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SPECIAL NOTES

API publications necessarily address problems of a general nature. With respect to partic-
ular circumstances, local, state, and federal laws and regulations should be reviewed.

API is not undertaking to meet the duties of employers, manufacturers, or suppliers to
warn and properly train and equip their employees, and others exposed, concerning health
and safety risks and precautions, nor undertaking their obligations under local, state, or fed-
eral laws.

Information concerning safety and health risks and proper precautions with respect to par-
ticular materials and conditions should be obtained from the employer, the manufacturer or
supplier of that material, or the material safety data sheet.

Nothing contained in any API publication is to be construed as granting any right, by
implication or otherwise, for the manufacture, sale, or use of any method, apparatus, or prod-
uct covered by letters patent. Neither should anything contained in the publication be con-
strued as insuring anyone against liability for infringement of letters patent.

Generally, API standards are reviewed and revised, reaffirmed, or withdrawn at least every
five years. Sometimes a one-time extension of up to two years will be added to this review
cycle. This publication will no longer be in effect five years after its publication date as an
operative API standard or, where an extension has been granted, upon republication. Status
of the publication can be ascertained from the API Upstream Segment [telephone (202) 682-
8000]. A catalog of API publications and materials is published annually and updated quar-
terly by API, 1220 L Street, N.W., Washington, D.C. 20005, www.api.org.

This document was produced under API standardization procedures that ensure appropri-
ate notification and participation in the developmental process and is designated as an API
standard. Questions concerning the interpretation of the content of this standard or com-
ments and questions concerning the procedures under which this standard was developed
should be directed in writing to the standardization manager, American Petroleum Institute,
1220 L Street, N.W., Washington, D.C. 20005, standards(@api.org. Requests for permission
to reproduce or translate all or any part of the material published herein should also be
addressed to the general manager.

API standards are published to facilitate the broad availability of proven, sound engineer-
ing and operating practices. These standards are not intended to obviate the need for apply-
ing sound engineering judgment regarding when and where these standards should be
utilized. The formulation and publication of API standards is not intended in any way to
inhibit anyone from using any other practices.

Any manufacturer marking equipment or materials in conformance with the marking
requirements of an API standard is solely responsible for complying with all the applicable
requirements of that standard. API does not represent, warrant, or guarantee that such prod-
ucts do in fact conform to the applicable API standard.

All rights reserved. No part of this work may be reproduced, stored in a retrieval system, or
transmitted by any means, electronic, mechanical, photocopying, recording, or otherwise,

without prior written permission from the publisher. Contact the Publisher,
API Publishing Services, 1220 L Street, N.W., Washington, D.C. 20005.
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API publications may be used by anyone desiring to do so. Every effort has been made by
the Institute to assure the accuracy and reliability of the data contained in them; however, the
Institute makes no representation, warranty, or guarantee in connection with this publication
and hereby expressly disclaims any liability or responsibility for loss or damage resulting
from its use or for the violation of any federal, state, or municipal regulation with which this
publication may conflict.

Suggested revisions are invited and should be submitted to the standardization manager,
American Petroleum Institute, 1220 L Street, N.W., Washington, D.C. 20005.

il
Copyright American Palraleumn Institute

Pravidad by IHS under licensa with AP
Mo reproduction or natwarking parmitted without licansa fram IHS Mot tar Rasala



Copyright American Palraleumn Institute
Pravided by IHS under licensa with AP
Mo reproduction or natwarking parmitted without licansa fram IHS Mot tar Rasala



CONTENTS

Page

2 REFERENCES . . ... e s
2.1 Standards . ... .. e e e e
2.2 Other References . . ... .o e

4 BASIC CONCEPTS .
4.1 Flow Regimes .
42  Viscosity......
4.3 Shear Stress . ..
4.4 ShearRate ........ e
4.5 Relationship of Shear ‘itrﬂqq 'md Shear Rate c.

h e e L0 LD W

5> TYPES OF FLUIDS .
5.1 Description.........
5.2 Newtonian Fluids. . . .
5.3 Non-newtonian Fluids . . . ..

5.4 Rheological Models. .

6 EQUIPMENT FOR MEASUREMENT OF RHEOLOGICAL PROPERTIES . . ...
6.1  Orifice Viscometer-marsh Funnel .
6.2 Concentric Cylinder Viscometer. . ... iininennenenena 1
6.3 Telescopic-shear Viscometer Mndﬂl 5STDL Cnnmqmmeter AP &
6.4 Pipe Viscometer. ...... ll
6.5 Fnrtah]ﬂCaplllary‘v'lqcnmeter P

-] =l

T  DATA ANALYSIS .. e 12
7.1 Dﬂqcrlptlnn 12
7.2 Rheological Flow Curves. . e e 13
7.3 MathﬂmﬁtlcalFIanndelq . P I
7.4 Analysis of Bingham Plastic Mu-del Data R &
7.5 MathﬂmﬂtlcalAm]ysmnfl’nwerLaw[}ata..................‘......... 17
7.6  Effects of Temperature and Pressure on Viscosity ....................... I8

8 APPLICATION OF RHEOLOGICAL DATA ...... ... ... ... .. 19
8.1  Description. .. ....o.utit e 19
8.2 FrictionLossInPipe ......... ... i i e 19
8.3 FrictionLossinanAnnulus. .. ......... ... .. . i 20
8.4 FrictionLossinBitNozzles ............... ... ... ... i 21
8.5 Hydrostatic Pressure Gradient. .. ........ ... ... ... 21
8.6 Circulating Pressure Gradient . .. .......... ... ... i, 21
8.7 Equivalent Circulating Density .. ........ .. .cooiiiiiiiiiennean... 21
8.8 Standpipe Pressure. . ........ .. e 2]

9 SETTLING VELOCITY OF DRILL CUTTINGS . .......................... 2]
9.1 Description....... P~
9.2 ‘EetthnganartlclqunWatEr PP |
9.3 EﬁtlmﬂtlﬂnDfSEtﬂll‘lgVE]ﬂClt}f...“.......................“...“... 22

Copyright American Palraleumn Institute
Pravidad by IHS under licensa with AP
Mo reproduction or natwarking parmitted without licansa fram IHS Mot tar Rasala



APPENDIX A RHEOLOGICAL EXAMPLE CALCULATIONS. .

APPENDIX B SETTLING VELOCITY EXAMPLE CALCULATIONS . .. ...

Figures

1

OO0 -1 O L B WD

10
11
12
13
14
15
16
17
18
19

20

21

Tables

Copyright American Palraleumn Institute
Pravidad by IHS under licensa with AP
Mo reproduction or natwarking parmitted without licansa fram IHS

Parallel Plates Showing Shear Rate in Fluid-filled Gap as One Plate
Slides Past Another . . . .

Concentric Cylinder Viscometer. . . .

Model 280 . .. ...

Model 35A. ... ..

Model 800 . ... ..

Chan35........

Model 286 . ... ..

Model VTS500 . ..

Model RV20 .

Model 50 SL .

Model 70 . .

Model 75 ............

Model RV20/D100 .. ..

Model 7400 . . e

Model 1000 I—IPI—IT U]qcnmﬁter

Linear Shear Stress—Shear Rate F]th

Log-log Effective Viscosity—Shear RH[E F’lntq :
Downhole Viscosity Correction Factor Water- ha%d Drlllmg Flmd
Downhole Viscosity Correction Factor Containing Asphalt Oil- hEl??.E';d
Drilling Fluids . . e e e
Downhole Vﬁcmlt}f Cm‘rectmn Factnr DII hESEd FIde. Cnntalmng
Oil-wet Inorganic Viscosifiers. . . . .. R

Settling Velocity of Drill Cuttlngq In WﬂtEI‘

Low-temperature, Non-pressurized Concentric Cylinder Viscometers. . . .

High-temperature, Pressurized Concentric Cylinder Viscometers. . .
Equivalent Diameters of Irregularly Shaped Particles . .

Vi

Mat tar Rasala

Page

.. 23
. 27

N

O 0o o0

.. 10
.. 10
.. 10
_
N
.. 13
.. 14
.. 14
.. 14
.. 14
A
U
.19

.19

.. 19
. 22

.
. 22



Recommended Practice on the Rheology and Hydraulics of Oil-well Drilling Fluids

1 Scope

1.1 The objective of this Recommended Practice (RP) is to
provide a basic understanding of and guidance about drilling
fluid rheology and hydraulics, and their application to drilling
operations. The methods for the calculations used herein do
not take into account the effects of temperature and com-
pressibility on the density of the drilling fluid.

1.2 Rheology is the study of the deformation and flow of
matter. Drilling fluid hydraulics pertains to both laminar and
turbulent flow regimes.

1.3 For this RP, rheology is the study of the flow character-
istics of a drilling fluid and how these characteristics affect
movement of the fluid. Specific measurements are made on a
fluid to determine rheological parameters of a fluid under a
variety of conditions. From this information the circulating
system can be designed or evaluated regarding how it will
accomplish certain desired objectives. Drilling fluid rheology
1s important in the following determinations:

a. Calculating friction loss in pipe or annulus.

b. Determining the equivalent circulating density of the drill-
ing fluid.

c. Determining the flow regime in the annulus.

d. Estimating hole cleaning efficiency.

e. Evaluating fluid suspension capacity.

f. Determining the settling velocity of drill cuttings in verti-
cal holes.

