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RESUMO

O Core Annular Flow (CAF), transporte de 6leo em duto envolto por um anel
de agua, baseia-se no principio natural da imiscibilidade de fluidos com diferentes
densidades e viscosidades. A constante necessidade de se transportar 6leo cru
através de extensos oleodutos seja das zonas produtoras para as refinarias ou
portos, sejam oleodutos que interligam polos de estocagem, tem no CAF um aliado
gue pretende evitar 0s postos de reaquecimento de 6leo ou mistura de solvente para
reduzir a viscosidade, comuns ao longo dos oleodutos atuais, para baratear o custo
do barril/lkm devido a possibilidade de usar conjuntos moto/bomba de menor
poténcia, se comparado com 0s sistemas atuais. Este trabalho teve por objetivo
geral construir uma unidade experimental para estudar o transporte bifasico agua-
0leo. Como objetivos especificos visou determinar, em escala de bancada, as
poténcias necessdrias ao conjunto motor-bomba e a perda de carga em um
escoamento bifasico dgua-6leo. A unidade experimental consistiu basicamente de:
a) uma bomba regenerativa para o transporte de agua com um motor de 1 hp em
balanco visando o calculo da poténcia; b) uma bomba regenerativa com motor de 2
hp, também em balanco, para a movimentacdo do Oleo; c) dois inversores de
frequéncia para se alterar a rotacdo dos motores; d) um injetor para a formacédo de
anel de agua em volta do 6leo; e) 10 m de tubos de PVC transparente com diametro
de 17; f) mandémetros digitais e analdgicos para a constru¢cdo das curvas das bombas
e determinacdo da perda de carga; g) um piezometro diferencial pressurizado para
quantificar a perda de carga; h) um rotdmetro para a linha de agua; i) uma placa de
orificio com manémetro em “U” para o duto de 6leo antes do contato com a agua; j)
uma caixa de acrilico de 30 litros de capacidade, contendo anéis de Rashing de 1
polegada, para a quebra do jato do escoamento agua e 6leo; k)uma caixa de acrilico
transparente com volume de 270 litros, para a separacdo de agua e 6leo; I) um
tanque de acrilico transparente com volume de 90 litros para dgua e um de 70 litros
para o Oleo. Os fluidos empregados foram a agua e 6leo com viscosidade de 673 cSt
(40° C), equivalente ao petréleo cru 20,8° API. Na unidade supra citada o padrdo
CAF foi obtido com vazdes de 4gua de 6,7 a 7,2 litros por minuto (0,4 a 0,43 m3/h) e
as de o6leo entre 9,9 e 30,3 litros por minuto (0,59 a 1,82 m?/h) resultando numa
relacdo de vazdo aproximada de até 4,5:1,0 na condicdo de menor consumo de
agua, com reducao de perda de carga de 24 vezes e economia de poténcia nas
bombas de 1,16 vezes.

PALAVRAS-CHAVE: Escoamento Oleo-agua; Escoamento bifasico; Escoamento

anular; Poténcia requerida, Oleo pesado, Perda de carga.
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ABSTRACT

The Core Annular Flow (CAF), oil duct transportation surrounded by a ring of
water, is based on the natural principle of non-miscibility of the fluids with different
densities and viscosities. The constant need of transporting crude oil through
extensive pipelines, either from producing areas, has in the CAF an ally that intends
to do away with the oil reheating stations or solvent mixture to reduce viscosity,
common along the current oil pipelines, to cheapen the cost of the barrel/km due to
the possibility of using lower power pumping sets, when compared to the current
systems. This job had as general objective to build an experimental unit to study the
water-oil two phase transport. As a specific objective aimed to determine, in bench
scale, the needed power to the motors pumps set and the head loss in a water-oil
two phase flow. The experimental unit primarily consisted of: a) a regenerative pump
for water transport with a 1 hp electric motor (balance mounted in order to the power
calculation); b) regenerative pump for oil with a 2 hp electric motor (balance mounted
in order to the power calculation); c) two frequency inverters (to change the rotation
of the motors); d) a gadget for injection of the water ring around the oil; €) 10 m of
PVC transparent tubes with a diameter of 17; f) digital and analog pressure gauges
for construction of curves of the pumps and determination of pressure loss; g) a
differential pressure piezometer to quantify the pressure loss; h) a flow meter to the
water line; i) an orifice plate with pressure gauge in "U" for the oil duct before the
contact with water; j) an acrylic box of 30 liters capacity, filled with 1” Rashing rings,
for CAF flow breaking; k) a transparent acrylic box with 270 liters capacity, for
separation of water and oil; 1) a transparent acrylic tank with 90 liters volume for water
and one with 70 liters for oil. The fluids used were water and oil, with viscosity of 673
cSt (40° C), equivalent to a 20,8 API crude oil. In the described experiment the CAF
pattern was obtained with water flow rates at 6,7 to 7,2 liters per minute (0,4 to 0,43
ms/h) and the oil between 9,9 and 30,3 liters per minute (0,59 to 1,82 m?/h) resulting
in an approximate flow ratio of up to 4,5:1,0 provided less water consumption,
reducing loss of 24 times and power saving in pumps of 1,16 times.

Keywords: Oil-water flow; Two-phase flow; Core Annular Flow; Power required,
Crude Oil, Pressure loss.



LISTA DE FIGURAS

Figura 2.1 — Padrdo de escoamento tipico para tubos horizontais 6leo/agua

Figura 3.1 — Calha de separacéo, tanques intermediarios de 4gua e dleo e

inversores de frequéncia utilizados na fase inicial
Figura 3.2 — Tanques de agua e 0leo, injetor, manémetro de Bourdon ,
2 bombas regenerativas e calha de separacdo da fase inicial
Figura 3.3 — Corte esquemaético do injetor
Figura 3.4 — Foto do injetor utilizado
Figura 3.5 — Construcéo do tanque
Figura 3.6 — Construcdo do tanque
Figura 3.7 — Construgéo do tanque
Figura 3.8 — Teste hidrostatico de tanque

Figura 3.9 — Cesta pré-separadora com anéis Rashing de 1” em polipropileno

Figura 3.10 — Rotametro

Figura 3.11 — Placas de orificio

Figura 3.12 — Unido de suporte da placa de orificio com as respectivas
tomadas de pressao e manémetro em “U”

Figura 3.13 — Tomadas de pressao e piezémetro diferencial pressurizado
para determinacéo da perda de carga linear do sistema

Figura 3.14 — Motor de 2 hp em balanco e bomba regenerativa.do 6leo

Figura 3.15 — Mandmetros digital e analdgicos

Figura 3.16 — Motor de 1 hp em balanco e bomba regenerativa da agua

Figura 3.17 — Dinamdmetro e tacOmetro digitais

Figura 3.18 — Balanca analdgica Filizola Duo-Face

Figura 3.19 — Cronémetro digital Instruterm

Figura 3.20 — Foto da unidade experimental

Figura 3.21 — Esquema do experimento de escoamento bifasico

Figura 3.22 — Baldo 1 L

Figura 3.23 — Balanca digital Gehaka

Figura 3.24 — Montagem do motor em balango com rolamentos, alavanca

Figura 3.25 — Esboco do sistema de medida da poténcia consumida

Figura 4.1 - Grafico da Frequéncia em funcdo da RPM

Figura 4.2 - Grafico das curvas da bomba regenerativa da agua

12

14
14
15
16
16
17

19
20

20

21
22
22
23
23
24
24
25
26
27
27
29
30
34
35



LISTA DE FIGURAS (continuacéao)

Figura 4.3 — Grafico das curvas da bomba regenerativa do 6leo

Figura 4.4 — Curva de afericdo do rotametro

Figura 4.5 - Pressdao diferencial em funcéo da vazéao — Placa de
Orificio de 15,15 mm

Figura 4.6 — Comparativo da poténcia necesséria para o bombeamento de
0leo em relacédo ao CAF

Figura C.1 - Especificacdo do 6leo utilizado

Figura D.1 - Tabela de coeficientes de vazao

Figura J.1 a J.6 — Fotos do experimento

Figura J.7 a J.11 — Fotos do experimento

Figura J.12 a J.17 — Fotos do experimento

Figura J.18 a J.22 — Fotos do experimento

Figura J.23 a J.28 — Fotos do experimento

Figura J.29 a J.34 — Fotos do experimento

Figura J.35 a J.39 — Fotos do experimento

36
37

39

42
63
64
74
75
76
77
78
79
80



LISTA DE TABELAS

Tabela 2.1 — Comparativo das cita¢@es bibliograficas

Tabela 4.2 — Dados obtidos na formacéo do padrédo CAF

Tabela 4.3 — Dados referentes a perda de carga no sistema

Tabela A.1 - Planilha de célculo para determinacdo da densidade
da agua utilizada

Tabela B.1 - Planilha de dados da bomba regenerativa agua

Tabela C.1 - Planilha de dados da bomba regenerativa 6leo, utilizando
agua e placa de orificio de 15,15 mm

Tabela D.1 - Planilha de dados da bomba regenerativa 6leo, utilizando
6leo como fluido

Tabela E.1 — Determinacao das vazdes de 6leo a partir das vazfes
totais em padréo CAF

Tabela F.1 — Determinacao da poténcia da bomba de 6leo (simples)

Tabela F.2 — Determinacao da poténcia da bomba de agua (simples)

Tabela G.1 - Determinacédo das poténcias das bombas em CAF

Tabela H.1 — Comparativo das poténcias necessarias ao bombeamento
de 6leo em relacdo ao CAF

Tabela l.1 - Perda de carga nos pontos M4 e M5 utilizando-se 6leo

Tabela l.2 - Perda de carga nos pontos M4 e M5 utilizando-se agua

Tabela I.3 — Perda de carga nos pontos M4 e M5 utilizando-se CAF

41
42

65
66

67

68

69
70
70
71

72
73
73
73

Xi



°API

barril

CAF
CEp?

cgs

cm

cm
cm
cP

cSt

Di
EUA

Hg
hp

Hz

ISO

Xii

NOMENCLATURAS E SIGLAS

- Grau API, escala arbitraria utilizada para a definicdo das
densidades de derivados de petroleo. E obtido através da férmula:
°API = (141,5 / densidade da amostra a 60°F) — 131,5.

-Unidade utilizada para exprimir volumes de petréleo cru,
equivalente a 158,98729 litros (caso seja estadunidense) ou
159,11315 litros (caso seja imperial britanico).

- Core Annular Flow, escoamento bifasico anular.
- Coeficiente de vazao;

- Unidades padrao do Sl — centimetro (comprimento), grama
(massa) e segundo (tempo).

- Centimetro, unidade de comprimento (SI).

- Centimetro quadrado, unidade derivada do Sl, utilizada para
determinacao de areas (superficie).

-Centimetro cubico, unidade derivada do SlI, utilizada para
determinacao de volumes.

- Centipoise, unidade utilizada para expressar viscosidade dinamica
equivalente a 1/1.000 kg/m.s (SI).

- Centistokes, unidade de medida do Sl para viscosidade cinemética,
equivalente a 1/100 Stokes ou 1/100 cm?/s.

- Diametro interno.

- Estados Unidos da América.

- Diametro.

- Grama, unidade de medida de massa (SI).

- Hora, unidade de tempo (SI), equivalente a 60 minutos.
- Simbolo quimico do metal Mercurio.

- Horse Power, cavalo de forca, unidade de poténcia do sistema
inglés, equivalente a 745,7 N.m/s(Sl).

- Hertz, unidade derivada do SlI, utilizada para a determinacéo de
frequéncia, equivalente a 1 ciclo por segundo.

- International Organization for Standardization.
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NOMENCLATURAS E SIGLAS (continuacéao)

kg - Quilograma, unidade de massa equivalente a 1.000 gramas (SI).

kgf - Quilograma forca, € uma unidade definida pela forca de uma
massa de 1 kg, sujeita a acdo da gravidade. Adota-se a
equivaléncia de 1 kgf = 9,80665 N (SI).

km - Quilometro, unidade equivalente a 1.000 metros (SI).

[/min - Litros por minuto.

L - Litro, unidade de volume (SI).

LPM - Litros por minuto.

m - Metro, unidade de comprimento, equivalente a 100 cm. (SI).

m? - Metro quadrado, unidade derivada do SlI, utilizada para
determinacao de areas (superficie).

m?3 - Metro cubico, unidade derivada do SlI, utilizada para determinacao
de volume, equivalente a 1.000 litros.

min - Minuto, unidade de tempo (SI), equivalente a 60 segundos.

mm - Milimetro, unidade de comprimento equivalente a 1/1.000 metro
(Sh.

mPa - Milipascal, unidade de presséo e tenséo (Sl), equivalente a 1/1.000
Pa.

mca - Metros de coluna de agua.

N - Newton, unidade de medida de forca, equivalente a 1 kg.m/s? (Sl)

NYMEX - New York Merchantile Exchange.

Pa - Pascal, unidade padrdo de pressao e tensao do Sl, equivalente a
uma forca de 1 N aplicada a 1 metro quadrado de superficie.

Pa.s - Pascal segundo, unidade utilizada para expressar viscosidade
dindmica, equivalente a 1 kg/m.s (SI).

Petrobras - Petréleo Brasileiro S.A.

PEMEX - Petroleo Mexicanos — Estatal Mexicana de Petréleo.

PCAF - Perfect Core Annular Flow, padrdo de escoamento bifasico anular
perfeito.

PVC -Denominacgao comercial para Policloreto de Vinila, material utilizado

na confeccgéo de tubos, entre outros.
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NOMENCLATURAS E SIGLAS (continuacéao)

- Rotagdes por minuto.
- Rotacdes por segundo.
- Segundo, unidade de tempo (SI).

- Segundo quadrado, unidade derivada do Sl, utilizada para medir a
aceleracdo de um movel.

- Companhia de Saneamento Béasico do Estado de Sao Paulo.
- Sistema Internacional de Unidades (cgs).

- Trabalho de concluséo de curso.

- United States of América, Estados Unidos da América.

- Universidade Santa Cecilia.

- Wavy Core Annular Flow, padréo de escoamento bifasico anular
ondulado.

- Simbolo utilizado para exprimir medida em polegadas (sistema
métrico inglés), unidade equivalente a 0,0254 metros (SI).

- Grau, simbolo grafico utilizado para designar a grandeza de um
angulo ou quando acompanhado das letras maitsculas C ou F,
uma temperatura em Celsius ou Fahrenheit, entre outros.

- Pressao diferencial;

- Pi, letra grega usada para exprimir o valor de constante usada para
calcular o perimetro da circunferéncia, tem valor aproximado a
3,1415926536;

- Letra grega usada para exprimir o valor da constante usada que
define a massa especifica de um fluido;
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1. INTRODUCAO

1.1 GENERALIDADES

Recentemente, as descobertas de grandes jazidas de 6leo leve na camada
pré-sal da plataforma maritima do litoral de Sdo Paulo, Rio de Janeiro e Espirito
Santo, aumentaram exponencialmente as reservas no Brasil de hidrocarbonetos.
Apesar deste fato, as reservas mundiais de éleos pesados (grau API abaixo de 22), j&
identificadas, ainda sdo muitas vezes superiores as de 6leos leves (grau API maior
gue 30), o que significa que novas técnicas que facilitem a extracdo e transporte
destas fragcdes mais pesadas serdo sempre muito benvindas por todos aqueles que
fazem parte deste concorrido setor produtivo e logistico.

Muito se tem feito para facilitar a extracdo e o transporte de 6leos pesados,
utilizando-se diferentes técnicas em funcao das caracteristicas de cada poco produtor,
como a injecao de solventes e o aquecimento do 6leo com a adigdo de vapor d’ agua
para diminuir a viscosidade média do 6éleo no poco, técnicas que aumentam o custo
do barril produzido e, no caso dos solventes, alteram as caracteristicas do produto in
natura.

Muito embora no inicio do século passado, Isaacs e Speed (1904) tenham
obtido a patente para a ideia do uso da agua como facilitador no transporte de
substancias altamente viscosas, somente na década de 70 entrou em operacdo um
oleoduto comercial da Shell proximo a Bakersfield, Califérnia, com didametro de 150
mm e cerca de 38 km de comprimento, permanecendo em operacao por cerca de 12
anos, bombeando 6leo cru/dgua, em vazdes de até 24.000 barris/dia.

A técnica utilizada pelo oleoduto da Shell denomina-se Core Annular Flow
(CAF) e baseia-se no principio da imiscibilidade da agua com outros fluidos mais
viscosos e com densidades mais baixas. O fluido menos viscoso deve formar uma
pelicula anular em torno do fluido mais viscoso, de modo a “lubrificar” o seu
escoamento pela tubulacdo que os suporta. Desta forma, a perda de carga devido ao
atrito do fluido menos denso com as paredes do tubo € reduzida drasticamente
necessitando de conjuntos moto/bomba menos potentes para percorrer a igual
distancia com a mesma vazao final.

Com a utilizacdo do CAF, elimina-se a necessidade de constantes

reaguecimentos dos fluidos ao longo do percurso, processo hoje utilizado para
1



diminuir a viscosidade do 6leo cru transportado através de oleodutos. O grande
entrave existente hoje a uma maior disseminacao do CAF em oleodutos longos, esta
na manutencdo dos padrfes de escoamento ao longo da topografia existente no
percurso do mesmo. A necessidade de controle acurado destes padrées é de vital
importancia para o éxito da operacao. (Bannwart, et al., 2004).

A literatura ndo disponibiliza de dados experimentais da reducdo de poténcia

consumida no bombeamento com o emprego do CAF.

1.2 OBJETIVO GERAL

O presente experimento teve por objetivo geral construir uma unidade experimental

para estudar o escoamento bifasico agua-oleo.

1.3 OBJETIVOS ESPECIFICOS

Os objetivos especificos foram:

a) Aferir o rotdmetro utilizado para medicédo da vazéo de agua;

b) Comparar medicbes de pressdes realizadas com coluna de mercuario e
mandmetros digitais e analégicos com as obtidas através de célculos para
determinacao de placas de orificios, utilizados na medi¢céo de vazéo do 6leo;

c) Determinar as curvas das bombas regenerativas utilizadas no experimento;

d) Construir as curvas de rotacbes dos motores em funcdo da frequéncia dos
inversores;

e) Obter as rotac6es necessarias para a reproducdo de alguns padrdes de
escoamento CAF,;

f) Fornecer a razao de vazao agua/odleo para a obtencdo de padréo CAF;

g) Relacionar a poténcia consumida no bombeamento com a perda de carga

nos dutos em funcao das condi¢cdes experimentais.



2. REVISAO BIBLIOGRAFICA

Os critérios utilizados para a classificacdo do petréleo bruto diferem dependendo
da fonte consultada. Para a especificacdo dos petrdleos crus, € comum a utilizacao da
sua equivaléncia em graus API, escala arbitraria criada em 1768 pelo farmacéutico
francés Antoine Baumé que apos a correcdo de um erro inicial de salinidade, foi
adotada em 1916 como padréo para a medi¢do de densidade especifica pelo National
Bureau of Standards dos Estados Unidos. E obtida através da Equac&o 2.1:

°API = (141,5 / densidade da amostra a 60°F) — 131,5 (2.1)

Nos Estados Unidos, o New York Merchantile Exchange — NYMEX, considera
como sendo 6leo leve aquele cujo grau API situa-se na faixa de 37 a 42, se produzido
nos EUA e entre 32 a 42 para Oleos de outros territérios. O Comité Nacional de
Energia do Canadéa defende que 6leo leve deve ser considerado o produto cujo grau
API seja maior que 30,1 enquanto a estatal mexicana PEMEX, considera leve o Oleo
com grau API entre 27 e 38.

No Brasil é aceita pela Petrobras a classificacdo de 6leo leve para produtos
com grau APl maior que 30, entre 22 e 30 sao considerados médios, entre 10 e 22
pesados e abaixo de 10 extrapesados. Quanto mais leve, portanto maior grau API,
maior € o valor de mercado do petréleo cru.

A primeira patente de que se tem noticia, utilizando-se do conceito do Core
Annular Flow (CAF), foi outorgada a Isaacs e Speed (1904), onde é citada a
possibilidade de transporte de produtos altamente viscosos, utilizando-se a agua
como lubrificante (Anexo A);

Calvert e Williams (1955), elaboraram proposta ainda hoje amplamente
utilizada nos campos de producéo de petroleo, na qual o ar é utilizado para deslocar a
agua em sua ascensao, com o estabelecimento de padrdes visuais comportamentais
equivalentes ao da agua/dleo;

Em 1968, Kiel obteve para a EXXON patente para sistema de injecdo de 6leo
pesado e emulsbes de agua e Oleo, nos padroes CAF, para utilizacdo em
fragmentacdo subterranea objetivando aumento de producdo de 6leo e gas (Anexo
B);



A utilizacdo de oleoduto comercial na Indonésia, capaz de transportar 40.000
barris por dia utilizando uma emulsdo de agua e 6leo através de tubulacdo de 500 mm
de diametro por 238 km de extenséo, foi reportada por Lamb e Simpson no ano de
1973;

Olimans e Oom (1986) revisaram o0s modelos tedricos existentes a época
baseados no transporte de fluidos altamente viscosos, através da diluicdo em
solventes e de instalacbes de aquecimento a determinados intervalos. A experiéncia
utilizando CAF, fez uso de tubulacbes de 17 a 8" de didmetro com d6leos com
viscosidade de até 500 cP e 900 kg/m3 de densidade. Em suas analises concluiram
gue o escoamento com os dois fluidos em regimes laminares e para tubulacfes até 8”
de didmetro, o CAF mostrou-se mais eficaz;

Foram analisados por Joseph, Chen e Renardy (1997), as diversas
caracteristicas dos padr6es de escoamento apresentados durante o experimento,
tanto para tubulagbes horizontais como para as verticais, decorrentes das variagdes

de velocidade e pressao dos fluidos, conforme apresentado na Figura 2.1;

Figura 2.1 — Padrdo de escoamento tipico para tubos horizontais 6leo/agua (JOSEPH, CHEN e RENARDY, 1997).

