
after referred to as the heat loss method. The
method followed in conducting the tests shall be
clearly defined in the report.

1.04.1 The input-output method requires the
accurate measurement of the quantity and high-
heat value of the fuel, heat credits and the heat
absorbed by the working fluid or fluids.

1.04.2 The heat loss method requires the deter-
mination of losses, heat credits and ultimate
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analysis and high-heat value of the fuel. To es-
tablish the capacity at which the losses occur it
is necessary to measure either the input or output.

1.04.3 Throughout this Code, input is defined as
the chemical heat in the fuel(high-heat value of the
fuel as determined from laboratory analysis)plus heat
credits added to the working fluid or fluids, air,
gas and other fluid circuits which cross the enve-
lope boundary as shown in Fig. 1.* The envelope
boundary encompasses the equipment to be in-
cluded in the designation “steam generating

unit.” Heat input and output that cross the enve-
lope boundary are involved in the efficiency cal-
culations. Apparatus is outside the envelope
boundary when it requires an outside source of
heat or where the heat exchanged is not returned
to the steam generating unit.

1.04.4 The output is defined as the heat absorbed
by the working fluid or fluids.

1.04.5 Heat credits are defined as those amounts
of heat added to the envelope of the steam gener-
ator unit other than the chemical heat in the fuel
“as fired”. These credits include quantities
such as sensible heat (function of specific heat
and the measured temperature) in the fuel, in the
entering air and in the atomizing steam, and heat
from power conversion in pulverizer, circulating
pump, primary air fan and recirculating fan.

1.04.6 For a better understanding of the relation-
ships between input, output, credits and losses,
refer to Fig. 2.*

1.05 Capacity of steam generators is defined
as actual evaporation in pounds of steam per hour
delivered or Btu per hour absorbed by the working
fluid or fluids. Capacity of hot water heaters is
defined as the heat absorbed by water and the
heat of any steam that may be generated (Btu per
hour).

1.06 The efficiency of steam generating equip-
ment determined within the scope of this Code is
the gross efficiency and is defined as the ratio of
heat absorbed by the working fluid or fluids to the
heat input as defined in Par. 1,04.3. This defi-

nition disregards the equivalent heat in the power

*Note: Figs. 1 and 2 are available in pad form through

the ASME Order Department.
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STEAM GENERATING UNITS

required by the auxiliary apparatus external to the
envelope (See Fig. 1),

1.06.1 Efficiency for the two methods is expressed
by the following equations:

Input-Output Method —
Output
Input

Efficiency (per cent) =

Heat absorbed by working fluid or fluids

Heat in fuel + heat credits x 100

For derivation see Par. 7.2
Heat Loss Method —

Efficiency (per cent)
" Heat Losses

= 100 - (Heat in fuel + Heat Credits 100)

For derivation see Par 7.3.

1.07 For conducting an abbreviated efficiency
test that considers only the major losses, and
only the chemical heat in the fuel as input, the
data and calculation procedures in the ASME
Test Report for Simplified Efficiency Test may be
used. (Note: These forms are available in pad
form through the ASME Order Department.)

The use of abbreviated test procedures are not
encouraged, but it is recognized that on routine
testing of all sizes of steam generators and on
acceptance testing of small heating and industrial
steam generators that a simplified test is the only
practical approach. Although the abbreviated test
procedure ignores the minor losses and heat
credits, the test procedures for obtaining the
major items will be the same as specified in PTC
4,1, Test Code for Steam Generating Units and
therefore the contents of this Gode should be read
and understood prior to running a simplified effi-

06: 15: 05
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ciency test. Where heat losses are to be adjusted
to compensate for variations in fuel,or changes in
inlet air temperature, as would be done in verify-
ing an efficiency guarantee, the procedure given
in Section 7, Corrections to Standard or Guarantee

Conditions of the Code should be followed.

1.08 The adjustment of test results to include
the effect of equivalent heat in auxiliary power to
determine “net efficiency” is not a requirement
of the Code. If net efficiency is to be determined,
it shall be by the method given in Par. 6.2.

1.09 Both the heat loss and the input-output
methods of this Code apply to steam generating
units operating with either solid, liquid or gaseous
fuels. ’

1.09.1 This Code will apply only when tests are

run using a single fuel.

1.09.2 Where test have to be made using a combi-
nation of fuels, it will be necessary to establish
test procedures and calculations based on the
guiding principles and general intent of this Code.
For assistance in approaching this problem refer-
ence is suggested to Volume 78, Transactions -
ASME, August, 1956 ‘“Combustion Calculations
for Multiple Fuels.”

1.10 The determination of data of a research
nature or other special data is not covered by this

Code.

1.11 Tt is recommended that a report be prepared
for each test, either the abbreviated or complete
test, giving complete details of the conditions
under which the test has been madeincluding a
record of test procedures and all data in form
suitable for demonstrating that the objectives of
the test have been attained.

—
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ASME TEST FORM

SUMMARY SHEET FOR ABBREVIATED EFFICIENCY TEST PTC 4.1-a(1964)
TEST NO. BOILER NO. DATE
OWNER OF PLANT LOCATION
TEST CONDUCTED BY OBJECTIVE OF TEST DURATION
BOILER. MAKE & TYPE RATED CAPACITY
STOKER. TYPE & SIZE
PULVERIZER, TYPE & SIZE . BURNER, TYPE & SIZE
FUEL USED MINE COUNTY STATE SIZE AS FIRED
PRESSURES & TEMPERATURES FUEL DATA
1 | STEAM PRESSURE IN BOILER DRUM i COAL AS FIRED
psta PROX. ANALYSIS % wt OIL
2 | STEAM PRESSURE AT S. H. OUTLET psia 37 | MOISTURE 51 | FLASH POINT F*
3 | STEAM PRESSURE AT R. H. INLET psia 38 | VOL MATTER 52 | Sp. Gravity Deg. API*
VISCOSITY AT SSU*
4 | STEAM PRESSURE AT R. H. OUTLET psia 39 | FIXED CARBON 53 | BURNER SSF
TOTAL HYDROGEN
STEAM TEMPERATURE AT S. H. OUTLET F 40 | ASH 44 | % wt
STEAM TEMPERATURE AT R H INLET F TOTAL 41 | Btu per Ib
STEAM TEMPERATURE AT R.H. OUTLET F 41 | Btu per Ib AS FIRED
) ASH SOFT TEMP,*
8 | WATER TEMP. ENTERING (ECON.) (BOILER) F 42 ASTM METHOD GAS % YOL -
COAL OR OIL AS FIRED
9 | STEAMQUALITY % MOISTURE OR P.P.M. ULTIMATE ANALYSIS 54 |co
10 | AIR TEMP. AROUND BOILER (AMBIENT) F 43 | CARBON 55 {CH, METHANE
TEMP AIR FOR COMBUSTION
11
(This is Reference Temperature) t F 44 | HYDROGEN 56 C,H, ACETYLENE
12 | TEMPERATURE OF FUEL F 45 | OXYGEN 57 |CyHy ETHYLENE
13 | GAS TEMP.LEAVING (Boiler) (Econ.) (Air Htr.) F 46 | NITROGEN 58 | CaHs ETHANE
14 GAS TEMP. ENTERING AH (If conditions to be
corrected to guarantee F 47 | SULPHUR 59 |H2S
UNIT QUANTITIES 40 | ASH 60 |co,
15 | ENTHALPY OF SAT.LIQUID (TOTAL HEAT) _ [|Btu/Ib 37 | MOISTURE 61 |Ha HYDROGEN
16 | ENTHALPY OF (SATURATED) (SUPERHEATED)
STM, Btu/lb TOTAL TOTAL
ENTHALPY OF SAT, FEED TO (BOILER TOTAL HYDROGEN
17 (ECON.) ( ) Btu/Ib COAL PULVERIZATION % wt
48 | GRINDABILITY 62 |DENSITY 68 F
18 | ENTHALPY OF REHEATED STEAM R.H. INLET{Btu/1b INDEX* ATM. PRESS.
19 | ENTHALPY OF REHEATED STEAM R, H. 49 | FINENESS % THRU
OUTLET Btu/lb 50 M 63 | Btv PERCUFT
20 | HEAT ABS/LB OF STEAM (ITEM 16 -ITEM17) [Btu/lb 50 | FINENESS % THRU 41 | By PER LB
200 M*
, INPUT-OUTPUT ITEM 31 x 100
21 | HEAT ABS/LB R.H. STEAM(ITEM 19 —1TEM 18)[Btu/Ib 64 [TEM 31 = 100
AT ABS/ ( v EFFICIENCY OF UNIT % ITEM 29
22 | DRY REFUSE (ASH PIT + FLY ASH) PER LB . Btu/lb % of A. F|
AS FIRED FUEL Ib/1b HEAT LOSS EFFICIENCY A.F. FUEL | FUEL
23 | Bty PER LB IN REFUSE (WEIGHTED AVERAGE) [Btu/Ib 65 | HEAT LOSS DUE TO DRY GAS
24 | CARBON BURNED PER LB AS FIRED FUEL 1b/1b 66 | HEAT LOSS DUE TO MOISTURE IN FUEL
25 | DRY GAS PER LB AS FIRED FUEL BURNED 1b/1b 67 | HEAT LOSS DUE TO H,0 FROM COMB.OF H,
HOURLY QUANTITIES 68 | HEAT LOSS DUE TO COMBUST. IN REFUSE
26 | ACTUAL WATER EVAPORATED Ib/hr | 69 | HEAT LOSS DUE TO RADIATION
27 | REHEAT STEAM FLOW Ib /hr 70 | UNMEASURED LOSSES
28 | RATE OF FUEL FIRING (AS FIRED wt) Ib/hr 71 TOTAL
29 | TOTAL HEAT INpUT (tem 28 X Item 41) kB/hr 72 | EFFICIENCY = (100 - ltem 71)
1000
30 | HEAT OUTPUT IN BLOW-DOWN WATER kB/hr
. TOTAL (11om 26xItem 20)+{Item 27xItem 21)+11em 30 | kB/hr
OUTPUT 1000
FLUE GAS ANAL. (BOILER)(ECON) (AIR HTR) OUTLET
32 { CO, % VOL
33 | o, % VOL
34 co % YOL * Not Required for Efficiency Testing
35 | N, (BY DIFFERENCE) % VOL
36 EXCESS AIR % t For Point of Measurement See Par. 7.2.8,1-PTC 4.1-1964
‘16
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ASME TEST FORM

CALCULATION SHEET FOR ABBREVIATED EFFICIENCY TEST PTC 4.1-b (1964)
OWNER OF PLANT TEST NO. BOILER.NO. DATE
ITEM 15 ITEM 17| kB/hr
30 | HEAT OUTPUT IN BOILER BLOW-DOWN WATER =LB OF WATER BLOW-DOWN PER HR X |t teeee e = vevues| vuuunns
1000
If impractical to we igh refuse, this
item can be estimated as follows
% ASH IN
DRY REFUSE PER LB OF AS FIRED FUEL = : AS FIRED COAL NOTE: IF FLUE DUST & ASH
04 100 — % COMB. IN REFUSE SAMPLE .} piT ReFUSE DIFFER MATERIALLY
IN COMBUSTIBLE CONTENT, THEY
ITEM 43 ITEM 22 ITEM 23 SHOULD BE ESTIMATED
gARBON BURNED e, e, X e SEPARATELY. SEE SECTION 7,
ER LB AS FIRED = , - = R COMPUTATIONS.
FUEL 100 14.500
DRY GAS PER LB 11CO, + 80, + 7(N, + CO) s
AS FIRED FUEL = 5 5 X (LB CARBON BURNED PER LB AS FIRED FUEL + _3_§)
BURNED 3(CO, + cO) . 8
25 ITEM 32 ITEM 33 ITEM 35 ITEM 34 ITEM 24 ITEM 47
171 X + 8 x + N n
ITEM 32 ITEM 34 27 A T
3 X\.oeeooe b oL,
co )
EXCESS 0 - —— ITEM33 — [TEM34
2
AIRt = 100 X = 100 x = e
% .2682N; ~ (0, - CO ) ITEM 34
5 .2682 (ITEM 35) — (ITEM 33 . /TEM 34,
2
Btu/Ib Loss
HEAT LOSS EFFICIENCY As FIRED| ARV Loss
FUEL 100 = %
HEAT LOSS DUE LB DRY GAS ITEM 25 _
65 | TODRY GAS = PERLBAS XC. X (fvg ~ fair) = x0.24 (TEMT3) ~(TEMIY) %% x100=
FIRED FUEL P ypjy P TP FETTTTE L
66 | HEAT LOSS DUE TO _ LB H,0 PERLB
MOISTURE IN. FUEL = As FIRED FUEL X [ (ENTHALPY OF VAIPOR A;T 1 PSIA & T GAS LVG) 66+ 100 =
~ (ENTHALPY OF LIQUIDAT T AIR)] = Tfo#x[(ENTHALPY OF VAPOR s 100 =
AT 1 PSIA & T ITEM 13) —~(ENTHALPY OF LIQUID AT TITEM D] = veves |evnnn.
67 | HEAT LOSS DUE TO H,0 FROM COMB. OF H, = 9H, x [(ENTHALPY OF VAPOR AT 1 PSIA & T GAS
LVG) — (ENTHALPY OF LIQUID AT T AIR)] 67 . 00 <
=9 x 'TEM44 o [(ENTHALPY OF VAPOR AT 1 PSIA & T ITEM 13) = (ENTHALPY OF LIQUID AT 4
100 TITEMIN) = cenvenannn..
68 | HEAT LOSS DUE TO ITEM 22 ITEM 23 68 100 =
COMBUSTIBLE IN REFUSE = x = a =
69 | HEAT LOSS DUE TO TOTAL BTU RADIATION LOSS PER HR P
= — X100 =
RADIATION* LB AS FIRED FUEL — ITEM 28 A
70 | UNMEASURED LOSSES ** v | % xv00=] ......
£
71| ToTAL
72 | EFFICIENCY = (100 - ITEM 71)

t For rigorous determination of excess air see Appendix 9.2 — PTC 4,1-1964
* [f losses are not measured, use ABMA Standard Radiation Loss Chart, Fig. 8, PTC 4.1-1964

“* Unmeasured losses listed in PTC 4.1 but not tabulated above may by provided for by assigning a mutually
agread upon value for Item 70,

17
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SECTION 2, SYMBOLS AND THEIR DESCRIPTIONS

2.1 Numerical Subscripts. The diagram of a
steam generating unit, shown in Fig. 1, is in-
tended to serve as a key to numerical subscripts
employed throughout this Code to indicate the
location to which reference is made. Many large
installations will have all of the apparatus shown.
Small industrial and commercial installations will
be less elaborate. Even though the apparatus may
not be in exactly the same relative position, it is
believed that the numerical identification shown
on this line diagram will prove applicable and

helpful.

2,1.1 In the case of chemical symbols, the
numerical subscripts refer to the number of atoms
and not to the key diagram. The standard chemi-
cal symbols are used throughout this Code and are
so well known that it is considered unnecessary
to enumerate all of them.

Engi neers

2,1.2 When net efficiency is to be computed as
outlined in Par. 6.2, it is necessary to determine
certain values at points not indicated on Fig. 1.
These items will carry subscripts higher than
those shown on Fig. 1.

2.2 Symbols. A list of symbols for use in the
computation is included at the end of this section.
The chemical symbols are also used in some

cases as subscripts.

2,2,1 With so many quantities and points of refer-
ence involved, it has been found impractical to
restrict the Code to the use of single subscripts.
Where both letter and numerical subscripts are
used, the numerical one is given second; for
example W, . This symbol means “W” for
pounds, “s” for steam, “e” for elapsed time and
“Wses2” then should be read “pounds of steam
per hour at location 32 on Fig, 1” (Superheater
outlet).

18
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Symbols and Description

19

Symbol Description Unit
A Air .o oo
4’ Dry Air . beenaa
A.F. As fited .. - .
APIL, Gravity of the fuel based on the API scale deg API
Ao Theoretical quantity of air required for complete combustion of the 1b per Ib of A.F.
fuel fuel
Ax Excess air is the actual quantity of air used minus the theoretical per cent
air required divided by the theoretical air, and expressed as a
percentage
a Ash content of the fuel per cent by weight
Heat credits added to the steam generator in the form of sensible Btu
heat
B Sensible heat supplied by the entering air (rate) Btu per hr
By, Sensible heat supplied by the dry entering air (rate) Btu per hr
B, Heat credits added to the steam generator in the form of sensible Btu per hr
heat (rate)
By, Sensible heat supplied with the fuel (rate) Btu per hr
Bae Heat supplied from the moisture entering with the inlet air (rate) Btu per hr
B,. Heat supplied by auxiliary drives (rate) Btu per hr
B, Heat supplied by the atomizing steam (rate) Btu per hr
b Burned e e
C Pounds of carbon per pound of “as fired” fuel — (laboratory 1b per b of A.F.
analysis) fuel
Cy Pounds of carbon burned per pound of “as fired” fuel Ib per 1b of A.F.
fuel
Co Per cent carbon monoxide per volume of dry flue gas. Determined per cent
by flue gas analysis
CO, Per cent carbon dioxide per volume of dry flue gas. Determined by per cent
flue gas analysis
COsne The pounds of carbon dioxide formed from burning the hydrocarbon 1b per 1b of dry
in the dry flue gas gas
c Specific heat Btuper b F
p Specific heat at constant pressure Btu per b F
cpa’ Mean specific heat of dry air at constant pressure Btu per Ib F
Cpd Mean specific heat at constant pressure for the flue dust over the Btu per Ib F

temperature from the reference to the flue gas temperature
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20
Symbols and Description (Cont'd)

Symbol Description Unit
Cof Mean constant pressure specific heat of the inlet fuel determined Btuper b F

for temperature difference between fuel inlet temperature and

reference temperature
oG Mean specific heat of the flue gas Btu per Ib I
Cps Specific heat of steam Btu per 1b F'
D Standard or guarantee e
d Flue gas refuse (dust) e e
d' Dry flue gas refuse (dust) e
E Energy Btu
E, Energy consumed by auxiliaries Btu

hr

Elapsed time
Fuel

Flue gas
Dry flue gas
Gross

Pounds of hydrogen exclusive of that in moisture per pound of
“as fired” fuel (laboratory analysis)

Hydrogen content of the flue gas (laboratory analysis)

Per cent hydrocarbons per volume of dry flue gas (laboratory
analysis)

High-heat value of total dry refuse (laboratory analysis)
High-heat value of the fuel at constant pressure
High-heat value of the fuel at constant volume

£

High-heat value (chemical heat) of the fuel on the “as fired” basis

(laboratory analysis).