1.4 The discussion of rheology in this RP is limited to sin-
gle-phase liquid flow. Some commonly used concepts perti-
nent to rheology and flow are presented. Mathematical
models relating shear stress to shear rate and formulas for
estimating pressure drops, equivalent circulating densities
and settling velocities of drill cuttings are included.!

1.5 Conversion factors and examples are included for all
calculations so that U.S. Customary units can be readily con-
verted to metric (SI) units.?

1.6  Where units are not specified, as in the development of
equations, any consistent system of units may be used.

1.7 The concepts of viscosity, shear stress, and shear rate
are very important in understanding the flow characteristics
of a fluid. The measurement of these properties allows a
mathematical description of circulating fluid flow. The rheo-
logical properties of a drilling fluid directly affect its flow
characteristics and all hydraulic calculations. They must be
controlled for the fluid to perform its various functions.

ISee Reference 13.
2See Reference 3.

2 References
21 STANDARDS
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17. Fontenot, J.E. and Clark, R.K., “An Improved Method symbols apply:
for Calculating Swab/Surge and Circulating Pressures in A Surface area
a Drilling Well,” SPE Journal, Oct. 1974, 451 — 462. D Diameter
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RECOMMENDED PRACTICE ON THE RHEOLOGY AND HYDRAULICS OF OIL-WELL DRILLING FLUIDS 3

by Ratio of particle surface areas
o Pressure constant

B Temperature constant

¥ Shear rate

Vs Settling shear rate

y Shear rate at wall

Yoa Shear rate at annulus wall

Yp Shear rate at pipe wall

M Plastic viscosity (1= PV)

0 Angle

LL Viscosity

L, Effective viscosity

Weg Effective viscosity in annulus

Mep Effective viscosity in pipe

Les Effective viscosity in settling

p Density of fluid

Pe Equivalent circulating density
Py Density of a particle

T Shear stress

Ve Shear stress at wall

e Shear stress at wall 1n annulus
Tp Shear stress at wall in pipe

i Yield stress

® Angular momentum

4 Basic Concepts
41 FLOW REGIMES

4.1.1 The behavior of a fluid is determined by the flow
regime, which in turn has a direct effect on the ability of that
fluid to perform its basic functions. The flow can be either
laminar or turbulent, depending on the fluid velocity, size and
shape of the flow channel, fluid density, and viscosity.
Between laminar and turbulent flow, the fluid will pass
through a transition region where the movement of the fluid
has both laminar and turbulent characteristics. It is important
to know which of the flow regimes is present in a particular
situation to evaluate the performance of a fluid.

4.1.2 In laminar flow, the fluid moves parallel to the walls
of the flow channel in smooth lines. Flow tends to be laminar
when moving slowly or when the fluid is viscous. In laminar
flow, the pressure required to move the fluid increases with
increases in the velocity and viscosity.

4.1.3 In turbulent flow, the fluid is swirling and eddying as
it moves along the flow channel, even though the bulk of the
fluid moves forward. These velocity fluctuations arise sponta-
neously. Wall roughness or changes in flow direction will
increase the amount of turbulence. Flow tends to be turbulent
with higher velocities or when the fluid has low viscosity. In
turbulent flow, the pressure required to move the fluid
increases linearly with density and approximately with the
square of the velocity. This means more pump pressure is

required to move a fluid in turbulent flow than in laminar
How.

4.1.4 The transition between laminar and turbulent flow is
controlled by the relative importance of viscous forces and
mnertial forces in the flow. In laminar flow, the viscous forces
dominate, while in turbulent flow the inertial forces are more
important. For Newtonian fluids, viscous forces vary linearly
with the flow rate, while the inertial forces vary as the square
of the flow rate.?

4.1.5 The ratio of inertial forces to viscous forces is the
Reynolds number. If consistent units are chosen, this ratio will
be dimensionless and the Reynolds number (Re) will be:

Re = 2P (1)
1)
where
D = diameter of the flow channel,
V = average flow velocity,
p = fluid density,
L = VISCOsity.

4.1.6 The flow of any particular liquid in any particular
flow channel can be either laminar, transitional, or turbulent.
The transition occurs at a critical velocity. For typical drilling
fluids, it normally occurs over a range of velocities corre-
sponding to Reynolds number between 2000 and 4000.

4.2 VISCOSITY

4.2.1 Viscosity is defined as the ratio of shear stress to shear
rate. The traditional units of viscosity are dyne-sec./cmZ,
which 1s termed poise. Since one poise represents a relatively
high viscosity for most fluids, the term centipoise (c¢P) 1s nor-
mally used. A centipoise is equal to one-hundredth of poise or
one millipascal-second.

(2)

- I

where

IL = VIscosity,
T = shear stress,
Y = shear rate.

4.2.2 Viscosity is not a constant value for most drilling flu-
ids. It varies with shear rate. To check for rate dependent
effects, shear stress measurements are made at a number of

3See References 7. 8 and 25.
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4 APl RECOMMENDED PRACTICE 13D

shear rates. From these measured data, rheological parame-
ters can be calculated or can be plotted as viscosity versus
shear rate.

4.2.3 The term effective viscosity is used to describe the
viscosity either measured or calculated at the shear rate corre-
sponding to existing flow conditions in the wellbore or drill
pipe. This special term is created to differentiate the viscosity
as discussed in this section from other viscosity terms. To be
meaningful, a viscosity measurement must always specify the
shear rate.

4.3 SHEAR STRESS

4.3.1 Shear stress is the force required to sustain a particu-
lar rate of fluid flow and is measured as a force per unit area.
Suppose, in the parallel-plate example (see Figure 1), that a
force of 1.0 dyne 1s applied to each square centimeter of the
top plate to keep it moving. Then the shear stress would be
1.0 dyne/cm?. The same force in the opposite direction is
needed on the bottom plate to keep it from moving. The same
shear stress of 1.0 dyne/cm? is found at any level in the fluid.

4.3.2 Shear stress (1) is expressed mathematically as:

e | My

where
F = force,
A = surface area subjected to stress.

4.3.3 In a pipe, the force pushing a column of liquid
through the pipe is expressed as the pressure on the end of the
liquid column times the area of the end of the column:

2
F = PEHQ 4)

where

D

diameter of pipe,

P = pressure on end of liquid column.
4.3.4 The area of the fluid surface in contact with the pipe
wall over the length is given by:

A =nDL (3)

where
A = surface area of the fluid,

L = length.

4.3.5 Thus, the shear stress at the pipe wall is expressed as:

= OF
A (6)

w

A
Il
|

4.3.6 In an annulus with inner and outer diameters known,
the shear stress 1s expressed in the same manner:

_PaD;, PnD, _, D,-D

F = Pn— 7
- 4 4 2
where
Dy = inner diameter of pipe,
D, = outer diameter of pipe.
and
A=nD,L+nD,L=nlL(D,+D,) (8)
so that
- _ F _ PiD,=D)(D,+D,) _ P(D,-D\) ©)
Y4 nl(D,+ D)) 4L |

4.4 SHEAR RATE

4.4.1 Shear rate is a velocity gradient measured across the
diameter of a pipe or annulus. It is the rate at which one layer
of fluid is moving past another layer. As an example, consider
two large flat plates parallel to each other and one centimeter
(cm) apart. The space between the plates is filled with flud. If
the bottom plate 1s fixed while the top plate slides parallel to it
at a constant velocity of 1 cm/sec., the velocities indicated in
Figure 1 are found within the fluid. The fluid layer near the
bottom plate 1s motionless while the fluid layer near the top
plate 1s moving at almost 1 cm/sec. Halfway between the
plates the fluid velocity is the average (.5 cm/sec.

4.4.2 The velocity gradient is the rate of change of velocity
(AV) with distance from the wall (h). For the simple case of
Figure 1, the shear rate 1s AV/h and will have units of 1/time.
The reciprocal second (1/sec. or sec.’!) is the standard unit of
shear rate.

4.4.3 This reference example is unusual in that the shear
rate is constant throughout the fluid. This situation is not the
case with a circulating fluid. In laminar flow inside a pipe, for
example, the shear rate is highest next to the pipe wall. An
average shear rate may be used for calculations, but the shear
rate itself is not constant across the flow channel.
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RECOMMENDED PRACTICE ON THE RHEOLOGY AND HYDRAULICS OF OIL-WELL DRILLING FLUIDS b

MOVING PLATE V= 1,0 cm/sec

-
4 Y P 7y s
:} #
%
- u{lq- .
POINT aem __"_"7;,; ;E:ﬂﬂ:‘;:"hl : %ﬁ BRI
FLUID iq?
VELOCITIES '-? P g
v
L LS VTS OIIII VIO IID

STATIONARY PLATE V=0

Figure 1—Parallel Plates Showing Shear Rate in Fluid-filled Gap as One Plate Slides Past Another

4.4.4 It is important to express the above concept mathe-
matically so that models and calculations can be developed.
Shear rate (y) 1s defined as:

Y= (10)

where
dV = wvelocity change between fluid layers,
dr = distance between fluid layers.