Os padrdes de escoamento apresentados foram classificados como

a) Disperséo ou emulsao de 6leo em agua;

b) Gotas alargadas ou esféricas de um fluido em outro;
c) Intermitente;

d) Intermitente;

e) Estratificado;



f) Anular ondulado;
g) Wavy Core Annular Flow, Core-Flow ou Bamboo Waves;
h) Wavy Core Annular Flow com disperséo de bolhas;

i) Dispersao de agua em dleo.

No experimento em questao foram reconhecidos simultaneamente mais do que
um unico padrao de escoamento. Citam ainda em seu artigo a existéncia de oleoduto
da Shell préximo a Bakersfield, Califérnia, com didmetro de 150 mm e cerca de 38 km
de extensado, operando em regime CAF e que esteve em atividade por mais de 10
anos a partir de 1970, bombeando 6leo cru/agua, em vazdes de até 24.000 barris/dia;

Obregdn (2001), utilizou tubulagédo de 3” para a linha de éleo, de 1” para a linha
de agua, tanque separador de 6leo/agua de 1.000 L , visor de acrilico para a obtencéo
de fotos e filmes, para concluir que 5 padrdes de fluxo bésico coexistiam no CAF
analisado e, todos sao capazes de transportar o 6leo pesado em melhores condi¢bes
gue o mesmo por si s6 e/ou com solventes. Observou-se uma relacao de velocidade
do ndcleo (core) de até 23% superior a velocidade da &gua (annulus), além de
reducdes de pressao entre 100 e 225 vezes em relacdo ao obtido pelo transporte do
6leo cru sozinho;

Foi analisada por Bannwart (2001), uma teoria para a estabilizagcdo do CAF em
tubos horizontais, baseado em analises da equacao de conservacdo do momento na
seccao transversal ao fluxo;

Os pesquisadores Prada e Bannwart (2001) apresentaram resultados de
reducdo de até 1.000 vezes a perda de carga em tubos de 1” de didmetro vertical,
para transporte de 6leo de 17,6 Pa.s e 963 kg/m3 a temperatura ambiente de
laboratério, se comparado ao mesmo transporte sem a utilizacao da agua;

Bensakhria, Peysson e Antonini (2004) utilizaram 6leo pesado (core) e agua
como lubrificante (annulus), obtendo uma reducédo de pressdo de bombeamento de
até 90% em comparacao ao resultado obtido no mesmo experimento sem a utilizacao
da agua;

Baseados em experimento em tubo horizontal de 28,4 mm de diametro interno
com agua e 0leo pesado, Bannwart, Rodriguez e Carvalho (2004), pesquisaram 0s
diversos padrbes de escoamento apresentados e os definiram. A semelhanga com o

escoamento ar/agua foi pesquisada e os resultados mapeados;



Ghosh et al (2009), elaboraram uma coletanea dos Ultimos estudos de
oleo/dgua CAF, incluindo estudos hidrodinamicos da estabilidade do fluxo;

Biazussi (2010) obteve a vazao de 6leo de forma indireta. Empregou técnicas
avancadas de filmagem com cameras de alto desempenho capazes de identificar as
espessuras do filme de agua e as velocidades dos fluidos. Confrontou os resultados
com os obtidos por sondas capacitivas.

Strazza, Grassi e Demori (2011) enfocaram a perda de carga e a resisténcia
do Oleo, baseados no padrdo CAF, em fluxos através de tubulacdes de plexiglass
com 22 mm de diametro interno e inclinagdes variando de -10° a +15°, utilizando uma
bomba centrifuga para a agua e bomba de deslocamento positivo para o 6leo. O
resultado obtido apresentou pontos muito semelhantes para as diferentes inclinacoes,
atribuidos provavelmente ao equilibrio existente entre a flutuabilidade e a forcas de
tensao superficial dos fluidos utilizados.

Dentre os artigos pesquisados, ndo foi encontrado nenhum estudo que
relacionasse a poténcia necessaria aos conjuntos moto/bomba em escoamento
bifasico agua-oleo, em relacdo aos utilizados no bombeio de 6leo somente.

A Tabela 2.1 foi elaborada com intuito de compactar e facilitar a comparacéao de

informacdes relevantes disponiveis na literatura concernentes ao tema em estudo.



Tabela 2.1 — Comparativo das citacfes bibliograficas.

Autor(es) | Objetivo Fluidos | Unidade Resultados
e Tipo Experimental

e Condicbes
Issacs e Reducdo da perda de cargae |Aguae | N&o disponivel | Patente
Speed da energia de bombeamento Oleo cru obtida
1904 de liquidos viscosos
Patente empregando fluidos de baixa
USA viscosidade como lubrificantes

(em fluxo helicoidal no duto)

Calvert e Andlise do escoamento Are Tubos Semelhanca
Willians bifasico em tubo liso vertical agua plasticos com | com
1955 pela injecdo de ar em poc¢os diametro de padrbes de
Artigo de agua 1”, vazao de fluxo anular

agua 175 Ib/h

e fluxo de ar

variavel
Kiel Fragmentacao de rochas no Fluidos Pocos de Patente
1968 interior de pocos de perfuragéo | de perfuracdo de | obtida
Patente de petroleo e gas, afim de fragmen | petréleo e gas
USA facilitar extracdo dos mesmos | -tacéo e

agua

Lamb e Reducéo de perda de carga Agua e | Tubos com Operacao
Simpson 6leo cru | didmetro de comercial
1973 500 mm,
Oleoduto distancia de
Indonésia 238 km, Oleo

cru (70 %)

emulsionado

em agua(30%)
Olimans e | Comparacao de padrdes Oleo e Tubos com Faixa valida
Ooms conhecidos de formacgéo de agua diametros de | das
1986 CAF, para a determinagéo da 1”a 8, velocidades
Artigo reducdo da perda de carga densidade do 6leo

do Oleo de
900 kg/cm?3 e
viscosidade de
500 cP

(core) para
modelos que
utilizam
pelicula
anular
lubrificante
(annulus)
CAF

Continua



Tabela 2.1 — Comparativo das citacdes bibliograficas (continuagéo).

Autor(es) | Objetivo Fluidos | Unidade Resultados
e Tipo Experimental e
Condicoes
Joseph,. | Estabelecimento de padrdes Oleo e | Tubulacbes Desde que as
Chene de ondas na formagé&o do agua horizontais e pressodes de
Renardy | escoamento anular bifasico verticais bombeamento
1997 estejam
Artigo equilibradas
formando o
padrdo CAF, o
Oleo requer
pressoes
equivalentes as
necessarias ao
bombeio de
agua sozinha,
independente
da viscosidade
do mesmo.
“Perfect Core
Annular Flow”
— PCAF, é
possivel de se
obter porém
raramente sao
estaveis
Obregén. | Obtencéo de padrdes CAF em | Agua e | Bombas de Reducéo de
2001 escoamento bifasico em tubo | 6leo engrenagem até 225 vezes
Mestrado | horizontal (dgua) e a perda de
parafuso (6leo). | carga em
Tanque relacéo ao
separador de bombeio de
1.000 L. Filtros | 6leo sozinho.
para retencao Velocidade do
de 6leo na linha | 6leo 23%

de agua.Visores
e equipamento
para filmagens
dos padrbes
CAF

superior a da
agua

Continua



Tabela 2.1 — Comparativo das citacdes bibliograficas (continuagéo).

Autor(es) e
Tipo

Objetivo

Fluidos

Unidade
Experimental e
Condicdes

Resultados

Bannwart
2001
Artigo

Modelagem para
estabilizacdo do padrédo CAF,
em tubulacdes horizontais
pela equacéo de
conservagao de momento na
seccao transversal ao fluxo
(6leo), incluindo os efeitos do
escoamento periférico (agua)
e as tensoOes superficiais
entre os fluidos

Agua e
Oleo

Diametro
interno da
tubulacéo de
22,5 mm,
densidade do
Oleo de 989
kg/ms,
viscosidade de
2.700 mPa.s,
tenséo
interfacial 6leo-
agua de 0,03
n/m, camera de
alta velocidade
para filmagens,

Os dados
obtidos na
modelagem
foram
compativeis
com 0s
experimentos

Prada e
Bannwart
2001
Artigo

Modelagem para perda de
carga em tubos verticais

(pogos)

Agua e
oleo

Diametro da
tubulacéo de
25,4 mm,
viscosidade do
Oleo de 17,6
kg/m.s,
velocidade do
O0leode 0,5 a
1,75 m/s e
velocidade da
aguade 0,15 a
0,44 m/s

Perda de
carga obtida
foi 45 vezes
menor que
sem o uso do
CAF

Bensakhria,
Peysson e
Antonini
2004

Artigo

Revisdo sobre a estabilidade
dos padrbes CAF e perda de
carga

Agua e
oleo

Diametro da
tubulacéo de
250 mm,
comprimento da
tubulacéo de 12
m, viscosidade
do Oleo de 4,74
kg/m.s,
velocidade do
O0leo de 0,13 a
0,19 m/s,
velocidade da
agua de 0,0052
a 0,019 m/s

Reducéo de
90% com a
utilizacao
CAF

Continua



Tabela 2.1 — Comparativo das citacdes bibliograficas (continuagéo).

Autor(es) e | Objetivo Fluidos | Unidade Resultados
Tipo Experimental e
Condicdes
Bannwart, Utilizacdo de sonda optica | Agua e | Didmetro interno | Semelhanca
Rodriguez e | para a determinacgéo da oleo tubulacéo de com padrdes de
Carvalho velocidade e comprimento 28,4 mm, fluxo gés/liquido
2004 de onda dos padrdoes CAF horizontal e
Artigo vertical,
viscosidade
inicial do Oleo de
488 mPa.s,
densidade éleo
de 925,5 kg/m?3
Gosh, Revisdo de estudos Agua e | Varios N&o foram
Mandal e realizados sobre CAF, oleo constatados
Das incluindo estabilidade e estudos com
2008 estudos hidrodinamicos CAF em
Artigo tubulacbes com
fluxo
descendente,
com reducao ou
expanséo de
diametros
internos ,
atraves de
conexdes ou
juncdes tipo T

10
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Tabela 2.1 — Comparativo das citacdes bibliograficas (continuagéo).

Autor(es) | Objetivo Fluidos | Unidade Resultados
e Tipo Experimental e
Condicdes
Biazussi | Determinacéo da vazéao do Agua e | Com cameras Obteve erros da
2010 Oleo e do coeficiente de Oleo de alta ordem de 10%
Mestrado | escorregamento entre as velocidade, entre valores de
fases em CAF sondas vazdao de 6leo
capacitivas e medidos e os
software obtidos pela
LabView para técnica de
medicao de calculo da
fracOes velocidade da
volumétrica s e | interface
espessura de através de
pelicula imagens e 30%
lubrificante quando
comparada com
os dados
obtidos pela
técnica de
obtencao da
fracéao
volumétrica por
imagem
Strazza, | Perdade Cargae Agua e | Tubos de A similaridade
Grassie | Resisténcia do Oleo em CAF | 6leo Plexiglass com | entre os dados
Demori didmetro interno | obtidos com as
2011 de 22 mm, tubulacdes nas
Artigo bombas de posicoes
deslocamento vertical,
positivo.(6leo) e | horizontal e

centrifuga
(agua)

inclinadas foram
atribuidos ao
provavel
equilibrio
existente entre
a flutuabilidade
e as forcas de
tensao
superficial dos
fluidos utilizados

Tabela 1- Comparativo das cita¢des bibliograficas
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3. MATERIAIS E METODOS
3.1 MATERIAIS

3.1.1 Primeira Unidade

A fase inicial do trabalho consistiu na elaboragédo em escala de bancada, de uma
unidade capaz de proporcionar a visualizagdo e o estudo de escoamento bifasico do
tipo anular, utilizando-se de agua/oleo.

O sistema experimental consistiu de tubos e curvas transparentes de PVC com
1” de diametro, uma bomba regenerativa acionada por motor elétrico WEG de 1 hp
(linha de agua), uma bomba regenerativa (bomba-turbina) acionada por motor elétrico
WEG de 2 hp (linha de 6leo) ligados a inversores de frequéncias WEG — CFW 10 (1
hp) e CFW 08 (2 hp) (Figura 3.1), responsaveis pela variacdo de rotacdo dos
mesmos, 1 calha de separagdo, 2 tanques para Oleo e 2 tanques para agua, injetor
de &gua/dleo, além de mandmetro de Bourdon com faixa de 0 a 4 kgf/cm? (Figura
3.2).

Figura 3.1 — Calha de separagéo (1), Tanques intermediarios de agua e olho (2) e inversores de frequéncia (3)
utilizados na fase inicial
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Figura 1.2 — Tanques de agua (90 litros) e 6leo (70 litros) (1), injetor (2), manémetro de Bourdon (3), bombas
regenerativa (agua) (4) e regenerativa (6leo) (5) e calha de separagéo (6) da fase inicial.

Os fluidos utilizados na fase inicial foram: agua de consumo fornecida pela
SABESP e o6leo lubrificante UNIOIL com viscosidade de 680 cSt (40° C).
A necessidade por implementar diversas modifica¢des, visando melhorias, fez

com que todo o experimento fosse reiniciado.

3.1.2 Injetor

O injetor, peca responsavel pela mistura no padrédo CAF do 6leo no interior do
anel de agua, foi usinada na oficina do Laboratério de Operacdes Unitarias da
UNISANTA, a partir de um tarugo cilindrico de acrilico transparente. A peca permitia
variar a abertura de passagem de agua com a utilizacdo de arruelas espacadoras

inseridas entre os flanges de montante, conforme detalhado na Figura 3.3.
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Detalhe do Injetor

OLEO =3>

AGUA+OLEO =3>

Figura 3.3 — Corte esquematico do injetor.

Pelo esquema apresentado em corte transversal sem escalas, pode-se verificar
como o Oleo é injetado no centro do fluxo de &gua. Para tanto, em um primeiro
momento, somente a dgua é bombeada preenchendo toda a tubulacdo a jusante,
para em seguida se iniciar o bombeio de 6leo. Esta peca (Figura 3.4) foi utilizada em

ambas as fases executadas.

SN 5 f A
s : d

Figura 3.4 — Foto do injetor utilizado.
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3.1.3 Configuragéo Final

Tendo por base o experimento inicial, decidiu-se por modificacbes de modo a
que o foco do experimento pudesse ser a definicdo e a comparagcdo das poténcias
necessarias para o transporte do 6leo em condi¢cdes normais, em relacdo a utilizacédo
do CAF.

Os fluidos utilizados foram a agua fornecida pela SABESP e 6leo lubrificante
Lubrax Gear 1ISO 680, com densidade medida a 20°C relativa a agua a 4°C (20/4°C)
igual a 0,917, viscosidade a 40°C igual a 673 cSt, equivalentes a um petréleo cru
20,8°API, conforme especificacdes técnicas constantes no Anexo C.

Foram suprimidos dois reservatorios, um de agua e outro de 6leo, sendo 0s
mesmos substituidos por um tanque de acrilico de 8 mm de espessura medindo 455
mm de lado (secc¢édo quadrada) por 1.300 mm de altura, com capacidade total de 270
L, contendo dois defletores internos, junto as saidas de agua e 6leo, cuja funcéo era a
de restringir a passagem de Oleo contendo agua e agua contendo 6leo, apés a
separacao destes fluidos.

A construcao deste equipamento foi executada na oficina do Laboratério de
Operacbes Unitarias da Unisanta (Figuras 3.5, 3.6 e 3.7) e apds sua concluséo foi
submetido a teste hidrostatico, sendo para isso preenchido com agua até a altura de
1.140 mm por 4 horas (Figura 3.8).

Figura 3.5 — Construgéo do tanque.
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Figura 3.6 — Construcao do tanque.

Figura 3.7 — Construgéo do tanque.
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Figura 3.8 — Teste hidrostatico de tanque.

Com a introducdo deste tanque e da cesta de pré-separacao (Figura 3.9), foi
suprimida a calha que faria esta fungéo. Dois retornos foram providenciados, além de
drenos em todos os tanques. Valvula de retencao ap6s a descarga da bomba de 6leo
foi instalada, evitando-se o retorno do fluido quando fora de operagédo. Outras duas
valvulas de gavetas também foram posicionadas de modo a permitir a medicdo de
presséo de shut-off das bombas.
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A cesta pré-separadora foi confeccionada na oficina do Laboratorio de
Operagdes Unitarias da UNISANTA em acrilico e preenchido com anéis Rashing de 1”
em polipropileno (Figura 3.9), cuja funcéo foi a de quebrar o jato (para ndo aumentar a

emulsdo), aumentar a area de contato e facilitar a separac¢do da mistura agua/oleo.

Figura 3.9 — Cesta pré-separadora com anéis Rashing de 1” em polipropileno.

Vélvulas, conexdes e tubulacédo transparente de PVC com 1” de diametro,
compde o circuito principal do experimento e para os retornos de agua e 6leo,
empregou-se tubos de PVC marrom com diametro de 2.

Visando a medicédo do fluxo de agua foi instalado um rotametro (Figura 3.10)
marca Blaster Controles modelo BLI-7000, em policarbonato com faixa de vazédo de 2
a 20 LPM (litros por minuto). A vazéo do oleo foi quantificada por uma placa de orificio
(Figura 3.11), confeccionada em acrilico, na oficina do Laboratério de Operacdes
Unitarias, com 2 mm de espessura e diametro interno de 15,15 mm e bordas retas,
instalada em uma unido de PVC de 17, especialmente preparada com tomada de
pressao a jusante da mesma. A montante desta, outro ponto de medi¢cao de presséo

foi instalado na tubulagdo e ambos ligados a um tubo em “U” de vidro (Figura 3.12),
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preenchido em parte com mercurio e o restante com agua, de modo a que pudesse

indicar a pressao diferencial ocasionada pela restricdo de fluxo através do orificio.

Figura 3.10 — Rotametro.
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Figura 3.11 — Placas de orificio.

Figura 3.12 — Uniao de suporte da placa de orificio (1) com as respectivas tomadas de pressao (2) e manémetro
em “U” (3).
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Com o objetivo de quantificar a perda de carga linear que Cengel (2007) define
como sendo a queda de pressdo AP por unidade de comprimento, foram instaladas
duas tomadas de pressao (Figura 3.13), distantes 1 metro uma da outra, ligadas a um
tubo cada de maneira a formar um piezémetro diferencial pressurizado, desenvolvido
no local. O sistema consistiu num artificio de se pressurizar igualmente as
extremidades superiores de ambos os tubos, de modo a facilitar a leitura das

diferencas entre as alturas de coluna de agua.

Figura 3.13 — Tomadas de pressao (1) e piezdmetro diferencial pressurizado (2) para determina¢d da perda de
carga linear do sistema.

Para melhor visualizagdo do posicionamento dos diversos instrumentos
empregados no experimento, elaborou-se uma foto do experimento final (Figura 3.20)
e um desenho esquematico (Figura 3.21) auto explicativo.

A mesma figura serd utilizada mais adiante, para explicar os métodos
empregados nas diversas etapas realizadas.

A medicao da pressao na descarga da bomba regenerativa (6leo) (Figura 3.14)
foi realizada por um mandmetro analdgico Genebre, (Mo) de 0 a 4 kgf/cm2 (Figura
3.15), cheio com glicerina para evitar oscilagfes, outros dois também anal6gicos

Winters com glicerina, de 0 a 2 kgf/cm?2 (Figura 3.15), foram posicionados na descarga
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da bomba regenerativa (dgua) (Figura 3.16) (Ma) e apOs o rotametro (M3). Dois
mandmetros digitais (Figura 3.15), Agatec com 3 Y2 digitos, precisédo de 0,15% e faixa
de operacao de 0 a 10 kgf/cm2 foram utilizados tanto nas tomadas da placa de orificio
(M1 e M2) como nas tomadas de perda de carga (M4 e M5), para comparacao das
medidas obtidas. A poténcia consumida pelas bombas foi quantificada pela montagem

dos motores em balanco.

Figura 3.14 — Motor de 2 hp em balanco (1) (carcaca mével acoplada a um

dinamdmetro) e bomba regenerativa (6leo)(2).

Figura 3.15 — Mandmetros digital (1) e analdgicos (2).
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Figura 3.16 — Motor de 1 hp em balanco (1) (carcaga mével acoplada a um

dinamdmetro) e bomba regenerativa (agua) (2).

A determinacdo das rotacGes dos motores foi feita por um Tacdmetro Digital,
Instruterm, modelo TD-713 (Figura 3.17). Da mesma marca, o Dinamoémetro (Figura
3.17) Eletrénico Digital modelo DD-500, serviu para a determinacdo da poténcia

necessaria aos motores com e sem o uso do CAF.

Figura 3.17 — Dinamdmetro (1) e TacoOmetro (2) digitais.
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Para o calculo das vazbes geradas pelas bombas, empregou-se a técnica da
massa por unidade de tempo. Utilizou-se uma balanca analdgica Filizola Duo-Face
(Figura 3.18), faixa de operacdo 0 a 20 kg, precisdo de 20 g e dois cronébmetros

digitais Instruterm (Figura 3.19), modelo CD-2800, com precisao de 0,01 s.

Figura 3.18 — Balanga analdgica Filizola Duo-Face

Figura 3.19 — Crondmetro digital Instruterm.

Através das implementacdes realizadas, houve uma melhora nos dados obtidos,
tanto na fase de afericbes como na qualidade dos fluidos bombeados devido a

24



reducdo do nivel de contaminantes em ambas as suc¢des das bombas, facilitando a

visualizacédo dos padrbes de CAF.
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3.2 METODOS

3.2.1 Calibracbes

A partir do término da montagem, conforme foto (Figura 3.20) e esquema (Figura
3.21), foram efetuados os primeiros testes com vistas a estanqueidade de todo o
sistema, utilizando-se somente de agua.

