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ABSTRACZT

Determining the filtration properties of a mud
system requires that experiments be run for both
the standard AP! wnd the high Temperature High
Pressure (HTHP) tests at inlervals throkghout the
duration of drilli.g an oil well. However, cost
and hazard conciderations cause more emphasis
fo be placed on the standard AF] test at ambient
;conditions, without taking into account the
effects of elevated downhole pressures and
temperatures on filtration properties.

-In this work, the factorial design concept was
applied 1o the filtration proper'ies of drilling
n... Different samples of water based bentonific
muds were . sed for the experimental runs at both
Low Temperature - Low Pressure (LTLP) and High
Temperat. e - High Pressure (HTHP) conditions.
The input variables considered were lemperati. ¢,
pressure, solids content, mud weight and time;
while the response variables were fluid loss and
cake thickness. The final results are presented in

Tables and Figures atend of ... =

the form of a stalisticaily sigril.ccirl mode! that
enables prediction of filtration prc . crties af Hoth
LTLP and HTHP conditicns. This method
minimizes the inheren! rists usual’y cosecialed
with operating filter presses al eleve iz pressures
and temperatures. In additicn, [r <5 tinz end
cost by minimizing the number o” cxperiinenial
runs always required o csscxs mud ousliny uid
maximizes the informatica obiaines | win e few
experimental runs.

This experimeni.! design teci-n.c o cun also be
applicd 10 the quality assessme. : and co~trol ¢f
other drilling fluid progerties.

INTRODUCTION

Fluid losses from diilling muds could cause sheie
sloughing and flushing of formeticns. The
filtration properties of a mud-fluid loss and cake
thickness - are therefore regarded as ri.ajor faciors
in assessing the performance of a drilling fluid, & 2
are continually monitored and controlled curing
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dnlling. There are presently no satisiactory means
of measyring dynamic filtrationn.the.field, hence
measurements arc thus confined to siatic filtration
using the Standard API test.
In the past, the simple, API low pressure and
ambient temperature.test was mostly undertaken.
However, with deeper drilling, the high
temperature, high pressure (HTHP) tests havealso
evolved. This requires regular meagurements.
elevated temperatures and pressures. Due o.lhe
associated risks land costs, the HTHP tests are
rarcly done, while the filtrgte volume
measurements at LTLP may not: be,accurate for
the elevated conditions.
By using factorial design, filtration losses can be
analyzed for maximum information from: LTLP
and HTHP measurements by varymg sqygral
parameters simultaneously with few experlmcnlal
runs and thegeby reduce inherent risks, €ostsand
time. The impact as well as the interactions of
various parameters can also be assessed,
The development of the principle of expenmenm]
design dates back to the 1920s(1), and has since
proved t&*hdve wide range of’applicauons in
agricultural engincering, quality ‘control“of
manufactured products and even in reservoir
engineering. Box and Draper(2) have presented a
2uailed discussion of the pqnq1ples and ,mcu
applications to a wide range of problems in
different fields. Box and Bisgaard (3), as well a5
Ojoand Udo(4) have applxed Lhe‘ﬂwow ;&modem
techmques of quality s :mproyemqp an{l sontrol of
manufactured goods. Yn the pelrolepm mdt.}stgy
Sawyer ¢t al;(5) have applied ,fac%onql desigy
comcepts 1o the simulation of the wel combustion
drive process. Chu(‘ﬁ) demonstrated the
apphcaﬂon in the design and analyszs of steam-
flooding of heavy oil reservoirs. Ovrebergeral;(7)
applied the concepts tothe-analysis of geological
and reservoir u.ncenam!ms Damsleth et al(8) have
described the apphcauon of experimental design
in the development study,of a- North Sga Field.
In this paper, the principle of gxperimental design..
has been-applied ‘in’ il well drilling, dn: the
evaluationof the propertigsofdrilling fluids. The
objective of the work avas to-be able to defermine
filration lossegat high temperatures andpressures,
without significant hazards and ¢osts.