4.4.5 Shear rate (Y,,,) can be expressed as a function of the
average velocity (V) and the diameter of the pipe (D).*

SV,
Yup = fIV.D) = —£ (11)
D
in which
, ~0Q_ 40 I
il (12)
where

Q = volumetric flow rate,
A = surface area of cross section,
D = pipe diameter,

V = velocity,

V, = average velocity in pipe.

4.4.6 In an annulus of outside diameter ([)) and inside
diameter (D), the wall shear rate can be shown to be; 4

12V,

. = f(V.DD,) =
?11{; ﬂ: 1 2) Dz—ﬂl

(13)

4See References 7 and 30.
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in which

- 40
£ n(D3; - D7) 1

where

Ywa = shear rate at annulus wall,

V = velocity,
(0 = wvolumetric flow rate,
Dy = inner annulus diameter,

D, = outer annulus diameter,
Va

average velocity in annulus,

4.5 RELATIONSHIP OF SHEAR STRESS AND
SHEAR RATE

4.5.1 In summary, the shear stress is the force per unit area
required to sustain fluid flow. Shear rate 1s the rate at which
the fluid velocity changes with respect to the distance from
the wall. Viscosity 1s the ratio of the shear stress to shear rate.
The mathematical relationship between shear rate and shear
stress 1s the rheological model of the fluid.

4.5.2 When a drill cutting particle settles in a drilling fluid,
the fluid immediately surrounding the particle is subjected to
a shear rate defined as settling shear rate (y;):

12V

Y, = 5 (15)

n

where
V, = average settling velocity (ft/sec.),
D, = equivalent particle diameter (in.).

The settling shear rate is used to calculate the viscosity of
fluid experienced by the settling particle.

Mat tar Rasala



6 APl RECOMMENDED PRACTICE 13D

5 Types of Fluids
5.1 DESCRIPTION

5.1.1 Fluids can be classified by their rheological behavior.
Fluids whose viscosity remains constant with changing shear
rate are known as Newtonian fluids. Non-Newtonian fluids are
those fluids whose viscosity varies with changing shear rate.

9.1.2 Temperature and pressure affect the viscosity of a
fluid.” Therefore, to properly describe the drilling fluid flow,
the test temperature and pressure must be known.

5.1.3 Some mathematical models used for hydraulic calcu-
lations are shown in this section.

5.2 NEWTONIAN FLUIDS

9.2.1 Those fluids in which shear stress is directly propor-
tional to shear rate are called Newtonian. Water, glycerin, and
light o1l are examples.

9.2.2 A single viscosity measurement characterizes a New-
tonian fluid.

5.3 NON-NEWTONIAN FLUIDS

5.3.1 Most drilling fluids are not Newtonian; the shear
stress 18 not directly proportional to shear rate. Such fluids are
called non-Newtonian.®

5.3.1.1 Dirilling fluids are shear thinning when they have
less viscosity at higher shear rates than at lower shear rates.

5.3.1.2 There are non-Newtonian fluids, which have dila-
tant behavior. The viscosity of these fluids increases with
increasing shear rate. Dilatant behavior of drilling fluids
rarely, if ever, occurs.

5.3.2 The distinction between Newtonian and non-Newto-
nian fluids 1s illustrated by using the API standard concentric
cylinder viscometer.” If the 600-rpm dial reading is twice the
300-rpm reading, the fluid exhibits Newtonian flow behavior.
If the 600-rpm reading is less than twice the 300-rpm reading,
the fluid 1s non-Newtonian and shear thinning.

9.3.3 One type of shear thinning fluid will begin to flow as
soon as any shearing force or pressure, regardless of how
slight, is applied. Such fluid is termed pseudoplastic.®
Increased shear rate causes a progressive decrease in viscosity.

5.3.4 Another type of shear thinning fluid will not flow
until a given shear stress is applied. This shear stress is called
the yield stress.

SSee References 5, 6, and 24.
0See References 18 and 29.
'See Reference 28.

8See Reference 16.

5.3.5 Fluids can also exhibit time dependent effects. Under
constant shear rate, the viscosity decreases with time until
equilibrium 1s established. Thixotropic fluids experience a
decrease 1n viscosity with time while rheopectic fluids experi-
ence an increase in viscosity with time.

5.3.6 Thixotropic fluids can also exhibit a behavior
described as gelation or gel strength. The time dependent
forces cause an increase in viscosity as the fluid remains
static. Sufficient force must be exerted on the fluid to over-
come the gel strength to begin flow.

5.3.7 The range of rheological characteristics of drilling
fluids can vary from an elastic gelled solid at one extreme, to
a purely viscous Newtonian fluid at the other. The circulating
fluids have a very complex flow behavior, yet it is still com-
mon practice to express the flow properties in simple rheolog-
ical terms.

9.3.8 General statements regarding drilling fluids are usu-
ally subject to exceptions because of the extraordinary com-
plexity of these fluids.”

5.4 RHEOLOGICAL MODELS

5.4.1 Rheological models are intended to provide assis-
tance in characterizing fluid flow. No single, commonly-used
model completely describes rheological characteristics of
drilling fluids over their entire shear rate range. A knowledge
of rheological models combined with practical experience 1s
necessary to fully understand fluid performance.

5.4.2 Bingham Plastic Model: The most common rheologi-
cal model vsed for drilling fluids is the Bingham Plastic Model.
This model describes a fluid in which the shear stress/shear rate
ratio is linear once a specific shear stress has been exceeded.
Two parameters, plastic viscosity and yield point, are used to
describe this model. Because these constants are determined
between the specified shear rates of 511 sec.”! and 1022 sec.”!,
this model characterizes a fluid in the higher shear rate range.

5.4.3 Power Law: The Power Law is used to describe the
flow of shear thinning or pseudoplastic drilling fluids. This
model describes a fluid in which shear stress versus shear rate
1s a straight line when plotted on a log-log graph. Since the
constants, # and K, from this model are determined from data
at any two speeds, it more closely represents an actual fluid
over a wide range of shear rates.

9.4.4 Herschel-Buckley (Modified Power Law) Model: The
modified Power Law 1s used to describe the flow of a pseudo-
plastic drilling fluid, which requires a yield stress to flow. A
graph of shear stress minus yield stress versus shear rate is a
straight line on log-log coordinates. This model has the advan-

9See References 20, 21 and 32.
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RECOMMENDED PRACTICE ON THE RHEOLOGY AND HYDRAULICS OF OIL-WELL DRILLING FLUIDS 7

tages of the Power Law and more nearly describes the flow of
a drilling fluid since it also includes a yield value.

5.4.5 The rheological parameters recorded in an API Drill-
ing Fluid Report are plastic viscosity and yield point from the
Bingham Plastic Model.

5.4.6 The mathematical treatment of Bingham Plastic and
Power Law 1s discussed in Section 7.

5.4.7 The flow characteristics of a drilling fluid are con-
trolled by the viscosity of the base fluid (the continuous
phase) and any solid particles, oil, or gases within the fluid
(the discontinuous phases) and the flow channel characteris-
tics, and the volumetric flow rate. Any interactions among the
continuous and discontinuous phases, either chemical or
physical, have a marked effect on the rheological parameters
of a drilling fluid. The constants calculated by use of Bing-
ham Plastic, Power Law and other models are only indicators
that are commonly used to guide fluid conditioning to obtain
the desired rheological properties.

6 Equipment for Measurement of
Rheological Properties

6.1 ORIFICE VISCOMETER-MARSH FUNNEL
6.1.1 Description

The Marsh funnel 1s widely used as a field measuring instru-
ment. The measurement 1s referred to as the funnel viscosity
and 1s a timed rate of flow, usually recorded in seconds per
quart. The instrument 1s dimensioned so that by following stan-
dard procedures the outflow time of one quart of fresh water is

26 sec. £ 0.5 sec. at 70°F = 5°F (21°C £ 2°C).

6.1.2 Uses

Funnel viscosity is a rapid, simple test that can be made
routinely on a particular drilling fluid system. It is, however, a
one-point measurement and, therefore, does not give any
information as to why the viscosity may be high or low. No

single funnel viscosity measurement can be taken to represent
a consistent value for all drilling fluids of the same type or of
the same density.

6.1.3 Operating Procedures

Refer to API RP 13B-1 Recommended Practice Standard
Procedure for Field Testing Water-based Drilling Fluids , or
RP 13B-2 Recommended Practice Standard Procedure for
Field Testing Oil-based Drilling Fluids , Sections entitled

“Marsh Funnel.”

6.2 CONCENTRIC CYLINDER VISCOMETER

6.2.1 Low-temperature, Non-pressurized
Instruments

6.2.1.1 Description

Concentric cylinder viscometers are rotational instruments
powered by an electric motor or a hand crank. Fluid 1s con-
tamned 1n the annular space between two cylinders. The outer
sleeve or rotor sleeve 1s driven at a constant rotational veloc-
ity. The rotation of the rotor sleeve in the fluid produces a
torque on the mner cylinder or bob. A torsion spring restrains
the movement. This mechanism is illustrated in Figure 2. In
most cases, a dial attached to the bob indicates displacement
of the bob. Instrument constants have been so adjusted that
plastic viscosity and yield point are obtained by readings
from rotor sleeve speeds of 300 and 600 rpm. Instruments are
also available that are not direct indicating but use x-y record-
ers to record the acquired data.