High-heat value (chemical heat) of the fuel on a dry basis
(laboratory analysis) -

High-heat value (chemical heat) of the pulverizer rejects
(laboratory analysis)

Enthalpy

Reference enthalpy of entering moisture. It is the enthalpy of the
liquid at the reference temperature

Reference enthalpy of entering vapor. It is the enthalpy of the
saturated vapor at the reference temperature

Enthalpy of steam

Enthalpy of steam supplied to any auxiliary steam drive

Ib per 1b of A.F.
fuel

cu ft per cu ftdry gas

per cent

Btu per Ib of refuse
Btu per 1b
Btu per 1b
Btu per 1b

Btu per lb
Btu per 1b

Btu per 1b
Btu per 1b

Btu per 1b

Btu per 1b
Btu per 1b
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Symbols and Description (Cont'd)

21

Symbol Description Unit -
ky, Enthalpy of the vapor Btu per 1b
hy, Enthalpy of the liquid Btu per 1b
i Isentropic process f e .
K Btu per cubic foot of dry flue gas (laboratory analysis) Btu per cu ft of
dry gas
(kwh) Electrical energy Kilowatt-hour
L Heat loss from the steam generator which could have been added Btu per b of A.F.
to the working fluid fuel
Lco Heat loss due to the formation of carbon monoxide Btu per 1b of AF.
fuel
L, Heat loss due to sensible heat in flue dust Btu per 1b of A.F.
fuel
L¢t Heat loss due to heat in dry flue gas Btu per Ib of A.F,
fuel
Ly Heat loss due to moisture from burning hydrogen Btu per 1b of A.F,
fuel
Loa Heat loss due to moisture in the combustion air Btu per lb of A.F.
fuel
Ly¢ Heat loss-due to moisture in the “as fired” fuel Btu per b of A.F.
fuel
L, Heat loss due to radiation to ashpit, sensible heat in slag and, if Btu per 1b of A.F,
applicable, latent heat of fusion of slag fuel
L, Heat loss due to heat in pulverizer rejects Btu per lb of A.F.
fuel
Lyc Heat loss due to unburned carbon Btu per lb of A,F,
fuel
Lyn Heat loss due to unburned hydrogen Btu per 1b of A.F,
fuel
Lync Heat loss due to unburned hydrocarbons Btu per 1b of A.F.
fuel
Ly Heat loss due to heat rejected to cooling water used within the Btu per Ib of AF.
envelope Fig. 1 fuel
L, Heat loss due to heat in the atomizing steam Btu per Ib of A.F.
fuel
Lg Heat loss due to radiation and convection Btu per b of A.F,
fuel
M Molecular weight of any substance 1b per mole
Muc Molecular weight of hydrocarbons Ib per mole
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Symbols and Description (Cont’d)

Symbol Description Unit
m Moisture content ) per cent by weight
ms Moisture in fuel 1b of water per lb
of A.F. fuel ;
my, Moisture in pit refuse Ib of water per Ib
of pit refuse
N Pounds of nitrogen per pound of ““as fired’’ fuel (laboratory 1b per 1b of A.F.
analysis) ' fuel
N, Per cent nitrogen per volume of dry flue gas. Determined by per cent
subtracting the sum of the measured quantities COg, O3 and CO
from 100
n Net e e
0] Pounds of oxygen per pound of “as fired” fuel (laboratory 1b per 1b of A.F.
analysis) fuel
0, Per cent oxygen per volume of dry flue gas. Determined by flue per cent
gas analysis
P Pressure et e -
Py Atmospheric pressure psia
Py Pressure of gaseous fuel at the primary measuring element psia
P.a The partial pressure or vapor pressure of the moisture in the air psia
ne The partial pressure or vapor pressure of the moisture in the flue psia
gas :
P, Pressure of the steam measured at the point indicated by the psia
appropriate numerical subscript (Fig. 1)
P, Pressure of the water measured at the point indicated by the psia
subscript number (Fig. 1)
p Ashpit refuse 1b
[p] Ashpit et
p' Dry pit refuse 1b
Ore Quantity of gaseous fuel fired (rate) — based on 14.7 psia and cu ft per hr

" 68 F. Note that the standard cu ft in the gas industry is based
on 60 F and 14.73 psia

R Reference cee s e e n e
R, Universal gas constant (1545) ft-1b/1b mole,
deg R
r Pulverizer rejects 1b
S Pounds of sulfur per pound of “as fired” fuel (laboratory 1b per 1b of A.F.
analysis) fuel
COPYRI GHT 1999 Anerican Soci ety of Mechanical Engineers I nformati on Handl i ng Services, 19¢
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Symbols and Description (Cont'd)

23

Symbol ' Description Unit
S0, Per cent sulfur dioxide per volume of dry flue gas (laboratory per cent
analysis)

s Steam .,

T Temperature Rankine R

¢ Temperature Fahrenheit F

tra Reference air temperature is the base temperature to which sensible | F

heat losses and credits are compared for efficiency computations

Ly Temperature of air F

ty Temperatpre of fuel F

te Temperature of flue gas F

tg Temperature -of steam F

Ly Temperature of the water F

v Unburned ..

|4 Volume of any substance — substance indicated by subscript cu ft

v Vapor e

14 Weight 1b

W Pounds of moist air supplied per pound of “as fired” fuel Ib per 1b of A.F.
fuel

Wqe Pounds of dry air supplied per pound of “as fired” fuel lb per 1b of A.F,
fuel

Wae Pounds of air supplied (rate) Ib per hr

Wy Pounds of dry air supplied (rate) 1b per hr

We 1 The pounds of dry gas leaving unit per pound of *as fired” fuel lbfper1 Ib of A.F,
ue

Wyrpe Pounds of dry refuse per pound of “as fired” fuel 1b per 1b of A.F.

Watpte Pounds of dry refuse collected (rate)

Ve Pounds of fuel fired (rate) either solid or liquid

We'nNg Pounds of nitrogen in dry gas per pound of “as fired” fuel

Woa! Pounds of moisture per pound of dry air

Wse Pounds of steam per hour flowing at any location identified by
appropriate numerical subsecript

Wsxe Pounds of steam supplied (rate) to all the steam driven auxiliaries

We Pounds of water (rate)

v, Pounds of atomizing steam per pound of “as fired” fuel

fuel
b per hr
Ib per hr
Ib per b
Ib per 1b of dry air

1b per hr

Ib per hr
1b per hr

lb per Ib of A.F,
fuel
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Symbols and Describtion (Cont'd)

Symbol Description Unit
w Water e e
X Fxcess ) e e cee
|

x Auxiliary Cee e e
z Atomizing steam e s e e e ]

Radiation and convection e e
y Gas specific weight at 68 F and 14.7 psia Ib per cu ft of

gas
0 Corrected et
Ul Efficiency per cent
1, Gross efficiency per cent
1, Net efficiency per cent
1, Efficiency of auxiliary drives per cent
0 Theoretical S
v The number of pound moles of any substance — substance indicated | ... 000
by subsecript

“(prime) | Dey o e
A Change | I

2.3 Test and Run. Throughout this Code the word ‘‘test’’ is applied only to the entire investigation,
and the word “run” to a subdivision. A run consists of a complete set of observations made for a.
period of time with one or more of the independent variables maintained virtually constant.
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SECTION 3, GUIDING PRINCIPLES

3.01 ltems on Which Agreement Shall be
Reached. In order to achieve the objectives of
the test the interested parties must reach agree-
ment on the following pertinent items:

3.01.01 Gross efficiency determination — Defined
in Par. 1,06,

3.01.01.1 General method — Heat loss or input-
output,

3.01.01.2 Heat credits to be measured.

3.01.01.3 Heat credits to be assigned where not
measured.

3.01.01.4 Heat losses to be measured.

3.01.01.5 Heat losses to be assigned where not
measured.

3.01.01.6 Permissible deviation in efficiency
between duplicate runs.

3.01.02 Capacity or Output — Defined in Par.
1.05.

3.01.03 Other related operating characteristics —
See Section 8,

3.01.04 Allocation of responsibility for all per-
formance and operating conditions which affect
the test.

3.01.05 Selection of test personnel to conduct
the test.

3.01.06 Establishment of acceptable operational
conditions, number of load points, duration of
runs, basis of rejection of runs and procedures to
be followed during the test.

3.01.07 Cleanliness of unit initially and how
this is to be maintained during the test. See Par.

3.04.2,

3.01.08 Actual air leakage to be allowed, if any,
initially or during the test.

3.01.09 The source of thermodynamic properties
to be used. Sources such as “Thermodynamic
Properties of Steam” by Keenan and Keyes, and
ASME Supplement thereto, and “ Vapor Charts” by
Ellenwood and Mackey are acceptable.

3.01.10 The fuel to be fired, the method of
obtaining fuel samples and the laboratory to make
the analysis.

29, 1999 06: 15: 05
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3.01.11 Observations and readings to be taken to
comply with the object or objectives of the test.
3.01.12 Instruments to be used, calibration of
instruments, methods of measurement and equip-
ment to be used in testing the unit. The Power
Test Code Supplements on Instruments and Appa-
ratus should be used, when applicable.

3.01.13 Tolerances and limits of error in measure=
ment and sampling,.

3.01.14 Distribution of fuel refuse quantities be-
tween various collection points and methods of
sampling.

3.01.15 Corrections to be made for deviations
from specified operating conditions.

3.02 Selection of Personnel. To insure obtain-
ing reliable results, all personnel participating in
the test shall be fully qualified to perform their
particular function.

3.03 Tolerances and Limits of Error. This
Code does not include consideration of over-all
tolerances or margins on performance guarantees.
The test results shall be reported as computed
from test observations, with proper corrections
for calibrations.

3.03.1 Allowances for errors of measurement and
sampling are permissible provided they are agreed
upon in advance by the parties to the test and
clearly stated in the test report. The limits of
probable error on calculated steam generator ef-
ficiency, shall be taken as the square root of the
sum of the squares of the individual effects on
efficiency.

3.03.2 Whenever allowances for probable errors
of measurement and sampling are to be taken into
consideration, the reported test results shall be
qualified by the statement that the error in the
results may be considered not to exceed a given
plus or minus percentage, this value having been
determined in accordance with the foregoing
method for computing limits of probable error.

3.03.3 The following table is included as a guide
to show the effect on efficiency of measurement
errors exclusive of sampling errors. The measure-
ment error range in the table is not intended to be
authoritative but conforms approximately with ex-
perience. The values in the table are not intended
to be used in any calculation of test results.
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PROBABLE MEASUREMENT ERRORS

AND RESULTING ERRORS IN EFFICIENCY CALCULATIONS

3.03.4 | - Input-Output Method

Measurement Error in calculated
Measurement error, Steam Generator
per cent Efficiency, per cent
(1) Weigh tanks (calibrated scales) +0.10 +0.10
(2) Volumetric tanks (calibrated) *0.25 10.25
(3) Calibrated flow nozzle or orifice including +0.35 1 0.35
manometer
(4) Calibrated flow nozzle or orifice including +0.55 +0.55
recorder
(5) Coal scales — Batch or dump (calibrated) +0.25 +0.25
(6) Uncalibrated flow nozzle or orifice including +1,25 +1.25
manometer
(7) Uncalibrated flow nozzle or orifice including +1.60 +1.60
recorder
(8) Fuel heating value (coal) +0.50 +0.50
(gas and oil) +0.35 +0.35
(9) Reheat flow (based on heat balance calculations) +0.60 +0.10
(10) Superheater outlet temperature (calibrated +0.25 +0.15
measuring device)
(11) Superheater outlet pressure (calibrated +1.00 1£0.00
measuring device)
(12) Reheater inlet and outlet temperature +0.25 +0.10
(calibrated measuring device)
(13) Reheater inlet and outlet pressure +0.50 +0.00
(calibrated measuring device)
(14) Feedwater temperature (calibrated measuring +0.25 1£0.10
device)
COPYRI GHT 1999 Anerican Society of Mechanical Engineers I nformati on Handl i ng Servi ces,
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3.03.5 Il — Heat Loss Method

Measurement Errorin calculated
Measurement error, Steam Generator
per cent Efficiency, per cent
(1) Heating value (coal) +0.50 +0.03
(gas and oil) 10.35 +0.02
(2) Orsat analysis +3.00 1£0.30
(8) Exit gas temperature +0.,50 +0.02
(calibrated measuring device)
(4) Inlet air temperature (calibrated measuring +0.50 +0.00
device)
(5) Ultimate analysis of coal (carbon) +1.00 +0.10
(hydrogen) +1.00 +0.10
(6) Fuel moisture : +1.00 +0.00

3.04 Acceptance Test. An acceptance test
shall be undertaken only when the parties to the
test certify that the unit is operating to their
satisfaction and is, therefore, ready for test.
Especially in the case of fuel burning equipment,
adjustments and changes are sometimes necessary
to obtain optimum performance. The acceptance
test should be started as soon as the unit is in
satisfactory condition for test, provided the load
and other governing factors are suitable.

3.04.1 Parties to the test may designate a person
to direct the test and to serve as arbiter in the
event of disputes as to the accuracy of obser-
vations, conditions or methods of operation, see
Par, 8.04.1.

3.04,2 All heat transfer surfaces, both internal
and external, should be commercially clean
(normal operating cleanliness) before starting the
test, refer to Par. 3.01.7. During the test, only
the amount of cleaning shall be permitted as is
necessary to maintain normal operating clean-
liness.

3.04.3 After a preliminary run has been made, it
may be declared an acceptance run if agreed to
and provided that all the requirements of a regular
run have been met.

3.04.4 At least two runs shall be made approxi-
mating the load required for acceptance. If the

29, 1999 06: 15: 05
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results exceed the previously agreed upon devi-
ation in efficiency between runs, a third run will
be required. The test efficiency at the required
load will be the average of the two runs which fall
within the permissible deviation in efficiency.

3.05 Preparation for All Tests.

3.05.1 The entire steam generating unit shall be
checked for leakage. Air heater internal leakage

.shall also be checked. Excessive leakage shall

be corrected.

3.05.2 Before the test is started, it shall be
determined whether the fuel to be fired is substan-
tially as intended.

3.05.3 Any departures from standard or previously
specified conditions in physical state of equip-
ment, cleanliness of heating surfaces, fuel charac-
teristics, or constancy of load, shall be described
clearly in the report of the test.

3.06 A Preliminary Run shall be made for the

purpose of:
3.06.1 Checking the operation of all instruments,

3.06.2 Training the observers -and other test
personnel,

3.06.3 Making minor adjustments, the needs for
which were not evident during the preparation for
the test, and establishing proper combustion con-
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ditions for the particular fuel and rate of burning
to be employed.

3.07 Starting and Stopping, Combustion condi-
tions, rate of feeding fuel (also quantity of fuel
on grate if stoker fired), rate of feeding water,
water level in drum (if of drum type), excess air
and all controllable temperatures and pressures
shall be, as nearly as possible, the same at the
end of the run as at the beginning. These, and
any other conditions in which variations might
affect the results of the test, shall be essentially
reached and held as constant as possible. There
must be reasonable assurance that the temperature
of the refractories of the setting and all other
parts of the equipment have reached equilibrium
before the run is started. The time required to
attain stabilization or equilibrium with respect to
temperatures will vary widely with the design of
the unit and character of materials in the setting.
This period of stabilization can vary from a mini-
mum of one hour to more than three hours,

3.07.1 In some instances it may be necessary to
terminate a run prematurely because of inability

to maintain one or more of the operating conditions
at the desired value.

3.07.2 In order to attain the desired operating
conditions when solid fuel is fired by stokers, it
is essential that major cleaning and conditioning
of the fuel bed shall be accomplished some length
of time before the run starts and again the same
length of time before the run is completed. Minor
occasional normal cleaning of the fuel bed may be
permitted during the run. Rate of burning or feed-
ing fuel after the initial cleaning of fires shall be
kept at that rate which is to prevail during the
run. The fuel bed depth shall be the same at the
beginning and end of the run. The ashpit shall be
emptied either just after the initial and final
cleaning and conditioning of the fuel bed or just
before the start and end of the run so that the
weight of refuse corresponds to the weight of
coal burned.

3.07.3 In the case of runs to determine the maxi-
mum output at which the unit can be operated for
a short period, the run should be started as soon
as the maximum output is reached and continued
until conditions necessitate terminating the run.

3.08 Duration of Runs.

3.08.1 When determining the efficiency of coal
fired units, using pulverized coal or crushed coal

COPYRI GHT 1999 American Soci ety of Mechanica
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as in the case of cyclone firing, the runs should
be preferably of not less than four hours duration.
This duration is satisfactory even for tests con-
ducted by the input-output method provided a unit
system of pulverizers or crushers is used, and the
fuel weighed as it is fed to the pulverizers or
crushers. For those stations having a centralized
fuel preparation plant, it may be impractical to
weigh the fuel fed to any one unit, in which case
the loss method should be used.

3.08.2 When determining the efficiency of a stoker
fired steam-generating unit by input-output, the
runs should be preferably of twenty-four hours
duration. However, in the case of continuous ash
discharge stokers, if conditions make it advisable,
the length of a run may be reduced, but not to less
than ten hours. The longer the duration of the
runs the less will be the possibility of significant
error due to estimating the difference in amount of
unburned fuel on the grate at the beginning and
end of the run. In many cases it is difficult to
estimate the change in thickness of a large fuel
bed closer than three inches. When the ratio of
ash to unburned fuel is also indeterminate, the
final estimate of effective change in bed thick-
ness will frequently be in error by as much as four
inches. The possible error due to estimating the
effective change in the amount of unburned fuel on
the grate at the beginning and end of each run
should be considered in determining the duration
of each run. Runs by heat loss method shall be
of at least four hours duration.

3.08.3 When determining the efficiency of steam
generating units fired with liquid or gaseous fuels,
the runs should preferably be of not less than four
hours duration.

3.08.4 For waste heat boilers, efficiency runs
shall be for not less than four hours duration.

3.08.5 The duration of runs to determine the
maximum short period output, when the efficiency
is not to be determined, shall be by agreement of
the parties to the test.

3.08.6 The actual duration of all runs from which
the final test data are derived shall be clearly
stated in the test report.

3.09 Performance Curves. It is desirable, but
not mandatory, that runs be made at not less than
four different outputs, so that curves may be drawn
to relate the test points. Such curves, showing
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pertinent test data, plotted against output, are very making measurements are prescribed herein and

useful in appraising the performance of the unit,
because the desired outputs are seldom exactly
obtained during the test. Where there are enough
test points to establish characteristic curves, the
performance at any output may be read from the
curves,

3.10 Frequency and Consistency of Readings.
Except for quantity measurements, the readings
shall be taken at 15 minute intervals. If, how-
ever, there are fluctuations, the readings shall be
taken at such frequency as may be necessary to
determine the average.

3.10.1 Where the amount of fuel or feedwater is
determined from integrating instruments, a reading
shall be taken every hour. If the quantities to be
determined are weighed, the frequency of weighing
is usually determined by the capacity of the
scales, but the intervals shall be such that a
total can be obtained for each hour of the test.
The time shall be recorded when each hopper of
coal or each tank of feedwater is dumped. When
indicating flowmeters or manometers are used with
venturi tubes, flow nozzles or orifice plates for
subsequently determining quantity measurements,
the flow indicating element shall be read at five
minute intervals or more frequently when deemed
necessary.