A massa especifica da agua empregada, com residuos de 6leo, foi determinada
utilizando-se de balanca digital para a obtencdo da tara de um baldo de vidro com
capacidade aferida de 1 L (Figura 3.22). Em seguida o mesmo foi preenchido e
pesado em balanca digital Gehaka (Figura 3.23). Cinco amostras do liquido foram
medidas e através da média aritmética das mesmas conforme planilha no Apéndice
A, chegou-se ao resultado adotado de uma densidade para a agua utilizada de
996,55 kg/ms.

Figura 3.22 -Baldo 1 L. Figura 3.23 — Balanca digital Gehaka.
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Em seguida iniciou-se o procedimento de obtencdo de dados para a elaboracéo
das curvas das bombas, para tanto o inversor de cada bomba foi ajustado
inicialmente para 60 Hz e anotado em planilhas especialmente elaboradas para este
fim (Apéndice B e C), o numero de rota¢des por minuto (no eixo da bomba) do motor
correspondente, utilizando-se do tacoOmetro digital.

As valvulas de gaveta (V1 e V3 da Figura 3.21) localizadas a jusante das
descargas das bombas foram entdo fechadas e as respectivas pressées do fluido na
tubulacéo, registrada nos mandémetros (Ma e Mo), anotadas como sendo as pressoes
de shut-off de cada bomba, para a rotacdo encontrada.

O mesmo procedimento foi repetido com as valvulas de gaveta a jusante dos
respectivos manémetros, posicionadas em cinco posicdes diferentes, entre totalmente
fechada e totalmente aberta, dando um total de 6 medi¢des por rotagdo considerada,
por bomba.

Devido as caracteristicas construtivas do experimento, optou-se por medir as
vazdes dos fluidos com a utilizacdo de dois métodos distintos: Para a bomba
regenerativa (6leo), assim denominada devido seu rotor desenvolver energia de
pressao pela recirculacdo do fluido em uma série de palhetas giratérias (Macintyre,
2010), foi instalada uma unido de 1” em PVC branco, especialmente adaptada para
receber uma placa de orificio de 2 mm de espessura entre suas flanges, no caso da
bomba regenerativa (agua) empregou-se um rotametro, ambos instalados apds os
respectivos manémetros.

Com o objetivo de se aferir o rotametro e de se obter dados de pressdes
diferenciais em tubo em “U” com mercurio (placa de orificio), foram medidas as
vazbes reais obtidas em cada uma das bombas utilizadas. Para tanto um recipiente
cuja tara foi medida antecipadamente, foi preenchido com o liquido proveniente de
cada bomba e o tempo gasto nesta operacdo, devidamente registrado em cronébmetro
digital (Figura 3.19). O recipiente foi novamente pesado para se conhecer a massa de
liquido contida.

O mesmo procedimento repetiu-se com os inversores de frequéncia ajustados
para 50, 45, 40 e 35 Hz..
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3.2.2 Poténcia

A poténcia necesséria para deslocar os fluidos, foi obtida pela montagem dos
motores apoiados em dois rolamentos cada (em balanco), de maneira a garantir a sua
movimentacdo em cerca de 30° em relacdo a um eixo vertical imaginario que passe
pelo seu centro, tanto no sentido horario como no anti-horario. Uma haste rigida
(alavanca) foi fixada a carcaca do motor como se fosse este eixo, sendo portanto

perpendicular ao eixo do motor (Figura 3.24 e 3.25).

71
il

Figura 3.24 — Montagem do motor em balanco (1) com rolamentos (2), alavanca (3)

dinamémetro (4), suporte do dinamémetro (5), haste de ligagdo (6) e contra pesos(7).
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Figura 3.25 - Esboco do sistema de medida da poténcia consumida pela bomba.
1) dinamdmetro; 2) brago, do centro do eixo do motor até o dinamémetro; 3) motor;

4) rolamento com mancais, adicionado ao eixo do motor.(Moraes, P., 2012).

Conhecendo-se o braco de alavanca (distancia entre o centro do eixo do motor
e 0 ponto através do qual é posicionado o dinamémetro), o nimero de rotacdes do
mesmo e a for¢a exercida pela alavanca no dinamémetro € possivel se determinar a

poténcia utilizada (Moraes;Moraes, 2011), usando-se a Equacgéo 3.1.

P=2.nnF.d (3.1)

Sendo: narotagdo do motor em rps;

P a poténcia em W,
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F a forca medida no dinamdmetro em N;

d o braco da alavanca em m.

3.2.2.1 Transporte de 4gua

Para a determinacéo da poténcia necesséria para o bombeamento somente de
agua através de toda a tubulacdo do experimento, iniciando-se no tanque de 90 litros,
passando pela bomba regenerativa de 1 hp, percorrendo o rotametro, o injetor, os 10
metros da tubulagdo de 1” de PVC transparente, 5 curvas de 90° e findando no
tanque de separacao de 270 litros, utilizou-se do processo descrito no item anterior e
os resultados obtidos foram anotados conforme consta na planilha F.2 do Apéndice F.

Deve-se atentar para o fato de que somente foram transcritos os dados
referentes a frequéncia de 35 Hz, com vazéao de 6,5 a 7,0 I/min, conforme sera

explicado no item 4.2.3 “Core Annular Flow”.

3.2.2.2 Transporte de éleo

No caso do 6leo, para a determinacdo da poténcia necessaria, primeiramente
foi substituido o injetor por um trecho de tubo de 1” de PVC transparente reto, em
razdo da pressao exercida pelo 6leo ser elevada e fazer com que 0 mesmo
retornasse através deste sujando a tubulacdo de agua, demandando muito trabalho
de desmontagem e limpeza do equipamento a cada operacao. Feito isto, de maneira
analoga a agua, utilizou-se o mesmo método e os dados obtidos originaram a planilha
F.1 do Apéndice F.

Desta feita para o bombeamento do 6leo sozinho, por toda a tubulacdo do
experimento, foram anotadas as condicbes para 4 frequéncias do inversor,

correspondente a 4 rotagcdes e consequentemente 4 vazoes diferentes.

3.2.2.3 Core Annular Flow

A determinagéo e comparacgao da poténcia necessaria para o bombeamento do
escoamento bifasico agua-6leo, no padrdo CAF — Core Annular Flow, um dos
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objetivos deste estudo realizado em escala de bancada, foi realizado utilizando-se da
menor razado agua/dleo que possibilitasse a visualizacdo destes padrdes através das
paredes da tubulacdo, tanto horizontal como vertical, sem o auxilio de quaisquer
instrumentos Opticos.

Empiricamente foram realizadas vérias tentativas iniciadas a partir do
preenchimento de toda a tubulacdo com agua com baixas vazdes a partir de 6,5 I/min,
para entéo iniciar-se o bombeamento do 6leo com vazdes iniciais de 9,93 I/min até
alcancar 30,34 I/min. Os dados obtidos constam da planilha do Apéndice E.

Para diversas condi¢des de vazdes de agua e de 6leo os dados de pressao de
descarga da bomba de oleo, rotacdo das bombas de agua e Oleo, vazado de agua

(rotametro) e padrdes formados foram registradas em fotos no Apéndice J.

3.2.3 Perda de Carga

Para a avaliacdo comparativa da perda de carga linear do sistema, foram
utilizados dois pontos de tomadas de pressao a jusante do injetor, distanciados de um
metro. Primeiramente empregou-se um piezbmetro com agua pressurizada, para a
obtencao da perda de carga na tubulacao, utilizando-se dgua como fluido, bombeada
através do injetor. A diferenca encontrada entre as colunas do piezémetro, foi
devidamente anotada. Em seguida o experimento foi repetido porém com o
incremento da bomba de 6éleo de modo a obter a formacao de padrdo CAF em duas
razdes de vazdes agua/dleo distintas. De maneira analoga ao anterior os resultados

foram igualmente planilhados.

Finalmente, em razdo de que caso tivesse ocorrido em ordem inversa, teria
havido a necessidade de completa limpeza de toda a tubulacéo, foi realizado o teste
somente com a utilizacdo do 6leo. Neste caso porém, devido a viscosidade do 6leo
ser muito maior que a da agua e a pressao na descarga da bomba (1,7 Kg/cm?) ser
guase 9 vezes superior a mesma necessaria ao bombeio no padrao CAF ( 0,2
kg/cm?), utilizaram-se de dois mandmetros digitais no lugar do piezébmetro e foram
anotadas as pressOes diferenciais (AP) para quatro condicoes de vazdes

(frequéncias) diferentes.
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3.2.4 Limpeza

Apés a realizacdo de algumas passagens de Oleo pela tubulacdo do
experimento, a mesma ficava sempre impregnada de 6leo nas paredes, dificultando a
visualizacéo atraves desta e interferindo nos resultados de observacdes futuras. Para
a remocao desta pelicula residual de Oleo, optou-se pela confeccdo de bucha de
espuma de polietilieno de baixa densidade com o mesmo diametro interno da
tubulacdo e também com espuma de poliuretano com diametro de 2”, ambas com
cerca de 150 mm de comprimento, que foram inseridas no sistema, através de unido
localizada a jusante do injetor e impulsionadas pela 4gua, até sairem na cesta pré-
separadora. A operacdo foi repetida por varias vezes, até que a tubulacdo se
apresentasse livre de residuos de 6leo, quando entdo era bombeada somente agua

pelo circuito para completar a limpeza.
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4. RESULTADOS E DISCUSSOES
4.1 CALIBRACOES

4.1.1 Rotacdes dos Motores

Com os resultados dos dados preliminares obtidos, tracaram-se graficos nos
guais pode-se determinar a rotacdo dos rotores das bombas para quaisquer

frequéncias dos inversores (Figura 4.1).

Frequéncia dos Inversores em funcédo da rotacao dos rotores

das bombas
65
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Figura 4.1 — Grafico da Frequéncia em funcdo da RPM
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4.1.2 Curvas das Bombas

Ainda com base nos dados obtidos, constantes nas planilhas dos Apéndices B e
C, foram tracadas as curvas caracteristicas de cada uma das bombas do
experimento, conforme Figura 4.2, referente a bomba regenerativa (dgua) e
Figura 4.3, referente & bomba regenerativa (6leo). Em ambos os graficos foram

plotadas as curvas ajustadas por polinbmios de 2°grau, junto a cada uma das

rotacgoes.
Curvas da Bomba Regenerativa de Agua
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Figura 4.2 — Gréfico das curvas da bomba regenerativa (dgua).
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Curvas da Bomba Regenerativa de Oleo
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Figura 4.3 — Gréfico das curvas da bomba regenerativa (6leo), ensaio realizado com agua.
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4.1.3 Rotametro

Com o objetivo de comparar e aferir as vazdes indicadas no rotametro com as
obtidas através das medicGes realizadas, foi tracado o gréafico da Figura 4.4.

Curva de Afericdo do Rotametro
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Figura 4.4 — Curva de aferigdo do rotametro.
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4.1.4 Placa de Orificio

Semelhante a afericdo do rotametro, os dados da planilha do Apéndice C
serviram para a determinacdo da vazdo da bomba regenerativa, usando-se a técnica

de placa de orificio, calculada pela Equacéo 4.1.

[AP.
Q = 0,012516. CEBZ.Fa.DZ.p—pp 4.1)
L
Emque: Q € a vazao maxima em m3/h;
CER? € o coeficiente de vazéao, adimensional;
D é o didmetro interno da tubulacdo em mm;
Fa € o coeficiente de dilatacao térmica do material da placa,

adimensional;

AP € a pressao diferencial produzida pela placa em mm de H,0;

Pp € a massa especifica do fluido a temperatura de operacao
em kg/ms;

oL € a massa especifica do fluido a temperatura de leitura

(base 15°C), em kg/m3,

Os valores empregados foram::

D de 27,20 mm;

d de 15,15 mm (diametro do orificio da placa);
CE? de 0,197101 (obtido por interpolagcédo Anexo D);
Fa de 1,0;

Pp de 996,55 kg/m?®, conforme Apéndice A;

oL de 1.000,00 kg/m?.

A Figura 4.5 foi construida com base nestes dados obtidos e calculados.
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Presséo diferencial em funcdo davazéo - Placa com orificio

de 15,15 mm
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Figura 4.5 — Curva da Vazdao calculada na placa de orificio em funcédo da Presséo diferencial.
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4.2 OPERACAO

4.2.1 Agua

O circuito da agua manteve-se inalterado em todo o experimento e mesmo
havendo a possibilidade de vazdes superiores as utilizadas, foi fixada no inversor a
mesma frequéncia de 35 Hz, o que resultou numa vazao de operacao em regime CAF

de cerca de 0,39 a 0,42 m3/h, de 6,5 a 7,0 litros por minuto (I/min).

A pressao de operacédo na descarga desta bomba, para o circuito em questao,
nao excedeu a 0,12 kgf/cm? em nenhum momento, quando operando somente com
agua. Foram coletados os dados referentes a poténcia necessaria para o
bombeamento de agua por toda a tubulagéo, resultando conforme dados da planilha
F.2 do Apéndice F, em 1.210,18 W para a frequéncia de 35 Hz utilizada em CAF. A
perda de carga por metro do sistema, utilizando-se somente agua, registrou 22 mm de
coluna de agua, ou seja, 0 equivalente a 0,0022 kgf/cm2 conforme Tabela 1.2 do

Apéndice I.

4.2.2 Oleo

Os testes realizados somente com o 6leo demandaram a substituicdo do injetor
por um trecho de tubo reto, de modo a evitar o retorno de 6leo pela tubulacdo de agua
do injetor, ocasionando além de sujeira no mesmo, o “entupimento” dos tubos que
alimentam de agua o injetor chegando mesmo a “sujar” o rotdmetro, necessitando sua

desmontagem para limpeza.

Feito este procedimento pode-se realizar os testes para determinagcao da perda
de carga linear, utilizando-se somente Oleo e também o calculo da poténcia
necessaria para o bombeamento de 6leo por toda a tubulacdo. Os resultados obtidos
para perda de carga linear e poténcia necessaria constam das Planilhas 1.1 do
Apéndice | e F.1 do Apéndice F.

4.2.3 “Core Annular Flow”

Baseado no objetivo de utilizacdo da menor razdo agua/tleo possivel de ser
visualizada sem a utilizacéo de recursos 0ticos auxiliares, estabeleceu-se como vazao
minima de agua a correspondente a frequéncia de 35 Hz no inversor do motor de 1 hp

da bomba regenerativa de agua, o que resultou em vazdes entre 6,5 e 7 I/min (Tabela
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4.2), dependendo da vazéo de éleo. Iniciou-se entdo o experimento preenchendo-se
todo o circuito com agua, exceto a montante do injetor, cujas valvulas de mantiveram
fechadas. Acionou-se o motor de 2 hp da bomba regenerativa do 6leo, regulou-se o
respectivo inversor em 40 Hz, e apds aguardar alguns segundos para que se
estabilizasse a rotacdo do motor, foi aberta totalmente a valvula, permitindo que o

Oleo fluisse através do injetor por “dentro” da agua.

Os dados determinantes da formacéo deste padrao foram anotados na Tabela
4.2 além de fotografados conforme Apéndice J. Em seguida, sem que houvesse
interrupcéo no procedimento, foi alterada a frequéncia do inversor do motor da bomba
regenerativa de Oleo para 45 Hz e os dados também coletados. De maneira analoga
repetiu-se para 50 e 60 Hz.

Embora no Apéndice J estejam impressas fotos com o inversor da bomba de
0leo na posicao de 35 Hz, os padrbes obtidos na ocasido nao foram suficientes para
serem considerados em conformidade aos padrdes aceitaveis para o experimento.

Somente a partir de 40 Hz, o padrédo CAF pode ser visualizado em toda a extensao do

sistema.
Tabela 4.2 — Dados obtidos na formacgéo do padrédo CAF.
Presséao
Descarga
Bomba Vaz&o Agua Vaz&o Agua Vazéo Oleo
Frequéncia (Hz) Oleo Rotametro Aferida Calculada
Oleo Agua kgf/cm? I/min ms3/h I/min ma/h I/min ms/h
40 35 0,59 6,50 0,39 6,70 0,402 9,93 0,596
45 35 0,60 7,00 0,42 7,22 0,433 10,45 0,627
50 35 0,60 7,00 0,42 7,22 0,433 13,65 0,819
60 35 0,30 6,50 0,39 6,70 0,402 30,34 1,820

4.2.4 Poténcia

Baseado nos dados obtidos nos experimentos foi elaborado um quadro
comparativo Figura 4.6, das poténcias necessarias ao bombeamento do 0leo sozinho

em relacdo as poténcias somadas das bombas de &gua e O6leo, conforme
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demonstrado na Figura 4.6, operando em regime CAF e cujos dados estao
relacionados nas planilhas dos Apéndices F e G.

B Poténcia no bombeamento de Oleo B Poténcia no bombeamento Core Annular Flow
12.000
0,
p . 15,6%

© 10.000
t
é

n 8.000
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i

a 6.000

W  4.000
a
t

t 2.000
S

0

60 50 45 40
Frequéncia nos Inversores (Hz)
@ Reducdo das poténcias das bombas de 6leo + 4&gua em relagéo a de dleo

Figura 4.6 — Comparativo da poténcia necessaria para o bombeamento de 6leo em relacdo ao CAF.

4.2.5 Perda de Carga

Os resultados obtidos com as medi¢des efetuadas para a obtencdo das perdas
de carga linear na tubulagéo do experimento, para as diversas condi¢cfes

empregadas, foram relacionados na Tabela 4.3
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Tabela 4.3 — Dados referentes a perda de carga no sistema.

Pressdo (AP/m) | Inversor Vazéao
mca kgf/cme Hz I/min me/h Instrumento utilizado
Agua 0,022 0,0022 60 6,70 | 0,402 Piezdmetro com agua pressurizada
0,80 0,08 40 9,93 | 0,596 Mandémetros digitais
0,90 0,09 45 10,45 | 0,627 Mandmetros digitais
Oleo 1,00 0,10 50 13,65 | 0,819 Manémetros digitais
1,20 0,12 60 30,34 | 1,820 Mandmetros digitais
CAF 0,035 0,0035 50/35 20,87 | 2,252 Piezbmetro com agua pressurizada
0,050 0,0050 60/35 37,04 | 2,222 Piezdmetro com &gua pressurizada
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5. CONCLUSAO E SUGESTOES
4.3 CONCLUSAO

Apos varios experimentos realizados, chegou-se a conclusdo que quaisquer
guantidades de agua adicionadas ao 6leo séo suficientes para melhorar a condi¢éo
de fluidez através da tubulacdo, porém as condi¢des de formacgéo de padrdao CAF
comecaram a se formar a partir de vazao aferida de agua, obtida através do polinbmio
encontrado na curva do rotametro (Figura 4.4) e calculada conforme demostrado na
planilha da Tabela E.1 do Apéndice E, de 0,402 m3/h (6,70 I/min) com o respectivo
inversor fixado em 35 Hz e o de 6leo com vazao de 0,596 m3/h (9,93 I/min) em 40 Hz.
Nesta condi¢des, no trecho horizontal a jusante do injetor, a pelicula de agua superior
€ muito fina, ficando mais nitida a formacao padrdao CAF no trecho ascendente. A
partir do aumento de vazédo do 6leo, os padrbes CAF passam a ficar mais definidos
nos trechos horizontais, culminando com a vazao total da bomba regenerativa de éleo
de 1,82 ms3/h (30,34 I/min) com o inversor na posi¢cédo 60 Hz, necessitando que se
utilizasse somente a 4gua com o inversor na posicao de 35 Hz, produzindo uma

vazao de agua constante de 0,402 m3/h (6,70 I/min).

Desta maneira, a relacdo entre os volumes bombeados aferidos obtidos no
experimento, em padrdo CAF, resultou para a condi¢cdo de menor quantidade de agua
utilizada, em 4,5:1 (Apéndice E) considerando-se a proporcédo 6leo/agua.

Muito embora a reducao obtida, de 1,16 vezes na poténcia do motor (Apéndice
G e H) necesséria para o bombeamento do escoamento bifasico em relacdo ao 6leo
sozinho (para a mesma vazao), justificasse por si sé a continuidade dos estudos, o0
experimento demanda que sejam considerados os efeitos devido aos materiais da
tubulac&o, do comprimento, do diametro da mesma e mesmo do tipo das bombas
empregadas, visto que no caso estudado estes fatores terem tido pouca influéncia no

resultado obtido.

A relacdo entre a perda de carga com 6leo na vazao de 1,82 m3/h (30,34 I/min) e
a perda de carga no sistema CAF, na mesma vazao de 6leo foi de 1,2 mca (metros de
coluna de agua) para 0,05 mca, indicando uma reducéo desta importante variavel em

24 vezes, conforme demonstrado no Apéndice |.
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4.4 SUGESTOES

Baseando-se nas diversas observacdes durante o periodo em que foram realizados
0s experimentos, objetivando melhorias que podem ser implementadas, sugere-se:

a) Ampliar o comprimento total da tubulacdo em no minimo 5 vezes;
b) Aumentar o didametro da tubulagao para 2” ou maior;

¢) Modificar as entradas de agua do injetor, passando a ser inclinadas no sentido
favoravel ao fluxo;

d) Instalar valvulas de retencéao junto as linhas de agua do injetor, visando
impedir o refluxo de 6leo;

e) Prever entrada para “Pig” de limpeza sem que se tenha que desmontar a
tubulacéao;

f) Conectar um dreno no fundo do tanque de 6éleo, facilitando a remocao de
eventuais residuos de agua(se possivel num fundo c6énico);

g) Substituir a tubulagéo de PVC transparente por aco carbono, com apenas
alguns pequenos trechos de PVC transparente para visualizacao;

h) Utilizar bombas de engrenagens (deslocamento positivo) e centrifugas tanto
para dgua como para 6leo em paralelo, para efeito comparativo;

i) Empregar trechos inclinados além de verticais e horizontais, com visores em
cada um destes trechos;

j) Automatizar as véalvulas de controle de vazéo de 6leo e de agua;

k) Estudar a implementacdo de métodos de separacédo agua/dleo mais
eficientes;

) Verificar o emprego de filtros retentores de agua na succ¢ao da bomba de 6leo
e de filtros retentores de 6leo na succdo da bomba de agua;

m) Trabalhar com equipamentos de medi¢cdo mais sensiveis (vazao, perda de
carga e poténcia);

n) Controlar a temperatura e a viscosidade do 6leo durante o experimento;

0) Analisar a emulséo 6leo/agua durante o experimento e a agua residual do
processo se o sistema nao operar com reciclo.
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ANEXO A - Patente US 759.374 (continuacéao).