6.2.1.2 Selection of Instruments

Several models of low temperature, non-pressurized con-
centric cylinder viscometers are commonly used in testing
drilling fluids.!? They differ in drive, available speeds, meth-
ods of readouts and measuring angles. All permit rapid calcu-

10See Reference 28.

Table 1—Low-temperature, Non-pressurized Concentric Cylinder Viscometers

Model Drive Power Readout Rotor Speed, RPM Vis. Range® ¢P | Max. Temp, “F
Model 280 Hand-cranked — Dial 300, 600 Suar 1 - 300 200
Muodel 35A Muotor 115V, 60 Hz al 3, 6, 100, 200, 300,600 [ — 30,000 200
Chan 35 Muotor 115V, 60 Hz Dial 0.9, 2, 3, 6, 10, 20, 30, 60,1 - 100,000 200
220V, 50 Hz 100, 200, 300, 600
OFI 800 Muotor 12V DC Dial 3, 6, 30, 60, 100, 200, 300,| 1 - 100,000 200
115V, 60 Hz 600
220V, 50 Hz
Model 286 Motor 12V Dial 1 — 625 variable 1 - 300 200
115V
220V
Haake VT300 Motor 115V, 60 Hz Digital () — 600 variable [ — 100,000 400
Haake RV2 Muotor 115V, 60 Hz Digital (0 — 1000 variable [ — 10,000,000 400
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Figure 2—Concentric Cylinder Viscometer

lation of plastic viscosity and yield point from readings at 300
rpm and 600 rpm. Table 1 shows some of the models avail-
able and their operating limits. lllustrations of instruments are
found in Figures 3 - 9.

6.2.1.3 Operating Procedures

Operating procedures for several models of concentric cyl-
inder viscometers are detailed in API RP 13B-1 or API RP

13B-2. Specific operating procedures for those instruments
not included in API RP 13B-1 or API RP 13B-2 can be

obtained from the manufacturer.
6.2.2 High-temperature, Pressurized Instruments
6.2.2.1 Description

Several instruments are used to measure flow properties of
drilling fluids at elevated temperatures and pressures. Each

Figure 3—Model 280

instrument has differences in temperature and pressure limita-
tions, and design variation. A summary of available models 1s
shown in Table 2.

a. Model SOSL Viscometer: This instrument (shown in Fig-
ure 10) i1s designed in the same fashion as the non-
pressurized viscometers. The upper operating limits are
1000 psig and 500°F. Fluid 1s contained in the annular
space between two cylinders with the outer sleeve being
driven at a controlled rotational velocity. Torque 1s exerted
on the inner cylinder or bob by the rotation of the outer
sleeve in the fluid. This torque is then measured to deter-
mine flow properties. This instrument has infinitely
variable rotor speeds from I rpm — 625 rpm with a viscos-
ity range of 1 — 300,000 cP. The temperature range of () —
JO0°F 1s programmable. A computer interface provides
real-time graphic display and data storage.

b. Model 70 HPHT Viscometer: The high-pressure, high-tem-
perature instrument (shown in Figure 11) has upper operating
limits of 20,000 psi and 500°E. It 1s a concentric cylinder vis-
cometer that uses the same geometry as the non-pressurized
viscometers. Rotor speeds are variable up to 600 rpm. The
rotor has external flights to induce circulation. Temperature,
pressure, rpm, and shear stress are obtained through digital
readout. The digital temperature control has ramp and soak
capacities.

c. Model 75 HPHT Viscometer: The high-pressure, high tem-
perature instrument (shown in Figure 12) has upper operating
limits of 20,000 psig and 500°F. It is a concentric cylinder vis-
cometer that uses the same geometry as the non-pressurized
viscometers. Rotor speeds are variable up to 600 rpm. The
rotor has external flutes to induce circulation. Temperature,
pressure, rotary speed, and shear stress are microprocessor-
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Figure 4—Model 35A

controlled and digitally displayed. Interface to a computer
allows for additional programming and manipulation of data.

d. RV20/D100: This instrument (shown in Figure 13) is a
high-temperature, pressurized rotational viscometer with
upper operating limits of 1400 psi and 572°F. It consists of
concentric cylinders mounted in an autoclave. The outer cyl-
inder is bolted to the autoclave top and supports the inner
cylinder on a ball bearing. The inner cylinder (or rotor) 1s
connected by a magnetic coupling to a Rotovisco RV20.
Computer control 1s available for automatically plotting flow
curves. The instrument is continuously variable between 0
and 1200 sec.”! and provides automatic data analyses. The
torque imparted on the rotor is measured by an electrical tor-
sion bar, which provides rapid response. The angular
movement of the torsion bar is a measurement of the trans-
mitted torque; the shear stress is calculated from the torque

Figure 5—Model 800

value by means of an appropriate shear stress constant. A
high-pressure, high-temperature version of this instrument is
also available with upper operating limits of 14,000 psi and
662°F. (No photograph of this HPHT equipment is available.)
e. Model 7400: This instrument is a high-pressure, high-tem-
perature, coaxial cylinder, couette-type rheometer (shown in
Figure 14). Testing limits are 20,000 psi and 400°F. Torque
range is 0 — 540,000 dyne/cm, measured by a precision strain
gauge sensor. There are twelve evenly-spaced preset rotor
speeds as well as infinitely variable from 0 — 600 rpm. Temper-
ature 1s microprocessor controlled. The unit 1s provided with a
data acqusition system that displays temperature, pressure,
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Figure 6—Chan 35

Figure 7—Model 286
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torque, and rotor speed in real time on a computer monitor.
The test fluid is continually circulated in the sample container
by the rotor design. The test fluid is separated from the pressur-
izing medium by a flexible piston to prevent contamination.

f. Model 1000 HPHT Viscometer: This instrument (shown in
Figure 15) incorporates high-pressure up to 1000 psi and high
temperatures up to SO0°F. An optional chiller can be used for
testing to 32°F. Low shear rates as low as 0.01 sec.”! are pos-
sible. The instrument uses traditional bobs and rotor for
measurements with shear stress ranges from 0 — 4000 dyne/
cm?, The instrument is computer controlled using the
ORCADA software system. Data is stored in an ASCII text
format or in a Microsoft® Excel file.

Figure 8—Model VT500

Mat tar Rasala
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Figure 9—Model RV20

6.2.2.2 Operating Procedures

Specific operating procedures for these instruments can be
obtained from the manufacturer.

6.3 TELESCOPIC-SHEAR VISCOMETER MODEL
5STDL CONSISTOMETER

6.3.1 Description

This 1s a high-pressure, high-temperature instrument in
which the test fluid is subjected to telescopic shear. The upper
operating limits are 20,000 psi and S00°F. Axial movement of
an iron bob is caused by two alternately energized electro-
magnets positioned at ends of the sample cavity. The fluid is
sheared in the annular space between two coaxial cylinders,
the outer forming the sample container and the moving bob
being the inner member. Bob movement 1s retarded in propor-
tion to the viscosity of the test fluid. The travel time is a mea-
surement of relative viscosity.

6.3.2 Uses

Absolute viscosity i1s not determined with this instrument
and the results are usually considered as relative viscosity. A
constant force is imposed on the bob by the electromagnets so
that it must accelerate from zero to its terminal velocity in the
test flurd. In typical drilling fluids, the bob may not always
travel at uniform velocity so that the analysis at a constant and
defined shear rate in the annulus may not be possible.

6.3.3 Operating Procedures

Specific operating procedures for this instrument should be
obtained from the manufacturer.

6.4 PIPE VISCOMETER
6.4.1 Description

Pipe viscometers are highly varied in form and intent. The
instrument is a tube or pipe of length sufficient to develop
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Figure 10—Model 50 SL

fully the shear rates and type of flow of interest. This tube 1s
coupled with a pumping source of size sufficient to meet
desired parameters. Careful control and measurement of flow
rate are necessary and usually are accomplished by using a
variable speed pump and flow meters. When the desired flow
rate is obtained, the pressure drop of the fluid 1s measured
through a specified test section of the pipe. Viscosity may
then be calculated from standard equations using the shear
rate, pressure drop, diameter and length. The configuration of

the viscometer may be altered to imnvestigate annular How by
placing a pipe of a smaller diameter inside the pipe viscome-
ter tube and flowing in the annulus.

6.5 PORTABLE CAPILLARY VISCOMETER
6.5.1 Description

A portable capillary viscometer consists of a fluid reservorr,
heating jacket, pressure gauge, three-port valve, coiled capil-
lary tube and two interchangeable straight capillary tubes. A
drilling fluid sample is placed in the reservoir and pressured
by nitrogen from a portable source. The nitrogen forces the
drilling flmid out through either the coiled capillary tube or
one of the two interchangeable straight capillary tubes,
depending upon the positioning of the port valve. The coiled
tube is used in the low shear rate range (10 — 10,000 sec.™).
The two straight tubes are used in the higher shear rate range
(1,000 — 100,000 sec.”!). No matter which tube is in use, the
length must be sufficient to insure that flow is fully developed
before entering the test section. During each measurement,
the pressure drop, indicated by the gauge, and the flow rate
are recorded. The reservoir pressure is varied to cover the
desired range of shear rates. The gel strength of the fluid 1s
measured in the coiled tube. The pressure required to begin
flow is measured after the drilling fluid has remained station-
ary for the desired gelation time.