3.10.2 It is suggested that, in so far as feasible,
pertinent data of the run be plotted continuously,
as the run progresses, on coordinate paper of
suitable scale arrangements to permit a complete
review of the conduct of the run at least hourly.

3.11 Rejection of Runs, Should serious in-
consistencies in the observed data be detected
during a run or during the computation of the
results, the run shall be rejected completely, or
in part if the affected part is at the beginning or
at the end of the run. A run that hasbeen
rejected shall be repeated, if necessary to attain
the objectives of the test.

3.12 Records and Test Reports, All obser-
vations, measurements and instrument readings
necessary for the objective of the test shall be
recorded as observed. Corrections and corrected
values shall be entered separately in the test
record,

3.13 Instruments and Methods of Measurement.
The necessary instruments and procedures for

should be used in conjunction with the following
ASME Power Test Codes Supplements on Instru-
ments and Apparatus, and other publications for
detailed specifications on apparatus and proce-
dures involved in the testing of steam-generating
units. In all cases, care shall be exercised to
refer to the latest revision of the document con-
cerned.

3.13.1 ASME Power Test Codes:
General Instructions PTC 1
Definitions and Values PTC 2
Diesel and Burner Fuels PTC 3,1
Solid Fuels PTC 3.2
Gaseous Fuels PTC 3.3
Coal Pulverizers PTC 4.2
Air Heater PTC 4.3
Centrifugal, Mixed Flow and Axial Flow
Compressors and Exhausters PTC 10
Fans PTC 11
Dust Separating Apparatus PTC 21
Determining Dust Concentration in a Gas

Stream PTC 27

3.13.2 Supplements on Instruments and Apparatus

PTC 19:

Part 1, General Considerations PTC 19,1

Part 2, Pressure Measurement PTC 19,2

Part 3, Temperature Measurement PTC 19.3

Part 5, Measurement of Quantity of Mate=
rials PTC 19.5

Part 6, Electrical Measurements in Power
Circuits PTC 19.6

Part 10, Flue and Exhaust Gas Analyses
PTC 19.10

Part 11, Determination of Quality of Steam
PTC 19,11

Part 12, Measurement of Time PTC 19.12

Part 13, Measurement of Rotary Speed
PTC 19.13

Part 16, Density Determinations PTC
19,16

Part 17, Determination of Viscosity of
Liquids PTC 19,17

Part 18, Humidity Determinations PTC
19.18

Part 21, Leakage Measurement PTC 19,21

3.13.3 ASME Research Publication:
Fluid Meters — Their Theory and Appli-

cation
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3.13.4 American Gas Association: Heat of Combustion of Liquid Hydrocarbon
Orifice Metering of Natural Gas — Gas Fuels by Bomb Calorimeter, D 240
Measurement Committee Report No. 3, Test for Calorific Value of Gaseous Fuel
April, 1955 by the Water-Flow Calorimeter, D 900
3.13.5 ASTM Standard Methods:
Methods of Sampling Coals, D 492 3.13.6 National Bureau of Standards:
Laboratory Sampling and Analysis of Coal - Methods of Measuring Humidity and Test-
and Coke, D 271 ing Hygrometers, Circular 512
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SECTION 4, EFFICIENCY BY INPUT-OUTPUT METHOD

4,01 Determination of Steam Generator Effi-
ciency by Input-Output Method. This method is
based on the ratio of the output, to the sum of the
fuel input plus heat credits. It requires accurate
measurement of the quantity and high-heat value
of the fuel and the heat absorbed by the steam
generator,

Input Measurement

4.02 The following paragraphs describe the
methods of determining the steam generator input,
These methods shall be used when evaluating the
steam generator by the input-output method.

4.03 Solid Fuel-Quantity Measurement. Fuel
shall be weighed near the point where it is to be
used. All loss of fuel between the point of weigh-
ing and the point of introduction to the steam
generating unit shall be measured and accounted
for. The weighing scales shall be calibrated
prior to and after the test. Experience indicates
a possible measurement error within 0,25 per cent
in the range of loads weighed. Checks and cali-
brations shall be made in accordance with I & A,
Measurement of Quantity of Materials PTC 19.5,
Chapter 1,

4.03.1 Arrangement and operation of fuel weigh-
ing equipment shall preferably be such that checks
can be made on consumption during each hour of
the run as a matter of convenience and guide.

Only the totals, however, are to be used in the
final calculations.

4.04 Solid Fuel Sampling. A representative
sample of fuel shall be obtained in accordance
with the Test Code for Solid Fuels PTC 3.2,

4,04.1 “Because of the many variations in the
conditions under which coal must be sampled, and
the nature of the material being sampled, it is
essential that the samples be collected by a
trained and experienced sampler. Variations in
the manner in which the coal is handled are such
that it is impossible to specify rigid rules
describing the exact manner of sample collection.
Correct sampling principles must be applied to
conditions as they are encountered.

*Material under quotation marks is from ASTM D 492-48
Method of Sampling Coals.

06: 15: 05
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4,04.2 “The first principle of coal sampling for a
boiler test is to obtain the sample from a moving
stream. The second principle is to obtain as
many increments as is practical. The ASTM incre-
ments listed under Section 5, Special Purpose
Sampling Procedure, should be considered the
minimum accepted for fairly uniform coal from one
source.” *

4,04.3 The special sample for moisture deter-
mination shall be separated from the general
sample, quickly placed in a non-corrosive air
tight container and sealed immediately. This
sample for moisture shall not be quartered or
crushed prior to moisture determination in the
laboratory, Every effort shall be made to avoid
loss of moisture due to strong drafts at the point -
of sampling (such as may occur at a pulverizer
feeder for example).

4.05 Solid Fuel Analysis and High-Heat Value.
Fuel analysis and high-heat value determination
shall be made in accordance with the Test Code
for Solid Fuels PTC 3.2 and ASTM Standard
Methods of Laboratory Sampling and Analysis of
Coal and Coke, ASTM D 271. This is a constant
volume determination. However, the fuel is burned
at constant pressure in the steam generator, and
therefore, the high-heat value at constant volume
as determined in the bomb calorimeter must be
converted to a constant pressure high-heat value.
See Par. 7,2,6.2. This high-heat value for
constant pressure combustion is referred to as the
high-heat value throughout this Code. When test-
ing in accordance with the input-output method,
only the high-heat value and the moisture content
of the fuel are required.

4,06 Liquid Fuel — Quantity Measurement. The
preference for this measurement is by means of
calibrated weigh tanks. If such facilities are not
available then calibrated volumetric tanks should
be used. Experience indicates the former to have
a possible measurement error within 0,10 per
cent and the latter within % 0.25 per cent. Cali-
brations and handling of the tanks during tests
should be such as to obtain these accuracies.
Positive displacement meters may be‘used if care-
fully calibrated under conditions simulating those
existing during the test in regard to grade of fuel,

31
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temperature, pressure, rate of flow and meter
location. Calibrated meter accuracy must be
within +0.50 per cent.

4.06.1 Leakage of fuel between point of measure-
ment and point of firing shall be measured and
accounted for in the flow calibration. Branch
connections on the fuel piping shall be either
blanked off or provided with double valves and
suitable telltale drains for detecting leakage.
Leakage from valve stuffing boxes shall be
prevented. Any unavoidable leakage from pump
stuffing boxes, or elsewhere, shall be collected
and accounted for. Where an oil return system
from the burners is used, both supply and return
flows shall be measured by calibrated meters.

4,06,2 Practice and precautions relative to the
use of weigh tanks and volumetric tanks for liquid
fuel measurement shall be those stated in Pars.

4,14 and 4.15.

4,07 Liquid Fuel-Sampling. A representative
sample of fuel shall be obtained in accordance
with the Test Code for Diesel and Burner Fuels
PTC 3.1.

4.08 Liquid Fuel Analysis and High-Heat
Value. Fuel analysis, high-heat value, density
and viscosity determination shall be made in ac-
cordance with the Test Code for Diesel and
Burner Fuels PTC 3.1, ASTM Standard Methods
for Heat of Combustion of Liquid Hydrocarbon
Fuels by Bomb Calorimeter D 240, Density Deter-
minations PTC 19.16 and Determination of the
Viscosity of Liquids PTC 19.17. This is a
constant volume determination. However, the fuel
is burned at constant pressure in the steam gener-
ator and, therefore, the high-heat value at constant
volume as determined in the bomb calorimeter must
be converted to a constant pressure high-heat
value. See Par. 7.2.6.2. This high-heat value
for constant pressure combustion is referred to as
the high-heat value throughout this Code.

4,09 Gaseous Fuel — Quantity Measurement.
Measurement of the relatively large volumes of
gaseous fuel normally encountered in testing steam
generators requires the use of the orifice, flow
nozzle or venturi. The measuring device shall be
calibrated prior to and after the test. For probable
measurement errors see Par. 3.03.4.

4.09.1 The recommendations of I & A, PTC 19.5,
Chapter 4, shall be followed with reference not

29, 1999 06: 15: 05
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only to the design, construction, calibration and
use of flow measuring elements, but also to their
location and installation in the pipe line and the
installation of the connecting piping system be-
tween the primary element and manometer. All
computations of flow rate from the observed dif-
ferentials, pressures and temperatures shall be
made in accordance with the provisions of PTC
19.5, Chapter 4. Where natural gas is used, it
may be advantageous to use the method and proce-
dure of “Orifice Metering of Natural Gas.” See
Par. 3.13.4.

4.09.2 If fluctuations in flow are present, due to
reciprocating devices or other source of pulsation,
the difference between the indicated maximum and
minimum flow rates shall be minimized and must
be made to be less than %5 per cent of the
average flow, by the introduction of a cushion
chamber, surge chamber, or other means of ab-
sorbing the pulsations between the source of
pulsation and the primary device, before measure-
ment is considered acceptable. For further dis-
cussion of pulsating flow measurement see ASME
Research Publication: Fluid Meters — Their Theory
and Application — Pars. 106 to 109, inclusive.

4.09.3 Pressure of the gaseous fuel at point of
volume determination and at other required points
shall be measured by a suitable manometer or
pressure gage as described in Instruments and
Apparatus, Pressure Measurement PTC 19.2.
Temperature shall be measured with thermometers
in accordance with I & A Temperature Measure-
ment PTC 19.3, Chapter 5 on Liquid-in-Glass
Thermometers.

4,10 Gaseous Fuel-Sampling. The gas shall
be properly sampled in accordance with the Test
Code for Gaseous Fuels PTC 3.3.

4,11 Gaseous Fuel Analysis and High-Heat
Valve. Fuel analysis and high-heat value deter-
mination shall be made in accordance with the
Test Code for Gaseous Fuels PTC 3.3 and ASTM
Standard Methods of Test for Calorific Value of
Gaseous Fuels by the Water-Flow Calorimeter
D 900 or Tentative Method of Test for Calorific
Value of Gases in Natural Gas Range by Conti-
nuous Recording Calorimeter, ASTM D 1826.

4.12 Heat Credits. Heat credits are sensible
heats added to the steam generator envelope Fig,
1 and are listed in Fig. 2. Heats of each are
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determined by a quantity measurement multiplied
by an enthalpy difference, or by the conversion to
thermal units if an electrical energy measurement.

Output Measurement

4.13 The method of measuring output flow in
connection with the input-output method is to
measure the water flow into the unit as outlined
in Pars. 4.14, 4,15 and 4,16 and also as given in
PTC 6, Test Code for Steam Turbines. These are
the only accepted test measurements of output
flow,

4.14 Weigh Tanks, Suitable tanks and scale
shall be calibrated prior to and after the test and
caused to weigh to a possible measurement error
within +0.10 per cent in the range of loads
weighed. The weight of water used must be
corrected for any steam or condensate entering or
leaving the cycle, after the weigh point. A heat
balance diagram shall be prepared to reveal addi-
tional sources of supply, if any, to the feedwater
circuit.

4.14.1 Design, construction, calibration and
operation of weighing tanks shall be in accordance
with [ & A Measurement of Quantity of Materials
PTC 19.5.

4.15 VYolumetric Tanks. Volumetric tanks shall
be calibrated prior to and after the test and caused
to measure a possible measurement error within
£0.25 per cent in the range of loads measured.

4,15.1 Volumetric tanks shall be calibrated with
weighed increments of water at a constant tem-
perature and measurement accuracy of £2 F. In
the use of volumetric tanks, density corrections
shall be made for water temperature differences
during testing and calibration. Corrections shall
also be made for the change in thermal expansion
of the tank metal.

4.15.2 The precautions given in Par. 4,14 shall
be observed wherever they apply to volumetric
tanks.

4.15.3 Design, construction, calibration and
operation of volumetric tanks shall be in accordance
with I & A Measurement of Quantity of Materials
PTC 19.5.

4.16 Venturi Tube, Flow Nozzle or Thin Plate
Orifice. Water quantity may be measured by venturi
tube, flow nozzle or thin plate orifice. Measuring
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devices including manometers shall be calibrated
prior to and after the test and caused to measure

to an accuracy within *0.35 per cent in the range
of loads measured.

4.16.1 The recommendations of I & A Measure-
ment of Quantity of Materials PTC 19.5, Chapter
4, shall be followed with reference not only to the
design, construction, calibration and use of flow
measuring elements, but also to their location and
installation in the pipe lines and the installation
of the connecting piping system between the
primary element and the manometer. All compu-
tations of flow rate from the observed differentials,
pressures and temperatures shall be made in ac-
cordance with the provisions of PTC 19.5,
Chapter 4.

4.16,2 Venturi tube, nozzle or orifice selected
shall be such that the differential pressure at any
test output as shown by the manometer is at least
five inches of manometric liquid. See PTC 19.5,
Chapter 4.

4.16.3 If fluctuations in flow are present, due to
reciprocating devices or other source of pulsation,
the difference between the indicated maximum and
minimum flow rates shall be reduced to not more
than 5 per cent of the average flow by the intro-
duction of a cushion chamber, surge chamber or
other means of absorbing the pulsations between
the source of pulsation and the primary device,
before measurement is considered acceptable.
For-further discussion of the pulsating flow
measurement see ASME Research Publication:
Fluid Meters — Their Theory and Application, .
Pars. 106 to 109, inclusive.

4,16.4 Differential pressure at the primary meter-
ing element shall be measured by two complete
manometer systems which shall agree within £0,2
per cent of each other. Both manometers of a two-
manometer system shall be in accordance with

I & A, Pressure Measurement PTC 19.2,

Chapter 3.

4.17 Flow Measurement of Steam. Qutput steam
flow to be used in the input-output method must be
obtained from feedwater measurement as described
in Pars. 4.14, 4.15 and 4.16 and Test Code for
Steam Turbines PTC 6 corrected for any addition
or withdrawal of fluid beyond the measuring
element, such as continuous blowdown, desuper-
heating spray water, boiler circulating pump
injection water, etc.
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4.17.1 For determining capacity or other related
operating characteristics, the output quantity of
the main and reheat steam may be determined by
means of nozzles or thin plate orifices. Steam
line pressure drops may be used for this purpose
if they have been previously calibrated.

4,17.2 Reheat steam flow can be computed by
subtracting appropriate extraction steam, high
pressure turbine leakage and auxiliary steam from
the main steani flow and adding desuperheater
flow when latter is used. See PTG 6 for

example.

4.17.3 The recommendations of I & A Measure-
ment of Quantity of Materials PTC 19,5, Chapter
4, shall be followed with reference not only to the
design, construction, calibration and use of flow
nozzles and orifices, but also to their location
and installation in the pipe line and the installation
of the connecting piping system between the
primary element and the manometer. All computa-
tions of flow rate from the observed differential
pressures and temperatures shall be made in ac-
cordance with the provisions of Measurement of
Quantity of Materials PTC 19.5, Chapter 4.

4.17.4 Differential pressures at the primary meter-
“ing element shall be measured by a direct reading
manometer system.

4,18 Precautions and Corrections Relating to
Output Quantity Measurements. All leakage which
may affect test results shall be eliminated. If not
eliminated, it must be measured and accounted
for. Errors due to steam or water entering or
leaving the equipment under test, through con-
necting piping, shall be prevented by blanking off
such connections or by providing open telltale
drains between double valves to give visible
assurance that no flow exists. Leakage tests
shall be made in accordance with I & A, Leakage
Measurement PTC 19.21.

4.18.1 Water content of all locations where water
can accumulate between point of measurement
and the boiler, such as surge tanks, feedwater
heaters and receiving tanks to which measuring
tanks discharge, shall be recorded at the start
.and conclusion of the run and proper allowances
made..

4.18.2 Blowing down during a run shall preferably
be avoided. If this is not possible, the amount of

TEST CODES

the blowdown heat recovery system. Corrections
shall be made for any steam and water which are
sampled for the determination of solids or for
chemical analysis.

4.18.3 Soot blower operation during a run should
either be avoided or allowance made.

4.19 Steam and Feedwater Temperatures. Satu-
rated steam temperature may be measured at any
point in the steam line where convenient but as
close to the saturated steam outlet as possible.
The temperature of superheated steam shall be
measured as close to the superheater and/or re-
heater outlets as possible to minimize error from
heat loss. Feedwater temperatures shall be meas-
ured as close to the economizer inlet and boiler
inlet as possible. Steam and feedwater tempera-
tures which are of primary importance shall each be
taken at two different points as close together as
practical and the mean of the two readings after
corrections to each shall be the temperature of
the fluid. Discrepancies between the two correct-
ed readings exceeding 0.25 per cent for steam and
0.50 per cent for water shall be investigated,

4.19.1 Mercury-in-glass thermometers, resistance
thermometers or thermocouples are acceptable for
temperatures up to 700 F.. At or above 700
either resistance thermometers or thermocouples

shall be used.

4.19.2 All temperature measuring devices shall
be calibrated before and after tests. When employ-
ing mercury-in-glass thermometers, proper allow-
ance shall be made for differences between ther-
mometer stem temperature during calibration and
test. See I & A, Temperature Measurement PTC
19.3.

4.19.3 The following precautions shall be ob-
served in the use of temperature measuring de-
vices.

4.19.3.1 All temperature measuring instruments
and wells shall be constructed, installed, and the
instruments calibrated and operated in accordance

with I & A Temperature Measurement PTC 19.3.

4.19.3.2 Temperature measuring devices shall be
installed so that they will not be affected by
radiation or conduction.

4,19.3.3 The heat receiving part of the instru-
ment shall not be located in a dead pocket of the
fluid, the temperature of which is a subject of

heat can be determined by heat balance around measurement.
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4.20 Moisture in Steam. Moisture in steam at
saturation temperature in connection with output
determination shall be measured with a suitable
calorimeter constructed, installed and operated in
the manner described in I & A, Methods for Deter-
mination of Quality and Purity of Steam PTC 19.11.