No. 759,374.

. UNITED STATES

JOI-IN DOVE ISAACS, OF OAKLAND,

Patented May 10, 1904s.

pATENT OFFICE

AND .JAMES BUCKNER S EED, OF

BERKELEY, CALIFORNIA.

METHOD OF PIPING FLUIDS.

SPECIFICATION forming part of Letters Patent No. 759,374, dated May 10, 1 04,
Application filec January 11, 1904. Serial No. 188,484. (No specimens.)

To all whon.u it 71UuLU concern.

_Be it known that we, JOHN DovE ISAACS, re-
siding at Oakland;and JAMES BucKNER SPEED,
residingatBerln\ley, Alameda county, State of

5 California, citizens of the United States. have
invented an Improvement in Methods of Pip-
ing Fluids; and we hereby declare the follow-
ing to be a full, clear, and exact description of
the same.
- Our invention relates to the conveyance of
fluids through pipes, and while said invention
is applicable to the piping of any fluid in
which the reduction of fdction is desirable
it is especially intended for the piping of oiL
15 The object of our invention1Sto reduce the
friction of the moving fluid against the pipe-
walls, which object is attained .by the inter-
vention between the fluid being conveyed and

the pipe-walls of an envelop composed of a

20 second fluid, between. which second fluid and
the pipe-walls the friction is less than that
between said first fluid and the pipe-walls, or
between which second fluid and the first fluid
the: friction is less than that between the said

25 first fluid and the pipe-walls. )

To reach this end, our invention consists
in delivering to the pipe the fluid to be con-
veyed, together with a fluid of greater specific
gravity, and in causing,said fluids to advance

30 through the pipe with a helical motion about
the axis of tge fluid content, whereby the
denser fluid is caused- to separate from the
lighter and to incase it, thus reducing the

‘frJctional resistance to the flow of said lighter

35 fluid.

In the accomﬁ;anying drawing (the figure
in which is an elevation of assembled parts,
the pipe being partly in section) we show one
form of an apparatu-s in which our method or

40 improvement may be carried out, though it
is to be understood that we do not confine
ourselves to such apparatus, it being merely
an illustration sufflcient to make our improve-

ment clear. o

45 In the drawing, A represents a pipe-line
through which the fluid desired. to be con-
veyl'ld is caused to flow. The flow may-be oc-
casioned by any suitable means-as, for. ex-

TIo

ample, the pump B, which draws said fluid

bv a uctio"n-pipe b from suitablB-. source. so
With the said first fluid is delivered to the
pipe-line A a second fluid, which must be of
greater specific gravity than the first fluid:"
The delivery may be effected at any.suitable
point and in any suitable manner For exam- 55
ple,it may be deliverecl with the first flui.d:to the
pipe-line, or the first fluid ma.v be introduced
to the second in the pipe-line, oras. here indi-
cated, the second fluid rhay be delivered to the
first in the pipe-line, as by means of the pump 60
C, with its suction ¢, delivery-pipe ¢, encir-
clipg slegyg f and holes (tin the pipe-line A.
Now, as_ ||‘ be seen -from the sectional part
of the pipe-line A, the interior of said pipe is
formed or provided -with Jobstructions a, dis- 65
posedin dhelical cours  These obstructions
may be of any suitable nature-such as
grooes,. ribs, flanges, or other barriers-and they
may be continuous or broken into sepac rate
Eans, provided their dispositibn be in @ 70
elical course; and Sltid obstructions: are in
tended simply to illustrate and to- stand for
one form or means of effecting a-helical mo-
tion of the fluid content as it advances through
the ci:;ipe. It will now be seen that as said 75
fluid content flows through the pipe it will
have imparted to it a helical motion about its
axis, which will. have the effect of separating-
the denfier fluid from the lighter, causing the
former to form around and incase the latter
and to intervene between the lighter fluid and
the pipe-walls, thereby reducing the friction
which would otherwise exist between said
pipe-walls and the lighter fluid. In the ap-
plication of our method or improvement to
the piping of oil it will be readily understood
that tlgis advantage will be marked if, as will
be the case in practice, the heavier fluid be
water In such case we have found that the
proportion of the oil arid water is between- 90
wide limits immaterial as to the character of
the result and bearing. only on the degree ofthe
reduction of the friction to pumping; but there
must be sufficient velocity of rotation- before
the envelopment of the lighter by the 95 heavier
fluid occurs, which velocity 1s depend-
ent on the diameter of the pipe and the rela-
tive densities of the two fluids.

8o
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The pumping of gumqly or viscous liquids
through pipe-lines, notably heavy crude pe-
trolerim, which is often found as a fluid of a
vi;;;cous, gummy, stick}/, and ropy nature,

§ presents a prope-1; case for the exercise of our
method. These characteristics of this fluid
-render its pumping through long pipe lines,
as now p-racticed, a very expensive operation,
requiring many times as great a pressure to

10 force a given -quantity- of oil as would be re-
quired. for pure water. Our process atfords
a means of' deliverin2' the same quantity of
oil with _pressure about double that required
for p_umping pure water, and hence far smaller

J5 than required for oil under the ordinary
methods. By our method, owing to the com-
paratively slow rotation required to produce
the enveloping e:ffect of the water, (it beirig.
found that quite a slow.or gentle helical oo-

::a struction is sufficient,) the loss of energy ex-
llended in prOducing this rotation is'so small
'n,comparison with the loss by friction due

;0_the present method -of pumping through
pipes as to be of little importance in view of

25 the commercia:! desirability of such pumping.

Having thus described our invention, what

we claim as new, and desirto secure by Let-
ters Patent, is-:-

1 The method of piping a fluid which con

30 sists inadvancing the fluid, together with asec-
ond fluid of gcater specific gravity, through
the pipe, with a helical motion about the axis
of the fluid content, sufficient to envelop the
lighter fluid with the heavier fluid.

2. The method of pipinﬂg a fluid which con-
sists in delivering said fluid to the pipe, to

35

gether with afluid of greater specific gravity,
and in causing the fluid content to advance
through the pipe with a helical motion -about
its axissufficient to envelop the ligtiter fluid 40
with the heavier fluid.
3. The method of piping oil which consists
in advancing the oil, together with a fluid of
greater specificgravity, through the pipe, with
a helical motion about the axis of the fluid con- 45
tent sufficient to envelop the lighter fluid with
the heavier fluid.
4. The method of piping oil which consists
in delivering the oil to the pipe, together witha
fluid of greatl;:Ir specific gr&.vnty, and in causing SO
the fluid content to advance through the pipe,
with a helical motion about its axis sufficient to
envelop the lighter fluid with the heavier fluid,
5. The method of piping oil which consists
in advancing the oil,. together with water, 55
through the pipe, with a helical motion about '
the axis of the fluid content sufficient to en-
velop the lighter fluid with the heavier fluid.
6. The method of piping oil which consists
iu delivering the oil to the pipe, together with 6o
water, and in causing the fluid content to ad-
vance through the pipe with a helical motion
about its axis sufficient to envelop the lighter
-fluid with the heavier fluid.
5 Ir(liwitness whereof we have hereunto set our 65
-hands.

JOHN DOVE ISAACS.
JAMES IBUCKNER SPEED.

Witnesses:
WALTER F VANE..
D. B. RICHARDS.
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‘United States Patent Office

3,378,074
Patented Apr. 16, 1968

1

3,378,074
METHOD FOR FRACTURING SUBTERRANEAN
FORMATIONS
Otbar M. Kiel, Houston, Tex., assignor to Esso Produc-
tion Research Company, a corporation of Delaware
Continuation-in-part of ap%licanons Ser. 1\'o. 421,578,
Dec. 28, 1964, and Ser. No. 551,781, May 20, 1966.
This application May 25, 1967, Ser. No. 641,275
33 Claims. (CL. 166-42)

ABSTRACT OF THE DISCLOSURE

A fracturing method wherein a highly viscous fracturing
fluid is injected into a fracture through a string of tubing
or casing in the presence of sufficient low viscosity liquid
to form a film of the low viscosity liquid between the
highly viscous fluid and the tubing or casing wall.

This application is a continuation-in-part of Ser. No.
421,578, filed Dec. 28, 1964, and Ser. No. 551,781, filed
May 20,1966, both now abandoned.

Background of the invention

(1) Field of the invention.-This invention relates to
the hydraulic fracturing of subterranean formations sur-
rounding oil wells, gas wells and similar boreholes.

(2) Description of the prior art.-Hydraulic fracturing
has been widely used for stimulating the production of
crude oil and natural gas from wells completed in low
permeability reservoirs. The methods employed normally
require the injection of a fracturing fluid containing a sus-
pended propping agent into a well at a wte sufficient to
open a fracture in the exposed formation. Continued
pumping of fluid into the well at a high rate extends the
fracture and leads to the buildup of a bed of propping
agent particles between the fracture walls. These particles
prevent complete closure of the fracture as the fluid sub-
sequently leaks off into the adjacent formation and result
in a permeable channel extending from the wellbore into
the formation. The conductivity of this channel depends
upon the fracture dimensions, the size of the propping
agent particles, the particle spacing, and the confining
pressures. Studies of conventional fracturing operations
indicate that fracture widths seldom exceed about one-
fourth inch and that conductivities in excess of about
250,000 millidarcy-inches are rarely obtained. The average
width and conductivity are considerably lower than these
values.

The fluids used in hydraulic fracturing operations must
have filter loss values sufficiently low to permit buildup
and maintenance of the required pressures at reasonable
injection rates. This normally requires that such fluids
either have very high viscosities or contain filter loss
control agents which will plug the pores in the formation.
Although the use of "low penetrating fluids" with viscos-
ities of 5,000 centipoises or higher at atmospheric tem-
perature has been proposed, much less viscous fluids are
generally used. Typical fluids include crude oils and
petroleum fractions having viscosities up to about 200
centipoises, gelled hydrocarbons ,containing aluminum
soaps, polymers and similar thickening agents, temporary
emulsions designed to break before the well is returned
to production, and aqueous solutions containing polymers
and other additives. The filter loss values of such fluids
are high unless they contain filter loss control agents or
other additives which tend to plug the pores in the forma-
tion. Many of the materials used as thickeners or gelling
agents have this ability. In the absence of such materials,
silica flour, lime, talc, guar gum, hydrocarbon resins,' or
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similar agents are normally adde:i to reduce the filter loss
values.

The use of fracturing fluids having relatively low
viscosities in conjunction with additives which provide
the low filter loss values needed avoids excessively high
friction losses in the tubing and casing. The wellhead
pressures and hydraulic horsepower required to overcome
such friction losses may otherwise be prohibitive. The
geiled fluids prepared with water, kerosene and similar
low viscosity liquids are particularly useful. Such fluids
have apparent viscosities high enough to support the prop-
ping agent particles without excessive settling and yet shear
down in contact with the tubing or casing wall to give
low friction losses. The gelling agents also promote Iami-
nar flow under conditions where turbulent flow would
otherwise take place and hence in some cases the losses
may be lower than those obtained with the low viscosity
base fluids containing no additives. Certain water-soluble
polyacrylamindes, oil-soluble polyisobutylene and other
polymers which have little effect on viscosity when used
in low concentrations can be added to the ungelled fluids
to achieve similar benefits.

As a result of the foregoing, the trend in fracturing has
been toward the use of fluids which have viscosities suffi-
cient to suspend the propping agent particles without ex-
cessive settling but contain filter loss agents designed to
provide the required low penetrating properties. The prop-
ping agents employed include quartz sand grains, tem-
pered glass beads, rounded walnut shell fragments, alumi-
num pellets, and similar materials. Such agents are gen-
erally used in concentrations between about one and
about four pounds per gallon. The permeabilities obtained
with these materials are roughly proportional to the
square of the particle diameter and hence the use of par-
tides up to about four mesh on the U.S. Sieve Series scale
has been suggested. In practice, however, propping agents
with particles sizes of 20 to 40 mesh or smaller are gen-
erally employed. At normal injection rates in the range
between about 10 and about 50 barrels per minute, such
particles can generally be suspended satisfactorily in fluids
with viscosities from about 10 to about 30 centipoises.
Where very high rates are used, the particles are often
suspended in water or other fluids of even lower viscosity.

The use of larger propping agent particles to secure
higher fracture conductivities has been hampered by
difficulties in injecting the larger sized particles. Experi-
ence has shown that particles greater than about 20 mesh
will frequently bridge across the mouth of the fracture
and begin to accumulate in the we!lbore. This is referred
to as a "screen out." Once such an accumulation com-
mences, the entire operation has to be terminated, even
though only a small fraction of the required propping
agent has been placed. Because of the frequency with
which such difficulties are encountered when the larger

55 particles are used, most operators prefer to employ 20

to 40 mesh or smaller particles.

The productivity improvement obtained as a result of
fracturing depends upon the contrast between the con-
ductivity of the fracture and the permeability of the for-

60 mation. In zones of very low permeability, a narrow

65

fracture with a conductivity well below 250,000 milli-
darcy-inches may permit a two to three-fold improve-
ment in the fluid production rate. In a more permeable
reservoir, on the other hand, such a fracture may result
in only a small increase in production or may not be
successful at all. Because of the poor response obtained in
the more permeable zones, conventional fracturing opera-
tions are generally confined to severely damaged wells or
wells.<; mpleted in undamaged formations having per-

70 meabJhtles below about 15 to 20 milliclarcies. Most such

operations are carried out in wells with permeabilities in
the 1 to 10 millidarcy range.
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The incentives for developing fractures with conduc-
tivities sufficient to permit the application of fracturing
to high permeability reservoirs are substantial. The low
permeability formations in which conventional methods
‘are used egenerally produce- at low rates and hence total 35
production remains low even though an improvement of
several-fold is obtained. In reservoirs of higher per-
meability, the initial production rates are normally much
higher and hence a successful fracturing operation may
produce a much egreater improvement in terms of incre-
mental barrels of oil per day. This is true even though
the percentage improvement may be somewhat smaller
han in a reservoir of lower permeability. Efforts to ex-
tend fracturing operations into undamaged reservoirs

10
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behavior of heavy oils useful for purposes of the inven-
tion in the presence of free water.

Description of the preferred embodiments

The method of this invention permits the use of frac-
turing fluids having viscosities considerably higher than
those of fluids generally employed in the past. Suitable
fluids include heavy crude oils and high boiling petroleum
fractions, thickened oils, gelled hydrocarbons, liquid
polymers, high viscosity water and oil emulsions prepared
from -highly viscous crude oils or petroleum fractions,
aqueous solutions containing thickening or gelling agents,
viscous solutions having dilatant properties, and the like.
All of these fluids are not equally effective and hence

with permeabilities substantially in excess of about 15 15 certain highly viscous fluids are preferred over others.

to 20 millidarcies have in the past been largely unsuc-
cessful.

Summary of the invention
The fracturing method of this invention is carried out

Highly viscous water-in-oil -emulsions prep'ared by add-
ing water or brine to a heavy crude oil. or high boiling
petroleum fraction in the presence of a suitable surface
active agent having a distribution coefficient of about one

of the invention.

by injecting a heavy Lgetroleum fraction, a viscous water- 20 have been .found to be particularly effective for purposes

in-oil emulsion or other highly viscous fracturing fluid
through a string of tubing or casing into a fracture in
the presence of sufficient water or other low viscosity
liquid to form a film of the less viscous liquid between
the highly viscous fluid stream and the tubing or casing
wall. Injection of the hiogh viscosity fluid is continued
until a fracture of sufficient width to produce a highly
conductive. channel has -been formed. Particles of a
propping agent suspended in the highly viscous liquid or

in a fluid used to displace the high viscosity material are 30

carried into the fracture. The injected fluid is then per-
mitted to le'ak off into the formation until the fracture
has closed sufficiently to hold the particles in place.
Thereafter, the fluid remaining in the fracture may be

produced back into the wellbore. Laboratory work and 35

field tests have shown that this method permits the for-
mation of fractures with substantially higher conductivi-
ties than have -generally been obtained heretofore, that
it results in greater productivity improvements than' do

conventional methods, and that it makes possible the 40

application of fracturing to wells not readily susceptible
to treatment -by conventional fracturing methods.

The mechanisms responsible for the improved results
obtained are not fully understood. Studies indicate, how-

ever, that the less viscous liquid acts as a lubricant for 45

the highly viscous material 'as it passes through the tub-
ing or casing and thus gives a relatively low pressure
drop. As the fluids enter the fracture, low viscosity liquid
contacting the formation readily permeates into the res-

ervoir rock. The highly viscous liquid, on the other hand, 50

has a much lower filter loss v'alue and is therefore re-
tained within the fracture. This use of an extremely vis-
cous fluid to extend the fracture away from the wellbore
results in a wider fracture than can be obtained with

conventional fluids and thus makes possible the use of 55

larger propping agents than have generally been practical
heretofore. The combination of greater width and larger
propping -agent particles gives much higher conductivi-
ties than have been obtained in the past. Although other

mechanisms may also be involved, the absence of screen- 60

outs with large propping agent p'articles and the large
productivity improvements obtained in formations with
permeabilities of several hundred millidarcies indicate
that these mechanisms play a dominant role.

Brief description of the drawing

FIGURE 1 in the drawing is a graph showing the vis-
cosity-temperature-relationships ~ for typical heavy oils
useful for purposes of the invention; FIGURE 2 depicts
the viscosity-shear behavior for a typical gelled fluid;
FIGURE 3 is a schematic representation of apparatus
which may be utilized in carrying out the invention;
FIGURE 4 depicts a wellhead assembly and other equip-
ment useful in conjunction with the app'aratus of FIG-

65

The fracturing fluid viscosities required in c'arrying out
the invention are determined in part by the permeability
and porosity of the formation to be fractured, by the

25 filtration pressure of the fluid in the fracture, by the tem-

perature in the fracture, and by the rheological proper-
ties of the particular fluid selected. In <general, the fluids
used will have viscosities 'at atmospheric temperature
between about 100 centipoises and about twenty million
centipoises. In wells of moderate depth, fluids with vis-
cosities between about 500 centipoises and about 500;000
centipoises at atmospheric temperature are usually most
effective and are preferred. In deeper wells where tem-
peratures may be 300° F. or higher, the heavier fluids
with viscosities above about 500,000 centipoises at atmos-
pheric temperature have advantages and will normally
‘be employed.

At formation temperatures, the highly viscous fluids
will preferably have viscosities equal to or greater than
those defined by the equation

p,=0.087krpPe

where p, is the viscosity of the highly viscous fluid at for-
mation temperature in centipoises, k is the permeability
of the formation to the highly viscous fluid in millidar-

cies, ¢ is the porosity of the formation expressed as a
decimal fraction, and Pc is the difference between the
fluid pressure in the fracture and the form'ation pressure

in pounds per square inch. The fluid pressure within the
fracture can be determined by multiplying the fracture
gradient in pounds per square inch per foot by the depth
mn feet and adding the friction drop within the fracture.
The fracture gradient is a measure of the pressure re-
quired to break down the formation 'and is normally

between about 0.7 and about 0.9 pound per square inch

per -foot. The friction drop can be approximated by
means of the equation

Pf=2.82XI10-4 =

where Pr is the friction drop in pounds per square inch,
Q is the injection rate in barrels of 42 gallon capacity
per minute, p, is the fluid viscosity in centipoises, L is the
fracture length in feet, 4 is the fracture height in feet,
and w is the fracture width in inches. Values for L, »
and w can be determined from equations for vertical
fractures found in the literature. Newtonian or dilatant
fluids are normally preferred because their viscosities
are not adversely affected by shear rate. Fluids with vis-
cosities of a hundred centipoises or more at formation
temperature are particularly effective but in high tem-
perature we!ls such viscosities may be difficult to obtain.
The heavy crude oils and petroleum fractions which
may be employed for purposes of the invention include

URE 3; and FIGURE 35 is a graph illustrating the flow 75 high viscosity crude oils, vacuum still residual fractions,
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heavy lube oil stocks, number 6 fuel oils, low pour point
residual heating oils, extract fractions from the phenol
extraction of lubricating oils, straight run asphalts, low
temperature Gilsonite, and similar hydrocarbon oils hav-
ing viscosities between about 100 centipoises and about
twenty million centipoises at atmospheric temperature.
Heavy oils with viscosities of 10,000 centipoises or higher
nt atmospheric temperature nre preferred. The kinematic
viscosity-temperature relationships for typical heavy oils
which have been found suitable are shown in FIGURE 1
of the drawing. The curve for a typical crude oil of mod-
erate viscosity is shown for comparative purposes. It will
be noted that the viscosi.ies decrease rapidly with increas-
ing temperature. This change in viscosity can be reduced
somewhat by adding viscosity index improvers or similar
materials to certain of the heavy oils. Suitable viscosity
index improvers include those composed of methacrylic
or polyisobutylene polymers in diluent oils. In some cases
the change in viscosity can also be reduced by injecting
water, liquid carbon dioxide, liquid nitrogen or a similar
material to cool the formation prior to introduction of
the heavy oil or other highly viscous fracturing fluid. Oils
having viscosities in excess of about 3,000 centipoises at
ambient temperature are difficult to handle with conven-
tional pumping equipment and are therefore normally
heated prior to use. Itis preferred to deliver the extremely
viscous materials to the well site in heated tank trucks
and hold them at elevated temperature until they are
needed. The lubricating oil extracts and similar high vis-
cosity oils substantially free of materials which may tend
to come out of solution in the presence of light hydrocar-
bons are particularly effective for purposes of the inven-
tion and are especblly useful for fracturing gas wells and
water iniection wells.