6.5.2 Calculation

Equations for determining shear stress, shear rate and vis-
cosity from such instruments are discussed in Sections 4 and 7.
6.5.3 Operating Procedures

Specific operating procedures for this instrument should be
obtained from the manufacturer.

7 Data Analysis
7.1 DESCRIPTION

This section describes methods for analyzing drilling fluid
rheological data and presents a way for estimating the effects
of temperature and pressure.

Table 2—High-temperature, Pressurized Concentric Cylinder Viscometers

Model Viscosity Range cFP* Rotor Speed Rpm Maximum Temperature °F ~ Maximum Pressure, psi
Model 7400 0 —54.000 0 — 600 variable 400 20,000
Fann 50SL 1 — 300,000 1 — 625 variable 500 1,000
Fann 70 1 — 300,000 | — 625 variable 500 20,000
Fann 75 | — 300,000 | — 625 variable 500 20,000
Haake RV20/D100 1 — 10,000 0 — 1000 variable 662 14,000
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7.2 RHEOLOGICAL FLOW CURVES

Rheological data can be shown on linear, semi-log or log-
log graphs of shear rate versus shear stress or viscosity. The
data have also been plotted as viscometer dial readings versus
viscometer rpm. It is preferable to show the dependent vari-
able, shear stress (T), viscosity (1) or viscometer dial reading
on the vertical axis. Values of shear stress can be expressed in
dyne/cm? or 1b./100 ft2. Viscosity is usually expressed as cen-
tipoise (cP). Shear rate is expressed as reciprocal second
(sec.”!). The foregoing only applies to instruments similar to
the concentric cylinder viscometer described in Section 6.

Shear stress or viscosity versus shear rate relationships are
useful in classifying fluids and in the mathematical treatment
of data. Figure 16 is a linear plot and Figure 17 is a log-log
plot of several flow models.

7.3 MATHEMATICAL FLOW MODELS

These models provide a means of using viscometer data or
shear stress/shear rate relationships to develop usable informa-
tion. They are a means of determining the effective viscosity as
described in 4.2 from which hydraulic calculations are made.

Effective viscosity is defined by the following equation:

te = (16)

- 1A

where
T = shear stress,

Y = shear rate,

K. = effective viscosity at the specified shear rate.

The effective viscosity relationship obtained in this manner
can be used in many of following calculations.

Figure 11—Model 70
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Figure 16—Linear Shear Stress—Shear Rate Plots

Figure 17—Log-log Effective Viscosity—
Figure Shear Rate Plots

7.3.1 Newtonian Model 7.3.2 Non-Newtonian Models'

Newtonian fluids, as defined in 5.1, follow a simple linear 7.3.2.1 Bingham Plastic Model

equation in laminar flow:
A Bingham Plastic fluid 18 one in which flow occurs only

after a fimte stress, known as yield stress or yield point, 1s
applied. The stress required to initiate flow can vary from a
small to a large value. After the yield stress has been

"qu’hen the shear stress ‘(T)_Df 9 NEWt‘f‘"”‘" fluid 15 plm‘fﬂd exceeded, the shear stress is proportional to the shear rate.
against the shear rate () in linear coordinates, a straight line

through the origin results. The Newtonian viscosity (L) is the
slope of this line. The effective viscosity of a Newtonian fluid
can be expressed as:

T=RY (17)

T—-T,=MY (19)

where
T T, = yield point (or yield stress),
U, = % = 1 (18) ) hJ P (ory )
N = plastic viscosity.
Since the shear stress/shear rate ratio is a constant for any Analysis of Bingham Plastic data can be found in 7.4.
shear rate, the effective viscosity 1s equal to the Newtonian
viscosity and is independent of shear rate. 1See References 16, 17, 25, 29 and 30.
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7.3.2.2 Power Law

The Power Law 1s:
T = KY" (20)

where
K = fluid consistency index,
n = Power Law exponent.

A plot of shear stress versus shear rate in linear coordinates
results in a curve. It 1s apparent from the power relationship
form, however, that a plot of shear stress versus shear rate in
log-log coordinates gives a straight line where n 1s the slope
and K 1s the intercept at y = 1. Logarithmic plots of effective
viscosity () versus shear rate (y) are shown as B and C in
Figure 17. The idealized straight line plot shown as C is sel-
dom encountered in actual practice. Plots of field drilling
fluid data more nearly resemble line B. See 7.5 for specific
mathematical procedures that can be used to determine the
Power Law parameters for drilling fluids.

7.3.2.3 Herschel-Buckley (Modified Power Law)
Model

The Herschel-Buckley model 1s a three-parameter model,
which combines the features of the Newtonian, Bingham
Plastic and Power Law. It allows for a yield stress followed by
Power Law behavior at higher stress levels. The Herschel-
Buckley model is:

T-1, = KY' 21

where
T, = yield stress, 1b./100 ft>.

If the yield stress 1s equal to zero, Power Law behavior 1s
described. If the flow exponent n 1s equal to 1, Bingham Plas-
tic behavior 1s described. If the yield stress 1s equal to zero
and n=1, Newtonmian behavior 1s described and K 1s the New-
tonian viscosity. A subsequent log-log plot of (T —T,) versus y
will be similar to that of a Power Law plot with the slope
being the exponent n and the intercept at y= 1, the constant K.

7.4 ANALYSIS OF BINGHAM PLASTIC MODEL
DATA

7.4.1 Very few fluids actually follow the Bingham Plastic
Model over the shear rate range of interest, but the empirical
significance of the constants has become so firmly
entrenched in drilling fluid technology that the yield point
(Ty), in 1b./100 ft2, and plastic viscosity (1) in ¢P, are two of
the best known properties of drilling fluids. They are calcu-

lated from the standard concentric cylinder viscometer (see
6.2) readings at 600 rpm and 300 rpm (Rgpp and R3gq) as fol-
lows:

PV = Rﬁ,{l} - ij {22)
YP = R3po— PV (23)

7.4.2 The average velocity of a drilling fluid in the pipe is
determined by the use of the formula:

y = 04080 24

DE

where

V, = average velocity of the fluid in the pipe (ft/sec.),
O = volumetric flow rate (gal/min),
D = inner diameter of pipe (in.).

7.4.3 In the annulus, the average velocity is determined by:

V. = E;?SDQ% (25)
where
V, = average velocity of the fluid in the annulus
(ft/sec.),
Dy = inner annulus diameter (in.),
), = outer annulus diameter (in.).

7.4.4 An explicit expression for shear rate at the pipe wall
as a function of velocity cannot be derived from the Bingham
equation; but in a pipe of diameter (D), the effective viscosity
can be approximated by:

_ 6.651.D N
H. %

p

(26)

where

T, = yield stress (Ib./100 ft?),
N = plastic viscosity (cP).

7.4.5 In the annulus, the effective viscosity can be approxi-
mated by:

_545t(D,-D))+n
Hr o V

il

(27)
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Note: In the above equation, the constant 5.45 1s true only for a Dy/
Ds ratio of (0.5 but varies only slightly from 5.49 to 5.43 over a range
of diameter ratios from 0.3 to 0.9.1%

7.5 MATHEMATICAL ANALYSIS OF POWER LAW
DATA

The rheological parameters n and K can be calculated from
any two shear rate-shear stress data points. Since it 1s rare that
a log-log plot of all rheological data will be a straight line, 1t
1s better to determine n and K at the shear rates that exist
inside a pipe and in an annulus. Better accuracy will result
from the use of n and K in the 5 — 200 sec.”! shear rate range
for the annulus and in the 200 — 1000 sec.”! shear rate range
for inside pipe.

The viscometer dial readings from a standard six-speed
instrument can be used to determine the Power Law constants.
Normal practice is to use the 3-rpm and 100-rpm readings for
the low shear rate range and the 300-rpm and 600-rpm read-
ing for the high shear rate range. If a two-speed instrument is
being used, the 100-rpm reading can be estimated from the
300-rpm and 600-rpm data by use of the equation:

R 2.59
Rip = =22 (28)
RﬁUU
where
Riopo = viscometer reading at 100 rpm,
Ryg0 = viscometer reading at 300 rpm,

Reno = viscometer reading at 600 rpm.

7.5.1 The general formulas for n and K are:

- log(t,/1)

= (29)
log(v./v:)
T
K = — (30)
1>
where
n = Power Law exponent,
K = fluid consistency index (dyne sec."/cm?),
Ty = shear stress at shear rate 1,
T» = shear stress at shear rate 2,

F

I2Gee Reference 22.
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Y1 = shearrate 1,
Y» = shear rate 2.