THEORETICAL FRAMEWORK

For any dnlling tiud, a property, y, canbe treated

as a response variable that depends on a number
of input parameiers, p. Mathematically, this can
be expressed:by, assuming a functional relationship
between the response and the input variables:

=f(P1.P2,P3,..) (1)
Using a simple’transformation:
= (Pi-PQ)/s 2y
Where,

Xi = Coded or standardized variables.

Pi = current value of variable.
Py = Centre of region of interest.
s = spread of the variable = Pf-PQ

Equation(l) can be re-written as:

Y =1(x},x9, X3, --.d) (3)
Where Y = meanvalue of the response variable:
The fundamental assumpiion in rasponss surface

analysis and in ‘experimental design is that the
relationshipbetween the response surface and the

input-variables can be approximated by a

polynomial expression, whose coefficients can be

\gstimated by undertaking a series of experiments.

The choicé of polynomials depend on the desired

-design levsl, as well as whether or not-the model

should caprure only the main effects, 'include
mleractxonsl amongst the variables, curvature tenms,

or more cofiplex scenarios. Thus, for 2 three-level
design, a generalized approximating polynomial
has been expressed as:

= botb] +b2xz +b3x3 +blaxix2 | |+
b13x13 +b23x23 +b1Ix12 + bz’*xzz +b33x32 *
- +. e

C))
‘Where,

bi = Coefficients to be experimentally
estimated

€ =error lerm.

In estimating the unknown coefficients in
equation(4), a full or complate factogial design is

-obtained when all possible combinations of the

factors atall levels involved in the experiments are
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used In:geseral; the »umber N of all-possible
cowbinatinns to: hopeiformed during the
experiiien's s given by

N#F nk th

(52)
While a féictional design resu!ts when only st
combinations are used, such that:
where,
N+ pker (5b)

n = number of levels, wrd
k= number of input variahles
r = numbegof replicates.

APPLICATION

The abevepringiple has been applied 4 the
prediction of;the fjluration pioperties of dnlling.
muds. ,For.consi cration for botbyhow-
TempegatpyenLow-Prossure. <and, -High-
Temperatuge-ighrPiessuse measwiementso 8
two-leve! fagyral desigo.has bheen chosen. The
~out varigbles; whichaffect the respoese varjable
(Luid loss) gre tempgrature, ime, solids ce tents,
pressure.and mpd weight. Thus 3 full pwo-levels
~ctorial des.rn sequires 25.¢;,32 experimental

runs. 17 vewer, by nieg'ecting the effects of solids
conientand 1 ;¥ WELght, e, opiajn 8 fractiona

rial €< gn Lhat réquires only 8 experimental
ruas.,

EXPERIMENTAL EQUIPM SNT
AND PROCEDURE

Two standard filter presses were used -a Standard
APL(LTP) filter press, and a HTHP filter press.
Muds wath identical compositions were used in
the tw. 'ter presses. The LTLP experimen!s
were undertaken at ambient temperatite (BFEOF
and 100 psi, while the HTED experiments were-
under..ien at-200 OF and 500 psi. Filtrate
Vo umes were measur=d at the end of 7 1/2 #nd’
30 minutes

RLSUBETS' AN ANALYSIS

Table ~1°$hows the basit composition of two
sim- " : bentonitic muds used. Table -2 gives the

results obtained fronvthe expérimental runs. The
results have been analysed for only fluid loss
because it is believed that there is a strong indirect
relationship between fluid loss-and cake thickness.
Figures 1-6 show the relationship between fluid loss
‘and the input vanables. (i thisianalysis, we have
assumed thatthere areno & pnificant effects of solids
conient and mud weight'on. fluid loss in order to
simplify the design.