Thicl eDed or ge'led oils u;-eful as viscous fracturing
fluids in accordance with the invention may be prepared
by adding colloidal rr.aterials such as asphalt or pitch, high
molecular weight oil soluble polymers such as polyiso-
butylene, and similar materials to crude oils, diesel fuels,
fuel oils and similar liquid hydrocarbons. Highly viscous
napalm-type gelled hydrocarbon fluids produced by the
addition of aluminum soaps or mixed hydroxy aluminum
soaps such as mixtures of aluminum Jaurate and aluminum
naphthenate to kerosene or crude oil may also be used.
The gelled fluids normally h:we non-Newtonian character-
istics and lose vhcosily at increasing shear rates. They
are also temperature sensitive. FIGURE 2 in the drawing
shows the behavior, at various shear rates, of a typical
high viscosity gelled fluid produced by adding aluminum
soaps to a light fuel oil. The apparent viscosity of this
fluid decreased from an ini:ial value of 17,000 centipoises
at a low shear rate to a value of about 90 centipoises at
a shear rate of 1020 reci Jrocal seconds. If geled fluids
are used, the viscosity values should therefore be taken at
temperatures and shear rates comparable to those existhg
in the fracture under the injection conditions to be em-
ployed. These shear rates can be approximated by means

of the equation
-y..-(g +2}r1')

where 7 is the shear rate in reciJrocal seconds, V is the
linear velocity of the fluid in the fracture in feet per
second, W is the fracture width in feet, and » is the power
law exponent.

High visco:dty emulsions suitable for use as viscous
fracturing fluids in carryi:lg out the invention may be
either water-in-oil or oil-in-water emulsions. Emulsions
which have high viscosi.ies under the temperature and
shear conditions existing b fractures can be prepared with
kero;:ene, diesel fu 1, heatbg oil, crude oil or a similar
hydrocarbon oil and water, brine or an acid solution
contahing a suia!:le surface ac:he agent or emulsifier.
Surfaclants which tend to render the walls of the tubing
or casing water-wet nre preferred. A variety of different
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commercially available surface active agents are suitable
if employed in the proper concentrations. These include
the alkyl esters of sodium sulfosuccinic acid, alkali metal
salts of alkylaryl benzene sulfonic acids, soluble salts of
alkyl naphthalene sulfonic acids, alkyl ethers of polyalkyl-
ene glycols, polyalkylene esters of fatty acids, polyoxy-
alkylene anhydrosorbitol esters of fatty acids, long chain
amine hydrochlorides, alkylene oxide-amine condensation
products, alkylene oxiJe-alkylphenol condensation prod-
ucts, long chain polyamides, long chain dialkyldimethyl-
ammonium halides, long chain alcohol hydrogen sulfates,
long chain carboxylic acids and the like. Methods for the
production of suitable high viscosity emulsions using sur-
face active agents have been described in the literature
and will be discussed in greater detail hereafter.

High viscosity aqueous fluids suitable for purposes of
the invention include aqueous solutions containing poly-
meric thickeners or geEing agents. A variety of polymers
which can be added to water, brine or acid solutions Ll
concentralions suffici nt to produce solutions or gels of
high apparent viscosi:y are available, including synthetic
polymers such ns the polyacrylamides and sulfonated poly-
vinylaromatics, natural gums such as guar gum, and bac-
terially produced polymers such as dextran and the hetero-
polysaccharides produced by bacteria of the genus Xan-
thomonas. The bac:e:ially produced polymers and cer-
tain synthetic materials such as sulfonated polyvinylsty-
rene are particularly effective. The aqueous fluids contain-
ing thickeners or gelling agents are similar to the gelled
hydrocarbons in that they possess non-Newtonian prop-
ertics and hence the thickeners or gelling agents should
be used in concentrations sufficient to obtain the desired
viscosizies under the temperature and shear conditions
existbg in the fracture. Filter loss agents, surface active
agents, and other addi ives may be incorporated in any
of the highly viscous fluids if desired. Certain of the poly-
meric additives have polyfunctional characteristics and are
particularly useful for improving the high viscosity gelled
fluids.

The preferred highly viscous fluids for carrying out the
invention are water-in-oil emulsions or suspensions pre-
pared by blending water or brine and a surface active
agent into a crude oil, residual petroleum fraction, or
refinery stream having a viscosity in excess of about 500
centipoises at atmospheric temperature. Tests have shown
that alkali metal salts of diesters of sulfosuccinic acid
such as sodium dioctylsulfosuccinate in combination with
polyalkyleneoxi:le ethers of alkyl esters of aliphatic eli-
carboxylic acids such as polyethyleneoxide ethers of diiso-
octyl esters of succinic acid, polyoxyethylene glycol ethers
of dialkyldicarboxylic acids such as polyoxyethylene gly-
col ethers of dioctyl maleate, and other surface active
agents havbg distribuzion coefficients of about one c¢:m
be used with extremely viscous oils and water or brine to
produce viscous water-ia-oil emulsions which do not read-
ily change composijion in the pres nce of free water.
Such emulsions apparently require the addition of con-
siderable energy before they will take on additional water
and therefore tend to reject the free water. This permits

the pumping of such emulsions in the presence of a film
of free water without loss of their high viscosities and
facilitates carrying out of the invention. The composition,
preparation and use of such emulsions will be discussed
in greater detail hereafter.

The highly viscous fracturing fluids described are em-
ployed in conjunction with less viscous fluids which serve
to lubricate the highly viscous fluids through the tub!ng
or casing and thus make the improved results obtained
with the highly viscous fluids feasible. The Jess viscous
fluids utilized will normally have viscosities below about
10 centipoises at atmospheric temperature, preferably
below one centipoise, but in some cases their viscosities
may be somewhat higher. Suitable low viscosity liquids
include water,; aqueous solutions containing salts, sur-
face active agents, and other additives; light crude oils;
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vegetable oils, kerosene; liquified petroleum gas; naphtha;
alcohols; glycols; ethers; ketones; halohydrocarbons; and
the like. The liquids chosen should- be stable at the tem-
peratures existing in the tubing or casing and substantially
inert toward the highly viscous fracturing fluid. For
economic reasons, water, brine or kerosene is generally
chosen. It is* normally preferred that the low viscosity
material be substantially immiscible with the highly vis-
cous liquid so that mixing of the two is retarded and that
a demulsifier be added to prevent or retard emulsion
formation but this is not always essential where there is
a substantial difference between the viscosities of the two
fluids and injection equipment which minimizes mixing is
used. The ratio between the viscosity of the highly
viscous fluid in centipoises and that of the less viscous 15
fluid in centipoises will generally be at least ten to one
under atmospheric temperature conditions. Viscosity
ratios of 100 to one or greater at atmospheric temperature
are particularly effective and are prefered in most opera-
tions.

In carrying out the invention, the highly viscous fractur-
ing fluid and less viscous fluid are introduced into the
tubing or casing under conditions such that a film of the
less viscous material is formed between the highly viscous
liquid and the tubing or casing wall. It is generally pre- 25
ferred to inject the viscous fracturing fluid as a central
stream and separately introduce the less viscous material
through an annular or tangential injector or by means
of a T or Y fitting attached to the top of the tubing or
casing string. This facilitates formation and maintenance
of the low viscosity film over a wide range of injection
conditions. Where the two liquids are substantially im-
miscible with one another and a suitable surface active
agent or demulsifier is employed to prevent or retard stable
emulsion formation, however, it has been found that sepa-
rate introduction of the fluids is not always necessary and
that in some cases they may instead be introduced as a sin-
gle stream. Under the dynamic conditions in the tubing or
casing during injection, the low viscosity liquid tends to
seek the low energy position adjacent the pipe wall. Sur-
face active agents which reduce the ability of the highly
viscous liquid to wet the well of the pipe; glass, ceramic
or other pipe linings which are more readily wetted by the
low viscosity liquid than by the highly viscous liquid;
and spiral vanes or other mechanical pipe adaptations can
be used to promote formation and maintenance of the film.
Regardless of the method employed. the conditions must
be such that a film of the low viscosity material is formed
on the tubing or casing wall and a viscosity discontinuity
exists in the fluid stream adjacent the outer periphery. 50
The fluid composition from the center to the periphery
is thus non-homogeneous. The film formed in this manner,
which may occupy as little as three percent or as much
as fifteen percent of the total fluid volume, results in a
low pressure drop through the tubular goods, normally 55
lower than that which would be obtained if the low vis-
cosity fluid were injected alone at the same total rate.
After the fluids enter the fracture, the low viscosity fluid
contacting the formation quickly permeates into the rock.
The high viscosity material, on the other hand, remains 60
in the fracture and produces a relatively high pressure
drop between the mouth of the fracture and the point
of propagation. This pressure drop and the low filter loss
of the highly viscous liquid permit the opening of a con-
siderably wider fracture than can otherwise be obtained. 65
Since large propping agent particles can therefore be
used, fractures with high conductivities can be obtained.

Apparatus which may be employed for injecting the
highly viscous fracturing fluid in conjunction with a fluid
of lower viscosity is shown schematically in FIGURE 3 70
of the drawing. This apparatus includes a plurality of
tanks indicated by reference numerals 11, 12, 13, 14 and
15. Two hundred barrel steel tanks open to the atmos-
phere are generally used. Hoses or other lines 16, 17, 18,
19 and 20 are provided for connecting the tanks in par- 7G
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aile! to a blender 21. The blender may be of the type

conventionally used in oilfield fracturing operations and
will normally include jets and a ribbon mixer for sus-
pending propping agent from bins 22 and 23 in the
viscous fluid. It is generally preferred to operate the mixer
at high speed to prevent buildup and "slugging" of the
propping agent particles. If the blender does not include
a ribbon mixer, extra jets may be installed and connected
to the blender pump or an auxiliary pump to provide

more intense agitation. A return line 24 from the blender
to each of the tanks permits circulation of the fluid to
promote initial mixing of the fluid before the propping
agent is added. Discharge lines 25, 26, 27 and 28 extend
from the blender to fracturing pumps 29, 30, 3,land 32.

These pumps are normally high pressure positive dis-
placement triplex pumps driven by diesel engines or
turbines and are usually truck-mounted. The pumps are
connected in parallel as shown. Discharge lines 33, 34,

35 and 36 are manifolded to injection line 37 which ex-
tends to the wellhead 38. The pumps, blender, tanks

and other equipment are normally located some distance
from the well to minimize the danger in case of a fire or
blowout. Tank 15 is connected by line 39 to a high
pressure pump 40 for the injection of low viscosity fluids
into the well through line 41. An oil field pumping truck

of the type conventionally used for the injection of
acids or cement is generally employed. An auxiliary line
42 extends from line 37 adjacent the wellhead to permit
bleeding off of the high pressure fluid at the conclusion
of the operation. As indicated in the drawing, valves are
provided throughout the system to permit control of the
fluids and the disconnection of individual units of equip-
ment as necessary.

FIGURE 4 in the drawing depicts a wellhead arrange-
ment particularly suitable for use with the apparatus of
FIGURE 3. The injection line 37 of FIGURE 3 is con-
nected to an annular injector assembly at the wellhead.
This assembly includes a tapered inner sleeve 45 into
which fluid from line 37 passes. The tapered sleeve is
surrounded by a concentric outer sleeve 46 containing
an inlet 47 connected to low viscosity fluid line 41. The
outer sleeve extends inwardly about the lower end of
the tapered inner sleeve to form a narrow annular pas-
sageway. A coupling 48 extends between the annular
sleeve and a threaded connecting member 49. A full open-
ing control valve 50 is attached to the upper end of the
tubing beneath the annular injector assembly. Below the
control valve is a blowout preventer 51 and a wellhead
52. In the installation shown, tubing string 53 extends
through the blowout preventer and wellhead to a packer
54 installed in the casing 55 a short distance above the
subsurface zone to be fractured, indicated by reference
numeral 56. If desired, plastic lined tubing, pipe provided
with a glass or ceramic lining, or tubing having internal
spiral ribs may be used to further promote formation and
stability of the film of low viscosity fluid. Linings that are
preferentially wetted by the low viscosity fluid or the
low viscosity fluid-surface active agent combination may
be particularly effective. Perforations 57 extend from the
wellbore through the casing and cement 58 into the pro-
ducing zone. The apparatus thus illustrated is exemplary
of that employed in carrying out the invention. It will be
understood, however, that the invention is not restricted
to the use of such apparatus. The method does not re-
quire the presence of a packer; may be used to fracture
through the tubing, through the casing, through both the
tubing -and casing, or, in certain wells, through two or
more strings of tubing simultaneously; can be carried out
without the use of an annular injector or similar device;
and is applicable to injection wells, production wells, and
other boreholes in both onshore and offshore locations.

As pointed out earlier, it is preferred to employ a highly
viscous water-in-oil emulsion or suspension as the viscous
fracturing fluid and to use water or brine containing a suit-
able surface active agent as the less viscous liquid. In a



ANEXO B - Patente US 3.378.074 (continuacao)
3,378,074

" typical operation of this type, a heavy residual petroleum
fraction with a viscosity of about 50,000 centipoises at
atmospheric temperature is used to prepare the emulsion
or suspension. This oil is delivered to the well site in a
tank truck provided with heating coils and is maintained
at a temperature of about 180. F. to facilitate handling.
Tanks 11, 12, 13 and 14 in FIGURE 3 are used as frac-
turing fluid tanks. In each of these tanks are placed two
volumes of the he vy oil and one volume of water includ-
ing about 0.1% by weight of a surface active agent con-
taining as the active ingredient about 60 volume percent
of dioctyl sodium sulfosuccinate, about 30 volume per-
cent of dihexyl sodium sulfosuccinate, and about 10
volume percent of isooctylphenyl polyethyleneoxyethanol
containing about 9 to 10 moles of ethylene oxide per
mole of isooctylphenol. Experience has shown that the
use of such a mixture of oil, water and surfactant nor-

mally results in a loose oil-external emulsion or suspen- sion
which will not readily accept additional water and therefore

persists in the presence of free water without 20 any
appreciable change in properties. With certain oils
containing natural surface active constituents in high
concentrations or with other surface active agents, the con-
centration of the surfactant in the water phase or the
ratio of oil to water may have to be altered somewhat.
The concentration and ratio needed in a particular system
can be determined in the laboratory by adding water and
surfactant to the heavy oil in incremental amounts until
rotation of the fluids in a beaker results in the formation
of a distinct water film and the heavy oil no longer ad-
heres to the beaker wall. Concentrations between about
0.05 and about 2.0 weight percent and ratios between
about six to one and about one to two are generally used.

Tank 15 is filled with water containing the surface ac-
tive agent in the same concentration in which it was em-
played in the fluids in tanks 11 through 14. The water
and oil in each of the fracturing fluid tanks is thoroughly
mixed by circulating fluid from the bottom of the tank
through the blender and discharging it back into the top
of the same tank through line 24. It is generally advisable
to circulate the fluid at a rate of from about 15 to about
20 barrels per minute. The stream of fluid discharged
into the top of the tank from the blender is initially quite
turbulent. After the fluid has been circulated for a short
time, the liquid emerging from the discharge line switches
from a highly turbulent stream with considerable splat-
tering to a very smooth laminar stream with essentially
no splattering. This change generally takes place suddenly
and can be used in the field as a test to determine whether
the water and surface active agent have been properly
mixed with the oil. If it does not occur, draining off water
or adding salt to the aqueous phase will generally promote
it. After the change in flow characteristics has occurred,
the entire tank of fluid is circulated once more to assure
complete mixing. The fluids in each fracturing fluid tank
are mixed in turn in this manner. The water and surface
active agent in tank 15 of FIGURE 3 may be mixed by
circulating fluid from the tank to a water pump and back
into the tank so that the tank contents will roll. Alterna-
tively, propeller mixers or similar devices may be utilized
to assure complete mixing of the water and surface active
agent.

After the water, oil, and surfactant in tanks 11, 12, 13
and 14 and the water and surface active agent in tank 15
have been thoroughly mixed, the lines in the system are
filled with fluid and pressure tested. The test procedure
may be essentially identical to that used in conventional
fracturing operations. Once this has been completed, the
tubing in the well is filled with water by pumping fluid
from tank 15 through lines 39 and 41 by means of
pump 40. The water thus injected flows through inlet
47 of the annular injector, passes down the tubing string
into the space beneath packer 54, and enters the perfora-
tions 57 The injection of this water is continued at a
high rate until a pressure sufficient to break down the
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formation and initiate a fracture is obtained. Formation

of the fracture will normally be indicated by a sharp drop

in pressure. As soon as this occurs, the rate of water in-

jection is cut back to about %o the rate at which fluid is
to be injected to propagate the fracture and carry the prop-

ping agent particles into place. The fracturing pumps 29,

30, 31 and 32 are then separately primed with the emul-
sion or suspension from tanks 11, 12, 13 and 14 by means
of the pumps on blender 21. The fracturing pumps are

started so that fluid is drawn into the pumps through

lines 25, 26, 27 and 28. Any free water present in the

bottom of tanks 11, 12, 13 and 14 or the blender -Will be
pumped out first. As soon as the emulsion or suspension is

being pumped into the fracture satisfactorily, propping
agent from bins 22 and 23 can be added to the fluid in
the blender. The emulsion or suspension containing sus-
pended propping agent particles flows from the blender
through the pumps and injection line 37 to tapered sleeve

45 in the annular injector.

The propping agent is generally added to the fluid
in the blender in amounts sufficient to give a propping
agent particle concentration between about one-fourth and
about 20 pounds per gallon. The quantity used will de-
pend in part upon whether a partial monolayer or a fully
packed fracture is desired. For a partial monolayer, a
concentration near the lower end of the range will nor-
mally be employed; whereas a considerably higher con-
centration will ordinarily be used to produce a fully
packed fracture. Concentrations well above those feasible
in conventional operations can be used if desired. Sand
will generally be used as the propping agent in relatively
shallow wells up to about 7,500 feet but in deeper wells
it is advantageous to employ glass beads, steel shot or
other materials capable of withstanding higher confining
loads than ordinary sand. Injection of the proppant-laden
fluid, normally at a rate of from about two to about 20
barrels per minute, is continued until from about 35,000
to 150,000 pounds or more of the propping agent has been
introduced into t-he fractured formation.

As the proppant-laden fluid is injected, water is simul-
tancously pumped from tank 15 through line 39, pump
40 and line 41 to the concentric sleeve of the injector.
This results in the formation of a thin annular film of
water between the lower end of the tapered sleeve and
the surrounding concentric sleeve. The rates will prefer-
ably be such that the two fluid streams have the same
velocity at the lower end of the injector assembly. As
the fluids emerge into the open tubing string below the
assembly, the film of water surrounds the viscous frac-
turing fluid stream. Little mixing of the two fluids takes
place. The film of water persists as the fluids move through
control 'Valve 50, blowout preventer 51, and the tubing
string. Due to the presence of the surface active agent,
little or no water is transferred from the film to the frac-
turing fluid. The water prevents contact of the viscous
fluid with the tubing wall and thus permits injection of
the fluids without the high friction losses which would
otherwise occur. Studies have shown that the water film
is normally laminar, even though high injection rates are
employed, and that the addition of friction reducers to
the water therefore generally has little or no effect. The
use of a sufficiently large excess quantity of water may
tend to promote turbulence within the film, however, and
in such a case a friction reducer may be beneficial. Fric-
tion reducers are also sometimes heloful where low vis-
cosity fluids other than water are employed.

The high viscous oil-external fracturing fluid and ac-
companying film of free water emerge from the lowet
end of the tubing beneath packer 54 and flow through the
perforations into the fracture. Considerable agitation
takes place as the fluids enter the perforations. The en-
ergy thus made available to the fluid system tends to pro-
mote the inclusion of additional water in the emulsion
and may thus give rise to an increase in the viscosity of
the fluid. Free water which remains external of the water-
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in-oil emulsion is rapidly absorbed by the porous for-
mation so that the fluid flowing within the fracture has a
high viscosity. This highly viscous fluid produces a rela-
tively high pressure drop in the fracture and thus leads
to the generation of a wider fracture than is normally
obtained in conventional operations.

After the required quantity of fluid and propping agent
have been injected, the blender and fracturing pumps are
shut down. Water or crude oil may be circulated through
the equipment and into the tubing to clean out any heavy
emulsion remaining. The water or oil should normally

10
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through the tubing in ‘the conventional manner. The
horsepower requirements under the subheading "Fractur-
ing Fluid Low Viscosity Liquid" are those necessary
if a film of low viscosity liquid is used in accordance with
the invention. Because the fracture flow capacities and
productivity ratios in the table are based upon an equa-
tion which is conservative, particularly with respect to
operations carried -out with fluids of relatively high vis-
cosity, values somewhat higher than those shown are gen-
erally obtained in actual field operations carried out in
accordance with the invention.