7.5.2 Using data obtained at 600 rpm and 300 rpm, the
parameters to be used for inside pipe calculations are:

(31)

n, = DERan/Raww) _ 3 3510 Revo
" log(1022/511) Ry

A o 5.11R
511" 1022"

K

n

(32)

7.5.3 Using data obtained at 100 rpm and 3 rpm, the
parameters to be used for annular calculations are:

_ log(R 4/ R5)
“ log(170.2/5.11)

= 0.657log(R,y,/R:)  (33)

_ S.1IRy S.11R

i

1702°*  511°

K

i

(34)

7.5.4 Using data obtained at 100 rpm and 3 rpm, the
parameters to be used in calculating settling velocities are:

n, = 0.657102(R 4/ R:) (35)

511Ry  S.1IR

K, = - -
170.2 ° 511°

(36)

7.5.5 The general Power Law equation for effective viscos-
ity (cP) 1s:

w, = 100Ky"" (37)

7.5.6 The effective viscosity (cP) in a pipe is:

96V )\~ 3n, + 1Y
v, = 00n (25 (40

H
il

7.5.7 The effective viscosity (cP) in an annulus is:

; {.Irg— 1} irﬂ
I = IU[]K”( 144V, ) (2”” ! 1) (39)
“ DI - Dl 3H

[

7.5.8 The effective viscosities L., and L, can be used to
determine pressure losses as outlined in Section 8.
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18 APl RECOMMENDED PRACTICE 13D

7.5.9 The effective viscosity (cP) of fluid surrounding a
settling particle is:

At — 1
n, = | oﬂfg[%) (40)

e

7.5.10 The effective viscosity L, can be used to determine
settling velocities as outlined in Section 9.

7.6 EFFECTS OF TEMPERATURE AND
PRESSURE ON VISCOSITY13

7.6.1 Temperature Effect

As the temperature increases, the effective viscosity
decreases. The temperature effect!* is described mathemat-
ically as:

LT = R Tl}exp[B(T;g'H @41)
where
W.(T5) = effective viscosity at temperature 2,
W.(Ty) = effective viscosity at temperature 1,
I'y = absolute temperature 1,
Ty = absolute temperature 2,
p = temperature constant.

This approximation holds until a thermal decomposition or
transition point of any component of the drilling fluid is
reached. Above this temperature, the fluid flow properties do
not follow any mathematical model. The temperature con-
stant, b, must be determined at each shear rate for each drill-
ing fluid. As a general rule, the temperature effect is high for
oil-based fluids containing asphalt, moderate for oil-based
fluids with oil-wet inorganic solids as viscosifiers, and low for
water-based fluids.

7.6.2 Pressure Effect

As the pressure increases, the effective viscosity increases.
The pressure effect is described mathematically as:

WAP,) = w.(P))exp| a(P,—P)) | (42)

13See References 22 and 23.
l14Gee References 17 and 32.

where

W.(P2) = effective viscosity at pressure 2,
L(P)) = effective viscosity at pressure 1,

0L = pressure constant,

Py = pressure 1,
P> = pressure 2,

The pressure constant, o, must be determined for each
drilling fluid. For water-based fluids, the pressure effect on
shear stress is extremely small and can be neglected. How-
ever, for oil-based fluids the pressure has an appreciable
effect on the effective viscosity. As a general rule, the pres-
sure effect 1s greater for oil-based fluids with asphaltic vis-
cosifiers than for those that use oil-wet inorganic solids as
viscosifiers.

Note: Absolute temperature is in degrees Rankine (460 + °F). Pres-
sure 1s in psig.

7.6.3 Application

The use of viscosity measurements at surface conditions
for calculating hydraulics may give erroneous results.!> For
accurate work, the viscosity of the drilling fluid should be
determined at the temperatures and pressures encountered in
the well. To do this requires a high-temperature, high-pres-
sure viscometer for data collection and a computer to analyze
the data. However, corrections can be made to surface condi-
tions. These correction factors are average values obtained
from measurements on various types of drilling fluids under
conditions of high temperature and high pressure. Although
the use of these correction factors will give good estimates,
they are not as accurate as downhole viscosities that can be
obtained by measurement under downhole conditions. Fig-
ures 18, 19 and 20 show the correction factor to be used with
water-based fluids, oil-based fluids containing asphalt, and
oil-based fluids containing oil-wet inorganic viscosifiers,
respectively. To obtain the correction factor:

a. Select the proper graph to be used.
b. At the temperature of interest, draw a line to the proper
pressure curve.

c. From the intersection of the temperature-pressure lines,
draw a line to the correction factor axis and read the correc-
tion factor,

d. Multiply the effective viscosity by the correction factor.

158¢e Reference 29.
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Figure 18—Downhole Viscosity Correction Factor Figure 19—Downhole Viscosity Correction Factor
Water-based Drilling Fluid Containing Asphalt Oil-based Drilling Fluids
8 Application of Rheological Data
8.1 DESCRIPTION 4.0
Rheological data are used to determine drilling fluid 35
hydraulics. The calculations shown in this section have been '
simplified; however, the results obtained are sufficiently accu-
rate for field operations. 3.0
8.2 FRICTION LOSS IN PIPE . o5
= :
8.2.1 Calculation of Reynolds Number16 O
After obtaining the effective viscosity (li,,,) as a function of .E 2.0
the operating shear rate at the pipe wall (¥,,,), the Reynolds E
number in the pipe (Re)) is calculated from: S
© 15
Re, = 2287,00 43) . N
Hep ] \
! \
Note: |, can be calculated according to Eq. (39). 0.5 %\\
f N\M}%‘%
8.2.2 Calculation of the Friction Factor!’ 0

150 200 250 300 350 400
a. If the Reynolds number is less than or equal to 2100, the

friction factor in the pipe is: Temperature, °F

16See References 14. 19 and 27. Figure 20—Downhole Viscosity Correction Factor Oil-
'7See Reference 31. based Fluids Containing Oil-wet Inorganic Viscosifiers
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20 APl RECOMMENDED PRACTICE 13D

fh= o= (44)

b. If the Reynolds number is greater than 2100, the friction
factor can be estimated from:

f, = (; ; (45)
e,

f, = friction factor in pipe,
a = (logn,+3.93)/50,
b = (1.75-log ny)/7.
8.2.3 Calculation of Friction Loss Pressure

Gradient in Drill Pipe

The appropriate friction factor, which 1s dimensionless, 1s
then substituted into the Fanning equation to obtain the fric-
tion loss pressure gradient.

P, _ 1V, P

(46)
L, 2581D

]

where
L,, = length of drill pipe (ft).

Note: Reynolds number and friction loss must be calculated for each
section of pipe having different inside diameters.

8.3 FRICTION LOSS IN AN ANNULUS
8.3.1 Calculation of Reynolds Number
The Reynolds number in the annulus 1s calculated from the

following equation:

_ 928V,(D,-D,\)p
H‘cu

Re, (47)

Note: L., can be calculated according to Eq. 40.

8.3.2 Calculation of the Friction Factor

a. If the Reynolds number 1s less than or equal to 2100, the
friction factor in the annulus 1s:

fo= (48)

b. If the Reynolds number is greater than 2100, the friction
factor can be estimated from:

fu = (R: ; (49)

where

f, = friction factor in annulus,

a

(log n, + 3.93)/50),
b = (1.75-log n,)/7.

Note: Calculated annular pressure losses in the turbulent flow regime
based on current APl RP 13D procedures will give lower friction
pressure loss values than under the same conditions measured in
fAowloop testing. Calculated annular pressure losses in the laminar
flow regime do provide a good comparison in flow loop testing.
Based on this analysis, using the Power law behavior index (n) and
consistancy factor (K) based on the drill pipe when the flow in the
annulus is turbulent may give more accurate results.

8.3.3 Calculation of the Friction Loss Pressure
Gradient

The appropriate friction factor is then substituted in the

Fanning equation for an annulus to obtain the friction loss
pressure gradient (P,/L) in Ib./in. %/ft:

— J{f.'.l' Vahp (50)

P,
L~ 2581(D,-D,)

Note: Reynolds number and friction loss must be calculated for each
section of the annulus having different annular diameters.

8.3.4 Average Friction Loss Pressure Gradient

[f more than one section of annulus is present, an average
friction loss pressure gradient for the well is calculated by use
of the following equation:

_ (P /L)Ly + P/ Ly) Ly + .

AveP L, = (51)
LFH
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8.4 FRICTION LOSS IN BIT NOZZLES

The friction loss (P,,) in bit nozzles (assuming a nozzle effi-
ciency of 0.95) in Ib./in.2 is calculated by use of the equa-

tion:!8
P, = 156pQ° : (52)
I::'E".IJ'ErI + Drzrl + *H]
where
p = drilling fluid density (Ib./gal),
Q = volumetric flow rate (gal/min.),

D, = diameter of bit nozzles (1/32 in.).

8.5 HYDROSTATIC PRESSURE GRADIENT
The hydrostatic pressure gradient (P,/L,) in Ib./gal can be
obtained from the equation:

P,/L, = 0.052p (53)

where

L, = true vertical depth (ft).

8.6 CIRCULATING PRESSURE GRADIENT

The hydrostatic pressure gradient plus the friction loss pres-
sure gradient in the annulus gives the circulating pressure gra-
dient (P./L) in the annulus. This can be calculated as follows:

P/L =P/L +P, /L, (54)

Note: If more than one annular section is present, use the average
friction loss pressure gradient in the annulus (Ave P,/L,,,) to calculate
the circulating pressure gradient.