4,21 Steam and Feedwater Pressures. Pres-
sure gages shall be located where they will not
be affected by any disturbing influences such as
extremes of heat and cold and vibration and shall
be located in convenient positions for reading,
While calibrated Bourdon test gages or deadweight
gages may be used, the use of the latter is
preferred.

4.21.1 Gage connections shall be as short and
direct as possible.

4.21.2 Gages shall be protected with syphons or
their equivalent. Convolutions of syphons shall
be as few in number as possible, consistent with

06: 15: 05

Engi neers

the gage remaining cool, because of theirtendency
to introduce errors due to unbalanced water columns
in the convolutions.

4,21.3 All gage connections shall be tight.

4.21.4 Pressure connections shall be located and
installed with extreme care in order to avoid errors
due to impact and eddies. Pressure gage pulsa-
tions shall not be dampened by throttling the con-
nection to the gage or by the use of commercial
gage dampers, but a volume chamber may be em-
ployed. The arrangement may be considered satis-
factory if the maximum and minimum values of the
instantaneous pressure do not differ by more than
2.0 per cent from the mean value. Bourdon test
gages shall be calibrated, installed and used in
accordance with I & A, Pressure Measurement PTC
19,2, These gages shall be calibrated before and
after the test and at intervals of not more than one
week if the test is extended beyond that period.
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SECTION 5, EFFICIENCY BY HEAT LOSS METHOD

Definition and Data

5.01 Steam Generator Efficiency by Heat Loss
Method. This method is based upon accurate and
complete information which will make possible
the calculations to determine all accountable losses
and heat credits. The efficiency then is equal to
100 per cent minus a quotient expressed in per
cent. The quotient is made up of the sum of all
accountable losses as the numerator, and heat in
the fuel plus heat credits, as the denominator.
The capacity at which the unit is to be tested
may be based upon either water flow measurement
in accordance with Pars. 4.14, 4.15 and 4.16 or
steam flow measurement in accordance with Par,

4.17.

5.02 Data Required. Accurate data on the
following items are required:

5.02,1.01 Fuel analysis.

5.02.1.02 Flue gas composition or analysis for
CO,, 0,4, CO and other gaseous combustibles.

5.02.1.03 Flue gas temperature determined as
result of a velocity and temperature traverse of
the cross sectional area.

5.02.1.04 Temperature of air supplied to unit for
combustion.

5.02.1.05 Combustible content and quantity of
dust carried by exit gases.

5.02.1.06 Combustible content and respective
quantities in dust collector hoppers and all mis-
cellaneous hoppers. )

5.02.1.07 Combustible content and quantity of
ashpit refuse.

5.02.1.08 Temperature of fuel supplied at point
entering unit.

5.02.1,09 Temperature pressure and quantity of
any medium used for operation of the boiler, such
as water for cooling doors, atomizing steam, cir-
culating water for pump glands, etc.

5,02.1.10 Humidity of air supplied for combustion.
5.02.1.11 Radiation.

5.02.1,12 Sensible heat in flue dust.

5.02.1.13 Ashpit heat loss.

36
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5.02.1.14 Pyrites (pulverizer rejects).

5.02.1.15 Electric power for gas recirculation
fans, boiler circulating water pumps, primary air
fans, pulverizers and crushers. See Par. 6.1.1.2.

5.02.2 With the above information accurately ob-
tained, all losses on the unit can be calculated in
terms of per cent of the sum of the high-heat value
of the “as fired” fuel plus heat credits. Equations
for calculating all losses and credits are given in
Section 7.

Fuel Sampling and Analysis

5.03 The accuracy of the heat loss method
depends upon an accurate sample and ultimate
analysis of the fuel being fired. The analysis
should break the fuel constituents into the various
chemical elements which are combustible or take
part in the chemical reaction. These elements
are determined in per cent by weight or per cent
by volume of the “as fired” fuel. Refer to Fuel
Sampling and Analysis, Section 4 of this Code,
and Power Test Codes; Diesel and Burner Fuels
PTC 3.1, Solid Fuels PTC 3.2, and Gaseous
Fuels PTC 3.3,

Flue Gas Sampling and Analysis

5.04 Sampling Locations. Orsat analysis of
the flue gases at the exit of the steam generator
is required. This will be at locations 15, 14 or
12, Fig. 1 depending upon the equipment which
comprises the steam generator, Frequently
analyses are required at other points. There may
be considerable variation in flue gas analysis
over the cross section of the gas passage due to
stratification and air infiltration. The best prac-
tical method of obtaining representative results is
to divide the cross section of the gas passage
into equal areas and to take velocity measure-
ments and simultaneous gas samples from the
centers of these component areas. A weighted
average can then be calculated, taking into con-
sideration the gas temperature, Par. 5.08, as well
as the velocity. The number and arrangement of
the equal areas will depend on the size and con-
figuration of the gas passage. The areas shall be
approximately square and the sampling points
shall be not more than 3 feet apart, and a total of
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not less than four points shall be used. In round
ducts, test points shall be located on two trav-
erses along axes normal to each other. It is
recognized that there may be cases in which the
gas velocity is so low that velocity measurements
would be impractical. In such cases an arithmetic
average rather than a weighted average should be
employed. Where accuracy is not impaired, an
aspirator and suitable apparatus for obtaining a
composite sample from several sampling points
may be employed. With the exception of the area
sampling instruction above, all of the procedures
are to be in accordance with recommendations of

I & A, Flue and Exhaust Gas Analyses PTC 19.10.

5.05 Sampling Lines. Sampling tubes shall be
made of material which shall not contaminate the
sample by the temperatures encountered, For
sampling high temperature flue gas, such as in a
furnace or at the gas entrance to a waste heat
boiler, suitable water cooled samplers must be
employed, Sampling lines shall be as short and
straight as possible, shall be accessible for
cleaning and blowing out, shall slope in the
direction of the flow, shall be suitably drained
and shall be maintained tight. All sampling appa-
ratus shall be in accord with the recommendations
of I & A, Flue and Exhaust Gas Analyses PTC
19.10.

5.06 Method of Analysis. Apparatus and
method of analysis to be employed are dependent
upon the type of fuel burned and upon the purpose
of the test. Design, construction and operation of
the apparatus and preparation of the reagents
shall be in accordance with I & A, Flue and Ex-
haust Gas Analyses PTC 19,10,

5.06.1 An analysis should be made to verify
presence or absence of gaseous combustibles. If
combustibles are found and cannot be eliminated
by adjustment to the fuel burning equipment, the
hydrogen and hydrocarbons shall be measured and
the loss therefrom calculated as covered in
Section 7.

5.06.2 For hydrogen and hydrocarbon analyses, it
is necessary to obtain representative field
samples of the gases for submission to a qualified
laboratory. Refer to I & A, Flue and Exhaust Gas
Analyses PTG 19,10,

5.07 Precautions. Proper steps shall be taken
to prevent leakage to or from gas analyzing appa-
ratus and sampling lines, to avoid contamination
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and exhaustion of reagents, to provide fresh re-
agents when needed, to keep manifolds clear of
reagents, to avoid errors due to physical solubility
of gases in reagents and confining liquids, to
avoid personal injury by contact with reagents, to
allow for burette error and drainage time, to avoid
change of sample temperature during analysis, to
keep apparatus clean, to minimize personal errors
by employing careful operators who are given
adequate information on common sources of error,
to provide operators with adequate light and
reasonable comfort, to verify results by checking
against theoretical, and in all other ways, to
assure that recorded data are correct and their
degree of precision known. Sampling should be
continuous when possible. Because all gases,
especially SO, and CO,, are soluble to some
extent in water, the water in the levelling bottle
shall be saturated with sample gas before taking
any readings.

5.07.17 Detailed precautions given in I & A, Flue
and Exhaust Gas Analyses PTC 19,10 shall be
followed.

Flue Gas and Air Temperature Measurement

5.08 Outlet Flue Gas Temperature. Flue gas
temperature measurement at the exit of the steam
generator is required. This will be at locations
15, 14 or 12, Fig. 1 depending upon the equipment
which comprises the steam generator. This may
in certain instances be measured at other points
such as the inlet to a waste heat boiler or at the
inlet and discharge of air or gas recirculating
fans.

5.08.1 Gas temperatures must be taken at the
same sampling points as used for flue gas
sampling, Par. 5.04, to minimize the effect of gas
temperature stratification.

5.08.2 If a preliminary survey of flue gas flow,
Par. 5,04, indicates severe stratification, it is
recommended that the temperature measurements
at individual locations in the duct cross section
be weighted in proportion to the gas flow at the
corresponding locations and an average of the
weighted temperatures be used as representing the
gas temperature at that cross section.

5.08.3 Choice of temperature measuring instru-
ments depends upon the conditions of the indi-
vidual case. The selection, design, construction,
calibration, installation and operation of tempera-~
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ture measuring instruments shall be in accordance

with I & A, Temperature Measurement PTC 19.3,

5.09 Air and Recirculated Flve Gas Tempera-
ture.. The same general methods and the same
precautions noted in Par. 5.08 shall apply to the
determination of temperatures of primary air,
secondary air, recirculated air or flue gas and
temperature of air entering and leaving the air
heater.

Flue Gas and Air Weight

5.10 Weight Determination. Flue gas quantity
shall be determined by calculation from fuel
analysis and flue gas composition. Calculation
procedure for gas weight per heat unit of fuel is
given in Par. 7,3.2,02. Similarly, air quantities
shall be calculated as per Par. 7.2.8.1.

5.10.1 In some instances it is desirable to know
flue gas or air quantities other than total for the
unit, such as recirculated flue gas, primary air,
secondary air, etc. These may be calculated by
heat balances, by differences or may be measured
if they cannot be calculated.

5.10.2 Methods of measurement available for flue
gas and air quantity for testing purposes are
covered in ASME publication Fluid Meters — Their
Theory and Application. Where conti~ual know-
ledge of such flows is required, flow nozzles,
venturi or thin plate orifices can be installed
following procedures outlined in I & A, Measure-
ment of Quantity of Materials PTC 19.5,

Chapter 4.

Refuse

5.11 Quantity Measurement. The heat loss
method of this Code requires the determination of
heat loss due to unburned combustible in the
refuse. It is also necessary in the input-output
method if the test is to be checked by a heat
balance. From the viewpoint of testing, the most
difficult part of this determination is the accurate
measurement of all the refuse discharged or re-
moved from the unit. In some installations it may
be impractical or even impossible to collect and
weigh all the refuse. When this is the case, it
becomes necessary to estimate any undetermined
amounts of refuse by volumetric measurement or a
refuse balance difference. Care should be exer-
cised to include all the refuse discharged or re-
moved from the unit and to exclude any refuse
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which is returned to the unit for further combus-
tion. In order to be sure that the refuse collected
is in proper relation to the weight of ash in the
coal burned, the collection must take into account
the time required for the refuse to pass from the
furnace to.the point of discharge, as discussed in
Par. 3.07. This may be especially important in
stoker fired units.

5.11.1 The refuse collected at various points in
the unit shall be weighed separately and pre-
ferably in the dry state, although any burning
refuse must be quenched with water immediately
upon its withdrawal from the unit. The moisture
content of the refuse shall be determined by
laboratory analysis. Flue dust collected at all
points in the steam generating unit ahead of the
samples taken from the gas stream, shall'be
collected, weighed, sampled and analyzed se-
parately. The amount and combustible content of
the fly ash carried in suspension by the flue gas
shall be determined in accordance with Pars.
5.13 to 5.19, inclusive.

5.12 Sampling. Refuse sampling is subject to
large errors and every precaution shall be taken
to insure as representative a sample as possible.

5.12.1 Soot, siftings, cinders and dust separator
refuse collected in hoppers shall each be reduced
by successive quartering to obtain two 15 pound
samples in each location. Where the total col-
lection is less than 30 pounds for the duration of
the test, the quantity shall be equally divided to
constitute the two required samples. One sample
shall be sent to the laboratory for analysis and
the other sample shall be retained as a duplicate
until final results of the tests have been reviewed
and declared acceptable.

5.12.2 In the case of furnace bottom refuse either
from a stoker fired or dry bottom pulverized fuel
fired unit a gross sample of approximately 1000
pounds shall be taken in equal increments of
approximately 50 pounds from each ton of refuse.
Care shall be exercised to obtain proper propor-
tions of coarse and fine refuse in each increment.
If the total amount of furnace bottom refuse is less
than 1000 pounds, then the entire amount of refuse
shall constitute the gross sample. The gross
sample shall be crushed and reduced to two 15
pound samples in accordance with instructions
and Table I of ASTM Specification D 492 for coal
sampling. One sample shall be sent to the labo-
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ratory for analysis and the other shall be retained
as a duplicate until final results have been re-
viewed and declared acceptable.

5.12.3 The reduction of the gross samples to
laboratory size shall proceed as rapidly as pos-
sible to prevent undue loss of moisture by
evaporation and the two laboratory size samples
shall be placed and sealed in airtight containers,

5,13 Analysis. Refuse samples shall be anal-
yzed for moisture, combustible content and heat
value,

5.13.1 For moisture detérmination, the refuse
shall be crushed, if necessary, in a jaw crusher
to pass through a 4-mesh sieve, spread over
suitable galvanized iron pans, and dried at a tem-
perature in the range of 220 F to 230 I in an air
drying oven until the weight loss per hour is not
more than 0.1 per cent of the weight of the sample.
Suitable pans and drying dvens are described in
ASTM Specification D 271, Care shall be used,
when drying samples of fine material such as
refuse from soot hoppers and precipitators, to
regulate the flow of air through the drying oven
to a velocity which will not pick up and carry
away any of the sample.

5.13.2 The heat value of the refuse shall be
determined by bomb calorimeter, ignition loss
method and/or by assuming that the combustible
is carbon. In the calorimetric determination of the
heat value of refuse, if the combustible is too low
for ignition, it is necessary to add a measured
quantity of combustible of known heat value to
the refuse sample.

5,13.3 For high ash material the direct determi-
nation of heating value of refuse by the bomb
calorimeter is difficult and subject to errors. A
more accurate method is to determine the total
hydrogen and carbon in the refuse and calculate
the heating value. Provisions must be made to
exclude hydrogen from water in the sample and
carbon from inorganic carbonates.

5.13.4 The method used to determine the carbon
and hydrogen is the combustion train as described
in ASTM Standards on Coal and Coke D 271 with
appropriate modifications in amount of sample and
handling technique. Apparatus, reagents and
preparations are described in ASTM D 278,

5.13.5 Procedure modifications are to weigh a
sampling boat contained in a weighing bottle,

Engi
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then adding approximately 1,0 grams of sample
and drying in a moisture oven at 105 C to a
constant weight. Seal the sample and boat in the
weighing bottle, weigh when cool and keep intact
until introduced into the combustion train.

5.13.6 When the sample is treated as above the
carbon and hydrogen calculated as described in
ASTM D 278 will be on a dry basis, eliminating
corrections for water hydrogen in the sample. Since
the total carbon so determined includes carbon from
inorganic carbonates in addition to combustible
carbon, it is necessary to determine a correction.
One of the methods described in ASTM D 1760
Carbon Dioxide in Coal can be used.

5.13.7 The calculated refuse heating value is
equal to the sum of the products of weight fraction
and high-heat value for combustible carbon and
hydrogen contents in the refuse.

5.14 Dust Sampling and Analysis. The general
principles of sampling apply to tests made to de-
termine the dust analysis and concentration in flue
gas as well as to occasional tests for fineness of
coal and for properties of suspended materials in
gaseous fuel to burners., Dust samples are ob-
tained by inserting one or more sampling tubes
into and facing the gas stream in question, draw-
ing off a measured quantity of the gas at such a
rate that the velocity of the gas entering the mouth
of the sampling tube is the same as the velocity
of the main body of gas at that point in the cross
section of the duct and collecting all the dust
carried by this quantity of gas.

5.14.1 All apparatus and test procedures shall be
in accordance with the Test Codes for Dust Sepa-
rating Apparatus PTC 21 and Determining Dust
Concentration in a Gas Stream PTC 27,

5.15 Design of Dust Sampling Apparatus. The
design of sampling apparatus shall be in accord-
ance with the instructions of the Test Code for
Dust Separating Apparatus PTC 21,

5.15.1 The volume of gas drawn through the
sampling tube shall be measured by a displace-
ment gas meter of known accuracy, by an orifice
or flow nozzle, or by some other acceptable means
such as a pitot tube suitably incorporated in the
sampling tube.

5.15.2 Separation of dust from the gas sample
shall be by suitable filters of ceramic or paper
thimble or cloth bag type, by one of these in
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conjunction with a cyclone separator or by other
acceptable sample collecting apparatus,

5.15.3 It is usually necessary to draw the gas
sample through the sampling tube, separator and
metering apparatus. For this purpose, air, water
and steam operated aspirators and motor driven
pumps and blowers, such as employed in vacuum
cleaners, are suitable. In general, use of the
blower is limited to types of collecting sample
apparatus having relatively low resistance.

5.15.4 In cases where normal temperature of the
apparatus is below the dew point of the gas
samples, precipitation of moisture shall be pre-
vented by suitable insulation or by heating the
apparatus.

5.16 Dust Sampling Points. A careful prelimi-
nary survey shall be made to show the variation
in dust concentration over the cross section of
the duct as a guide in determining the number and
location of sampling points necessary to obtain
the required accuracy. Points of sampling should
be located in a long straight run of duct, prefer-
ably vertical rather than horizontal, shall be not
more than three feet apart and a total of not less
than four points shall be used. In round ducts,
test points shall be located on two traverses along
axes normal to each other, as described in the Test
Code for Determining Dust Concentration in a Gas

Stream PTC 27,

5.17 Dust Sampling Tubes. Since the number of
sampling points necessary to attain the required
accuracy will probably exceed the number of

“samplers it is practical to employ, the sampling
tubes should be so designed that they can be
moved to sample each required point.

5.18 Method of Determining Proper Rate of Gas
Flow Through Dust Sampler. Proper sampling
rates at each sampling point shall be determined
by a pitot tube or its equivalent. Where duct
velocities are determined by pitot tube and the
gas at the sample metering device is at a tempera-
ture or pressure appreciably different from that in
the duct, proper allowances shall be made. In
some instances a traverse of the duct with a
thermocouple is necessary.

5.19 Dust Sampling Precaution. Sampling
should be continued throughout the duration of the
run. Filters shall be changed when necessary,
with the least possible loss of time. Correction
shall be made for time lost while changing filters.
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5.19.1 Sampling shall begin immediately after
inserting the sampling tube in the duct. The
stopping of sampling and the removal of the
sampling tube shall likewise be as nearly simul-
taneous as possible.

5.19.2 When a sampling tube is moved from point
to point to obtain an average, the duration of ex-
posure shall be the same at all points and the
sampling rate shall be regulated to correspond
with the duct velocities at the individual points.
The mouth of the sampling tube shall always point
in the upstream direction.