Transformiag the input variables (pi) to their coded
forms (xi)-dcoording 1o éduation (2), we obtain for
thes< cases:

X=(T- 44,8552 (6)
x2= (1-18.75)1125 ™
x3=(SC-8.514.5 )
x4 =(? - 300)200 )
x5 =(M-10329Y1,33 0)

The first j4ylynozial approximation Usat was made
was the lingas mode! that accounts foi galy the main
effects:

Y =botb1x1 4 bax2+byx4 +c (11)

The coefficients were estimated using Yate's
Algorithm{1; dnd it 'was observed that | : moc !
Socounts fof a ratiter 10w $6% of fhe vafiatioh in the
experiments, ‘With the ‘standard deviz “oss of the
‘eoefficients*ana'the ¢for term at'3.7° ) and 1.312
respectively” Some inferaction terms were therefore
‘?ddad 10 the middel to obluin an expression of the
orm.

Y = bo+b N1#bpx0+ baxg¥o12X1x2 +
b24xIxe+'e (12)

‘Using Yates algorithay, the coefficients’and variance

were obtained ésishown i Tub!y 4. This model
isccounts for' about:82% 'of ‘the variations in the
experiment; with standard deviz ion for' 4
cofficients dnd the error erms at 11525 and . 529
fespectively: Thisisyegarded as satisfactory. Farther
checks on the accuracy-of the mode! Liidériaken
include the ¥ -test, plot of residuals of the response
variable versus the predicted mede, and a Crossplc:
‘6f the measured and the predicted response values
(figure 7). «'All! theitests . confirm the statistical
sigruficance of the model.
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DISCUSSION

Equation (12) confirms well-known observations
about the significant effects of temperature, time
and pressure on filtrate voluines. From the
coefficients of the model obtained, it can be
deduced that the effects of temperature and time
on mud filtrates are more than that of pressure.
One obvious advantage of an expression such as
equation (12) is that know1nag experimental values
of mud properties at ambient conditions, those at
high temperatures and pressures can be estimated.
this reduces the number of HTHP experiments
required in the field, and reduces the associated
nsks and costs.

CONCLUSION

The principles of experim=ntal design have been
applied to the prediction of filtrate losses from
drilling fluids. This allows the incorporation of the
effects of high temperaturss and pressures while
reducing the number of =xperiments required.
Thus risks associated with HTHP measurenients
areminimized. The empirical model derived allows
for faster land cheaper predictions.

NOMENCLATURE

API American Petroleum Institute.

bi Unknown coefficents in the
polynomial equation.

(] error term in the polynpmial
equation.’

k Numbner of factors.

M Mud weight

n Number of facterial levels.

N Total number of possible
combinations,

pi Uncoded current input variables.

po centre of region for the input
variable.

P Pressure, psi.

T Number of fractional repficates

s -Range of values of the input
vaniables.

sC Solids content.

xi Coded or transformed input
variables.

t Time, minutes.

T Temperature, oF, -

y Response vaniable.

S Mean response variable.
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TABLE -2 SUMMARY OF EIGHT EXPERIMENTAL RUNS

RUNNO - | 3 4 5 6

Temp. - + s+ 1 - +
(°F)

Time I - .
(mun.)

Solids

content(%) - - - - + *
Pr.ss.
(®si) .
Mud weight
L I
Fluid Loss

(cc) 50 86 140 20% 0 4.0
Cuake

Thic . ness

(1732) 2 5 2 5 1 2

+
.

+
+

8

-+

‘15.0

TABLE 48 1oBEFINIT 'ONSOFPHE LEVELS FOR THE INPUT VARIABLES

Input Variables ' ' +
(LTLP) (HTHP)
Temperature (°F) 89.6 200
Time (minutes) 712 30
Solids Content (%) 4. 13.0
Pressure (psi) 100 500
Mud Weight (ppg) 9.0 117

208
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TABLE -4 VALUES AND VARIANCES OF ESTIMATED COEEFICIENTS

Coefficient Estimate Variance
bo 8.4250 1.525
bl 1.8375 1.525
b2 2.0125 1.525
bl2 0.B875 1.525
b3 1.8375 1.525
b4 0.5425 1.525
b5 0.6375 1.525
b24 0.4875 1.525
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Figure 1
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MEASURED VERSUS PREDICTED FLUID LOSS
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