8.7 EQUIVALENT CIRCULATING DENSITY

The equivalent circulating density (p,.) in Ib./gal is calcu-
lated by use of the equation:

5, = 19.625P,
C L.,-

(33)

8.8 STANDPIPE PRESSURE

The total pressure required to circulate the fluid down the
drill string, through the bit and back to the surface is the sum
of all pressure losses in the circulating system.

I18§ee Reference 28.

P P,
P.'.'Ir;' = Z(f)‘{"pe—F Z(iju; +Pn {56)

i aj

where

Py, = standpipe pressure (Ib./in.2).

The calculated standpipe pressure should be comparable to
that measured on the rig.

9 Settling Velocity of Drill Cuttings
9.1 DESCRIPTION

9.1.1 Settling velocity (slip velocity) refers to the velocity
at which a particle falls in a flmd. The factors controlling the
settling velocity are: the size and shape of the particle, the
density of the particle and the density and rheological proper-
ties of the fluid through which the particle settles.!®

9.1.2 Calculations of settling velocities, as outlined in this
section, pertain only to vertical or near vertical boreholes.

9.2 SETTLING OF PARTICLES IN WATER

9.2.1 Drilled cuttings are irregularly shaped particles. The
equivalent diameter of an irregularly shaped particle can be
determined from its volume according to:

6
D, = 3[—=2 (57)
T

V,, = volume of particle, in.?,

Dy, = equivalent particle diameter, 1n.

The volume of a particle can be determined from its dimen-
sions or its submerged volume. Either a nominal or an equiva-
lent diameter 1s used to describe particle size. Since settling
velocity calculations are based on settling of spheres, a correc-
tion factor must be applied to account for the geometry of
irregular shaped particle. Table 3 provides an estimate of the
equivalent spherical diameter for irregularly shaped particles.2?

9.2.2 The settling velocity of various sized particles in
water is shown in Figure 21. This log-log plot distinctly
shows that for particles of the same density, the settling veloc-
ity increases directly with the particle size.?!

19Gee References 4, 9, 10, 11, 12 and 26.
20See Reference 15.
21See Reference 11.
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Figure 21—Settling Velocity of Drill Cuttings in Water

9.2.3 There are three different slip regimes, which control
the settling velocity-laminar, transitional, and turbulent slip.

a. In laminar slip, the settling velocity increases with the
square of the particle diameter. The viscosity of the fluid
through which the particle settles has a dominant effect. This
1s known as Stokes™ Law.

b. In turbulent slip, the settling velocity 1s proportional to the
square root of the particle size and the density of the fluid has
a dominant role.

c. Transitional slip 1s the region between laminar and turbu-
lent slip. Both density and viscosity are important in
describing settling in transitional slip.

9.3 ESTIMATION OF SETTLING VELOCITY

9.3.1 Settling velocities may be estimated by use of the
correlation:22

V. = 0.0002403¢ [ Bes (58)
i DPP

{ J | + (92{1?9{1*4%‘5'”3‘”“’13#(&_ ](Mj‘_ 1]
p e

where

V, = settling velocity, ft/sec.,

W = (surface area of sphere with same volume as
particle) + (surface area of particle),

22Refer to Reference 12.
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., = effective viscosity of non-Newtonian fluids in
settling, cP,
D, = equivalent diameter of particle, in.,

p = density of fluid, Ib./gal,

p, = density of particle, Ib./gal.

9.3.2 For most commonly encountered irregular parti-
cles, the value of W is approximately 0.8 and Eq. (59) is
simplified to:

y = n,n1294(ﬂ) (59)
D#p

UI +( 1?1(}6.35]{@](%- 1](%]‘ - |]

9.3.3 For Newtonian fluids, the viscosity is independent of
the shear rate and the effective viscosity is the same as the
Newtonian viscosity. The settling velocity can be estimated
by a single calculation.

9.3.4 For non-Newtonian fluids, the effective viscosity
depends on the shear rate. The viscosity can be calculated by
use of the Power Law shown in 7.5. Since the shear rate 1s
determined by the settling velocity, a numerical iteration
method must be used to estimate the settling velocities for
non-Newtonian fluids.

Table 3—Equivalent Diameters of lrregularly
Shaped Particles

Equivalent Fraction | Equivalent Decimal
Volume, in.’ Diameter, in. Diameter, in.

0.0010 '8 0.125
0.0082 /4 0.250
0.0276 I8 0.375
0.0650 L2 0.500
0.1280 °/8 0.625
0.2210 34 0.750
0.3510 18 0.875
0.5230 1 1.000
0.7460 118 1.125
1.2230 114 1.250
1.3610 13/8 1.375
1.7670 1172 1.500
EXAMPLE:

Suppose a particle has the following dimensions:

Length: 1 in.

Width: /2 in.

Thickness: /4 in.
The volume of the particle is 0.125 in.? Referring to Table 3, the
equivalent diameter is 0.625, or 2/8 in.
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APPENDIX A—RHEOLOGICAL EXAMPLE CALCULATIONS

A.1 Well Information

=

A.2 Power Law Constants (n)

Flow rate, Q0 = 280 gal/min.

Drilling fluid density, p = 12.5 Ib./gal
Drill pipe

|. Length, L = 11,400 ft

2. Outside diameter, Dy =4.5 in.

3. Inside diameter, D= 3.78 in.
Drill collars

l. Length, L = 600 ft

2. Outside diameter, D; = 6.5 in.

3. Inside diameter, D= 2.5 in.
Surface casing

l. Length, L = 3,000 ft

2. Inside diameter, 2>, = 8.835 in.
Bit

. Diameter, [, = 8.5 in.

2. Nozzles=11, 11,12 /32 in.
Drilling fluid viscosity

1. Fann Viscometer reading at 600 rpm

a. T=651b/100 ft?
b. v=1022 sec.”!
2. Fann Viscometer reading at 300 rpm

a. T=391b./100 ft*
b. y=511 sec.’!
3. Fann Viscometer reading at 100 rpm

a. T=201b./100 ft
b. y=170.2 sec.’]

4. Fann Viscometer reading at 3 rpm

a. T=231b./100 ft2
b. y=5.11 sec.’!

a. Drill pipe

n, = 3.321log (Reoo/R300)
= 3.32 log (65/39)
= 0.737
b. Annulus

n, = 0.657log (Rjgpo/R3)

= 0.657 log (20/3)
= (.541

Copyright American Patroleum Instduta
Pravided by IHS under licensa with AP
Mo reproduction or natwarking parmitted without licansa fram IHS

(A-1)

(A-2)

A.3 Fluid Consistency Index (K)
a. Drill pipe

K, = 5.11 Rgop/(1022)"7

(A-3)
= 5.11(65)/(1022)0-737
= 2.011 dyne sec.cm?

b. Annulus

K, = 5.11Ry0/(170.2) (A-4)

5.11(20)/(170.2)0-541

6.346 dyne sec.™/cm?

A.4 Average Velocity in a Pipe (Vp)
y - 0.4080

Fu "

N’

(A-3)

a. Drill pipe

_ (0.408)(280) _
(3.78)°

I:r.-"'

A

8.00 ft/sec. (A-6)

b. Dnll collars

_ (0.408)(280) _

V — = ]8.28 ft/sec.
(2.50)°

P

(A-7)

A.5 Average Velocity in an Annulus (V)
y - 04080

R (A-8)
(D3 - Dy)
a. Annulus section 1
p, = O3B0 _ ) og fissec.  (A-9)
(8.835) —(4.5)
b. Annulus section 2
y, = L0408)(280) _ 5 50 fsec, (A-10)
(8.3) —(4.5)
¢. Annulus section 3
p, = L0208)(280) _ 341 fysec. (A-11)
(8.5) = (6.5)
23
Mat tar Rasala



24 APl RECOMMENDED PRACTICE 13D

A.6 Effective Viscosity in a Pipe (Kgp)

96V "3, +1Y7
b, = IDDKF(?’-‘) i (A-12)
frl”
a. Drill pipe
(0.737-1)
", = mn{z.ml)[%) (A-13)
0.737
(3(0.?37“ 1) g
40.737)
b. Drill collars
(0.737-1)
u, = 1[}0{2.011][9‘”;85:23}) (A-14)

(3([]5’3?} + 1

0737
j — 38¢P
4(0.737)

A.7 Effective Viscosity in an Annulus

(Mea)
[J!U—l} 2” —|—1 Ta
w, = l[}[]Ku( 144 V”] “ (A-15)
DE - DI 3!?{{
a. Annulus section |
ey (144)(1.98)) Y .
= 100(6.346 ([ j A-16
l'l't-!l { ] 8+835_4+5 { ]
(2[{}.541}+ l)“-“': L06cP
3(0.541)
b. Annulus section 2
(0.541-1)
W, = 1[}[}{&.34@)[“31&'1“] (A-17)
(2{0.541}+ 1)“-5*'= 9080P
3(0.541)
¢. Annulus section 3
(0.541-1)
M, = 100{6.346)[“:??5?]] (A-18)
2(0.541) + 1)”-5‘"_
= 55cP
( 3(0.541) ‘
A.8 Reynolds Number in Pipe (Rep)
Re, = &T‘EE (A-19)
L]
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a. Drill pipe
Re, = 928(3.78)(8)(12.5) _ 6619 (A-20)
53
b. Drill collar
Re, = 928(2.5}(13?;.23}[12.5} = 13950  (A21)

A.9 Reynolds number in Annulus (Rey)
928V,(D,-D,)p

Re, = (A-22)
M.
a. Annulus section 1
e, = 028(4.335)(1.98)(12.5) — 939 (A-23)
106
b. Annulus section 2
Re, = 928(4+D}(§é2{]}(]2.5} _ 1042 (A-24)

c¢. Annulus section 3

_ 928(2.0)(3.81)(12.5) _
: 55

Re 1607 (A-25)

Note: Calculated annular pressure losses in the turbulent flow regime
based on current API RP 13D procedures will give lower friction
pressure loss values than under the same conditions measured in
fAowloop testing. Calculated annular pressure losses in the laminar
flow regime do provide a good comparison in flowloop testing.
Based on this analysis, using the Power Law Constant (n) and the
Fluid Consistency Index (K) based on the drill pipe when the flow in
the annulus is turbulent could give more accurate results.