5.19.3 Great care must be exercised to collect
all the dust drawn into the sampling tube. This
often requires that the piping between the
sampling mouth and the dust separating device be
cleaned with a weighed swab and the dust so col-
lected accounted for. The sample and its contain-
er must be thoroughly dried before weighing.

5.19.4 Before use, filter bags, thimbles and other
parts in which dust for the sample may collect
shall be thoroughly dried and accurately weighed.
This weight and that of any swabs or other clean-
ing media constitute a tare weight in the calcu-
lation.

5.20 Moisture in Combustion Air. The moisture
carried by combustion air must be taken into con-
sideration when calculating the efficiency by the
heat loss method. This moisture may be deter-
mined with the aid of a sling-type psychrometer or
similar device. From the dry- and wet-bulb ther-
mometer readings taken from the psychrometer at
the observed barometric pressure, the absolute or
specific humidity (pounds of moisture per pound of
dry air) can be ‘determined either from the chart
published in I & A, Part 18, Humidity Determi- -
nations, or from psychrometic tables published in

the U. S. Weather Bureau Bulletin No. 235.

5.20.1 The dry and wet bulb temperatures may be
determined at the atmospheric air inlet to the
system. This is possible since the desired quan-
tity is pounds of moisture per pound of dry air

for combustion. Since the specific humidity does
not change with heat addition unless there is
moisture addition, the air moisture crossing the
envelope, Fig. 1, is the same as that measured at

the air inlet.
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Radiation and Ashpit Losses

5.21 Surface Radiation and Convection. The
radiation heat loss will be approximated by the
use of the chart included in Section 7, Fig. 8.

The measurement of the radiation heat loss on

any installation, particularly a large one, requires
an extensive installation of thermocouples over
selected areas. See Appendix, Par. 9.5. Recent ra-
diation tests on large installations showed that the
value of radiation loss given by the reference curve
is conservatively high.

5,22 Radiation Loss to the Ashpit. Part of the
heat released in the furnace is transmitted to the
ashpit by radiation and is lost as sensible heat
in the ash discharged to the ashpit and in the ash-
pit water. In small boilers with dry ashpits which
are not equipped with means for quenching the
ash, a portion of this heat is lost through the
walls of the ashpit. Since it is difficult and im-
practical to measure this loss for this type of
boiler, it is not calculated as an individual loss
but is included as a part of surface radiation and
convection. Par. 5,21,

5.23 Wet Ashpit Losses-Evaporation and Heat
to the Liquid. In boilers with dry ashpits pro-
vided with quenching pool ash hoppers and in
continuous slag tap boilers provided with slag
quenching tanks, the heat loss to the ashpit is
manifested by a rise in quenching water tempera-
ture and by evaporation of a portion of the
quenching water. Under these conditions, it is
possible to determine this loss to the ashpit with
areasonable degree of accuracy by measuring
very accurately the quantity and temperature of
the water flowing to the ash hopper or quenching
tank and the quantity and temperature of the over-
flow water. The quantity of water evaporated is
equal to the difference between these quantities,
corrected for the water displaced by the ash fall-
ing into the hopper or tank. It is important that

06: 15: 05

Engi neers

the displaced quantity of water be carefully esti-
mated.

5.23.1 The water level in the ash hopper or slag
quenching tank shall be maintained as nearly
constant as practicable. The level at the
beginning and end of each test run shall be
recorded and allowance shall be made in the cal-
culations for the difference in volumes.

5.23.2 Stabilize water flows and temperatures
between the time ashes are sluiced and the time
the test run begins,

5.23.3 It is important to eliminate leakage of
quenching water from the ash hopper or’'slag
quenching tank in order to insure accurate test
results, If leakage cannot be eliminated, then it
must be measured and allowance made for it in the
calculations.

5.23.4 Water flow to the ash hopper or quenching
tank shall be measured by means of an orifice
plate, flow nozzle or water meter. The gravity
overflow shall be measured by means of weigh
tanks, volumetric tanks or weir plate mounted in a
weir tank provided with stilling baffles and a
hook gage.

5.23.5 Although the quantity of quenching water
evaporated is relatively small compared with the
quantity of water flowing to the ash hopper or
quenching tank, the heat loss due to evaporation
of the quenching water is a relatively large part
of the ashpit heat loss. For this reason, it is
recommended that the device used to measure the
flow of water to the ash hopper or quenching tank
be calibrated with the same equipment used to
measure the overflow to insure that the error in
measurement of the difference between these two
quantities will be a minimum.

5,23.6 The method of calculating the heat loss
for those types of ashpits is detailed in Par.
7.3.2.11,
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SECTION 6, MISCELLANEOUS INFORMATION

6.1 Power for Auxiliaries. For determining the
energy consumption of the auxiliaries inside the
envelope, Fig. 1, the information listed below is
required.

6.1.1.1 Determination of energy consumption of
steam auxiliary drives necessary for the operation
of the steam generator requires measurement of
steam flow quantities, and the initial and exhaust
steam pressures, temperatures, and quality.
Methods of measuring these are in general the
same as those described in Output Measurement,
Pars. 4.13 to 4.21.4, inclusive. Steam quantities
may be determined by heat balance calculations
on feedwater heaters, etc., the necessary cor-
rections and precautions in regard to leakage,
heat loss, etc., being observed.

6.1.1.2 Determination of energy consumption of
electrically driven auxiliaries shall be made in
accordance with the methods described in I & A,
Part 6 on Electrical Measurements in Power
Circuits PTC 19.6. Watthour meters are general-
ly preferable to other types of instruments for this
purpose.

6.1.2 In evaluating the heat equivalent of auxil-
iaries the equipment should be operated as near
design conditions as possible.

6.2 Net Efficiency. As stated in Pars. 1.06
and 1.08, performance of steam generating units
shall be based on the gross efficiency only. Net
efficiency, while beyond the scope of this Code,
is sometimes a matter of interest and therefore
the following is included as an aid to those con-
sidering this facet of performance. Net efficiency
is the output of the steam generator, which is the
heat absorbed by the working fluid, divided by the
total of all the heat in the fuel, plus credits, plus
the heat equivalent of the auxiliaries outside the
envelope, plus the heat equivalent of the driver
losses of the auxiliaries inside the envelope. The
following constitutes the usual auxiliaries out-
side the envelope, see Fig. 1, and therefore

- should be included in computing net efficiency:

Forced draft fans
Induced draft fans
Recirculating air fans
Soot blowers
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" Ash or flue dust handling systems (clinker
grinders, conveyors, etc.)

Electric precipitators

Control drives

Fuel handling systems (prorate to steam
generator being tested)

Fuel pumps (if central system, prorate to steam

~ generator being tested)

“Coal preparation systems (pulverized coal or
cyclone fired storage or bin systems — pro-
rate to steam generator being tested)

Stoker drives

Auxiliary boilers (prorate to steam generator
being tested)

Cooling water (prorate to steam generator being
tested)

Light and heat (prorate for area of plant
occupied by steam generator being tested)

To the heat equiva’lent of the above listed auxil-
iaries outside the envelope, must be added the
heat equivalent of the driver losses of the auxil-
iaries inside the envelope including motors, tur-
bines, electric and hydraulic couplings and gears
that may be associated with the following auxil-
iaries:

Pulverizers

Exhausters

Crushers

Boiler circulating pumps

Recirculating gas fans

Air heaters

6.2.1 Heat equivalent of all steam driven auxil-
iaries is: -
Hourly steam flow x (Enthalpy in inlet
steam — isentropic enthalpy of exhaust
steam) = Btu per hr.
Where
Steam flow = metered flow in Ib per hr.
Enthalpy of inlet steam is the enthalpy at inlet
pressure and temperature or quality.
Isentropic enthalpy of exhaust steam is the
enthalpy at exhaust pressure and initial entropy.

6.2.1.1 This computation will require metering of
steam and determining inlet pressure, inlet steam
temperature or moisture, and exhaust pressure.
Steam quantities may be determined by heat bal-
ance calculations on the plant heat cycle if the
arrangement of the cycle permits this.
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6.2.1.2 Measurement of steam flow, temperature,
_ pressure and moisture should follow procedures
given in Pars. 4.17 to 4.21, inclusive.

6.2,.2 Heat equivalent of all electrically driven
auxiliaries will be:

kilowatt input x 3413 = Btu per hr

6.2.2,1 The power input is preferably determined
by watt or watthour meters, but where this is not
possible, reliable ammeter, voltmeter and power
factor readings may be used and heat equivalent
for the usual 3 phase power is then:

V3 x Volts xAmperes x Per cent Power factor

1000 % 100 x 3413

= Btu per hr

6.2,2,2 Electrical measurements should be made
as specified in I & AElectrical Measurements in
Power Circuits PTC 19.6.

6.2.3 When auxiliaries are a combination of steam
and electrically driven equipment, the heat equi-
valent will be the sum of the heats calculated by
Pars. 6.2.1 and 6.2.2, respectively.

6.3 Special Instructions for Testing a Waste
Heat Boiler. Waste heat boiler testing technique
differs from that employed with a steam generator
to which the major energy is supplied in the form
of fuel.

6.3.01 Input is the total of the sensible and latent
heat contents of the entering gas stream, any radi-
ation into the boiler and the chemical heat of com-
bustion resulting from burning of supplementary
fuel or residual combustible products in the enter-
ing gas. To this equivalent fuel energy input
must be added any of the conventional heat

credits listed on Fig. 2, which may include sen-
sible heat of supplementary fuel and combustion
air entering the boiler, etc.

6.3.02 Output takes the same form found in con-
ventional steam generators, i.e., heat absorbed

by the working fluid.

6.3.03 Determination of input and output quan-
tities shall follow methods outlined in Section 4
wherever applicable.

6.3.04 Methods to be employed in determining or
otherwise allowing for radiation heat input to the
unit will depend upon individual conditions. The
heat added from outside radiation may be esti-
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mated from the temperatures of heat source and
absorbing surface and flat projected areas of
radiating source and absorbing surfaces.

6.3.05 Determination of the heat content of the
gas entering the boiler requires measurement of
temperature and weight flow of gas, and analysis
of the gas.

6.3.06 Gas temperature measurement at the boiler
inlet requires special equipment and procedures.
Because of the high temperatures usually en-
countered, probes must be water cooled. If inlet
temperature measurements are taken at a location
which permits the thermocouple to radiate to a
surface at a lower temperature than the gas being
measured, all measurements must be made with
properly designed high temperature thermometry,
see I & A, Temperature Measurement PTC 19,3,

6.3.07 Gas quantity entering may be determined
by the following methods: (1) calculation from the
amount of fuel burned in the process, analysis of
this fuel and waste gas composition; (2) actual
measurement of the gas quantity; (3) measurement
of the gas quantity leaving the boiler, analysis of
the gases entering and leaving the boiler and cal-
culation of any supplementary combustion
products. For method (1) fuel quantity and anal-
ysis shall be determined in accordance with Pars.
4.02 to 4.11, inclusive. Method (2) requires use
of calibrated flow nozzles, orifices or water
cooled pitot tube and temperature probes in ac-
cordance with I & A, PTC 19.3 and PTC 19.5.
Method (3) minimizes problems arising from
measurements in high temperature gas streams but
still requires water cooled sampling probes at the
boiler inlet to prevent reaction between probe
metal and gas sample. Sampling shall be in ac-
cordance with Pars, 5.04 to 5.10, inclusive.

6.3.08 Heat content of entrained matter entering
and leaving must be determined for calculation of
total heat content of waste gas. Sampling of
particulates shall be in accordance with Pars.
5.14 to 5.19, inclusive.

6,3.09 Losses will vary with types of input.

6.3.09.1 For boilers which do not involve com-
bustion within the waste heat unit, heat losses
consist of: (1) the difference between sensible
heat content of the gas at the exit gas tempera-
ture and reference air temperature — usually
ambient — (dry gas loss), see Par. 7.3.2.03;
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(2) the difference between the latent heat content
of the gas at the exit gas temperature and refer-
ence air temperature. (Loss due to moisture in
the stack gas), see Par. 7.3.2.05; (3) radiation
and convection loss may be obtained from ABMA
radiation loss chart, see Fig. 8, by taking the
radiation loss per cent and multiplying it by 100
times the gross heat input.

6.3.09.2 Forboilers which include combustion
within the unit, conventional steam generator

A
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losses, as defined in Section 5, should be ac-
counted for and on a proportional basis added to
the losses computed in the preceding paragraphs
to constitute the units total losses. Basis for
proportioning shall be a ratio of weight of all
constituents entering into combustion to total gas
weight, as discussed in Par. 5.10.

6.3.10 When determining the efficiency the dura-
tion of runs shall be not less than four hours.
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SECTION 7, COMPUTATIONS

7.1 The following computation procedures are for determining the gross efficiency of a steam gener-
ating unit by both the input-output and the heat loss methods for the actual operating conditions of the
tests. Where a comparison is to be made between test efficiency and a standard or guaranteed efficiency,
adjustments should be made in computations for deviation of test conditions from the standard or guaran-
teed conditions for certain heat credits and heat losses. Each computation subject to adjustment is so

noted in the following section, and the procedure for adjusting is as described under “Corrections to
Standard or Guarantee Conditions.” Pars. 7.4 to 7.6, inclusive.

Efficiency by Input-Output Method
7.2 9 = Output

g Input
Where
Output is defined as the heat absorbed by the working fluid
Input is defined as chemical heat in the fuel plus heat credits added to the working fluid, air,
gas and other fluid circuits which cross the envelope boundary, see Fig. 1

Wsea (hsaz ~ hyas) + Foeas (hsaz - wzs)
Hy x Wpe + B,

ng=

+

Wseaa (ks34 - hsaa) + Wweze (11534 - hwze) + Wweas (]'was - hw24) x 100
Hf X er + Be

Note 1: The preceding equation applies to the more common single reheat usage. For multiple reheats, the heat
absorbed in successive stages of reheat is additive in the numerator.

Note 2: Auxiliary steam usages are not indicated in the above equation, but wherever they occur, their heats
are additive in the numerator,

Note 3: When testing steam generators which incorporate a circulating pump the following must be added to the
outputs in the numerator of the equation:

|14

weas (hwas ~ hysr) + (Wwe47 — Wyess) x (has — byaz)

The first group of terms correct for the heat removed by the “‘leak-off’’ water and the second group accounts
for the heat required to bring the injected water to economizer inlet water temperature.

Where

7, = Percent = Gross efficiency.

72,1 Weesy = l_b_s}::_re_eﬂ = Steam flow entering superheater.

722 Wy, = &S}::'ﬂ = Reheat steam flow.
723 by hgass hsgs = ﬁ— = Enthalpy of steam at superheater outlet, reheater inlet and
steam reheater outlet.
724  hyoss hyog, by s byss, = _Ib—B»t:l?F = Enthalpy of feedwater entering unit, enthalpy of super-
wa1s Pwas heater spray water, enthalpy of spray water, enthalpy
of blowdown, enthalpy of injection water, and enthalpy
of leak-off.
Ib water
725  Wyezss Wiezes Wypess = — = Superheater spray water flow, rehent spray water flow,
Viears Wueas ) blowdown flow, injection flow, and leak-off flow.
45
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Btu

T AT Tuel = Heating value of fuel to be obtained by laboratory analysis and adjusted

to an “as fired” basis from laboratory determination of moisture in fuel.
For gaseous fuels, the use of continuous recording calorimeter is per-

mitted, see ASTM D 1826.

72,6 H =

7.2.6.1 Adjustment for moisture will be as follows:

100 — m
H, = Her x )
=" 100
Where
Btu ..
Hfl = T Fucl (ry basis) = Laboratory determination by fuel analysis on a dry basis.
mg = Per cent moisture in fuel as determined by analysis of moisture sample.

7.2.6,2 When the heating value is determined at constant volume (see Pars. 4,05 and 4,08) it must be
converted to a constant pressure value as follows:

AYR,T 1545 x 537
H = H;, = Hy, + —= = Hy, + AW —
£ T = T T .2 v 778.2
1066
Hf = Hf‘u + AVY1066 = va + 1.032 H = va + 264.4 H
H Bt High-heat value of fuel ur
= —_— 1gh=-he value of tu t constant pressure.
o= TpAF. fuel | O oo vate obfuetat constant P
Hy= % _ Highheat value of fucl 1
> = = - t t tant .
b= AT Tual igh=-heat value of fuel at constant volume
1b moles .
= —— = 1b moles of oxygen removed in the reaction by the condensing water vapor
1b A.F. fuel formed.
H H
© 2x 2,016  4.032
1b
H--— = Pounds of hydrogen exclusive of that in moisture per pound of “as fired”
b A.F. fuel  pye] from laboratory analysis.
ft-1b
R, = 1545m = Universal Gas Constant.

T = 537 R = Standard Calorimeter Temperature.
778.2 ft<lb = 1 Btu = mechanical equivalent of heat.

See Appendix for complete derivation of above formula for conversion of high-heat value.at constant
volume as obtained with the bomb calorimeter to the high-heat value at constant pressure.
1b A.F. fuel

7.2.7 W;e = —————-= measured fuel rate.

hr

If solid or liquid fuels are used the weight is determined by direct measurement. If gaseous fuel
is used, the measured volume must be converted to a weight basis as follows:
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7.2.7.1 er = Qfe X y,
Where
1b A.F. fuel
Ve = — measured fuel rate.
r
cu ft . )
Qe = —= Quantity of gaseous fuel fired.
r
Ib cer . . . .
Y = = Fuel gas specific weight at the primary measuring element. This value may be
cu ft obtained from standard American Gas Association tables, and corrected to 68 F.
Btu
728 B, = = Total heat credit and is defined as those amounts of heat added to the envelope

he of the steam generator other than the chemical heat in the fuel “as fired.”

Be = BAe + Bze + Bfe + Bxe + BmAe

Btu
7.28.1 By, = —= Heat supplied by entering air from such sources as steam air heaters.
r
Bre =War —Ware) x W x cpa’ltas,ae — tral + Warg x W x cpa’ [ta's — tral
Where
14 ———Ib Pounds of dry ai d of “as fired” fuel
! = =
A T WO ounds of dry air per pound of “as fired” fue
0.7685
Where
1b nitrogen in dry gas 1b dry gas Ib nitrogen in dry gas
= . X .
WG'N2 b A.F. fuel 1b A.F. fuel Ib dry gas

v Wer x 28.02 Ny
'] = -
¢'N2™ 44,01 CO; + 32.00 0, + 28.02 Ny + 28.01 CO

b
Wer = AT Tacl = Pounds of dry gas per pound of “as fired” fuel
12.01 S
44,01 COZ +32.00 02 + 28.02 N2 + 28.01 CO X Cb +W
Wer = .
¢ 12.01 (CO, + CO)
¥ 28.02 N, 12,01 S
1 = ———
¢'N2 = 12.01(C0, +CO) \ ° " 32.07
WAI = M

0.7685

For complete fundamental derivation, see Appendix.