TABLEL-COMPARISON OF VARIOUS FRACTURING TREATMENTS

Horsepower ReQ.uirements

Injection Fracturing ¥ Maximum Fracture
te Fluid Vis- Fracturing Fracturing :Fracture Fracture Sand Mesh  Flow %apacity Productivity
(bbl./min.) cosity (cp.) Fluid F |d+Low Width (in.) Length (ft.) Size (up to (md.-in.) r&sno 1
Alone 1SCOSI 8-12)
Liqui
5 10 403 362 0.139 604 20-40 1, 440 1.0+
10 10 2,016 1, 287 0.102 762 16--30 1, 980 LO+
5 100 641 368 0.244 566 10-20 6,800 12
10 100 13,001 1,300 0.317 583 8-12 47, 000 3.0
5 500 1, 558 374 0.350 475 8-12 52,500 3.1
10 500 25,649 1, 316 0. 430 473 8-12 61, 000 34
5 1, 000 22,828 378 0. 405 437 8-12 61,000 33
10 1, 000 210,722 1,326 . 503 480 8-12 75, 500 3.6
5 3, 000 27,899 387 0.510 381 8-12 76, 500 3.6
10 3, 000 230,993 1, 347 0.621 368 8-12 93,000 4.0

1 Productivity after treatment/productivi bef t t t.
"Not feasib t,ydue mhlb?m?e wellheadty ore s

bing flize, lnch. Depl‘h 8,100"; Frac. Gradient, 0.7; C_vw, 0.001; Formation Thir.kness, 40'; Young's Modulus,

rrmltmem
3X107 Pomsons Rauo 0.3; %enneablhty
.8.L; Reservoir Tempenture. 215°F.

not be injected into the fracture itself. The well is then
closed in and allowed to stand, generally overnight. As
the injected fluid slowly leaks off into the. adjacent for-
mation, the fracture closes on the propping agent particles
and holds them in place. After the pressure has been bled
off. the injected fluid may be produced back into the well-
bore. Dilution by oil from the formation normally accel-
erates production of the injected fluid. Lease crude oil,
kerosene, diesel fuel or the like can be injected into the
casing to dilute the heavy oil further and facilitate its
removal from the well. Small amounts of propping agent
may be dislodged from the face of the packed fracture
when the well is first returned to production, but the
amount of this material produced will not normally be
sufficient to create any serious production problems.

The advantages of the process of the invention over
conventional fracturing methods are indicated in Table I
above. The tabLe sets forth the results of a study of the
improvements in productivity which can be obtained with
fracturing fluids of various viscosities and those which
can be secured by using the same fracturing fluids in con-
junction with low viscosity liquids as described above. The
study was based upon a mathematical model which takes
into account the characteristics of the formation being
fractured, the properties of the fracturing fluid used, the
type of propping agent employed, and the injection con-
ditions utilized. In order to show the effect of viscosity
alone, all fluids were treated as having the same filter loss
value. The viscosities given are those of the fluid within
the fracture. Since most fluids lose viscosity with increas-
ing temperature, the viscosities at atmospheric tempera-
ture will normally be somewhat higher than the values
shown. The total horsepower requirements set forth in-
clude the horsepower necessary to overcome friction
losses in the tubing, horsepower consumed by the pres-
sure drop across the perforations, and the horsepower
required to generate the fracture. The column subheaded
"Fracturing Fluid Alone" indicates the theoretical horse-
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20 md.; Reservoir Fluid Viscosity, 4 cp.; Reservoir Fluid Compresmb:hty 0.00004; Reservoir Pressure, 2,200

It will be noted from Table I that the fracture capacity
and productivity ratio increased rapidly as the viscosity
of the fracturing fluid increased. With viscosities below
100 centipoises, little or no improvement can be obtained
in the particular formation described. With the 100 centi-
poise fluids, a very small improvement is obtained at an
injection rate of five barrels per minute and a threefolci
improvement is indicated if the rate is increased to 10
barrels per minute. The 3,001 horsepower required to
achieve such a rate in the absence of a low viscosity liquid
would necessitate the use of wellhead pressures greater
than those which can be handled with presently available
equipment. The use of a 500 centipoise viscosity fluid at
a rate of five barrels per minute requires over 1500 horse-
power and again will give about a threefold improvement
in product,ivity. Without the low viscosity liquid, fluids
with viscosities over about 500 centipoises cannot be
used, even at low injection rates, because of prohibitive
wellhead pressures. The table shows that the use of a low
viscosity liquid in conjunction with the fracturing fluid
makes the application of highly viscous fluids feasible and
results in higher capacities and productivity ratios than
can otherwise be obtained. These are due in part to the
increased fracture width obtained .with the high viscosity
fluids and are partially attributable to the use of propping
agent particles substantially larger than the maximum
sizes useful with fluids having viscosities less than 100
centipoises.

The results made possible by the invention are further
illustrated .by the actual production improvements ob-
tained in a series of field tests in which wells in several
different fields were fractured with highly viscous water-
in-oil emulsion-type fracturing fluids in the presence of
low viscosity aqueous surfactant solutions. Rounded
quartz sand, garnet crystals, and rounded walnut hulls
were employed as the propping agents. These wells were
completed in reservoirs having permeabilities ranging
from one milidarcy up to 400 millidarcies. The well

power requirements where the fracturing fluid is injected 75 depths varied from about 1500 feet to over 8,000 feet. The
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‘formation characteristics, treatment volumes, injection
rates and production rates before and after fracturing
these wells are shown in the following table:

,074

14
tially the flow properties and pressure drop characteris-
tics of the heavy oil.
The data from which curve 2 in FIGURE 5 was plotted

TABLE IL-TABULA'I'ON OF FIELD 'T'ES'l' RESUL'I'S

Fonn. Fr:le. Sand Avg. Sand Cone.,
Well  Depth Thiek, Perm.  Fiter P~ Sme. VoLFld. Wt Sand R’ lh/gs " Production BFPD
ft. md. ss Add. Vis., mcsh  Inf, gal.  Inj, Ib.  bbl/min, === ——
cp. Avg. Max. Before After v
8,095 40 10 None 750  10-20 2, 000 1, 900 10 1 1 ®
5119 74 12 ---4o 750 8-12 30, 000 8), 000 6 3 6 39 - 238
5,084 74 12 — 750 812 30, 000 100, €00 8 3 9  No est . 147
4,300 2 4 o do_-—- 750 812 10,000 34, 0Q)) G 3 12 10 - 04
5.073 20 12 — = 750 8-12 16, 500 K8, 0G0 8 4 5 20 « Ii\8
5,005 76 2 —0— 750 812 30,000 115, 000 g 4 6 20 - 220
1 5, Hi2 83 2 W 750 812 20,000 38, om 5 2 5 5 <146
3 g ;& m B ogM M@ g 1§ s el
- b o »
— e 2 B e B e §RTME I
,503 4l a0 o , - , 4 53 4
L 7350 S0 25 Yesi 250 2040 42,000 1.07) LY Y zl o
" N 412-20 —memememonn 4,300 0.3
ae 4,700 25 5 0“3 500 8-12 000 75,000 7% 13 5 0 o 500
0 5,000 2J 10 —g0—— 750 812 20, 040 40,000 5 2 5 2 s 60
5 4,900 20 10 N 750 812 27, 000 ,000 5 2 5 15 90
ah 5,100 65 10 oo o 750 8-12 30,000 115, 000 8 4 7 2 - 69
H 1, .500 28 0 — " — 5, 000 812 7. 500 15. 000 10 2 3 5 59
h____ 1 500 38 40 gg ------ 5, 000 8-12 11, 300 35. 000 10 3 5 40 80
§h__ e 3, 600 2 10 ——g4o—— 2,000 8-12 23,300 50, 000 0o 2 4 2 No 'T'est
u——— 220 25 R 750 8-12 25, 000 50, 000 0 2 3 7 £
v (.G 46 LR SR 750 812 17,100 20,000 10 1 5 +1,200 No "Test
1'500 0 —Mo__—_ g0 2 6,000 IO, 500 0 2 3 ) 47
b R 90 __ do-— 000 812 5701  10.000 10 3 i 23 ¢ 221
1, 500 40 T8 5000 8-12 7. 500 15, 000 10 4 4 52
2’— 5,100 ;2 12l e T 750 51122 30,000 115, 000 8 4 7 3 61
4, 950 e 750 - 14, 000 35, 000 2 5 4 -
A som 12 —% B SR 36000 800 0 3 S Notest 219
_— ,050 10 10 -eee- SR -12 14, 000 58, 000 T 7
88 4,370 20 4 o 750 3-12 15, 000 50.000 5 3 % o
EE 4,405 20 4 —P— 750 8-12 15, 000 50, 000 £ 3 8 -88
4, 000 20 3 2,200 8-12 21, 000 82, 100 10 4 5 G
....... 4. (00 20 400  Yes 1, 000 8-12 17.000 22,000 10052 4 100 - 400
.h___ 1, 500 30 40 None: :::::: 85000 e 3,000 s 10 24 -4 4o-
Ge‘lhlledt 8-12 14, 000 33,700 R 110
ater.
a At formation temperature. + Well production_is pump limited.
n First test followmgemovery of frac. fluid. "Well ot ‘pby €0l ional hods earlier.
! wﬁlls i Garnet crystals.
d n .

ction well. i
ndoned well used for experimental purposes.

'y

It can be seen from Table II that the average increase
in production was over fivefold and that in many cases 40
the fractured walls were pump limited. If larger pumps
were installed in these wells, the production rates after
fracturing would be higher than the values shown. Many of
the fractures were evidently quite wide and had con-
ductivities considerably higher than those obtained in the 45
past. Since certain of the formations fractured had per-
meabilities too high to permit fracturing by conventional
methods and others had been subjected to conventional
fracturing treatments earlier with limited or no success,
it should be apparent that the method of the invention
represents an improvement over the prior art.

In lieu of preparing a water-in-oil emulsion or suspen-
sion for use as the fracturing fluid and using an annular
injector or similar fitting for the separate introduction of
the fracturing fluid and an aqueous surfactant solution
into the tubing string as described earlier. an oil-external
emulsion or suspension and free water can be injected
into the well without the annular injector. Tests have
shown that excess water does not readily mix with the
highly viscous emulsion or suspension and instead tends
to persist as free water. This is illustrated by FIGURE
5 in the drawing. The plot shown in FIGURE J is a
graph of oil pumped per unit pressure drop versus the
water content of the system. The data from which curve
1 in the graph was plotted were obtained by pumping a
250 centipoise oil, in combination with the indicated
quantity of water but without a surface active agent,
through ten feet of one-fourth inch diameter tubing. As
indicated by the curve, the pressure drop in the tubing
was relatively high and essentially no change in the quan-
tity of oil pumped per unit of pressure drop occurred as
the water content of the system was increased from about
4% by volume up to about 40% by volume. This indi-
cates that in the absence of the surface active agent the
oil and water formed an oil-external system with essen- 75

50
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|Conlmerchllﬁlter loss agent sold for use in fracturing fluids, 40 Ibs
1,000 gal.

were obtained by pumping a separate quantity of the
same oil through the same tubing in the presence of the
indicated quantity of water and 0.05% by weight of a
surface active agent containin£ as the active ingredient
about 60 volume percent of sodium dioctyl sulfosuc-
cinate, about 30 volume percent of sodium dihexyl sul-
fosuccinate and about 10 volume percent of isooctyl-
phenyl polyoxyethanol. This surfactant has a distribution
coefficient of about one. It can be seen from curve 2 that
an oil-external system similar to that obtained earlier was
apparently formed and that the presence of the surface
active agent had no significant effect on the pressure drop
until a water content of about 14 volume percent was
reached. At this point, the oil-external emulsion or sus-
pension was apparently incapable Of holding additional
water and hence free water formed a film surrounding the
oil-external fluid. The friction due to this film of water
was much lower than that due to the emulsion itself and
hence the quantity of oil pumped per unit pressure drop
increased about 35 fold. Further reductions in friction
were obtained by increasing the water 'content of the
emulsified system.

Results similar to those referred to above were ob-
tained with a 4500 centipoise oil emulsified with various
quantities of water and 0.05 volume percent of the sur-
face active agent. As indicated by curve 3 in FIGURE 5,
the friction losses dropped markedly when the water
content of the system reached about 15% by volume.
These latter tests were carried out in one-inch p'ipe and
thus show that the phenomena observed are not de-
pendent on the small diameter tubing employed in the
initial tests. It will be recognized that the quantity of
Water necessary to obtain the reduction in hydrauNc
friction illustmted in FIGURE 5 will depend in part upon
the properties of the oil, water and surface active agent
employed and in part upon the diameter of the pipe
through which the fluids are pumped. For field opera'tions,
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the use of from about 30 to 45% water is generally satis-
factory but in some cases higher water concentrations
may be nece'ssary.

In licu of employing a highly visc'Ous oil or a viscous
water-in-'oil emulsion as the fracturing fluid and intro-
ducing free water into the system to reduce hydraulic
friction, the invention may be carried out with a highly
viscous water-based fluid and a low viscosity liquid
which is substantially immisdble with water. The water-
based fluid employed may be a gelled fluid containing a 10
polymeric .thickening agent or a viscous oil-in-water emul-
sion. Wa'ter-external emulsions prepared by dispersing
a relatively large quantity of heavy oil with a viscosity
in excess of about 250 centipoises at atmosphedc tem-
perature in a lesser quantity of wa:ter containing a suitable
emulsifying agent are .preferred because of their sVability
and ,Jow filter loss values but highly viscous water-external
emulsions prepared with lighter hydrodavbons can also be
used. The low viscosity liquid used in conjunction with
the highly viscous gelled fluid or oil-in-water emulsion 20
m'ay be a naphtha, kerosene or similar liquid which has
a viscosity below about 10 centipoises and is substan-
tially immisdbfe with the water based fluid. Because of
the flammability of m'any low viscosity water-immiscible
liquids, however, the use of highly viscous oil-based 25
!llurds with water to reduce fdction losses is preferred.

The method of the invention may under certain con-
ditions also be carried out with a highly viscou's fractur- ing
fluid and a low viscosity liquid which are not sub-
stantially immiscible with one another. Considerable en- 30
ertgy must be provided to promote the complete mixing
of liquids which differ greatly with respect to viscosity
and in the absence of suﬁllcient energy rnany such liquids can
flow in contact with one another under the condi- tions
con'templated by the jnvention without extensive 35
mixing taking place. In shlallow wells where the length
of pipe to be traversed is relatively short and an efficient
annular injector is used, it may therefore sometimes be
desil!alble to lubricate a highly viscous re'sidual petroleum
fraction or Similar fluid of very high visco'sity into the 40
well by means of a very light hydrocarbon liquid or
sim:ilar fluid which is miscible with heavier material if
the two are agitated sufficiently. Although some dilution
of the heavy material will occur, this can be controlled
by using a reraHvely small amount of the lubricant fluid. 45
This method avoids the introduction of water into the
formation and may therefore be advantageous under
certain circumstances.

It is not always essential that the propping agent be
injected with the highly viscous fracturing fluid. Instead, 50
the highlJy viscous fluild may be employed to open the
fracture and a fluid of lower viscosity which contains
the propping agent can then be injected. In a typical op-
eration Off thist pe, a water injection well completed at
a depth of about 1500 feet in a 40 millidarcy formation 55
30 feet thick was first fractured by injecting 3,000 gallon's
Off an oil-external emulsion having a viscosity of about
5,000 centipoises at fol'mation temperature at 10 barrels
per minute. Water introduced through an annular injector
similaro that shown in FIGURE 4 was used to lubricate 60
the highly viscous fluid through the tubing. The viscous
fracturing fluid was immediately followed with 14,000
gallons of gelled 'salt water containing 33,700 pounds
of 8 12 mesh sand as !a ,propping agent. The gelled water
contained -about 30 'pounds of guar gum per 1000 gal- 65
Ions rand was injected at the ra:te of 14 barrels per minute.

No difficulties were encountered in injecting either fluid.
11he low viscosity geHed fluid containing the propping
agent particles apparently fingered into the highly viscous
fluid injected initially and displaced it from the !fracture, 70
‘thus permitting in!troductron of the tpropping agent par-
ticles. Analysis olf the pre'ssures during the operation an:d
the subsequent recovery of some -sand .from the wellb'ore
indidated that the fracture probably narrowed during in-
jection of the gelled ,fluid but 'this did not prevent com- 7G

pletion of >the job. A tjourfol:d improvement in injectivity
w'as olbtained. Severa'l previous attempts to prace 8--'12
mesh sand 'in a -£raCture in this formation .with a gelled
rfJ:uid simHar to Ithat employed here but without the highly

viscous !fluid had been unsucce's'sful.

The use of a fluid of relatively 'low viscqsity t'o oarry
the propPing agent into place -followingthe initial injec-
tion rof 'a highly viscous fracturing fluid and a less viscous
liquid as described above is particularly advantageous
for hhe fracturing of water injection well'sand gas well's
where it is desired .to limit the quantity of highly viscous
liquid injected and thus accelerate the resumption of
normal operations. 'In lieu of this procedure, a low vis-
cosity tfiuid miscible with rhe highly viscous fra'cturing
fluid -can be injected in front of the highly viscous fluid
so th'at the -viscosity will tbe re'dU:ced Iby. dilution when
injeCtion 'or ;production is resumed. Diluents can a'lso be
injected after completion :of the fracturing operation in
some ca'ses.

Another modification of the inven'tion involves injec-
tion of the highly viscous fluid into the well at a rate
rinsufficient to generate a fracture until essentially all Qif
the lower viscosity fluids present in the weUbore have
been dispFaced into lae fo-rmation and the pressure be-
havior indicates that the highly viscous fracturing fluid is
in contact with the rformation. At this pojnt, the injection
mte -can be rapidly increased to build up the 'Pressure and
generate the fracture. Fidd lests have shown that this
procedure -can be employed in 'shallow wells to generate
vertidal fractures under conditions such that horizontal
fractures might otherwise tend to be formed.

Still other vari:atons of the techniques described m'ay
Ibe practiced without ‘dcganing from the spirit or scope
of the invention. It is uften advantageous where a toose
emulsion or suspension of water in a highly viscous oil
is used -as the tfira:Ctuving fluid, for example, to avoid the
necessity for mixing the 'constituents in the ffietd lby pre-
"):iaringthe emuision or su8pension 'in a refinery and
transporting it to 'the well 'site. The introduction of the
low viscosity liquid at two or more points in the weU
may be beneficial. It may ibe desirable in some cases to
inject the highly viscous fracturing fluid through an an-
nular space and providez==_ifim of low viscosity hlbl'icating
liquid on both 'Of the confining walls. In lieu of using
individual inje'ction pumps working at full fracturing
pressures as shown in the drawing, pumps connected in
series with suitable hydraulic accumulators between them
may be used to reduce the total pres'sure across any one
rpump land thus reduce equupment failures. These and
other variation's will suggest themselves to those skilled
in the art.

n will be !apparent from 'the foregoing that the method
of the invention has numerous advantages over methods
employed heretofore. It make's possvble the use of highly
viscous fracturing fluids without excessive friction losses,
permits the generation of very wide fractures into which
large propping agent particles can be injected without
difficulty, produces fractures which have surprisingly high
conductivities, tand make's possible. the iapplica'tion of
fracturing to forMations where conventional methods 'are
seldom successful.

What is claimed is:

1. A method for treating a subsurface formation sur-
rounding a well which comprises lubricating a fracturing
fluid down the well on a film of a substantially less viscous
fluid at a rate sufficient to open a fracture in said forma-
tion.

2. A method as defined by claim 1 wherein at least a
portion of said less fracturing fluid is introduced into said
well as an annular stream surrounding said viscous fluid.

3. A method as defined by claim 1 wherein said frac-
turing fluid contains a propping agent.

4. A method as defined by claim 1 wherein said frac-
turing fluid comprises a hydrocarbon oil with a viscosity of
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at least 100 centipoises at atmospheric temperature, and
said less viscous fluid comprises water.

S. In a method for fracturing a subsurface formation
penetrated by a well, the improvement which comprises
concurrently injecting a fracturing fluid and a substantially 5
less viscous fluid into said well while retarding the mix-
ing of said fluids and promoting the formation of an an-
nular film of said substantially less viscous fluid about
a central stream of said fracturing fluid.

6. A method as defined by claim 5 wherein at least 10

a portion of said less viscous fluid is introduced into said
well as an annular stream surrounding the stream of said
fracturing fluid.

7 A method for propping a fracture in a subsurface
formation penetrated by a well which comprises passing
down the well a propping agent suspended in a viscous
fluid, concurrently passing a substantially less viscous fluid
down at least a portion of the well as an annular stream
substantially surounding said viscous fluid, and main-

15

taining a flow rate, sufficient to force the fluids and the 20

propping agent into the fracture.

8. A method for propping a fracture in a subterranean
formation penetrated by a well which comprises passing
down the well and into said fracture a propping agent

suspended in a fracturing fluid comprising a hydrocarbon 25

oil having a viscosity of at least 100 centipoises at forma-
tion temperatures and concurrently passing a less viscous

18

18. A method for opening a fracture in a subterranean
formation penetrated by a wellbore containing a string
of tubular goods which comprises establishing a column
of liquid having a viscosity discontinuity between the cen-
ter of said column and the periphery of said column with-
in said string of tubular goods, the viscosity of the liquid
in said column near the center thereof being at least 100
centipoises and the viscosity of the liquid in said column
near the periphery thereof being less than about 10 centi-
poises, and applying sufficient pressure to said column
of liquid to-open a fracture in a subterranean formation
exposed to said liquid near the lower end of said string
of tubular goods.

19. A method as defined by claim 18 wherein said
column of liquid contains a major portion of a highly vis:
cous liquid and a minor portion of a free liquid of lower
viscosity, the viscosity of said highly viscous liquid at at-
mospheric temperature being at least 100 times the vis-
cosity of said liquid of lower viscosity at atmospheric
temperature.

20. In a method for the hydraulic fracturing of a sub-
surface formation penetrated by a wellbore wherein a
fluid composition is pumped through a conduit within
said wellbore leading from the surface of the earth to the
level of said formation at a pressure sufficient to fracture
said formation, the improvement which comprises in
jecting as said composition a mixture comprising a major

liquid down the well in a lubricating relationship with said proportien of a highly viscous fluid and a minor propor-

fracturing fluid, the quantity of said less viscous liquid being
sufficient to reduce the pressure required to pass said 30
fracturing fluid down the well and open said fracture for
the entry of said propping agent.