A.10 Friction Factor in the Pipe (fp)
The Reynolds number is > 2100

f = —— (A-26)
(Re,)
a = (logn,+3.93)/50 (A-27)
b = (1.75-logn,)/7 (A-28)
a. Drill pipe
f o B G (A-29)
(6619)
b. Drill collar
_0.0759 _
b = 05002 = (0.00583 (A-30)
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A.11 Friction Factor in the Annulus (f5)
The Reynolds number is < 2100

24

— A-31
/. Re. ( )
a. Annulus section 1
, 24
= — = 0.0256 A-32
/s 939 ( )
b. Annulus section 2
. 24
= —— = 0.0230 A-33
f 042 ( )
c. Annulus section 3
. 24
= —— = 0.0150 A-34
/. 607 ( )

A.12 Friction Loss Pressure Gradient in

the Pipe (Py/Lm)
P, _ LVop (A-35)
L.~ 2581D

a. Drill pipe

P, _ (0.00712)(8)°12.5 _
L, 25.81(3.78)

0.05851b./in.” /ft

(A-36)

Since the length of drill pipe 1s 11,400 ft, the friction loss
in the drill pipe 1s:

(P,/L,)(L,) = (0.0585)(11,400) = (A-37)
666 Ib./in.’
b. Drill collars

P, _ (0.00583)(18.28)° 12.5 _
L. 25.81(2.5)

0.377 Ib./in.” /ft

(A-38)

Since the length of drill collars 1s 600 ft, the friction loss in
the drill pipe is:

(P,/L)L,) = (0.377)(600) = (A-39)

L

226 1b./in.”

c¢. Total friction loss in the drill collars 1s the sum of friction
losses in the drill pipe and drill collars,

P, = 666 +226 = 892 1b./in.’ (A-40)
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A.13 Friction Loss Pressure Gradient in

the Annulus (P,/L;)
— 'ﬁ‘ V“Ep -
Fa/Lul L) 25.81(D, - D)) (Aa-4l)

a. Annulus section 1

P /L = (0.0256)(1.98)°(12.5) _
©o 25.81(8.835-4.5)

0.0112 1b./in.’/ft

(A-42)

The length of the annulus section 1 1s 3000 ft. Therefore,
the friction loss is:

(P,/L,) = (0.0112)(3000) = 34 Ib./in.” (A-43)

b. Annulus section 2

P/ = (0.0230)(2.20)°(12.5) _

i m {1‘51—44:]
25.81(8.5-4.5)
0.0134 Ib./in.’/ft

The length of the annulus section 2 is 8400 ft. Therefore,
the friction loss is:

(P,/L,)(L,) = (0.0134)(8400) = (A-45)
113 1b./in.

c¢. Annulus section 3

_ (0.0150)(3.81)°(12.5)
25.81(8.5-6.5)

0.0527 1b./in.*/ft

P(’J”{Lﬂi‘ {J‘ﬁk—d-ﬁ)

The length of the annulus section 3 is 600 ft. Therefore, the
friction loss is:

(P,/L,)(L,) = (0.0527)(600) = (A-47)
32 Ib/in.”

d. Total friction loss in the annulus 1s the sum of friction
losses in the three sections.

P, =34+113+32 = 179 Ib./in.’ (A-48)

e. The friction loss pressure gradient for the entire annulus is
the total friction loss divided by the total depth:

P,/L, = 179/12,000 = 0.0149 1b./in."/ft (A-49)

A.14 Friction Loss in the Bit Nozzles (P)

p = __ 156p0° (A-50)
" (D} +D%+..)

il
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2
p - _ 156(12.5)(280)"  _

((121) + (121) + (144))°
1026 Ib./in.’

A.15 Hydrostatic Pressure Gradient
(Ph/L)

P,/L = 0.052p

P,/L = 0.052(12.5) = 0.65 b./in.”/ft
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(A-51)

(A-32)

(A-33)

A.16

A.17

Mat tar Rasala

Circulating Pressure Gradient (P, /L)
P/L=P,/L+P,/L (A-54)

P./L = 0.65+0.0149 = 0.6649 Ib./in."/ft  (A-
55)

Equivalent Circulating Density (p,.)
p. = 19.265(P./L) (A-56)

p. = 19.265(0.6649) = 12.81 Ib./gal  (A-57)



APPENDIX B—SETTLING VELOCITY EXAMPLE CALCULATIONS

B.1 Well Information

a. Particle equivalent diameter, D, = 0.5 in.
b. Particle density, p, = 22.5 Ib./gal
¢. Mud density, p = 12.5 Ib./gal
d. Mud viscosity
|. Fann viscometer reading at 100 rpm

a. T=201b/100 ft?
b. v=170.2 sec.’]
2. Fann viscometer reading at 3 rpm
a. ©=31b./100 ft’
b. y=5.11 sec.”!

B.2 Power Law Constants (ng)

ng = 0.657log(Ro0/R3)
= 0.657log (20/3)
= (.541

B.3 Fluid Consistency Index (Ks)

K. = 5.11Ry;/(170.2)"

= 5.11(20)/(170.2)054!
= 6.346

B.4

Assume: V=1 ft/sec.
s = ]T‘{s'f{Dp

Y. = 12(1)/0.5 = 24sec.”!

B.5 Effective Viscosity (leg)

Mes = 100Ky, D

= 100(6.346)(24)(0->41 = 1)
= 148cP

(B-1)

(B-2)

Initial Settling Shear Rate Estimate (ys)

(B-3)

(B-4)

B.6 Settling Velocity First Approximation

(Vs)

v, = {J.mzﬂm[ ”]
D,p

£
h

[\/1 +(|?106,35}(DF)[%E_ 1)[%’—'3)2— 1]

V_H.zﬂ.ﬂlz‘}él( 148 j
0.5(12.5)

(B-3)

(B-6)

| 225 \((0.5)(12.5)
[JI+{ITIUE.35){U.5}[ IJ( o

12.5

7= 0.808 ft/sec.
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B.7 Second Settling Shear Rate Estimate
(Ys)

Yo = 12(0.808)/0.5 = 19.4 sec.”! (B-7)
B.8 Effective Viscosity (Hes)
ey =  100(6.346)(19.4)10-541-1) (B-8)
Loy = 163¢P
B.9 Settling Velocity Second
Approximation (V)
V\.=D.01294( 163 j (B-9)
0.5(12.5)
22,5 \((0.5)(12.5)\
ulunmﬁ.sﬁ}m.ﬁ}(mj 1)[ o ) 1J
Ve, = (0.785 ft/sec.

B.10 Third Settling Shear Rate Estimate
(Ys)

Yo = 12(0.785)/0.5 = 18.8 sec.’! (B-10)
B.11 Effective Viscosity (leg)

U =100(6.346)(18.8)0-541-1) (B-11)

Wes =165cP
B.12 Settling Velocity Third

Approximation (V)
_ 165 )
Vv, = u.mzw(ﬂj“sz (B-12)

[Jl + l?l[}ﬁ.ES){[}.S)[% E l]({ﬂ‘i)“lﬂ})z— l}
12.5 165

V. = 0.782 ft/sec.

This numerical iteration method is repeated until the set-
tling velocities of two successive calculations are equal. In the
example in this Appendix, the third and fourth approxima-
tions are equal. The calculated settling velocity 1s (.782 ft/sec.
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There s more where this
came from.

The American Petroleum Institute provides additional resources and programs
to the oil and natural gas industry which are based on API® Standards. For
more information, contact:

e APl Monogram® Licensing Program

* American Petroleum Institute Quality Registrar

(APIQR®)

* API Spec Q1° Registration

* API Perforator Design Registration

* API Training Provider Certification Program

* |ndividual Certification Programs

* Engine Oil Licensing and Certification System

(EOLCS)

* Jraining/Workshops

Phone:

Fax:

Phone:

Fax:

Phone:

Fax:

Phone:

Fax:

Phone:

Fax:

Phone:

Fax:

Phone:

Fax:

Phone:

Fax:

202-962-4791
202-682-8070

202-962-4791
202-682-8070

202-962-4791
202-682-8070

202-:962-4791
202-682-8070

202-682-8490
202-682-8070

202-682-8161
202-962-4739

202-682-8233
202-962-4739

202-682-8490
202-682-8070

Check out the API Publications, Programs, and Services Catalog online at

www.apl.org.
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