The preceding formula is based on molecular weights accurate to four significant figures, but it is not to
be implied that the weight of dry air has this degree of accuracy. The four digit molecular weights are
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used to hold errors from calculation procedures to a minimum. The values used are from the National

Bureau of Standards Circular 564, dated 11/1/55.
CO,, O, and CO = per cent by volume of dry flue gas. (Location 12, 14 or 15, Fig. 1.)
Ny being determined by subtracting the total of GOy, Oy and CO from 100 per cent.

B Wdlpl X Hdlpl

€ =G 14500
Where
1b .
Cy, = B AF g - Pounds of carbon burned per pound of “as fired” fuel.
1b
C = ———— = Pounds carbon in “as fired” fuel by laboratory analysis

Ib AF. fuel

b
Wyrpt = TAF ol ™ ’l_;’.(;t;c.loslf)f total dry refuse per pound of “as fired” fuel, See-Par.

Btu
Hyr,t = —————— = Heat value for total dry refuse from laboratory determination.
1b dry refuse
Btu
14500 = T Heat value of 1 1b of carbon as it occurs in refuse.
1b
S = ——— = Pounds sulfur per pound of “as fired” fuel as determined for laboratory

Ib A.F. fuel

analysis.

1b

“ B AF fol - Pounds of nitrogen per pound of “as fired” fuel.

For those who wish to know the theoretical air and excess air, the equations are given in the appendix.

Ib A.F. fuel

Ve = —" Fuel rate as determined by weighing procedures outlined in Section 4,
r

Mean specific heat of dry air at inlet temperature, as obtained from curve sheet, See
Fig. 3. It is determined from the instantaneous values over the range between inlet
air temperature andthe reference temperatures.

tgy or tgyg = F = Inlet air temperature. If the unit is equipped with a steam or water coil air
heater before the main air heater and it is supplied with heat from a
source external to the unit being tested (as defined by Fig. 1), the in-
let air temperature 44 shall be measured in the air stream after this
heater and in this case the heat added to the inlet air is a heat credit.
If the coil above or recirculated hot air is being supplied by heat
direct from the unit being tested, inlet air temperature t4, shall be
measured in the air stream ahead of the heater and there is no heat
credit.

F = Reference air temperature. This is the base temperature to which sensible heat
losses and credits are compared for efficiency computations. When .
heat is added to the combustion air before the forced draft fan, cor-
rections must be made to the measured temperature at location 7 on

Fig. 1. Where adjustment is to be made for deviation from standard
or guarantee conditions, see Par. 7.4.1.

cpA'

tra =
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Btu

7282 B,, = T
r

= Heat supplied by atomizing steam when the source is external to the unit being
tested.

Bie = Wie x (hy4n — hRy)

Where
WV, = gl Metered atomizing steam flow.
r
h,s, = Enthalpy of atomizing steam at pressure and temperature at metering point.
hry, = Enthalpy of saturated vapor at reference temperature.
Btu ) , .
7283 By = = Heat supplied by sensible heat in fuel.
r
Bfe = er X Cpf (tf,.3'4 — tRA)
Where 15 A F, fuel
Ve = —-—h—ue—- = Measured fuel rate
r
Cpf = E)tF = Mean specific heat of fuel. Use 0.3 Btu/Ib/F for coal. See Fig. 4 for fuel oil.

See Fig. 5 for gas. It is determined from the instantaneous values over the
range between inlet fuel temperature and the reference temperature.

If liquid fuel is heated by a source external to the unit being tested, the inlet temperature shall be
measured after this heater, but if heated dlrectly from the unit being tested temperature shall be
measured before the heater.

byys by try = F = Fuel inlet temperature.

trq = Reference air temperature.

Bt

7284 B,, = hu = Heat supplied by auxiliary drives within the envelope.
r
Bie = Woxe (hsy— hiy) Ny
Where
v 1b
ste = P = Steam flowrate.

hex = 113;“ = Enthalpy of the steam supplied to drive the auxiliaries.
hy = —Bl%l— = [Enthalpy at the exhaust pressure andthe initial entropy of steam supplied to

drive the auxiliaries.
7, = Over-all drive efficiency — includes turbine and gear efficiency.

For electric auxiliaries the heat supplied is:

B, = 3413 (kwh) 7,
n, = Over-all drive efficiency — includes such items as motor efficiency, electric and
hydraulic couplingefficiency and gear efficiency.
7,285 B4, = B _ Heat supplied from the moisture entering with the inlet air.

r

Bre= Wnat xWqte x cpSX(tA7 » t4s — tRA)
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Where
Woat = —-—-—lb——- = Pounds of water vapor per pound of dry air. Refer to Par. 5.20.
1b dry air
WA'e = WA' X er
Where
v 1b . .
ale =1= = Pounds of dry air supplied per hour,
Wyt = b Pounds of dry air supplied per pound of “as fired” fuel. Refer to Par.
b A.F. fuel
7.2.8.1,
Ve = b A.F. fuel _ Measured fuel rate.
hr
Cps = ﬁtl;? = Mean specific heat of steam from curve on Fig. 6. It is determined from the
instantaneous values over the range between inlet steam temperature and
reference temperature.
tq, or tgs = F = Inlet air temperature.

tpa = F = Reference air temperature.

7.2.9 The foregoing heat credits are to be summarized into total heat credits and used as the value of

B

e

Efficiency by Heat Loss Method

7.3 L
77g =100 — mx 100

Derivation of this formulais as follows:

_ OutPut < 100
g Input
Where
n_ = Per cent = Gross efficiency

e
Output = Input — L as defined in Par. 1.04.4.

Input = H; + B as defined in Par. 1.04.3.

Then
_ Input — L (Hp+ B) —~ L L

ng H,+ B Hf+ B Hf+ B
Converting to per cent:
L

Where
7.3.1

1, = Per cent = Gross efficiency

COPYRI GHT 1999 Anerican Soci ety of Mechanical Engineers
Cctober 29, 1999  06:15:05

in the equation in Par. 7.2 for solving for gross efficiency by the input-output method.

I nformati on Handl i ng Services,

19¢



ASME PTCx4.1 LY BN 0759670 0054027 0 =N

STEAM GENERATING UNITS 51

232 L Btu loss

* T AT fusl = Total heat loss from the steam generator.
L
*A fuel rate is used in the calculation of these losses.

7.3.2,01
Lyc = letlfFl‘?sf:el = Heat loss due to unburned carbon in total dry refuse.

it

Lyc + Let + Lyg+ Ly + Lng + LY, + Leo + Lyy + Lync + Lg+ Ly + Lg+ LF + L,

LUC = Wd'pl X Hdlpl
Where
Wy _ Felole
fe
Where
Ib

Wyrpr = 5 AT, Taol = Founds of total dry refuse per pound of “as fired” fuel.

Where refuse rate at various collection points, such as ashpit, dust collector and boiler hoppers is not
actually determined it may be estimated. See Par. 3.01.14.

Warpte = _}l_l_l%_ = Pounds of total dry refuse rate.

Ve = “J—Ag’_f“_e{ = Measured fuel rate.

If fuel rate is not measured, the expected rate for the test may be used, and considered suffic iently
accurate for this calculation. Iteration will be required for more accurate results.

Btu
Harp! = Ib dry refuse

I

Laboratory determination of per cent combustible x 14,500 Btu/lb

or

Btu
Ib dry refuse

Hatp' = = Laboratory determination of heating value.

If it is possible and desirable to measure the refuse collection rate at all collection points, then the
following calculation procedure will be used to determine unburned carbon loss.

Lyc = -oruloss =a+b+c+d+e
UC = T AF. fuel

(a) Btu/lb _Ib dry refuse in ashpit Btu

in ashpi = Ib A.F. fuel * Tb ashpit refuse
(b) ?n:)/l.li _ b dry refuse in boiler hopper 9 Btu

g otler = Ib A.F. fuel Tb boiler hopper refuse

hopper
(c) Btu/lb Ib dry refuse in economizer hopper Btu

in econ, = x

Ib A.F. fuel b econ. hopper refuse

hopper
(d) Bitrul/xu;tmr _ 1b dry refuse in air heater hopper « Btu

rlopp:r © h Ib A.F. fuel Ib air heater hopper refuse
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(e} Btu/Ib in
dust col- 1b dry refuse in dust collector hopper Btu

lector hopper Ib A.F. fuel X b dust collector refuse

If the flue dust is sampled prior to all collection points, with the exception of the ashpit, and all parties
agree ashpit combustible is negligible, flue dust rate may be estimated or determined by dust concentra-
tion measurements. Then the loss due to unburned combustible will become:

Lycg = T AF fael = Heat loss due to unburned carbon in flue dust.

Lyca = War x Ha

Where
Wy = mi?b._fugl_ = Pounds of dry flue dust per pound of “as fired” fuel.
f.ldl = —“%—— = Heat value of flue dust.

o1 dust
7.3.2.02
Lgt = Btuloss _ Heat loss due to heat in dry flue gas.
Ib A.F. fuel

Lot = Wgt x cpgt (tg — tRA)

Where
Wge = WTE‘).TJ = Pounds of dry gas per pound of “as fired” fuel.
Voo - 44,01 CO, + 32.00 O, + 28.02 Ny + 28.01 CO G, [12.01 S]

12.01 (CO, + CO) 32.07

The preceding formula is based on molecular weights accurate to four significant figures, but it is not to
be implied that the dry gas loss has this degree of accuracy. The four digit molecular weights are used
to hold errors from calculation procedures to a minimum. The values used are from the National Bureau

of Standards Circular 564, dated 11/1/55,
CO,, Oy, andCO = per cent by volume of dry flue gas (location 12, 14 or 15, Fig. 1)
N, being determined by subtracting the total of CO3, Oy and CO from 100 per cent.
Cb _c_ Wdlpl X Hdlpl
14500

C, = 5 .lb. ol = Pounds of carbon burned per pound of “as fired” fuel.

C = b lll; foel = Pounds of carbon in “as fired” fuel by laboratory analysis.
Watpt = Ib = Pounds of total dry refuse per pound of “as fired” fuel. See Par.
e lel 732,01
Hyrpr = m%%m = Heat value for total dry refuse from laboratory determination.
14500 = Ei{;)u = Heat value of 1 lb of carbon as it occurs in refuse.
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S 1b P l 1 . ” 1 .
“TBATF Tl = ounds sulfur per pound of “as fired” fuel as determined by laboratory
~ analysis.
Cpg! = let;. = Mean specific heat of the dry flue gas as obtained from curves on Fig. 7.
It is determined from the instantaneous values over the range between gas tem-
perature leaving the unit and the reference temperature.
tc = Gas temperature leaving the unit, such as ¢y, , tgy4 or fg, 5. If thistemperature isto

be corrected because of deviation from standard or guarantee air heater inlet air tem-
perature see Par. 7.5.2.

tra = I = Reference air temperature. If this temperature is to be corrected because of
deviation from standard or guarantee inlet air temperature see Par. 7.4.1.

7.3.2.03

Lm[ = H)Lﬁ:'l.?—?ﬁ%l— = Heat loss due to moisture in the “as fired” fuel.

me = mf(h12.14.l5 — hRw)

Where
me = S LR Pounds moisture per lb of “as fired” fuel by laboratory analysis
/= Tb A.F. Tuel y y anatysis.
hy2,1445 = Enthalpy of vapor at partial pressure, and exit gas temperature 5,4 4,15 t0 be
determined from steam tables.
P Fa
™ T TTT100x 15 Gy
+—_——
mg (GO, + CO)
Where
P = B __ = Partial pressure of the moisture in the flue gas
mG sq in. abs P gas.

The above formulais a rigorous treatment. For practical use, P ; approximates one psia for the partial
pressure existing at the steam generator exit.

1b
P = = 1
4 sqin, abs Atmospheric pressure

Cp = Tﬁa = Pounds carbon burned per 1b A.F. fuel

mg = 8936 H+ (Wpqt) (Wgt) + me+ W, + my
Where
mg = ———“—’——— = Pounds of moisture in the flue gas per pound of “as fired” fuel
¢ = Tb AF. fuel gas per p .

8,936 = 8.936 pounds of water produced from burning one pound of hydrogen.

H = —llf——-—-— = Pounds of hydrogen exclusive of that in moisture from an “as fired” fuel
Ib A.F, fuel )
by laboratory analysis.
v b

A = To dry air = Pounds of moisture per pound of dry air at boiler inlet,
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Wyt = 1 g’ el ™ Pounds of dry air per pound of “as fired” fuel.

e = 1b
f = Tb A.F. fuel

V. - 1b
z = Tb AF., fuel

1b
M =16 A.F. fuel

CO,, CO = per cent by volume of dry flue gas.

= Pounds of moisture per pound of “as fired” fuel.

Pounds of atomizing steam per pound of “as fired” fuel.

= Pounds of moisture evaporated in ashpit per pound of “as fired” fuel.

hrw = Enthalpy of saturated liquid at tp4 is used for solid and liquid fuels. Where moisture
loss is to be adjusted for deviation from standard or guarantee conditions see Par. 7.5.4.

7.3.2.04
Ly = .l_bg%l‘ihsxe—l— = Heat loss due to moisture from burning of hydrogen.
Ly = 8.936 x H (hyz,14,15 — hRw)
Where
8.936 = 8.936 pounds of water produced from burning one pound of hydrogen.
H = b = Pounds of hydrogen exclusive of that in moisture in “as fired” fuel by

Ib A.F. fuel

laboratory analysis.

Remaining items will be identical with Par. 7.8.2.03. Where hydrogen loss is to be adjusted for de-
viation from standard or guaranteed conditions see Par. 7.5.4.

7.3.2,05
L Btu loss Heat loss d , i the ai
md = b A.F. foel ~ eat loss aue lo moisture in the air.
Lua = Wnat' x War [hiza4e — kg,
Where
Wpat = -ﬁ)—a‘l‘—?ﬁ; = Pounds of water vapor per pound of dry air obtained from Par. 5.20.
Wqr = T},—A‘g_fﬁl' = Pounds of dry air supplied per lb of “as fired” fuel. Refer to Par.
e 7.2.8.1,
hy2.14.15 Will be identical with Par. 7/3:2.03.
kg, = _b%;%o_ = Enthalpy of the saturated vapor at tp4. Refer to Par. 7.2.8.1
7.3.2.06
L, = Btuloss Heat loss due to heat in atomizing steam.
z 1b A.F. fuel '
¥,
Lz = ch (hsz.u,w - th)
fe
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Where
Ve = —llmkr' = Pounds of metered or estimated atomizing steam as agreed to by all parties.
W = I—b%ﬁ = Measured fuel rate as in Par. 7.3.2.01.

hiatass = Trom— will be identical with Par. 7.3.2.08,
Btu

by “TEH,O = ;Enztl;aipy of saturated vapor at reference temperature at tg4.. Refer to Par.
7.3.2,07 '
Lgo = %Fl‘?_sf‘si;l_ = Heat loss due to formation of carbon monoxide.

Where it is established that CO is present and cannot be eliminated by operating adjustments:

Lgo = t‘o—ch—cﬁx 10160 x C,
Where

CO and CO; per cent by volumc of flue gas.

10160 = Btu generated burning 1 lb of carbon in CO to CO, and represents the difference be-
tween the burning carbon as it oceurs in fuel to CO; (14540 Btu), and burning carbon
as it occurs in fuel to CO (4380 Btu); that is 14540 — 4380 = 10160 Btu (Fuels &
Combustion Hand-Book — Johnson & Auth, published by McGraw-Hill Book Company)

Cp, = 5 .lll;\. ol = Pounds of carbon burned per 1b of “as fired” fuel.

7.3.2,08

Lyg = %: Heat loss due to unburned kydrogen.

Where it is established that unburned hydrogen is present and cannot be eliminated by operating adjust-
ments:

H2 (Cll ft) x WGI % 318.9
cu ft dry gas ,

Lyy =
vH flue gas specific weight

Where
H2 (cu ft)
cu ft dry gas

- Pounds of dry gas per Ib of “as fired” fuel as determined in Par.
Ib A.F. fuel 7.3.2.02.

= Laboratory determination of H, content of flue gas in Par. 5.06.

WG'

318.9 = Btu/cu ft of hydrogen at 14.7 psia and 68 F.
Flue gas specific weight at 68 F and 14.7 psia
' HC

0O, O, €O N; SO, H, 1545

- 0.0401 —
35.11 ' 48.28 ' 55.16  55.14 @ 24.12 T 766.36 T Myg
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Where

COy, 0,, CO, etc. = Per cent = Per cent by volume constituents as determined by laboratory
analysis of flue gas.

Myc = Molecular weight of hydrocarbon in flue gas.

For derivation of flue gas specific weight, see Appendix.

7.3.2.09

L __Btuloss
UHC = 15 ALF. fuel

Where it is established that unburned hydrocarbons are present and cannot be eliminated by operating

= Heat loss due to unburned hydrocarbons.

adjustments:
UHC (cu ft)
—x W' xKync
cu ft dry gas
Lygpe = Prr—
100 x flue gas specific weight
Where
UHC (cu ft) _ Laboratory determination of flue gas constituents as in Par. 5,06.
cu ft dry gas
¥e' = 15 b fael = Pounds of dry gas per lb of ““as fired”” fuel, as determined in Par.

7.3.2.02.
Kygc = Btu/cu ft of unburned hydrocarbons as determined by laboratory analysis
Flue gas specific weight at 68 F and 14.7 psia determination in Par. 7.3.2.08.

7.3.2,10
Lg = Loss due to surface radiation and convection.

This loss may be obtained from ABMA radiation loss chart, see Fig. 8 and correction for air velocities,
see Fig. 9 by taking the radiation loss per cent and multiplying it by the chemical heat in one pound of
“as fired” fuel (Hp).

7.3.2.11

Btu loss

Lg = BAF Tucl = Heat loss due to radiation to ashpit, sensible heat in slag, and if

applicable the latent heat of fusion of slag.
Where measured by procedures outlined in Pars. 5.22 and 5.23 will be:

L@ = Heat loss to increasing temperature of pit water + heat loss to evaporation of pit
water + sensible heat loss in the refuse as it leaves the pit.

Wwesa X (twas - twse) .

Heat loss to increasing temperature of pit water =

Ve
Where
Wpess = -}lle = Pounds of water per hour metered to pit.
twss = F = Water temperature leaving pit.
tyss = F = Water temperature entering pit.
Ve = wﬂﬂ = Measured fuel rate as in Par. 7.3.2.01.
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Heat loss to evaporation of pit water
p  specific weight of water \* horaa, 16 = Puwse
wes9

= | Pvese +(er %100 specific weight of refuse

Ve
Where
Wpess = % = Pounds of water per hour metered to pit.
1b .
Wpess = = Pounds of water per hour metered from pit.
Ve = ﬁf;ﬂl = Measured fuel rate as in Par. 7.3.2.01.
p = pitrefuse = in thiscase expressed as per cent of “as fired” fuel to pit.