9. A method as defined by claim 8 wherein said fractur-
ing fluid has a viscosity of at least 10,000 centipoises
at atmospheric temperature.

10. A method as defined by claim 8 wherein fracturing
fluid and | ss viscous liquid are substantially immiscible
with one another and at least one of them contains a sur-
face active agent capable of retarding the formation of
stable fracturing fluid-Jess viscous liquid emulsions.

11. A method as defined by claim 10 wherein said hy-
drocarbon oil is a residual petroleum fraction and said
less viscous liquid is water.

12. A method as defined by claim 8 wherein said Jess

35

tion of a less viscous fluid which is capable of preferential-
ly wetting the inner surfaces of said conduit in the pres-
ence of said highly viscous fluid, said fluids being capable
of resisting stable admixture with one another.

21. A method for the hydraulic fracturing of a subter-
ranean formation surrounding a well containing a string
of pipe which comprises passing a high viscosity liquid
containing a suspended propping agent and sufficient low
viscosity liquid to maintain a film of said low viscosity
liquid adjacent the inner wall of the pipe through said
string of pipe under sufficient pressure and at a sufficiently

0 high rate to open a fracture in said subterranean forma-

viscous liquid is introduced into the upper portion of said 45

well as an annular stream surrounding said fracturing
fluid.

13. In a method for hydraulically fracturing a subsur-
face formation penetrated by a well, the improvement

which comprises pumping a first liquid down a passage- 50

way within the well and into the fracture at a rate sufficient
to open said fracture and simultaneously pumping a
second, less viscous liquid down the well substantially
between said first liquid and the wali of said passageway

in a quantity sufficient to lubricate the flow of said liquid 55

through said passageway.

14. A method as defined in claim 13 wherein said first
liquid comprises a water-in-0il emulsion, said second
liquid com:Jrises water, and the oil in said emulsion com-
prises a mixture of hydrocarbons.

15. A method as defined by claim 13 wherein said first
liquid is an oil-in-water emulsion containing a hydrocar-
bon oil and said second liquid is substantially immiscible
with water.

16. A method as defined by claim 13 wherein said first
liquid is gelled fluid and said second liquid is substantially
immiscible with said gelled fluid.

17. A method for opening a fracture in a subterranean
formation penetrated by a well containing a string of pipe
which comprises lubricating a fracturing fluid down said
string of pipe with a less viscous fluid, said fracturing
fluid having a viscosity of at least 100 centipoises at at-
mospheric temperature and being passed down the string
of pipe at a rate sufficient to open a fracture in said forma-
tion.
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tion and carry said suspended propping agent into the
fracture.

22. A method as defined by claim 21 wherein at least
part of said low viscosity liquid is introduced into said
string of pipe as an annular stream.

23. A method as defined in claim 21 wherein said high
viscosity liquid and said low viscosity liquid are int-ro-
duced into said string of pipe as an unstable mixture in
which the low viscosity liquid tends to seek the outer wall
of the pipe as the mixture moves downwardly through said
string of pipe.

24. A method as defined by claim 21 wherein said himh
viscosity liquid and said low viscosity liquid are substan-
tially immiscible with one another.

25. A method -as defined by claim 21 wherein said high
viscosity liquid is a hydrocarbon oil having a viscosity in
excess of about 500 centipoises and said low viscosity lig-
uid is an aqueous liquid.

26. A method as defined by claim 21 wherein said aque-
ous liquid contains a demulsifying agent.

27. A method for the hydraulic fracturing of a subter-
ranean formation surrounding a weU containing a string
of pipe whiah comprises passing down through said string
of pipe an inner stream of liquid having a viscos-ity in
excess of about 500. centipoises and an outer concentric
stream of liquid having a viscosity less than about 10 centi-
poises, said inner stream of liquid containing a suspended
propping agent and said liquid being passed through said
string of pipe under sufficient pressure and at a sufficiently

70 high rate to open a fracture in said formation and carry

said suspended propping agent into said fracture.

28. A method as defined by claim 27 wherein said inner
stream of liquid contains a mixture of a hydrocarbon oil
and water and said outer stream of liquid is an aqueous

75 solution containing a surface active agent.
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29. A method for propping a fracturein a subterranean 33. A method as defined in claim 31 in which said sec-
formation penetrated by a well with a propping agent ond fluid contains a polymeric friction reducer.
which comprises passing a fracturing fluid down the well
at a rate sufficient to open the fracture within said forma- References Cited
tion, said .fracturing fluid having a viscosity sufficient to 5 UNITED STATES PATENTS
open said fracture for the acceptance of said propping

agent, and concurrently passing a second, less viscous fluid 2,024,718 12/1935  Chamberlain -------- 252.. 855
dgwn the well in a lug;i[(’:atinggrelationship with said frac- 2,533,878 12/1950 Clark et al. ~-=-=----- 137-78
turing -fluid. 2,596,843  5/1952 Farris.

30. A method as defined in claim 29 in which said frac- |, 2.742,426  4/1956 Brainerd ----------- 252-8.55
turing fluid and said second, less viscous fluid are sub- 3,080,920  3/1963 Fast =-=======m==ea- 166-42
stantially immiscible with one another. 3,102,548  9/1963  Smith et al. ~--------- 137-13

31. A method as defined in claim 29 in which said frac- 3,105,047  9/1963 Miller et al. —-------- 252-8.55
turing fluid comprisesa mixture of liquid hydrocarbons 3,196,947 7/1965 Van Poollen ===m=mmmmm 166 5
and said second less viscous fluid comprises water. i 3,215,154 11/1965 White et al. ——===== 162 X

32. A method as defined in claim 31 in whim said prop- 3254719  6/1966 ' Root wemmmccomcnams 166-42
ping agent is suspended in the mixture of liquid hydro- '
carbons. STEPHEN J. NOVOSAD, Primary Examiner

UNITED STATES PATENT OFFICE
CERTIFICATE OF CORRECTION
Patent No. 3,378,074 April 16, 1964
Othar M. Kiel
It is certified that error appears in the above identified
patent and that said Letters Patent are hereby corrected as
shown below:

Column 1, line 71, "viscous" should read -- fracturing

Signed and sealed this 17th day of March 1970.

(SEAL)
Attest:
Edward M. Fletcher, Jr. WILUAM E. SCHUYLER, JR.
Attesting Officer Commissioner of Patents
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ANEXO C - Especificagdo do 6leo utilizado

Oleo lubrificante para engrenagens fechadas e redutores industriais em servicos severos sob cargas
elevadas. Disponivel nos graus ISO 32, 46, 68, 100, 150, 220, 320, 460, 680, 1000 e 1500.

LUBRAX GEAR controla o desgaste e a corros&o das partes lubrificadas e sua aditivagéo lhe garante
caracteristicas de extrema presséo, resisténcia a oxidagao e a formagéo de espuma.

LUBRAX GEAR n&o é corrosivo ao cobre e suas ligas, sendo isento de chumbo e outros agentes
toxicos.

LUBRAX GEAR ¢é recomendado para a lubrificagdo de engrenagens industriais fechadas com dentes
retos, conicas de dentes retos, conico-helicoidais, espinha de peixe, parafusos sem fim e helicoidais
executando servigos severos sob cargas elevadas.

LUBRAX GEAR atende aos requisitos das especificagdes USS 224, AGMA 9005-D94 e DIN 51517
Parte 3.

LUBRAX GEAR 32 (antigo BR-332-EX) possui formula diferenciada com aprovagéo da Petrobras para
uso nos sistemas de bombeamento multifasico submarino (SBMS-500).

O nome LUBRAX GEAR ¢ a nova denominagéo do antigo LUBRAX INDUSTRIAL EGF-...-PS.

Aditivos - anticorrosivo, antiespumante, antioxidante, abaixador do ponto de fluidez e agente de
extrema presséo.

ANALISES TiPICAS *

GRAU ISO IR b 100 | 150 | 220 | 320 | 460 | 680 | 1000 [ 1500
GRAU AGMA o | 1 |2€r)|3Er)|4EPr)|5EP)|6ER)|7EP)|8EP)|8AEP)|9(EP)
Densidade a 20/4C 0,8700,880]0,883]0,887] 0,892 0,896 |0,900[0,903]0,917] 0,930 [0,940
Ponto de Fulgor (VA) () | 200 | 232 | 236 | 242 | 258 | 270 | 282 | 290 | 300 | 324 | 330
Ponto de Fluidez eyl 2k g e ol aslkolials] ] 3| =3

Viscosidade a 40T  (cSt) | 32,0 48,6 | 70,3 |103,9}156,0| 233 | 327 | 472 | 673 | 1051 | 1545
Viscosidade a 100C  (cSt) | 5,50 7,17 | 9,00 |11,85] 15,4 |19,90| 24,9 | 31,8 | 37,6 | 46,7 | 571
Indice de Viscosidade 110 | 106 | 102 | 103 | 100 | 98 99 98 | 92 85 81
Corroséo a Lamina de b | 1b 1b 1b 1b 1b 1b 1b 1b 1b 1b
Cobre 3h, 100C

*As Analises Tipicas representam os valores modais da produg&o, néo constituindo especﬁcaqces. Para informagdes
mais detalhadas primeiramente consulte nossa assisténcia técnica.

CARACTERISTICAS COMPLEMENTARES **
Teste FZG (Estagio de falha) 12
Carga Timken (Ib) 60

Teste 4 Esferas (Carga de soldagem) (kg) | 250

**Obtidas para o grau ISO 220.

Janeiro/2011

LUBMX kL] PETROBRAS

Figura C.1 - Especificacao do 6leo (Folheto comercial Lubrax, 2011).
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ANEXO D - Tabela de coeficientes de vazao.

MANUAL DE MEDICAO DE VAZAO

TABELA IIl.da Coeficientes de vazio (C’E - f?) para tubos de pequenos didmetros

COEFICIENTES DE VAZAO (C'E $?)
D = 15mm D = 20 mm D = 25 mm D = 30 mm
B B
1000 B, 1000 B, 1000 B, 1000 B,
4 2 ictuatiol.. / 2 S S ) . 2 it 4 2 P nihsbabafiod.
CE if A, CE C'E B e CE CE .B Az CE GIE: :f & CE
0,10 | 0,006066 1,1366 0,006047 0,7764 0,006036 0,5592 0,006029 0,4139 0,10
0,11 | 0,007340 1,1377 0,007317 0,7775 0,007304 0,5604 0,007295 0,4151 0,11
0,12 | 0,008735 1,1391 0,008709 0,7790 0,008692 0,5619 0,008682 0,4167 0,12
0,13 | 0,010252 1,1409 0,010221 0,7809 0,010202 0,5638 0,010189 0,4187 0,13
0,14 | 0,011891 1,1432 0,011854 0,7833 0,011833 0,5663 0,011818 0,4212 0,14
0,15 ] 0,013651 1,1461 0,013609 0,7863 0,Q13584 0,5694 0,013567 0,4243 0,15
0,16 | 0,015534 1,1495 0,015486 0,7899 0,015457 0,5731 0,015438 0,4281 0,16
0,17 | 0,017538 1,1537 0,017484 0,7943 0,017451 0,5776 0,017430 0,4327 0,17
0,18 | 0,019664 1,1587 0,019603 0,7995 0,019567 0,5830 0,019543 0.4381 0,18
0,19 | 0,021913 1,1646 0,021845 0,8057 0,021805 0,5893 0,021778 0,4446 0,19
0,20 | 0,024284 1,1715 0,024209 0,8129 0,024164 0,5967 0,024134 0,4521 0,20
0,21 | 0,026779 1,1795 0,026696 0,8213 0,026646 0,6053 0,026613 0,4609 0,21
0,22 | 0,029396 1,1888 0,029305 0,8310 0,029251 0,6153 0,029214 04710 0,22
0,23 | 0,032138 1,1993 0,032038 0,8421 0,031978 0,6267 0,031938 0,4826 0,23
0,24 | 0,035003 1,2114 0,034895 0,8547 0,034829 0,6396 0,034786 0,4958 0,24
0,25 | 0,037994 1,2250 0,037876 0,8690 0,037805 0,6543 0,037757 0,5107 0,25
0,26 | 0,041110 1,2404 0,040981 0,8851 0,040904 0,6708 0,040853 0,5276 0,26
0,27 | 0,044351 1,2577 0,044213 0,9032 0,044130 0,6894 0,044074 0,5464 0,27
0,28 | 0,047720 1,2769 0,047570 0,9233 0,047481 0,7101 0,047421 0,5675 0,28
0,29 | 0,051216 1,2983 0,051055 0,9457 0,050959 0,7331 0,050894 0,5909 0,29
0,30 | 0,054841 1,3220 0,054668 0,9706 0,054564 0,7586 0,054495 0,6169 0,30
0,31 | 0,058596 1,3482 0,058410 0,9980 0,058299 0,7868 0,058225 0,6456 0,31
0,32 | 0,062482 1,3770 0,062283 1,0282 0,062164 0,8178 0,062084 0,6771 0,32
0,33 | 0,066499 1,4086 0,066287 1,0612 0,066159 0,8518 0,066074 0,7117 0,33
0,34 | 0,070651 1,4431 0,070424 1,0974 0,070288 0,8889 0,070197 0,7495 0,34
0,35 | 0,074937 1,4808 0,074695 1,1368 0,074550 0,9294 0,074453 0,7907 0,35
0,36 | 0,079361 1,5217 0,079103 1,1797 0,078948 0,9735 0,078845. 0,8355 0,36
0,37 | 0,083923 1,5661 0,083649 1,2262 0,083484 1,0213 0,083374 0,8842 0,37
0,38 | 0,088625 1,6142 0,088334 1,2766 0,088159 1,0730 0,088043 0,9368 0,38
0,39 | 0,093471 1,6660 0,093162 1,3309 0,092976 1,1288 0,092852 0.,9936 0,39
0,40 | 0,098462 1,7219 0,098134 1,3895 0,097937 1,1889 0,097805 1,0548 0,40
0,41 | 0,103601 1,7819 0,103253 1,4524 0,103044 1,2536 0,102904 1,1206 0,41
0,42 | 0,108891 1,8464 0,108521 1,5199 0,108300 1,3229 0,108152 1,1912 0,42
0,43 | 0,114334 1,9153 0,113942 1,5921 0,113707 1,3972 0,113551 1,2667 0.43
0,44 | 0,119933 1,9890 0,119519 1,6694 0,119270 1,4765 0,119104 1,3475 0,44
0,45 | 0,125693 2,0677 0,125255 1,7518 0,124991 1,5612 0,124816 1.4337 0.45
0,46 | 0,131617 2,1514 0,131153 1,8395 0,130874 1,6514 0,130688 15255 0,46
0,47 | 0,137709 2,2404 0,137217 1,9328 0,136922 1,7473 0,136726 1,6231 0,47
0,48 | 0,143972 2,3349 0,143452 2,0319 0,143140 1,8491 0,142932 1,7267 0,48
0,49 | 0,150412 2,4351 0,149862 2,1369 0,149532 1,9570 0,149312 1,8366 0.49
0,50 | 0,157034 2,5411 0,156452 2,2481 0,156103 2,0712 0,155870 1,9529 0,50
0,51 | 0,163841 2,6531 0,163226 2,3656 0,162857 2,1920 0,162611 2,0758 0,51
0,52 | 0,170841 2,7714 0,170190 2,4896 0,169800 2,3195 0,169540 2,2056 0,52
0,53 | 0,178038 2,8962 0,177350 2,6204 0,176938 2,4540 0,176662 2,3426 0,53
0,54 | 0,185439 3,0276 0,184712 2,7582 0,184275 2,5956 0,183984 2,4868 0,54
0,55 | 0,193051 3,1658 0,192281 2,9033 0,191820 2,7447 0,191512 2,6386 0,55
0,56 | 0,200880 3,3112 0,200066 3,0558 0,199578 29015 0,199253 2,7983 0,56
0,57 | 0,208934 3,4639 0,208074 3,2160 0,207558 3,0663 0,207214 2,9660 0,57
0,58 | 0,217221 3,6242 0,216312 3,3842 0,215766 3,2392 0,215402 3,1422 0,58
0,59 | 0,225751 3,7924 0,224789 3,5608 0,224211 3,4208 0,223826 3,3271 0,59
0,60 | 0,234532 3,9689 0,233514 3,7460 0,232903 36113 0,232496 3,5211 0,60
0,61 | 0,243574 4,1540 0,242497 3,9403 0,241851 38112 0,241420 3,7247 0,61
0,62 | 0,252889 4,3482 0,251749 4,1442 0,251066 4,0209 0,250610 3,9383 0,62
0,63 | 0,262489 4,5520 0,261282 4,3582 0,260558 4,2410 0,260076 4,1625 0,63
0,64 | 0,272386 4,7660 0,271109 4,5828 0,270342 4,4721 0,269831 4,3980 0,64
0,65 | 0,282594 4,9908 0,281242 4,8190 0,280431 4,7151 0,279890 4,6455 0,65
0,66 | 0,293131 5,2273 0,291699 5,0674 0,290839 49707 0,290266 4,9059 0,66
0,67 | 0,304013 5,4765 0,302495 5,3291 0,301585 5,2400 0,300978 5,1802 0,67
0,68 | 0,315260 5,7394 0,313651 5,6053 0,312686 5,5242 0,312043 5,4699 0,68
0,69 | 0,326894 6,0175 0,325189 5,875 0,324165 5,8249 0,323483 5,7762 0,69
© 0,70 | 0,338940 6,3122 0,337131 6,2072 0,336046 6,1436 0,335322 6,1010 0,70
0,71 | 0,351426 6,6255 0,349507 6,5364 0,348355 6,4824 0,347587 6,4462 0,71
0,72 | 0,364386 6,9595 0,362347 6,887¥% 0,361125 6,8436 0,360309 6,8143 0,72
0,73 | 0,377855 7,3167 0,375690 7,2627 0,374390 7,2300 0,373524 7,2081 0,73
0,74 | 0,391878 7,7000 0,389576 7,6655 0,388194 7,6447 0,387273 7,6307 0,74
0,75 | 0,406504 8,1128 0,404054 8,0994 0,402584 8,0913 0,401604 8,0858 0,75
0,76 | 0,421792 8,5590 0,419182 8,5684 0,417616 8,5740 0,416572 8,5779 0,76
0,77 | 0,437809 9,0429 0,435026 9,0771 0,433356 9,0978 0,432243 9,1116 0,77
0,78 | 0,454634 9,5697 0,451663 9,6308 0,449880 9,6678 0,448692 9,6927 0,78
0,79 | 0,472363 10,1449 0,469186 10,2355 0,467280 10,2904 0,466010 10,3273 79
0,80 | 0,491104 10,7749 0,487702 10,8978 0,485661 10,9724 0,484301 11,0224 0,80

Figura D.1 — Tabela de coeficientes de vazdo (Delmée, G. 1982).

66




APENDICE A - Planilha de célculo da densidade da agua utilizada

Baldo de vidro com capacidade aferida de: 1 L
Tara do balédo: 258,10 g

Balanca digital GEHAKA modelo BG 2000
Capacidade maxima: 2.000,00 g

Divisédo: 0,01 g

Tabela A.1 — Planilha de célculo para determinac¢do da densidade da agua.

Massas

Evento |Volume (L)| Tara(g) Total (g) Agua (g) | Especifica (kg/m?3)

1 1,00 258,10 1.254,55 996,45 996,45

2 1,00 258,10 1.254,75 996,65 996,65

3 1,00 258,10 1.254,79 996,69 996,69

4 1,00 258,10 1.254,48 996,38 996,38

5 1,00 258,10 1.254,67 996,57 996,57
Média 1,00 258,10 1.254,65 996,55 996,55

Massa especifica da dgua utilizada no experimento: 996,55 kg/m?3
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APENDICE B - Planilha de dados bomba regenerativa agua (reciclo na caixa).

Tabela B.1 — Dados da bomba regenerativa (dgua) utilizando agua como fluido.

Determinacdo da curva da bomba CORE ALOW
Bomba de Agua Data: 17/08/2012 Rev.: 1
Motor: 1HP
Ensaio: Agua Temp.: 21°C p = 996,55 Kg/m"> - Calculado através de amostra

Registro |FrequénciajRotacdo] Pman | Massa T.] Tara | Massal.] Tempo| Vazdo Calc. |Vazdo Rotam.

Hz rpm kgf/cm2 kg Kg kg seg I/min m3h I/min
Shut Off 60 3.560 1,600 0,000 0,000 0,000 0,00 0,00 | 0,000 0
2 60 3.560 1,375 3,970 0,683 3,287 40,65 4,87 0,292 5
3 60 3.560 [ 1,050 4,470 0,683 3,787 22,07 | 10,33 | 0,620 10
4 60 3.560 | 0,750 5,100 0,683 4,417 16,56 16,06 | 0,964 15
5 60 3.560 | 0,475 7,490 0,683 6,807 18,78 21,82 | 1,309 20
Aberto 60 3.560 | 0,100 7,540 0,683 6,857 13,97 | 29,55 | 1,773 |Fim de escala

Registro |FrequéncialRotacdo] Pman | Massa T.] Tara | MassalL.] Tempo| Vazdo Calc. |Vazido Rotam.

Hz rpm | kgflem? kg Kg kg seg I/min | m%h I/min
Shut Off 50 2.986 | 1,140 0,000 0,000 0,000 0,00 0,00 [ 0,000 0
2 50 2.986 [ 0,950 8,020 0,683 7,337 96,46 4,58 | 0,275 5
3 50 2.986 | 0,700 7,600 0,683 6,917 41,93 9,93 [ 0,596 10
4 50 2.986 | 0,450 7,620 0,683 6,937 26,19 | 15,95 | 0,957 15
5 50 2.986 | 0,250 5,710 0,683 5,027 14,46 | 20,93 | 1,256 20
Aberto 50 2.986 | 0,150 8,090 0,683 7,407 18,15 | 24,57 | 1,474 |Fim de escala

Registro |FrequéncialRotacdo] Pman | Massa T.] Tara | MassalL.] Tempo| Vazdo Calc. |Vazdo Rotam.

Hz rom | kgficm? kg Kg kg seg I/min | m¥%h I/min
Shut Off 45 2.690 | 0,900 0,000 0,000 0,000 0,00 0,00 | 0,000 0
2 45 2.690 | 0,700 4,830 0,683 4,147 51,44 485 | 0,291 5
3 45 2.690 | 0,600 6,000 0,683 5,317 31,13 10,28 | 0,617 10
4 45 2.690 | 0,500 5,980 0,683 5,297 19,93 | 16,00 | 0,960 15
5 45 2.690 | 0,400 6,920 0,683 6,237 18,13 | 20,71 | 1,243 20
Aberto 45 2.690 | 0,200 8,390 0,683 7,707 21,25 | 21,84 | 1,310 |Fim de escala

Registro |FrequéncialRotacdo] Pman | Massa T.] Tara | MassalL.] Tempo| Vazdo Calc. |Vazdo Rotam.

Hz rom | kgflcm? kg Kg kg seg I/min | m¥%h l/min
Shut Off 40 2.391 | 0,750 0,000 0,000 0,000 0,00 0,00 | 0,000 0
2 40 2.391 0,550 4,600 0,683 3,917 48,06 491 0,294 5
3 40 2.391 0,450 5,410 0,683 4,727 36,94 7,70 0,462 8
4 40 2.391 0,370 6,320 0,683 5,637 33,32 10,19 | 0,611 10
5 40 2.391 0,300 5,780 0,683 5,097 23,25 13,20 | 0,792 13
Aberto 40 2.391 | 0,100 7,240 0,683 6,557 20,03 19,71 ] 1,183 19

Registro |FrequéncialRotacdo] Pman | MassaT.] Tara | Massal.|] Tempo] Vazdo Calc. |Vazdo Rotam.

Hz rpm | kgflem? kg Kg kg seg I/min | m%nh I/min
Shut Off 35 2.097 | 0,550 0,000 0,000 0,000 0,00 0,00 [ 0,000 0
2 35 2.097 | 0,400 5,600 0,683 4,917 55,28 5,36 [ 0,321 5
3 35 2.097 | 0,350 6,080 0,683 5,397 43,09 7,54 | 0,452 8
4 35 2.097 | 0,250 7,640 0,683 6,957 40,13 | 10,44 | 0,626 10
5 35 2.097 | 0,200 6,360 0,683 5,677 26,19 | 13,05 | 0,783 13
Aberto 35 2.097 | 0,100 6,800 0,683 6,117 21,75 | 16,93 | 1,016 16
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APENDICE C - Planilha de dados bomba regenerativa 6leo (reciclo na caixa)
utilizando placa de orificio de 15,15 mm.

Tabela C.1 - Dados da bomba regenerativa (6leo) utilizando placa de orificio de 15,15 mm

e dgua como fluido.
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Bomba de
Motor:
Ensaio:

Determinagdo da curva da bomba

Oleo
2 HP
Agua

Temp.:

22°C

Placa de orificio utilizada: Acrilica com 15,15 mm de diametro.

CORE FLOW

Data:

p =996,55 Kg/m?

18/09/2012

9:00h

Rev.: 1

- Calculado através de amostra
Diametro interno tubulacao: 27,2 mm

Registro | Frequénc.| Rotacdo| Pman | Massa T.| Tara | MassaL.| Tempo | Vazéao Calc. Presséo Difer.
Hz rom | kgf/ien? kg Kg kg seg I/min m’/h Placa (cm Hg)

Shut Off 60 3.527 | 4,100 0,000 0,000 [ 0,000 0,00 0,00 0,000 0,0

2 60 3.527 1,660 9,240 0,646 8,594 22,35 23,15 1,389 4,0

3 60 3.527 1,340 9,430 0,646 8,784 18,78 28,16 1,690 7,0

4 60 3.527 0,860 9,370 0,646 8,724 14,91 35,23 2,114 10,0

5 60 3.527 0,600 9,540 0,646 8,894 13,47 39,75 2,385 13,0

Aberto 60 3.527 0,200 9,470 0,646 8,824 11,28 47,10 2,826 18,2
Registro | Frequénc.] Rotacdo | Pman | Massa T.| Tara | MassalL.|] Tempo | Vazdao Calc. Presséo Difer.
Hz rpm | kgflem?® kg Kg kg seg I/min m’/h Placa (cm Hg)

Shut Off 50 2.917 3,200 0,000 0,000 0,000 0,00 0,00 0,000 0,0

2 50 2.917 2,900 2,180 0,660 1,520 45,91 1,99 0,120 0,2

3 50 2.917 | 2,200 5,660 0,660 | 5,000 33,06 9,11 0,546 0,6

4 50 2.917 1,500 7,240 0,660 6,580 23,78 16,66 1,000 2,3

5 50 2.917 | 0,700 8,020 0,660 | 7,360 14,75 30,04 1,803 6,7

Aberto 50 2.917 | 0,000 7,780 0,660 [ 7,120 10,65 40,25 2,415 13,0
Registro | Frequénc.] Rotacdo | Pman | Massa T.| Tara | MassaL.| Tempo Vaz&o Calc. Presséo Difer.
Hz rpm | kgficn? kg Kg kg seg I/min m’/h Placa (cm Hg)

Shut Off 45 2.600 2,550 0,000 0,000 0,000 0,00 0,00 0,000 0,0

2 45 2.600 | 2,000 4,560 0,660 | 3,900 57,94 4,05 0,243 0,2

3 45 2.600 | 1,500 6,000 0,660 | 5,340 30,72 10,47 0,628 0,8

4 45 2.600 | 1,000 7,300 0,660 [ 6,640 22,00 18,17 1,090 2,4

5 45 2.600 | 0,500 9,260 0,660 | 8,600 18,95 27,32 1,639 5,7

Aberto 45 2.600 | 0,000 7,860 0,660 [ 7,200 12,00 36,12 2,167 10,6
Registro | Frequénc.] Rotacdo | Pman | Massa T.| Tara | MassalL.|] Tempo | Vazdao Calc. Presséo Difer.
Hz rpm | kgficn?® kg Kg kg seg I/min m’/h Placa (cm Hg)

Shut Off 40 2.345 | 2,000 0,000 0,000 | 0,000 0,00 0,00 0,000 0,0

2 40 2.345 | 1,400 6,340 0,660 [ 5,680 44,43 7,70 0,462 0,2

3 40 2.345 | 1,100 5,900 0,660 | 5,240 29,28 10,77 0,646 0,8

4 40 2.345 | 0,800 7,800 0,660 | 7,140 26,25 16,38 0,983 2,0

5 40 2.345 | 0,400 8,140 0,660 [ 7,480 18,34 24,56 1,473 4,2

Aberto 40 2.345 | 0,000 8,200 0,660 | 7,540 15,19 29,89 1,793 8,3
Registro | Frequénc.] Rotacdo | Pman | Massa T.| Tara | MassalL.|] Tempo | Vazdéo Calc. Presséo Difer.
Hz rpm | kgf/en? kg Kg kg seg I/min m/h Placa (cm Hg)

Shut Off 35 2.037 1,330 0,000 0,000 | 0,000 0,00 0,00 0,000 0,0

2 35 2.037 | 0,380 9,610 0,646 | 8,964 30,87 17,48 1,049 2,0

3 35 2.037 | 0,270 9,600 0,646 | 8,954 26,94 20,01 1,201 3,0

4 35 2.037 | 0,180 9,560 0,646 | 8,914 23,81 22,54 1,352 4,0

5 35 2.037 | 0,100 9,500 0,646 | 8,854 20,97 25,42 1,525 5,0

Aberto 35 2.037 | 0,040 9,480 0,646 | 8,834 19,78 26,89 1,613 6,0
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APENDICE D - Planilha de dados bomba regenerativa 6leo (reciclo na caixa)

utilizando 6leo como fluido.

Tabela D 1 — Dados da Bomba Regenerativa (6leo) em reciclo na caixa bombeando 6éleo.

Ensaio da Bomba Regenerativa (6leo) utilizando 6leo como fluido em reciclo na caixa.

Bombade: Oleo Data: 26/09/2012 Rev.: 1
Motor: 2 HP
Ensaio: Oleo  p= 0,917 kg/m? - conforme especificacdo do fabricante.

Registro |Frequéncia Rotacdo] Pman |Massa T] Tara |[Massal.| Tempo Vazéao Calc.

Hz rpm | kgficm? kg Kg kg seg I/min m>h

Shut Off 60 3.527 2,85 0,000 | 0,000 0,000 0,00 0,00 0,00
2 60 3.514 2,49 8,870 | 0,680 8,190 180,97 2,96 0,178

3 60 3.500 2,00 8,260 0,700 7,560 67,47 7,33 0,440

4 60 3.486 1,55 8,400 0,680 7,720 45,28 11,16 0,669

5 60 3.486 1,25 7,860 0,690 7,170 36,06 13,01 0,781
Aberto 60 3.472 0,85 8,280 0,680 7,600 32,34 15,38 0,923

Registro |Frequéncia Rotacdo|] Pman |[Massa T] Tara |[Massal.| Tempo Vazéao Calc.

Hz rpm | kaficm? kg Kg kg seg I/min m®/h

Shut Off | 50 2931 | 1,94 | 0,000 | 0,000| 0,000 | 0,00 0,00 0,00
2 50 2.927 1,60 8,400 0,700 7,700 153,16 3,29 0,197

3 50 2.928 1,30 8,540 0,700 7,840 79,41 6,46 0,388

4 50 2.926 1,00 8,500 0,700 7,800 54,13 9,43 0,566

5 50 2.928 0,69 8,720 0,690 8,030 43,62 12,05 0,723
Aberto 50 2.933 0,36 8,500 0,680 7,820 35,28 14,50 0,870

Registro |Frequéncia Rotacdo|l Pman |[Massa T|] Tara |MassalL.] Tempo Vazéao Calc.

Hz rpm | kgficm? kg Kg kg seg I/min m®h

Shut Off 45 2.643 1,60 0,000 0,000 0,000 0,00 0,00 0,00
2 45 2.638 1,30 9,000 | 0,680 8,320 176,63 3,08 0,185

3 45 2.638 1,00 8,660 | 0,690 7,970 77,59 6,72 0,403

4 45 2.642 0,79 8,680 | 0,690 7,990 59,66 8,76 0,526

5 45 2.645 0,49 8,630 | 0,680 7,950 43,88 11,85 0,711
Aberto 45 2.637 0,30 9,480 | 0,700 8,780 42,47 13,53 0,812

Registro |Frequéncia Rotacdo|] Pman |[Massa T] Tara |[Massal.| Tempo Vazéao Calc.

Hz rpm | kgficm? kg Kg kg seg I/min m®h

Shut Off 40 2.349 1,22 0,000 | 0,000 0,000 0,00 0,00 0,00
2 40 2.346 1,01 9,020 | 0,680 8,340 173,06 3,15 0,189

3 40 2.345 0,81 8,720 0,680 8,040 91,22 577 0,346

4 40 2.345 0,60 8,700 0,680 8,020 65,62 8,00 0,480

5 40 2.347 0,40 8,620 0,680 7,940 51,09 10,17 0,610
Aberto 40 2.347 0,22 8,360 0,680 7,680 41,81 12,02 0,721
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APENDICE E - Planilha de determinacéo das vazdes de 6leo a partir

das vazbes totais — em padrao CAF.

Tabela E.1 — Determinac&o das vazfes de Oleo a partir das vazdes totais —em padrdo CAF.

Oleo Oleo Oleo Balde Massa CAF Tempo de | Rotametro
Rotacdo| Frequéncia |Pressédo Descarga Tara Bruta Liquida coleta Vaz&do Agua
RPM Hz kgflcm?2 Kg Kg kg segundos I/min
2.345 40 0,59 0,500 13,620 13,120 49,880 6,50
2.645 45 0,60 0,860 12,940 12,080 43,190 7,00
2.928 50 0,60 0,700 12,540 11,840 36,030 7,00
3.486 60 0,30 0,800 15,460 14,660 25,500 6,50

Valores considerados no calculo das vazodes:

Oleo - p =917,00 kg/m? - dado do fabricante
Agua - p = 996,55 kg/m?® - conforme ensaio

Polindmio utilizado para afericdo da vaz&o da agua:

V., =0,0032 x V,2 + 1,0026 x V, + 0,0479

Conforme Figura 4.4 - Item 4.1.3 - Rotametro. Sendo: Va - vazao aferida da agua (I/min)
Vr - vazao no rotametro (I/min)
Oleo Oleo Oleo Rotametro Rotametro
Rotacdo| Frequéncia |Pressao Descarga Vazdo Agua Vazao Aferida
RPM Hz kgflcm? [/min I/min
2.345 40 0,59 6,50 6,70
2.645 45 0,60 7,00 7,22
2.928 50 0,60 7,00 7,22
3.486 60 0,30 6,50 6,70
Oleo Oleo Massa de agua | Massade | Volume Vazéo do 6leo Razdo de
Rotagdo| Frequéncia na amostra 6leo de 6leo em CAF volumes
RPM Hz kg kg litros I/min m3/h Oleo/dgua
2.345 40 5,551 7,569 8,254 9,93 0,596 15:1
2.645 45 5,181 6,899 7,523 10,45 0,627 14:1
2.928 50 4,322 7,518 8,198 13,65 0,819 19:1
3.486 60 2,838 11,822 12,892 30,34 1,820 45:1
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APENDICE F - Planilhas de dados para determinacéo das

poténcias das bombas de 6leo e agua (simples).

Tabela F.1 — Bomba de Oleo

Tabela F.2 - Bomba de Agua

Frequéncia: 60 Hz RPM: 3.498 Frequéncia: 35Hz RPM: 2.097
Medigbes|Alavanca | Forga Poténcia Medigoes|Alavanca| Forga [Poténcia
cm N W cm N W
1 79,0 33,41 9.668,36 1 21,8 22,16 |1.060,85
2 89,0 33,61 | 10.957,41 2 26,1 23,72 |[1.359,51
Média 10.312,89 Média 1.210,18
Frequéncia: 50Hz RPM: 2.929
Medigbes|Alavanca | Forga Poténcia
cm N W
1 79,0 33,49 8.115,05
2 89,0 33,12 | 9.041,27
Média 8.578,16
Frequéncia: 45Hz RPM: 2.641
Medigbes|Alavanca | Forga Poténcia
cm N W
1 79,0 34,19 7.470,06
2 89,0 33,58 | 8.265,49
Média 7.867,78
Frequéncia: 40Hz RPM: 2.347
Medig¢Ges|Alavanca| Forga Poténcia
cm N w
1 79,0 34,05 6.611,30
2 89,0 33,40 | 7.305,99
Média 6.958,65
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APENDICE G - Planilha de dados para determinacdo das

poténcias das bombas de 6leo e agua em CAF.

Tabela G.1 — Dados para determinacéo das poténcias das bombas regenerativas em CAF.

Total
Bomba de Oleo Bomba de Agua CAF

Frequéncia: 60 Hz RPM: 3.498 Frequéncia: 35 Hz RPM: 2.097 0-60 Hz

Medi¢des | Alavanca| Forga Poténcia MedicGes | Alavanca| For¢a |Poténcia A-35Hz
cm N W cm N W

1 79,0 24,76 7.165,18 1 21,8 22,16 |1.060,85 8.226,03

2 89,0 23,99 7.821,13 2 26,1 23,72 |1.359,51 9.180,65

Média 7.493,16 Média 1.210,18 8.703,34

Frequéncia: 50 Hz RPM: 2.929 Frequéncia: 35 Hz RPM: 2.097 0-50 Hz

Medicbes | Alavanca| Forga Poténcia MedigOes | Alavanca| For¢a |Poténcia A-35Hz
cm N w cm N w

1 79,0 25,88 6.271,05 1 21,8 22,16 |1.060,85 7.331,90

2 89,0 24,99 6.821,90 2 26,1 23,72 |1.359,51 8.181,41

Média 6.546,48 Média 1.210,18 7.756,66

Frequéncia: 45 Hz RPM: 2.641 Frequéncia: 35 Hz RPM: 2.097 0-45 Hz

Medigcdes | Alavanca| Forga Poténcia MedigOes | Alavanca| For¢a |Poténcia A-35Hz
cm N w cm N \

1 79,0 24,53 5.359,48 1 21,8 22,16 |1.060,85 6.420,33

2 89,0 23,80 5.858,21 2 26,1 23,72 |1.359,51 7.217,72

Média 5.608,85 Média 1.210,18 6.819,03

Frequéncia: 40 Hz RPM: 2.347 Frequéncia: 35 Hz RPM: 2.097 0-40 Hz

Medigcdes | Alavanca| Forga Poténcia MedigOes | Alavanca| For¢a |Poténcia A-35Hz
cm N w cm N \

1 79,0 24,55 | 4.766,74 1 21,8 22,16 |1.060,85 5.827,59

2 89,0 27,36 5.984,79 2 26,1 23,72 |1.359,51 7.344,30

Média 5.375,76 Média 1.210,18 6.585,95
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APENDICE H - Planilha comparativa das poténcias necessarias
ao bombeamento de 6leo em relacdo a agua e 6leo (CAF).

Tabela H.1 — Comparativo das poténcias necessarias ao hombeamento de

6leo em relacado a agua e 6leo.

Agua+Oleo

Total Economia
Oleo CAF
RPM 3.498 0-60 Hz Reducdo
0-60 Hz | Poténcia A-35Hz
w W
9.668,36 8.226,03
10.957,41 9.180,65
10.312,89 ==> 8.703,34 ==> 15,61%
RPM 2.929 O-50 Hz
O-50 Hz | Poténcia A-35Hz
W W
8.115,05 7.331,90
9.041,27 8.181,41
8.578,16 ==> 7.756,66 ==> 9,58%
RPM 2.641 0-45 Hz
0-45 Hz | Poténcia A-35Hz
W W
7.470,06 6.420,33
8.265,49 7.217,72
7.867,78 ==> 6.819,03 ==> 13,33%
RPM 2.347 0-40 Hz
0O-40 Hz | Poténcia A-35Hz
wW W
6.611,30 5.827,59
7.305,99 7.344,30
6.958,65 ==> 6.585,95 ==> 5,36%
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APENDICE | - Planilha de dados referentes a perda de carga

no bombeio de 6leo e agua.

Tabelal.l — Perda de carga nos pontos M4 e M5 a jusante do injetor,

obtida utilizando-se 6leo como fluido..

Frequéncia| Vazao de oleo | Perda de Carga - Ah
Hz [/min me/h mca kgf/cn?
40 9,93 | 0,596 0,80 0,08
45 10,45 | 0,627 0,90 0,09
50 13,65 | 0,819 1,00 0,10
60 30,34 | 1,820 1,20 0,12

Tabela |.2 — Perda de carga nos pontos M4 e M5 a jusante do injetor,

obtida utilizando-se agua como fluido.

Frequéncia| Vazao de agua | Perda de Carga - Ah
Hz [/min mé/h mca kgf/cme
60 6,70 | 0,402 0,022 0,0022

Tabela I.3 — Perda de carga nos pontos M4 e M5 a jusante do injetor,

obtida utilizando-se 6leo agua em padrdo CAF.

Frequéncia| Vazéo CAF Perda de Carga - Ah
Hz [/min me/h mca kgf/cme
50/35 20,87 | 1,252 0,035 0,0035
60/35 37,04 | 2,222 0,050 0,0050
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APENDICE J - Fotos dos padrées CAF obtidos no experimento.

Figura J.3 — Vazao de 6 I/min Figura J.4 — Trecho ap6s injetor

Figura J.6 — Trecho Superior
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Figura J.5 - Trecho Ascendente
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APENDICE J - Fotos dos padrdes CAF obtidos no experimento (continuag&o).

Figura J.6 - Presséo de 0,46 Kg/cm? Figura J.7 — Freq. 40 Hz(6leo) e 35 Hz(agua)

Figura J.8 — Vazé&o de 7 I/min
Figura J.9 — Trecho apés injetor
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Figura J.11 — Trecho Superior

Figura J.10 — Trecho Ascendente
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APENDICE J - Fotos dos padrdes CAF obtidos no experimento (continuag&o)
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\ il Figura J.13 — Trecho Inferior
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Figura J.12 — Curva Descendente

Figura J.14 - Presséo de 0,57 Kg/cm?2 Figura J.15 — Freq. 45 Hz(6leo) e 35 Hz(agua)




Figura J.16 — Vazéo de 7 I/min Figura J.17 — Trecho ap0s injetor
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APENDICE J - Fotos dos padrdes CAF obtidos no experimento (continuag&o).

Figura J.19 — Trecho Superior

Figura J.18 — Trecho Ascendente

Figura J.20 — Trecho Superior
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Figura J.21 — Curva Descendente Figura J.22 — Trecho Inferior
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APENDICE J - Fotos dos padrdes CAF obtidos no experimento (continuag&o).

Figura J.23 - Presséo de 0,22 Kg/cm? Figura J.24 — Freq. 50 Hz(6leo) e 35 Hz(agua)

Figura J.25 — Vazdo de 6,5 I/min Figura J.26 — Trecho ap6s injetor

Figura J.28 — Trecho Superior
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Figura J.27 — Trecho Ascendente
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APENDICE J - Fotos dos padrdes CAF obtidos no experimento (continuag&o).
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Figura J.30 — Trecho Inferior

Figura J.29 — Curva Descendente




Figura J.33 —Vazao de 7 I/min Figura J.34 — Trecho ap6s injetor
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APENDICE J - Fotos dos padrdes CAF obtidos no experimento (continuag&o).

Figura J.36 — Trecho Superior

Figura J.35 — Trecho Ascendente

Figura J.37 — Trecho Superior
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Figura J.38 — Curva Descendente Figura J.39 — Cesta Pré Separadora

Emulsionada
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