Specific weight of water = lb/cu ft at ¢,,54-

Specific weight of refuse = lb/cu ft pit refuse by actual dry weight or as agreed to by partici-
pating parties.

hysz,1415 = Enthalpy of vapor as in Par. 7.3.2.03,

hyse = Enthalpy of outlet water,

Heat loss due to the sensible heat in the refuse as it leaves

14
the pit = Cpp —— (a9 — tRA)

We

Where
Cop = IE;t;, = Specific heat of wet refuse.
1b

Wpe = T Pounds of wet refuse per hour.
Ve = mﬁfuil = Measured fuel rate as in Par. 7.3,2.01
twse = F = Water temperature leaving the pit
tpa = F = Reference temperature as in Par. 7.2.8.1

Where refuse is removed in the dry state from the pit this loss may be measured as follows:

Ly = I—I)B% = Heat loss due to sensible heat in the dry ashpit refuse.

Cpp! (tp'av - zRA)_X Wp'e

Lpl =

Ve
Where
Cpp! = l]gt; = Specific heat of dry ashpit refuse at average refuse temperature. Use 0.25.
to's; = F = Temperature of ashpit refuse as indicated in Fig. 1.

*The value within the parentheses may be determined from comparison of clean-pit and ash laden-pit water fill
volumes, or an estimate of total ash volume in the pit and displacement measurements on sample batches of

pit refuse,
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Reference air temperature as in Par. 7.2.8.1.

Aad
=
»

I

Wote = % = Weighed or estimated dry ashpit refuse leaving pit.

Wse Ib A.F. fuel = Measured fuel rate as given in Par. 7.3.2.01.

A T
7.3.2.12

Ly = 'lb_BAElbes_usel- = Heat loss due to sensible heat in flue dust.
L ca' (t612,14,08 — trRA) X Wyr,

d' = 7

fe
Where

cgt = let;, = Specific heat of flue dust at average flue dust temperature. Use 0.20.
tGiza1s = F = Temperature of flue gas at each collection point as indicated in Fig. 1.
tra = F = Reference air temperature as in Par. 7.2.8.1.

Wy, = %‘— = Weighed or estimated dust at each collection point.

Wee = le_.l:;_fu_el = Measured fuel rate as given in Par. 7.3.2.01

7.3.2.13
L = —l-bEfruFlo\—?%T = Heat loss due to heat in pulverizer rejects.
fe
Where

W, = g— = Pounds of pulverizer rejects, preferably weighed.

H = —'?'bi = Heating value of rejects from laboratory analysis of representative sample.
Wee = E)AEF%?E = Measured fuel rate as given in Par. 7.3.2.01.

7.3.2,14
Ly = o019 pou loss due to heat pick-up by cooli teri lope (Fig. 1)
w = TpAF Tael = 7eot loss due to heat pick-up by coolingwater entering envelope (Fig. 1),
L Wwe (tw outlet — fw inlet)
W =
Wse
Where

Wpe = %}b— = Pounds of cooling water flow.

Ve = lijﬁli'_f“fi = Measured fuel rate as given in Par. 7.3.2.01,
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7.3.2.15 Summarizing Losses.

L = Lyc + Lg' + Lyg+ Ly + Lpa + Ly + Lgo + Lyn + Lync + Lg+ L+ Ly + Ly + Ly,

Where

7.3.3

29, 1999

L Btu loss
b AF. fuel

Btu loss
LUC = IB ]icF . IueI =

Btu loss

= Tb AF. fuel ~

L Btu loss
1b AF, fuel

S
I

3
<~
i

- R

Btu loss

Loa = 15 AF Twel =

L - Btu loss _
z Ib AF, fue

L _ Btu loss _
CO = b AF. fuel

Btu loss

Ly = Ib AF. fuel ~

L __ Btu loss
UHC = Th7ALF. fuel

L _ Btuless
B~ Tb AF. fuel ~

Btu loss

Ib A.F. fuel

t~
B
it

L Btu loss _
d Ib A.F. fuel ~

L Btuloss
r 16 AF. fuel ~

L, Btu loss

= Tb AF. fuel ~

i

u Btu _
I T T AF fuel ~

06: 15: 05

Total heat losses, Par. 7.3,2,
Heat loss due to unburned carbon in refuse. Par. 7.3.2.01

Heat loss due to heat in dry flue gas. Par. 7,.3.2.02.

= Heat loss due to moisture in the “as fired” fuel. Par. 7.3.2.03.

= Heat loss due to moisture from burning of hydrogen. Par. 7.3.2.04.

Heat loss due to moisture in the air. Par. 7.3.2.05.

Heat loss dueto heat in atomizing steam. Par, 7.3.2.06.

Heat loss due to formation of carbon monoxide. Par. 7.3.2.07
Heat loss due to unburned hydrogen, . Par. 7.3,2.08,

Heat loss due to unburned hydrocarbons. Par. 7.3.2,09,

Heat loss due to surfaceradiation and convection. Par. 7.3.2.10,

Heat loss due to rediation to ashpit, sensible heat in slag and, if
applicable, latent heat of fusion of slag. Par. 7.3.2.11.

Heat loss due to sensible heat in flue dust. Par. 7,3.2.12.
Heat loss due to heat in pulverizer rejects. Par, 7.3.2.13.

Heat loss due to heat pickup by cooling water entering envelope, Fig.
1, Par. 7.3.2,14,

Chemical heat in fuel to be obtained as in Par. 7.2.6.

B =
=T
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7.34

Btu credit

= 15 AF Tuel = Total heat credits per pound of “as fired” fuel added to the steam

generator in the form of sensible heat.

Bge + B,e + B/e + Bye + Brae

B =
Ve
Where
Btu credit . . o
Bi. = — = Heat credit supplied by enteringair. Par. 7.2.8.1
Btu credit

B, = — = Heat credit supplied by atomizing steam. Par. 7.2.8.2

B, = E‘-‘h‘feﬁ — Heat credit supplied by sensible heat in fuel. Par. 7.2.8.3

B, =~ 2weredll _ gea credit suppliedby auxiliary drives. Par. 7.2.8.4.

Bose = E-t“h—(;reflit- = Heat credit supplied from the moisture entering with the inlet air.
- Par. 7.2.8.5.

Ve = thﬂ = Measured fuel rate as given in Par. 7.3.2.01.

For a more accurate calculation of gross steam generator efficiency, the gross efficiency obtained
from the initial calculation can be used as the basis for determining a refined fuel rate. When this value
is substituted in formulas for determining heat losses and credits, a more accurate calculated gross
efficiency is obtained.

Corrections to Standard or Guarantee Conditions

7.4 Corrections to Heat Credits.

7.4.1 Corrections to the heat credits, ‘‘heat supplied by entering air,”” and ‘‘heat supplied by sensible
heat in fuel” for changes from test reference air temperature (see Par. 7.2.8.1) to a standard or guaran-
teed air inlet temperature are made by substituting the standard or guaranteed temperature for the test
reference temperature in the heat credit formulas.

7.4.2 Corrections to the heat credits, ‘“‘heat supplied by atomizing steam’” and ‘‘heat supplied by
moisture in entering air” for changes from test reference air temperature to a standard or guaranteed
temperature air inlet temperature are made by substituting the enthalpy corresponding to the standard or
guaranteed temperature for the enthalpy corresponding to the test reference temperature in the heat
credit formulas. )

7.5 Corrections to Heat Losses.

7.5.1 Corrections to heat losses, besides including a correction for changes from the test reference air
temperature to standard or guaranteed air inlet temperature as in the treatment of heat credit corrections,
must also include, when an air heater is used, a correction for the change in gas exit temperature result-
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ing from the above change in air inlet temperature. The corrected gas outlet temperature is given in the
Test Code for Air Heaters PTC 4.3 and uses the following formula:

tasD (tGM - tGIS) + G4 (tGus - tAe)

tgr18d =
(th 4 — tas)
Where
tciss = F' = corrected air heater exit gas temperature.
taesp = F = Standard or guaranteed air heater inlet air temperature.
tGi4 = F = air heater inlet gas test temperature.
tcis = F = air heater exit gas test temperature.
tge = F = air heater inlet air test temperature.

A further minor correction caused by leakage differences between test and standard or guaranteed
temperatures is being developed for the Test Code for Air Heaters PFC 4.3. When this later code is
issued, this further correction is to be considered a part of PFC 4.1.

7.5.2 Corrections to the heat losses, “Dry gas loss” and “Heat loss due to setnisible heat in the flue
dust” for changes from test reference air temperature to a standard or guaranteed air inlet temperature
are made by substituting the standard or guaranteed temperature for the test reference air temperature
and also by substituting the corrected gas exit temperature for the test gas exit temperature in the heat
loss formulas.

7.5.3 Corrections to the heat losses, “Heat loss due to moisture in fuel,” “Heat loss due to moisture
in air” and “Heat loss due to atomizing steam,” for changesfrom the test reference air temperature to a
standard or guaranteed air inlet temperature. are made by substituting the appropriate enthalpy corres-
ponding to the standard or guaranteed air inlet temperature for the enthalpy corresponding to the test
reference air temperature and also by substituting the enthalpy corresponding to the corrected gas exit
temperature for the enthalpy corresponding to the test gas exit temperature, in the heat loss formulas.
The “appropriate” inlet enthalpy referred to above relates to the state of the entering moisture (liquid
or vapor),

7.5.4 Corrections to the heat losses, “Heat loss due to moisture in fuel” and “Heat loss due to
hydrogen in fuel” for changes of maisture and hydrogen content from the test fuel to the fuel used for the
standard or guaranteed computations, are made by substituting the weight of moisture or hydrogen per
pound of fuel in the standard or guaranteed fuel for the weight of moisture or hydrogen per pound of fuel,
of the test fuel, in the heat loss formulas.

7.5.5 Corrections to the heat loss “Loss due to moisture in air” for changes of moisture content from
the test air to the air used for standard or guaranteed computations, are made by substituting the weight
of moisture in the standard or guaranteed air for the weight of the moisture in the test air, in the heat
loss formula, The magnitude of this correction in most cases will be negligible.

7.5.6 Other heat losses listed in the computations are not considered in these correction péragraphs
either because they do not apply or the magnitude of the correction is usually insignificant.

7.6 The corrected steam generator efficiency resulting from the preceding adjustments of credits and
losses to standard or guarantee conditions can then be compared with the standard or guarantee con-
ditiong, respectively.
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FIG. 3 INSTANTANEOUS SPECIFIC HEAT OF AIR
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EXAMPLE:

— THE FULL LOAD ILLUSTRATION ON FIG. 8
IS CORRECTED FOR A AT OF 75°F AND
AIR VELOCITY OF 10 FPS AS FOLLOWS:

3000— TRANSMISSION ABMA AT OF 50°F AND
I00 FPS= 125 BTU/FT2/HR

| TRANSMISSION FOR CONDITIONS
ABOVE = 350 BTU/FT2/HR

CORRECTION FACTOR=322=28

— 125
2500 £16. 8 VALUE = 0.33 % ]
CORRECTED VALUE = 0.33 X 2.8 . /
= 0.924% &

2000

1500

1000 : /
/

~

—

TRANSMISSION, BTU/SQ FT/HR

0 50 100 150 200 250
TEMP DIFFERENCE, SURFACE TO AIR-°F

F1G. 9 SURFACE TRANSMISSION FOR VARIOUS AIR VELOCITIES BASED ON EMISSIVITY OF
0.95 AND AIR TEMPERATURE OF 70 F

(Basic data above were obtained from ASTM Standard on Refractory Materials)

68
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SECTION 8, OTHER OPERATING CHARACTERISTICS

8.01 The continuing satisfactory performance of a steam generator requires the determination of many
operating characteristics other than its ability to meet its design capacity and efficiency guarantee. This
section describes factors affecting performance and how these should be determined by test.

8.02 Measurement of Air Leakage or Infiltration. When it is desired to determine the amount of air
infiltration or leakage through any portion of the enclosure of a steam generating unit, beyond the furnace
exit, it should be done by comparing excess air, as determined from flue gas analyses. The sampling
locations preferably should lie in planes normal to the flue gas flow, located as close as practical to the
zones of comparison. Frequency of sampling points should be as recommended in Par. 5.04, “Flue Gas
Sampling and Analysis — Sampling Locations.” The gas temperatures at the sampling location will deter-
mine whether or not a water cooled sampler is required. It is advisable to use a water cooled sampler at
temperatures in excess of 950 I,

8.02.1 The amount of air infiltration or leakage is normally expressed in terms of increase in excess air,
reduction in GO, or per cent leakage. The latter is as follows:
(per cent total weight of air at S,) — (per cent total weight of air at ;)

v 9 - _ 100
L \per cen (per cent total weight of air at ;) .

8.02,2
Where
W;, = Per cent air leakage.
S, = Upstream sampling location.

5

8.02,3 Measurement of air leakage of a regenerative air heater is covered in the Test Code for Air
Heaters PTG 4.3.

Downstream sampling location.

It

8.03 Peak Load Capacity. When it is desired to establish the ability of a steam generating unit to
maintain anticipated peak load capacity, commercial feedwater or steam flow recording meters may be
used. Flows must be corrected to compensate for deviation of test pressures and temperatures at the
flow nozzle or orifice, from design pressure and temperature conditions, and the instrument must be
calibrated immediately prior to the test.

8.03,1 When desuperheating spray water is to be measured or accounted for as part of capacity deter-
mination, and this water flow is not metered, the spray flow rate may be determined by heat balance,
using steam flow at either the entrance or exit to the desuperheater, steam pressures and temperatures
at the entrance and exit of the desuperheater, and spray water temperature. Temperatures and pressures
will be measured as outlined in Par. 4,19, “Steam and Feedwater Temperatures,” and Par, 4.21, “Steam
and Feedwater Pressures.”

8.03.2 Reheat steam flow can be measured or computed as described in Par. 4.17.

8.04 Steam Temperature. When superheater and/or reheater steam temperature characteristic and
control ranges thereof are to be verified by test, steam temperature measurement should be in accordance
with procedures outlined in Par. 4.19, “Steam and Feedwater Temperatures.”

8.04,1 Operating conditions which can affect a temperature test such as steam flow, steam pressure,
feedwater temperature, excess air, cold reheat pressure and temperature and characteristics of the fuel
fired should be as specified by design. Control apparatus for maintaining and regulating temperature
such as burner tilt, recirculating gas fans, spray valves, bypass dampers, etc., shall have been ad-
justed prior to the test., Selection and settingof burners shall also be agreed upon. The period of oper-
ation prior to running such a test should be of sufficient duration to insure stabilization of furnace

53
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cleanliness. All heat transfer surfaces, both internal and external, should be commercially clean (normal
operating cleanliness) before starting the test. During the test, only the amount of cleaning shall be
permitted as is necessary to maintain normal operating cleanliness,

8.04.2 Measurement of steam flows, temperatures, pressures, and excess air, which provide essential

supplementary data, should be as specified in Pars. 4,17, 4.19, 4.21 and 8.02.

8.05 Exit Gas Temperature. When a gas temperature at the exit 6f a steam generating unit is to be
verified by test, the procedures outlined in Par. 5,08, “Flue Gas Temperature,” shouldbe followed.
Operating conditions, unit cleanliness and necessary test measurements should be given the same
consideration as in Par. 8.04,

8.06 Static Pressure of Gas and Air. Static pressure connections shall be installed in a manner asto
avoid errors due to gas velocity. Piping or tubing shall preferably be specifically installed for the test,
and shall be proved tight with provisions made for cleaning and drainage. The recommendations of I & A
Pressure Measurement PTG 19.2, Chapter 6, shall be followed.

8.06.1 Flue gas and air pressures shall be measured by suitable manometers designed, built, installed,
calibrated, and used as specified in I & A Pressure Measurement PTC 19.2, Chapter 3, on Liquid -Level

Gages.

8.07 Draft Loss,or Resistance to Air or Gas Flow. When a draft loss or resistance across a steam
generating unit, or a section of a unit, is to be measured, a differential manometer should be used in
preference to absolute draft or pressure gages.

8.07.1 Operating conditions, unit cleanliness and necessary test measurements should be given the
same consideration as in Pars. 8.04 and 8.05.

8.08 Pressure Loss. When the steam, water or other fluid pressure loss is to be determined across a
steam generating unit, or a portion of a unit, the general pressure measurement procedures specified in
Par. 4.21 “Steam and Feedwater Pressures,” apply.

8.08.1 In addition to the above measurement techniyue, either the pressure from all points shall be taken
with individual deadweight gages without a manifold or by means of a common manifold with one calibrated
Bourdon gage. In the latter case the connections to the manifold shall be double valved. Manometers of
suitable range and construction may also be used. Calibrated differential type gages or transducers may
be used by agreement. B '

8.08.2 The steam, water or other fluid flows, pressures and temperatures should be the same as the
design conditions for which the pressure loss prediction was made.

8.09 Measurements for Determining Solids. Samples of condensed steam for determination of solids
are given in I & A, Methods for the Determination of the Quality and Purity of Steam PTC 19.11. There
are three accepted methods for the determination of solids in steam. These are:

(1) Gravimetric method for total solids.
(2) Electrical conductivity method for dissolved solids.
(3) Flame photometry.

8.09.1 The gravimetric determination of total solids in the condensed steam may be made in accordance
with Section 3, I & A, Methods for the Determination of the Quality and Purity of Steam PTC 19.11. For
measuring performance by the gravimetric method, the results shall be expressed as the average of three
determinations made upon a composite sample which-shall be taken throughout the entire test period.

8.09.2 The electrical conductivity determination of dissolved solids in the condensed steam shall be
made in accordance with Section'4, I & A, Methods for the Determination of the Quality and Purity of
Steam PTC 19.11. Remove dissolved gases from the sample as completely as possible by mechanical
means without contaminating the sample with any added material which will increase its conductivity.
The conductivity shall be corrected to compensate for residual ammonia, carbon dioxide or other gases
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remaining in the sample and the dissolved solids shall be calculated from this corrected conductivity.
For measuring performance by the electrical conductivity method, the average of ten determinations made
at regular intervals throughout the test period shall be used,

8.09.3 Where extreme purities are encountered use the trace element method, Method B, in accordance
with ASTM D 1428 “Sodium and Potassium in Industrial Water and Water Formed Deposits by Flame
Photometry.”’ .
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SECTION 9, APPENDIX

9.1 Derivation of the Weight of Dry Air. The following is the derivation of the equation for computing
the weight of dry air per pound of “as fired” fuel. See Par. 7.2.8.1. In this derivation the assumption
is made that whatever sulfur is present in the fuel is burned to sulfur dioxide. This is not entirely true,
a fraction may be burned to sulfur trioxide and another fraction could form oxides with the ash. In addition
some of the sulfur may be in the form of sulfides or sulfates and unavailable for combustion. However,
the treatment presented here appears to be the best for general usage. An additional minor assumption
made is that all the sulfur dioxide sampled is removed in the orsat by the carbon dioxide reagent.

» (COy) (0y) (Ng)
Pounds of dry gas per mole of dry gas = 44.01 + 28.01 + 32,00 +28.02 —
100 100 100 100

(CO, +-CO)

Pounds of equivalent carbon burned per mole of dry gas =

In order to use this equation the pounds of carbon burned per pound of “as fired” fuel must be adjusted

for the sulfur dioxide absorbed in the orsat as carbon dioxide.

To reduce the sulfur in the fuel to its carbon equivalent, multiply the sulfur in the fuel by [%]

Molecular weight: C =12.01
S = 32,07

Then the equivalent carbon burned is Gy +%8—%-S

The pounds of dry gas per pound of “as fired” fuel is obtained as follows:

12,01
Cb + —— S
32.07

¥.. . Abdrygas 1 lbcarbon
¢ = holedry gas © Tbcabon * Ib AF. fuel ~ Ib A.F. fuel
mole dry gas
v 44.01 (COy) + 28.01 (CO) + 32.00 (Oy) + 28.02(N,)
¢ = 12.01(CO, + CO)
. (Ng)
Pounds of nitrogen per mole of dry gas = 28,02 T00

1 1b nitrogen

W 1 =
NG Ib dry gas mole dry gas
mole dry gas

28.02 (N;)

Wygt = .
N6 = 12,01 (CO,) + 28.01(CO) + 32.00 (03) + 28.02 (Ny)

= pounds of nitrogen in the dry gas per pound of dry gas

Pounds of nitrogen in the dry gas per pound of dry gas multiplied by pounds of dry gas per pound of “as
fired” fuel = Wyng+ x W' = Pounds of nitrogen in the dry gas per pound of “as fired” fuel = Ve ‘N, +

Therefore:
28.02 (N,)

Wery = — .
¢N2 = 44701 (CO,) + 28.01 (CO) + 32.00 (O7) + 28.02 (N,)
44.01 (COy) + 28.01 (CO) + 32.00 (Oy) + 28.02 (Nj)

X 12.01 (CO, + CO)

28.02 (Ny) 1201 )
~ 12.01 (CO, + CO) * 32.07

I
£

VN,
72
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W4t = 1b of dry air per lb of “as fired” fuel
N = l';/) of nitrogen per lb of “as fired” fuel — (From laboratory analysis of the fuel)

w =N

G'N,
Wt = -—m— = weight of dry air per pound of “as fired” fuel.
0.7685 = the pounds of nitrogen per pound of standard air (see International Critical Tables —
Vol. 1)

The complete equation for the weight of dry air per pound of “as fired” fuel is equal to:

12.01
28,02 (N C s
Ma) x (”32.07 )

12,0
Wy = 1 (CO, + CO) _N
0.7685

9.2 Computation of Theoretical and Excess Air. For those interested in calculating theoretical and
excess air the following formulas are useful:

Theoretical Air:

0 .
A' - 11.51 34.30 {H———) + 4.335S
6 S1C + ( 7.937) ¥

45 = ﬂ: ?\f:d[:yf::f = Theore.ticf:’l dry air in pounds required to completely burn a pound of “as
fired” fuel
C - b carbon From laboratory analysis of the fuel
Ib A.F. fuel yanaly

H = % From laboratory analysis of the fuel

(0] l;b oxyg;:;l From laboratory analysis of the fuel

lblb sulf;l‘:el From laboratory analysis of the fuel

Il

S =
All constants are based on molecular weights from National Bureau of Standards Circular 564 dated
11/1/55.

Excess air:

WA' — A’H

1
AX = T‘e— x 100
Ay = per cent excess air
1b of dry air

a
i

= 1T AF, fuel Weight of dry air per pound of “as fired” fuel

4. - 1b of dry :eil‘ = Pounds of dry air theoretically required to completely burn a pound of

“as fired” fuel

Y
I

9.3 Derivation of Flue Gas Specific Weight. The following derivation of flue gas specific weight at
68 F and 14,7 psia (see Par. 7.3.2.08) is based on the assumption that the flue gas conforms to the ideal.

gas law:
PV = YR, T
%
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Where
= —sll_bft— = Absolute pressure
V = cuft = volume
¥ = number of pound moles
R, = -ﬁ% = Universal gas constant (see International Critical Tables, Vol. 1,

page 18)
T = degR = Temperature Rankine
Multiplying both sides by the molecular weight #
. & MPV = MYMR,T
But M¥ = W = Pounds of gas

MPV = WR,T
v
MP = R,T

Specific weight of gas = y = %

“~MP = yR,T
P
Y =T XR,
At standard conditions: ) "
B . sq in.
P = 14,7 Ib per sq in. x 144 Frion 2115—sq Tt
T = 68F + 460 = 528 R
P 2115
T = 558 - +01
Therefore:

u

4,01 li(cozx Mcoz) + (02>< M02)+ (Ngx MN2) + (COXMC0)+ (SOgX MS 02)+ (ng MHZ) + (HC X MHC)]
y [ J——

100 1545
" co, 0, N, GO SO, H, HC

+ + + + + +
1545 1545 1545 1545 1545 1545 1545
44.01 32.00 28.02 28.01 64.07 2.016 My

y = 0.0401

This simplifies to the equation for the flue gas specific weight given in Par. 7.3.2.08 and below.

[co, 0, N, CO SO, H, HC

y = 0.0401 + + + + + + 1545

35.11 48.28 55.14 55.16 24,12 766.36 T
HC

9.4 Heating Value of Carbon As It Occurs In Refuse. A review of the published information on the
heat value of carbon to be used in estimating the heat loss due to combustible in the refuse in boiler
heat balance reveals a variation ranging approximately from 14,400 to 14,600 Btu per pound mainly due
to the form in which the carbon is present. See supplementary volume to Chemistry of Coal Utilization.

"
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778.2 = “778.2
and
AYR, T
H, =H _
fo =T ¥ g2
where
Hy, = -—le—Ei;t.“-m = High-heat value of fuel at constant pressure
Hy, = 1 ABtu FaeT = High-heat value of fuel at constant volume
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The Code Committee has used the value of 14,500 on the basisthat its accuracy is consistent within
other aspects of the Code and with the endorsement of the Chairman of PTC 3.2 after his referral of the
matter to the U.S. Bureau of Mines.

9.5 Radiation and Convection Loss. This is the only significant loss in the Code, the computation
of which is not based on test measurements. The Committee in its early considerations of this subject
were desirous to treat the loss like all others, i.e. to take test readings and compute the loss. How-
ever, the test installation required was so extensive that in the opinion of the Committee, it was an un-
warranted requisite. It was, therefore, decided to estimate this loss using the ABMA curve as was done
in the 1946 Edition of the Code. The Manufacturers revised this curve based on their joint availability
of data, and extended it well beyond present day capacities, see Fig. 8. The curve’s values were
checked against the actual measured losses on several large boilers and the curve values found to be
conservatively high.

9.5.1 In order that this curve may be improved in accuracy in future years, users of this Code are en-
couraged to take radiation and convection loss readings on acceptance tests and from these compute

the loss and report the results to the ASME Power Test Code Committee No. 4 on Steam
Generating Units, giving a detailed description of the unit in regard to exposure, wind velocities, type
of wall construction, method of testing, etc. In conducting such tests the following method is suggested
for obtaining test data and computing the loss.

9.5.2 Determine this loss through the steam generator walls, roof, bottom, air heater, ducts, piping and
any other exposed surfaces by installing at the center of every one hundred square feet of area a pair of
thermocouples in a block of insulation of known conductivity. With the temperature gradient measured by
the thermocouples, the known distance between thermocouples and the conductivity of the insulation
compute the radiation and conductivity loss for each 100 square feet. The sum of these losses for each
100 square feet divided by the steam generator heat input rate will be the radiation and convection loss
for the unit.

9.6 Conversion of Heating Value from Constant Volume to Constant Pressure. The formula for the
conversion of the high-heat value at constant volume as obtained with the bomb calorimeter to the high-
heat value at constant pressure is based on the first law of thermodynamics and the general energy

equations. In a heating value determination there is no thermodynamic work performed nor kinetic energy

change, therefore, the heating value at constant volume is the change in internal energy between the re-
actants and products. Similarly and for the same reasons, the heating value at constant pressure is the
change in enthalpy between the reactants and products. This being the situation the general energy
equation relating the constant volume heating value with the constant pressure heating value is as
follows:

APV
U = By + gy

Assuming the perfect gas law can be applied to the gaseous constituents of the reactions:

APV AYR,T
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AW = ——— + % =—— Note the sign convention — Where there is an increasein the
28.016 2.016 . v .
mole volume, work is done on the surroundings and results
in a negative sign.
N= L Pounds of nitrogen per pound of “as fired” fuel
1b A. F. fuel
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Change in the number of pound moles of gaseous products when compared to the pound
moles of gaseous reactants. Only the number of gaseous moles are of importance
because the volume occupied by a mole of liquid or solid material is so small that
it is insignificant and the perfect gas law does not apply to these fractions.

AY

I

R, = %ﬁ% = Universal Gas Constant
T = 537 R This is the absolute value of the standard calorimeter temperature

778.2 ft-lb = 1 Btu = mechanical equivalent of heat.

Determination of the change in the number of moles caused by the combustion reactions of solid or
liquid fuels.

REACTANTS PRODUCTS

C (solid)
or + 0y (gas) CO, (gas)
(liquid) '

N (solid)
or N, (gas)
(liquid)

H (solid)
or + % 0, (gas) H, O (liquid)
(liquid)

S (solid)
or + O (Gas) : S0, (gas)
(liquid)

in combined state as reactants, therefore, they cannot enter reaction except for occasional
rare constituents.
- M

The carbon (C) reaction has no change in the number of gaseous moles from reactants to products,
therefore, no correction required. .

The Nitrogen (N) reaction, assuming it is released as a gas in the products and reacted as a solid or
liquid, increases by one (1) mole per mole of nitrogen reactant. This causes a PV change and requires an
adjustment between the high-heat value at constant pressure and volume.

Hydrogen as a liquid or solid portion of a compound is released and unites with oxygen to
form water which is condensed to a liquid. Therefore, the net effect of the reaction is a decrease of
half a mole of product for each mole of hydrogen exclusive of that in the fuel moisture.

Solid sulfur reacts with a mole of oxygen to form a mole of sulfur dioxide in the products. There is
no net change in gaseous constituents, therefore, no correction required.

All oxygen in the fuel is assumed to be in the combined state. The compounds envisioned are water
and metallic oxides in the ash. In the foregoing forms the oxygen in the fuel will not react and appears
unchanged in the products and no comection is required. Similar reasoning applied to the ash and
moisture in the fuel proves no need for a correction on their behalf. ' :

-N ,/H
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1b
1b mole
H= Tb_A—.lbm = Pou:l‘ds of hy(,i’rogen exclusive of that in the moisture per pound of
as fired” fuel

28,016 = = Pounds of nitrogen per pound mole of nitrogen

1b

Ib mole

Substituting into the general equation:

-N 0 R, T
H, = H + “
o = T (28.016 ¥ 4.032) 778.2

Substituting for R, and assuming a standard calorimeter temperature of 77 F this reduces to:

—N H
Hyp = Hpy +(28.016 + 4.032) 1066

The nitrogen in liquid and solid fuel is less than 2 per cent by weight, therefore, the nitrogen cor-
rection is less than 0.76 Btu per pound of fuel. This correction is only required if the nitrogen is in the
solid or liquid form in the fuel and is released as a gas during combustion. If it is an entrapped gas
initially or forms an ash compound during combustion, no correction is required. In considering these
various contingencies it was decided to neglect the nitrogen correction and the formula as found in Par.
7.2.6.2 and given here reduces to the following results:

Hy, - Hp, + 264.4H

2,016 = = Pounds of hydrogen per pound mole of hydrogen.

9.7 References. The following material may be helpful to the Code user who may wish to investigate
in more details various facets of the Code.

(1) Combustion Calculations for Multiple Fuels, by Tibor Buna, Trans. ASME, Vol. 78, August, 1956.
(2) Code Testing of Large Boilers — Input-Output or Heat-Loss Method by J. A. Bostic and W. F. Long,
Paper No, 60 — Power — 5, not published in Trans. ASME or Mechanical Engineering, on file in

Engineering Societies Library.

(3) Efficiency Determination of Marine Boilers: Input-Output Versus Heat-Loss Method, by L. Cohen
and W, A. Fritz, Jr., ASME Journal of Engineering for Power, Vol. 84, January, 1962.

(4) Performance Testing of Large Steam Generators, by R. E. Vuia, Paper No, 62-WA-267, not published
in Trans, ASME or Mechanical Engineering, on file in Engineering Societies Library.
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1968 ADDENDUM

STATIONARY STEAM GENERATING UNITS, PTC 4.1-1964
Date of Issue, September, 1968

PTC 4.1 Stationary Steam-Generating Units has
revised Paragraphs 0.6 and 1.05.

The orginal wording and revised wording of these
two paragraphs follow.

Original wording:

0.6 The general instructions contained in this
Code shall also apply to the testing of high tem-
perature water heaters, except that efficiency de-
termination shall be by heat loss method only, as
described in Section 5. The input-output method
is not acceptable because of potentially large in-
accuracies introduced by the presence of indeter-
minant quantities of steam in the output and by
the small temperature measurement errors in a
large volume flow output.

Test capacity or output shall be determined
from measured heat input and efficiency, or by
direct measurement of heat output if a high
degree of accuracy is not required.

1.05 Capacity of steam generators is defined
as actual evaporation in pounds of steam per hour
delivered or Btu per hour absorbed by the working
fluid or fluids. Capacity of hot water heaters is
defined as the heat absorbed by water and the
heat of any steam that may be generated (Btu per
hour).

Revised wording:

0.6 The general instructions contained in this
Code shall also apply to the testing of high tem-
perature water heaters. When either the heat loss
or input-output method of testing (see Par. 1.04)
is used, the unit must be pressurized above sat-
uration temperature to assure against the pres-
ence of steam at the point of measurement. The
amount of pressurization shall be an item of
agreement. When the input-output method (see
Par. 1.04) is used to test such equipment, the
water temperature rise through the unit shall be
determined by differential temperature measure-
ments rather than by separate measurements of
inlet and outlet water temperatures (see Pars.
31, 32, and 44, Chapter 4, PTC-19.3, Part 3,
1961).

When using the heat loss method to determine
efficiency, the capacity or output point at which
the run is being made shall be determined from
measured heat input and efficiency (see Par.
4.02) or by direct measurement of heat output
(see Pars, 4,14, 4.15, and 4.16).

1.05 Capacity of steam generators is defined
as actual evaporation in pounds of steam per
hour delivered or Btu per hour absorbed by the
working fluid or fluids. Capacity of hot water
heaters is defined as the heat absorbed by the
water (Btu per hour).

THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS
345 East 47th Street, New York, N. Y, 10017
Printed in U.S.A.
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1969 ADD ENDUM

STATIONARY STEAM'GEN'ERAT.I'NG UNITS, PTC 4.1-1964
Date of Issue, Marck, 1969

PTC Committee 4.1 Stationary Steam-Generating
Units has revised Paragraphs 3.05,2, 3.05.3 and
7.5.4.

The original wording and revised wording of these
three paragraphs follow.

Original wording:

3.05.2 Before the test is started, it shall be
determined whether the fuel to be fired is substan-
tially as intended.

3.05.3 Any departures from standard or previously
specified conditions in physical state of equip-
ment, cleanliness of heating surfaces, fuel charac-
teristics, or constancy of load, shall be described
clearly in the report of the test.

Original wording:

Revised wording:

3.05.2 Before the test is started, it shall be de-
termined whether the fuel to be fired is substanti-
ally as intended. The obtaining of a reliable,
accurate efficiency test for the purpose of equip-
ment acceptance is dependent upon the fuel
being in close agreement with the fuel for which
the steam generating unit was designed. Signifi-
cant deviations of fuel constituents and high
heating value can result in appreciable inaccura-
cies in heat loss calculations and resulting
efficiencies, The magnitude of deviation that is
tolerable is difficult to establish, but it should
be recognized that fuel analysis variation pro-
ducing changes in high heating value in the

order of 10% can alter final calculated efficiency
in the order of 1%,

3.05.3 Any departures from standard or pre-
viously specified conditions in physical state of
equipment, cleanliness of heating surfaces, fuel
characteristics, or constancy of load, shall be
described clearly in the report of the test, If
deviations of operating conditions or fuel
characteristics do occur, appropriate adjust-
ments to calculated results shall be applied in
accordance with provisions in Section 7 for
Corrections to Standard or Guarantee Conditions,
recognizing that this will not produce the precise
results to be obtained by testing with a fuel that
would not require such calculation adjustments.

7.5.4 Corrections to the heat losses, ‘“Heat loss due to moisture in fuel’’ and “Heat loss due to
hydrogen in fuel’” for changes of moisture and hydrogen content from the test fuel to the fuel used for the
standard or guaranteed computations, are made by substituting the weight of moisture or hydrogen per
pound of fuel in the standard or guaranteed fuel for the weight of moisture or hydrogen per pound of fuel,

of the test fuel, in the heat loss formulas.

Revised wording:

AR e ———————————————— G |

7.5.4 Corrections to heat losses; dry gas loss, loss due to moisture in the fuel, loss due to hydrogen in
the fuel, are made by substituting in all formulae (Items 24, 25, 65, 66, 67 of Abbreviated Efficiency Test
Form) affecting the calculation of these losses, the design values of fuel constituents and design high
heating value of the fuel, but using test gas temperatures, test reference temperature and test unburned

combustible in refuse, where applicable and when appropriately adjusted as specified in paragraphs
7.5.2 and 7.5.3.

THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS

345 East 47th Street, New York, N.Y. 10017 )
Printed in U.S.A. ,
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Power Test Codes MNow Available

Atmospheric Water Cooling EqUipment .......cuucimmmismmsmnnnnnanu. (1958)
Centrifugal, Mixed-Flow and Axial Flow

Compressors and Exhausters corermenens. (1949)
Centrifugal F’umps oo (1954)
Coal PUIVEIIZEIS «itrriviresieesessesirsarseeressessssnesssserssessncsersseressesassesseesrsmersrenrees (1944)
Code on General Ins’truc'rlons rertetresre e ets et erenrsesnrs s ssrs s enrssnnesssronmesnecsors ( 1945)
Code on Definitions and Values viiiciiniiin i (1945)
Displacement Compressors, Yacuum Pumps and Blowers ........ccoocsunnne. {1954)
Displacement Pumps...ccvniririnnn renreneannns (1962)
DEAETALOIS. (1rvivviireremrsessiresermresstesssiesassarinssisresstamassessessrecsersrsssssnssssssorsareesasre ( 1958)
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